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I 

On beha l f   o f   t he   In t e rna t iona l  Union of   Biological   Science (IUBS) , as 
a focus of i n t e r n a t i o n a l   o r g a n i z a t i o n s  i n  a l l  the  branches  of   biology,  C.  H. 
Waddington  undertook t o  examine  the  question  whether a t h e o r e t i c a l   b i o l o g y  
might  be  developed, as a d i s c i p l i n a r y   s c i e n c e  , i n  some sense  similar t o  theo- 
r e t i c a l   p h y s i c s .  It has been   s a id   t ha t   t he  IUBS f e l t   t h a t  i t  was  its t imely 
d u t y   t o   b e g i n   s u c h   a n   i n q u i r y .  We co l l abora to r s ,   j o ined   t o   g ive   each   o the r  
counsel ,   have  responded  to   that   chal lenge.  We hope   tha t   our   de l ibera t ions   have  
borne one piece of f r u i t ,   a n   i n t r o d u c t i o n   t o  a biosystems  science.  

However, w e  admonish  any  biological   reader  , should  he  expect   to   f ind a 
u n i t a r y   d e s c r i p t i o n   f o r   b i o l o g y ,   t o  a t  i e a s t   s c a n  some of t h e   c l a s s i c s   i n  
theore t ica l   phys ics .   In   our   op in ion   he  w i l l  f i n d   i n   t h a t   l i t e r a t u r e  a 
s t r u c t u r e   b u i l t   a r o u n d  many themes , and  based on a complex p l u r a l i s t i c  meta- 
phys ics ,   ra ther   than   any   un i ta ry   s t ruc ture .   Awareness  of the many unresolved 
fundamental   quest ions  in   biology may be  equal ly   perplexing.  

DEDICATION 

O u r  dear   f r iend  Warren McCulloch d ied   dur ing   the   p repara t ion  of t h i s  work. 
The l o s s   t o  us  and t o   o u r   e x p e c t a t i o n   t h a t   h e  would h e l p  us b r ing   t he   conc re t e  
ques t ions   about   behavior   in to   focus  is v e r y   g r e a t .  We g r i e v e   h i s   p a s s i n g ,   a n d  
we d e d i c a t e   t h i s  work t o   h i s   s p i r i t .  

'C. H .  Waddington "Towards a Theoret ical   Biology",  1. Prolegomena  (1968); 
2 .  Sketches  (1969) ; 3. D r a f t s   ( i n   p r e s s ) ;   A l d i n e .  

z See such  textbooks as Page , Joos , o r  Landau  and L i f s h i t z .  
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A .  A PHYSICAL INTRODUCTION 

I. PRELIMINARIES 

1. On t h e  Need f o r  a Paradigm  for a B io log ica l  Systems Science 

The c o n t r i b u t o r s   t o   t h i s   s t u d y ,   a l t h o u g h   m o t i v a t e d  by a common w i l l  t o  
g e t  a task   done ,  found  impediments t o   p rog res s   t ha t   a rose   t ime   and   aga in ,   no t  
so  much a t  the   beginning   of   the   e f for t ,   bu t  as t h e   c o n f l i c t s   i n   p o i n t   o f   v i e w  
forced a g rea t e r   deg ree  of  inward sea rch ing  upon each   pa r t i c ipan t .  Such im-  
pediments  usually arise among workers   f rom  different   discipl ines   whenever  
they   t ack le   an   i n t e rd i sc ip l ina ry   p rob lem,   because   t hey   ope ra t e   f rom  d i f f e ren t  
phi losophic   f rames  of   reference;   they  hold  different   metaphysics  - -  d i f f e r e n t  
views  of t h e   o p e r a t i n g   c h a r a c t e r i s t i c s   o f   s c i e n c e .  They l i t e r a l l y  do   no t ,  a t  
f i r s t  , understand  each  other.  In  the  language  emphasized by Kuhn (1) , they 
ope ra t e   w i th   d i f f e ren t   ' pa rad igms  ' . T h i s   d i f f i c u l t y  must  b e   k e p t   i n  mind by 
t h e   r e a d e r ,  lest our a t t e m p t  a t  a b io logica l   sys tems  sc ience   appear   g randiose  
o r   h o p e l e s s   t o   r e a d e r s  who f a i l   t o   g r a s p   t h e  awkwardness  of i n t e r d i s c i p l i n a r y  
e f f o r t s .  We h a v e   t r i e d   t o  overcome the   obs t ac l e s .  

The current   and past  generations  of  biologists  have  been  steeped  in  an 
exper imenta l   t rad i t ion .   Bio logy   cons is t s  of in tens ive   exper imenta l   explor -  
a t i o n ,   o b s e r v a t i o n ,  and measurement .   General   pr inciples   or   extrapolat ions 
beyond the  range  of  measurement  and  observation  are  suspect.  The cause  of 
t h e   r e l u c t a n c e   t o   a b s t r a c t  is h i s t o r i c a l ;   a n   e a r l i e r   e r a  was too  bold and 
free  wheeling,  and  encouraged  incompetents  (as  well as competents)   to   hold 
for th   wi thout   ev idence .  Yet  what i s  underest imated  by  today 's   scept ic ism is  
the   va lue   o f   t h i s   f r ee ly   i nnova t ive   s ty l e   i n  which p h y s i c i s t  and  chemist  and 
mathemat ic ian   were   o f ten   par tners   wi th   the   b io logis t  and phys ic ian   in   the  
e a r l i e r   e r a  of bio logica l   d i scovery .  

F o r t u n a t e l y ,   t h e r e  i s  a group  of   phys ica l   sc ien t i s t s  and engineers  who 
a re   s eek ing  new s c i e n t i f i c   f i e l d s   t o   e x p l o r e   w i t h  a r a t h e r   f r e e r   s c i e n t i f i c  
methodology,  and a group  of   biologis ts  who welcome the   f resh   approach .  To-  
ge ther   they   search   for   b road   and   abs t rac t   p r inc ip les  and  summaries.  Charac- 
t e r i z i n g   t h e i r   e f f o r t s  by a phrase  which is popular among them today,  they 
s e e k   t o  'model t he   sys t em ' .  The q u e s t i o n   t h a t  may be a s k e d  is whether  they 
a r e   w i l l i n g   t o   ' c a p i t u l a t e   t o   b i o l o g y '  , t o   l e a r n  and absorb  the  real   proper-  
t i e s  of   the   l iv ing   sys tem.  

In   s eek ing   t o  model systems , t h e r e   a r e  two kinds  of  models. One kind 
is a ' formal '   model ,   in  which data from  experiments are represented by r e l a -  
t ions  of   convenience  (e .g .  , m a t h e m t i c a l   c u r v e   f i t t i n g )  , o r   b e t t e r  by quas i -  
p h y s i c a l   i n t u i t i o n s .  The o t h e r  is an  ' isomorphic '   model,  i n  which  f irm 
phys ica l   reasoning   sugges ts   re la t ions   tha t   should   agree   bo th   in   form  and  
function  with  experimental   measurements.  The c l o s e r  we can come to  isomor-  
phic  models,   the  better  chance w e  have  of   creat ing a b i o l o g i c a l   s y s t e m s   s c i -  
ence.  Thus ou r   bas i c   ques t ion  is: t o  what   extent  is a physical ly-based 
i somorphism  poss ib le   in   b io logy?  To answer, we adopt a common phys ica l  
paradigm  for  our  work, t o  be   expla ined   be low,   wi th   the   cer ta in ty   tha t  we do 
n o t   y e t  know the   answer   t o   t he   bas i c   ques t ion .  The answer m u s t  come, however, 
from e f f o r t s   s u c h  as t h i s .  

1 



2 .   Def in i t i on   o f  a System - the  Isomorphic  Ideal 

A system is d e s c r i b e d   i n  two c o n t e x t s .   F i r s t  , a system is a n   a c t u a l  , 
l o c a l i z e d   p h y s i c a l   s t r u c t u r e ,  embedded in   the   ob jec t ive   wor ld ,   undergoing  
transformation  and  change. Second , i t  is a l o g i c a l   s t r u c t u r e ,   d e s c r i b a b l e  
by a metalanguage  (which is not  here  defined') .   That i s ,  i t  may be a s e t   o f  
ob jec t s  and re la t ions   (which   can   ex is t   in  some wor ld ,   p re fe rab ly   an   ob jec t ive  
world  which is  p u b l i c a l l y   a v a i l a b l e )  , a s e t   o f   d e f i n i t i o n s ,  a s e t  of  postu- 
l a t e s ,  and a closed  or open s e t  of  axioms. 

It is  o f t e n   t h e  a i m  of   science t o  a t t e m p t   t o  make the two d e s c r i p t i o n s  
i somorphic ,   so   tha t   each   descr ip t ion  is  ' e s sen t i a l ly '   c apab le   o f   r ep resen t ing  
i n  one t o  one fashion a l l  of  the s t a t e s ,  b o t h   s t a t i c  and  dynamic,   that   the 
two system  descr ipt ions  can  take  on.2 Such an a i m  is too  ambitious,   because 
na tura l   sys tems  can   in   p r inc ip le   pass   th rough  vas t  domains  of  space  and  time. 
Therefore ,  we a c c e p t  a more l imited  scope  for  isomorphism - namely t h a t   t h e  
s t a t e s   o f   t h e   l o g i c a l  and physical   systems  should  correspond  within a p re -  
sc r ibed   l imi ted  domain  of  space  and  time.  For two systems  to show 'essen-  
t i a l '  co r re spondence   o r   t o   be   ' e s sen t i a l ly '   r ep resen ted   r equ i r e s   t ha t   t he   sys -  
tems have  the same d i s t r i b u t i o n  and   types   o f   s ingular   s ta tes   o f   mot ion .  
Then,  even  though  there may be some l o c a l  , noncorresponding  space  and t i m e  
d i s t o r t i o n s   i n   t h e i r   b e h a v i o r ,   t h e s e   d o   n o t   a f f e c t  them e s s e n t i a l l y ,  and  they 
remain  ' i somorphic '   in   an  operat ional   sense.  

3 .  Systems  Science  and  Other  Sciences 

Systems  science - and we a r e   i n t e r e s t e d   i n   t h e   p a r t i c u l a r   c a s e   o f   b i o -  
l o g i c a l  systems sc i ence  - is  not   coextensive  with  physics  , chemis t ry ,   o r  
biology.  It is  ce r t a in ly   no t   coex tens ive   i n   t he   ca se   o f   l a rge   o r  complex 
sys tems.   I f  i t  were , t he re  would be no need fo r   sys t ems   s c i ence ,   €o r  i t  
would be   t he   na tu ra l   s c i ences .  O u r  problem is to   d i scover   whether  we can 
bui ld   an   i somorphic   sys tems  sc ience   for   the   ( la rge)   b io logica l  s y s t e m .  Ob- 
v i o u s l y   a n y   f e r t i l e  mammalian mother  (given a f e r t i l e   f a t h e r )   c a n   b u i l d 3  a 
b io logica l   sys tem.  Can we represent   the   sys tem,   e i ther   conceptua l ly   o r   in  
t he   l abo ra to ry?  

Except t o   s t a t e   t h a t  i t  is  the  language  used  within  the common c u l t u r e  
shared by those  involved  in  examining a system. 
n 
L There   a re   o ther   log ica l   sys tems-   paper   sys tems - which may i n t e r e s t   t h e  
logician,   which  have  nothing  to   do - as y e t  - with known physical   systems.  
These  are   not   our   concern.  

Isomorphism is n o t   r e s t r i c t e d   t o  a re la t ion   be tween a physical   and a 
logica 1 
p h i c   t o  
t e x t  w e  
pa ren t s  

2 

system. Two sys  tems each  isomorphic  to a th i rd   sys tem  a re   i somor-  
each  other .  Thus two real systems  can  be  isomorphic.   In  this  con- 
would regard   the   bu i ld ing   ( se l f - rep l ica t ing)   p rocess   accompl ished  by 
as isomorphic  analogues . 
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4 .  Abst rac t   Transformi t ions   in   Phys ica l   Sys tems 

A s  a f i r s t   s t e p  toward cons t ruc t ing  a b io log ica l   sys t ems   s c i ence ,  we 
m y  borrow  and a b s t r a c t  some useful   ideas   f rom  physical   systems.  

F i r s t ,   phys i ca l   sys t ems   have  some iden t i f i ab le   fo rm  ( s t ruc tu re )   and  
func t ion   in   space   and  time - namely ,   the i r   form  or   s t ruc ture  is  loca l i zed  in 
space ,   t he re   a r e  some geomet r i c   r e l a t ions   be tween   en t i t i e s   t ha t  may be   fo l -  
lowed i n   s p a c e  and t i m e ,  and  there are ce r t a in   t r ans fo rma t ions  among p a r t s  
t ha t   can   t ake   p l ace .  

We can   l oose ly   c l a s s i fy   t he   t r ans fo rma t ions ,  by physical   analogue.  

(a )   Transfer   opera t ions   and   appara tus .  - There   a re   t ransfer   opera t ions  - 
involv ing   f ixed   formal   cons t ra in ts   in  a p h y s i c a l   f i e l d  - t h a t   e n t i t i e s   e n -  
t e r i n g   t h e   f i e l d  w i l l  undergo. A common example is geometric  transformations 
t h a t  may take  place a t  the many s t a t i o n s  of a complex assembly   l ine .  

The concept   of   t ransfer   operat ions came in to   ex i s t ence   i n   mechan ica l  
eng inee r ing   p rac t i ce   t o   r ep resen t   t hose   ope ra t ions  and a p a r a t u s  which  trans- 
form  the   phys ica l   s ta te   o f  components i n   s p a c e  and t ime.  P 

In   approaching   the   subjec t  of au tomat ic   cont ro l ,   the   Russ ians   formal ly  
introduced  these  ideas   (see  for   examples  ( 2 ) ) .  I n   t h e i r  view a coin-changing 
machine, a text i le   weaving  machine,  a product ion   l ine  , s h i f t   r e g i s t e r s ,  coded 
templates,   and  pinball   machines  could a l l  be  regarded as examples  of t r a n s f e r  
appa ra tus .  What seemed s t r a n g e   t o  American  automatic  control  thinking was 
t h a t  a t ransfer   appara tus   appeared   to   be   mere ly  a s t a t i c   s t r u c t u r e .  Yet , i f  
a n   e n e r g e t i c   e n t i t y  is i n se r t ed   i n   t he   f i e ld ,   space - t ime   t r ans fo rma t ions  
r e s u l t ,  and the   en t i t y   fo l lows  a t r a j ec to ry   o r   gu ided   pa th .  

There   a re  two kinds  of  constraints  to  which  the  guided  paths  offered by 
the   t r ans fe r   appa ra tus  may be   sub jec t  - one is the   holonomic  or   integrable  
cons t ra in t ,   whereby   the   t ransformat ion   in   space   and   t ime is f u l l y   d e s c r i b -  
a b l e ,  and f u l l y   d e t e r m i n a t e .  The second - the  nonholonomic c o n s t r a i n t  - is  
no t   exp res s ib l e  by d i f f e r e n t i a l   r e l a t i o n s .  The most i n t e r e s t i n g   c a s e ,   f o r  
b io log ica l   sys t ems ,  is the one i n  which  the  resul t   of  a loca l   t ransformat ion  
has some inde termina te   charac te r .   S ince  a l l  na tu ra l   p rocesses   a r e   l o s sy  
(entropy is  lo s t   t o   t he   un ive r se ) ,   no   t r ans fo rma t ion  is  fu l ly   de t e rmina te .  
Therefore   the   impor tan t   d i s t inc t ion   regard ing   nonholonomica l ly   cons t ra ined  
systems  concerns how long  coherence  can  be  followed compared to   t he   ( l ong  
term)  space  and t i m e  i n t e r v a l  of c l o s u r e .  A d i c e  game i n  which  one 

The d e s c r i p t i o n  by h i e r a r c h i c a l   l e v e l s   i n  a system  begins  here.  We have 
a l ready   no ted   tha t   descr ip t ions   o f   sys tems are to   be   l imi t ed  in space  and 
t ime.  The i d e a  of l e v e l s  - t e m p o r a l   ' e p o c h s '   o r   s p a t i a l   ' l a y e r s "   o f   s t r u c -  
t u ra l  o rgan iza t ion  - then comes in to   p rominence .   I f  we speak a t  the  molec- 
u l a r  b i o l o g i c a l   l e v e l ,   t h e   c o n c e p t  of phys i ca l  s ta te  w i l l  include  chemical 
a s s o c i a t i o n .  A t  macroscopic   levels ,  i t  w i l l  dea l   on ly   w i th   mcro   o r   o rgan-  
ized  forms. 
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i nva r i ab ly   l o ses  a t  every   toss   o f   the   d ie  i s  q u i t e   d e t e r m i n i s t i c a l l y   f i x e d ,  
whereas i f   the   house   t akes   on ly  a 'normal' 10% edge  one may regard  the game 
as ' f a i r ' ,   o r   s t o c h a s t i c .   I n   b e t w e e n ,   t h e r e  are a l l  kinds  of  arrangements 
tha t   the   'des igner '   o r   ' f ixer '   can   in t roduce   to   modi fy   the   coherence .  

A b io logica l   o rganism may be  regarded as a f a c t o r y  embedded i n  a com- 
plex m i l i e u .  Together  with i t s  m i l i e u ,  the  combination may be  regarded as t h e  
b io logica l   sys tem.   In  one  view i t  may be  seen as a complex t r a n s f e r   a p p a r a -  
t u s  - l i k e  a complex pinball   machine: i t  has   f i xed   s t a t ions1  a t  which  both 
holonomic  and  nonholonomic  interact ions  take  place,   and  which  exhibi t   t ime 
dependent  and  space  dependent  properties  that  we w i l l  a t t empt   t o   de f ine  .2 
A b io log ica l   sys t em may a l s o  be  viewed as a complex musical   organ  with many 
pipes  and many s t o p s .  The master  player  and  the  winds  of  the  milieu  both3 
may c rea t e   t he  many musica l   pa t te rns   tha t   represent   the   ex te rna l   (motor )  
s t a t e s   o f   t he   sys t em  and   t he   i n t e rna l   ( s ec re to ry   and   f l ux - l ike )   s t a t e s  of 
the  system. 4 

(b) The cha ins   in  man. - While we w i l l  speak of the   b io logica l   o rganism,  
loosely meaning l i v i n g  forms  from  one c e l l e d   c r e a t u r e s   t o  man, i t  is  man 
h imsel f   tha t  we s h a l l   c o n s t a n t l y   s e e k   o u t ,  as our   major   in te res t .  More gen- 
e r a l l y  we w i l l  mean mammals , s t i l l  more g e n e r a l l y ,  we w i l l  mean animals,   and 
only  in   extremes w i l l  we mean a l l  of l i f e .   A l though   t he   b io log ica l   o rgan i sm,  
as a sys t em,   ac tua l ly   cons i s t s  a lways of a l iving  form  and i t s  e x t e r n a l   e n v i r -  
onment, we consider  a t  f i r s t   t h e   o r g a n i z a t i o n   o f   t h e   i n t e r n a l   e n v i r o n m e n t s .  

We a re   conce rned   w i th   i n t e rna l   cha ins   o f   causa l i t y ,   e .g .  , how i n t e r n a l  
element A is l inked  in   space  and  t ime  to  B ,  t o  C y  t o  D ,  e t c .  More narrowly, 
'chains ' a l s o  means physical   , l inkage  of   e lements .  The resul t ing  arrangement  
is a sys t em  s t rung   ou t   i n   space .  Thus , we p re fe r   no t   t o   u se  a te rm  l ike  
'network'  because i t  tends  to   imply a more r i g i d  lumped cha rac t e r   t han  we 

For  example, we can   s t imula te  a nerve  and  obtain a response  time  and  time 
a g a i n .  

L Mass f luxes  of   food ,   water ,   e tc .  ; and  energy  f luxes  of  sensory  inputs 
come i n ,  and are   shuff led  around  and  through  the  system. 

While a l i t e r a r y   c h a r a c t e r i z a t i o n ,  we w i l l  t e n t a t i v e l y   i d e n t i f y   t h e s e  as 
the   co r t i ca l   a lgo r i thm  tha t   has   deve loped   i n   t he  C N S ,  and the   pa t t e rned  
waves of   endocr ines   and   neuroendocr ines   and   e lec t r ica l   s igna ls   tha t  sweep 
through  the  brain.  

On the  other   hand,   f rom  the  point   of   view  of   the  internal   organs , they 
e n t e r   i n ,   o n   c u e   i n   t h e i r   a c t i o n s , t o   h e l p   o r c h e s t r a t e   t h e  complex p a t t e r n s  
of   biochemical   and  bioelectr ic   f luxes  that   they  tend  to   mediate .  
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d e s i r e . '  What interests us a re   t hose   cha ins   t ha t   domina te   t he   d i spos i t i on   o f  
informational   and power f luxes   i n   space   and  t i m e  domains ,   e spec ia l ly   t hose   i n  
which  f luxes are continuous2. 

We recognize  f ive  types  of   chains  : 

(1.)   Degradative gr d i s s i p a t i v e   c h a i n s .  - Suppose t h a t  a f l u x  is found t o  
e x i s t  a t  some time. A t  some la ter  times - wi th in   t he  realm of i n t e re s t ,  the 
f l u x  may have  diminished  and  ul t imately  s topped.   Descr ipt ively,   the   system is  
represented as a t rans ien t   nonconserva t ive   sys  t e m .  

(2 . )  Lossy maintained  chain.  - Suppose t h a t  a cons t an t   f l ux  is maintained. 
Since a l l  natural   processes are u l t i m a t e l y   d e g r a d a t i v e ,   i n   o r d e r   f o r  a f l u x   t o  
be   sus ta ined  , power m u s t  be  drawn  from some externa l   source .   This  power may 
be ob ta ined   e i the r  by in te rmi t ten t   o r   cont inuous   energy   in take .  Such phenom- 
ena a r e  viewed i n   e n g i n e e r i n g  as the  theory of D . C .  networks,   or   the   theory of 
s t eady  s t a t e  networks. The s y s t e m  may be  described as a nonconservatively 
maintained  s teady s ta te .3  

( 3 . )  'Explos ive '   o r   ' depar t ing '   cha in .  - There   a re  some chains  which 
leave  the  (agreed upon) f i e l d   o f   o b s e r v a t i o n   i n  t i m e .  They depa r t   o r   exp lode .  
A f t e r  t he i r   pas sage ,  we can no longer  be  concerned  with  them.  Their  subse- 
quent  behavior becomes p u r e l y   s p e c u l a t i v e .   I f ,  on the   o ther   hand ,   they   re turn  
a t   i n t e r v a l s ,  and are de tec tab le ,   then   they  are no longer   spec i f ied  as 
'depar t ing '   cha ins  , b u t  as r epea t ing   cha ins .  

( 4 . )  Per iodic   o r   repea t inR  cha ins .  - These  chains  tend  to  remain  within 
ou r   obse rved   f i e ld ,   bu t  may depa r t  and r e t u r n   p e r i o d i c a l l y .   I n   g e n e r a l ,   t h e y  
a r e   n o n l i n e a r .  Their performance  can be desc r ibed   fo r   t he   s t ab le   s t eady  states 
of   nonl inear   nonconserva t ive   d i ss ipa t ive   sys tems,  by the  l i m i t  cycles  of 
Poincar;. 

(5.) Aper iod ic   o r   i n t e rmi t t en t   cha ins .  - We have no use fu l   t heo ry   t o   ac -  
count   for  a universe ,   nova ,   sun ,   o r   vo lcano   tha t  may blow up once,   or  a t  such 
r a re   o r   ape r iod ic   t imes   t ha t   r egu la r i ty   canno t   be   de t ec t ed   (w i th in   t he   t ime   o f  

Drawing  from a number o f   phys i ca l   f i e lds ,  we can  think of t h e   p h y s i c i s t ' s  
f ree   body,   the   e lec t r ica l   engineer ' s   ne twork ,   the   chemis t ' s   compar tment   ana l -  
y s i s ,   o r   t he   chemica l   eng inee r ' s   un i t   p rocess .  Each of these are i s o l a t i n g  
e n t i t i e s  o r   c o n c e p t s   t h a t   a i d   i n   a n a l y z i n g  a causal  or  connected  sequence  of 
pa r t s   o r   p rocesses .  

2 
O r  a t  least so  f requent   tha t  we may regard them as cont inuous .   Bio logis t s  

are f a m i l i a r   w i t h   s q u i r t   s y s t e m s  , i n  which  f luids  are de l ive red  as a sequence 
of   pu lses .  One m u s t  no te   t ha t  w e  have   a l r eady   t aken   ca re   o f   t h i s   poss ib i l i t y  
by   sugges t ing   tha t   t ime-of -ac t ion   can   be  bounded  from  below. Thus ,  t h e r e  is 
a l i m i t  a t  which  there  is  no essent ia l   d i f fe rence   be tween  the   cont inuous   and  
t h e   d i s c r e t e   p r o c e s s .  

We canno t   dea l   w i th  a sys tems  sc ience   o f   conserva t ive   sys tems,   nor  are w e  
ca l l ed   on   t o   do  s o  fo r   b io log ica l   sys t ems ,   wh ich  are open  systems. The b a s i c  
weakness  that  we face ,   for   conserva t ive   sys tems,  is t h a t  we cannot   d i scuss  
the i r   s t ab i l i t y   aga ins t   d i s tu rbances .   Fo r   example ,   even   t hough   t hey   can   ex -  
h i b i t  autonomous p e r i o d i c  phenomena, we cannot   p ro jec t   the   e f fec t   o f   per tur -  
ba t   i ons  . 

5 



i n t e r e s t )  , unless   the  sources   of   decay  and  explosion are known. However, i n  
t ime  and  with  s tudy,   appropriate  laws may be   d i scovered   for   such   events .  

5.  A Note on the  Theory  of  Large Versus Small Systems 

It is d e s i r a b l e   t h a t  a d i s t i n c t i o n   b e  made between small and l a r g e   s y s -  
tems. 

A small sys tem  cons is t s   o f  a few cha ins ,   and   genera l ly   on ly   o f  one o r  
two (not  more than a few) h i e r a r c h i c a l   l e v e l s .  Much of  the  science  of  phys- 
i ca l   ne tworks   app l i e s   on ly   t o  small systems (as found in  mechanical  'n  degree 
of  freedom'  systems , i n   e l e c t r i c a l  and  magnetic  network  problems, i n   o p t i c a l  
f i e l d   d e s i g n ,   i n   e l a s t i c   f i e l d   p r o b l e m s ,   e t c . ) .   F o r   s u c h   p r o b l e m s ,  few o r  no 
significant  ideas  can  be  added  by  systems  science.   Systems  science is  he re  
comple te ly   coextens ive   wi th   the   phys ica l   sc iences .  

On the  other   hand,   large  systems  have many network  chains  which  occur a t  
more than a few h i e r a r c h i c a l   l e v e l s .  Phenomena over a broad  frequency  spectrum 
w i l l  be   involved;   there  w i l l  be many groups  of   independent   causal i ty   in   these 
s p e c t r a   ( i . e .  , each phenomenon may have i t s  own pa r t i a l   spec t rum) ;  phenomena 
w i l l  b e   w i d e l y   d i s t r i b u t e d   s p a t i a l l y  a t  d i f f e r e n t   l e v e l s   o f   o r g a n i z a t i o n ;   t h e  
couplings may be poorly  defined  (nonholonomic). It is  for   these   l a rge   sys tems 
t h a t  newly  emergent  concepts m u s t  be  added to   the   phys ica l   concepts   (wi thout  
v i o l a t i n g  them) a p p r o p r i a t e   t o  small systems. The concepts m u s t  dea l   w i th   t he  
emergence  of new form  and funct ion  f rom  the  pieces   that  make  up the  system. 
@he  emergence  of new form  and f u n c t i o n   i n  a dynamic phys ica l   sense  is  remi- 
niscent   of   the   myst ic   Hegel ian-Marxian  t ransformation  of   quant i ty   into  qual-  
i t y .  It t ranscends   tha t   doc t r ine   because  i t  emerges  f rom  the  determinis t ic  
nature   of   space,   t ime,  and phys ica l  l a w  i t s e l f . )  

It is  the   p roper t ies   and  'laws ' for   such  large  systems  that  we m u s t  pro- 
pose  for   biology.  

6 .  Some General  Concepts  for  Large  Systems  Analysis 

It is  of va lue   to   ind ica te   major   po in ts  of vieJ   which  are   the  keystones 
of systems  analysis   and  systems  thinking,  and the   key   to   the   d i scovery   o f  
sys t ems   r e l a t ions .  

(a)  A system is  not  viewed as a un ique   s ingu la r   en t i t y   (un le s s  i t  can 
be  the  only one a v a i l a b l e   t o  US - for  example,   the  universe.  Even then we 
v i s u a l i z e  a po ten t i a l   co l l ec t ion   o f   un ive r ses ) .   I n s t ead  we a t t e m p t   t o  v i s -  
u a l i z e  a poten t ia l   co l lec t ion   of   sys tems,   which  we would recognize as con- 
taining  examples  of  the same system, i . e . ,  members of  the same s e t .  These 
sys tems  a re   no t   ident ica l   in   t empora l   o r   spa t ia l   per formance ,   bu t   they   pos-  
s e s s   s i m i l a r i t i e s .  
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The r eason   t ha t  w e  r e q u i r e   t h i s   i d e n t i f i c a t i o n  is because  metaphysically 
we cannot   dea l   wi th   the   ' r ea l '   sys tem.  We have   a r r ived  a t  t h e   i s s u e   r a i s e d  
by  Korzybski. The map  we draw is n o t   t h e   t e r r i t o r y  w e  draw  from. The iden- 
t i t y  of t h e   c o l l e c t i o n  l ies in   our   mind.  The problem we face is similar t o  
t h e   a c t   o f  knowing. How do we  know a rock? It i s  t h e   c l a s s  of a l l  ob jec t s  
t h a t  w e  i d e n t i f y   w i t h   t h e   p r o p e r t i e s   o f  a rock. Thus i t  is  the common pos- 
s e s s ion   o f  a few l imi t ed   d i sce rnab le   p rope r t i e s   t ha t   gua ran tees  membership t o  
t h i s   s t a t i c   c l a s s   o f  names. 

So i t  is for   sys tems,  i t  i s  t h e   i d e n t i f i c a t i o n   o f  a number o f   p rope r t i e s  - 
some s t a t i c ,  some dynamic - t h a t  is  represented  by  our naming a system. 

(b) Such a n   i d e n t i f i c a t i o n   o f  a s y s t e m   p r a c t i c a l l y   c a r r i e s   w i t h  i t  the 
concept   of   the   ergodic   hypothesis   of   s ta t is t ical   mechanics   (or  more r e s t r i c -  
t i ve ly ,   t he   quas i - e rgod ic   hypo thes i s ) .  The quas i -e rgodic   hypothes is   s ta tes  
t h a t  a l l  regions of a hype rphase   space   t ha t   a r e   access ib l e   t o   each   v i sua l i za -  1 
t i o n  of a sys tem  a re   occupied   wi th   equal   p robabi l i ty ,  s o  that   the   averages 
over  the  motion  of  one  system i n  t ime  a re   near ly   equal   to   the   averages   o f  a l l  
systems  over  phase  space.  

This   hypothesis  is  not  provable.  However, i t  is more nea r ly  a tautology 
than a d i s p u t a b l e   t h e s i s .  What  made the  system  'knowable ' , was t h e   a b i l i t y  
t o   i d e n t i f y  i t  i n  a l l  of i ts  aspects  from  t ime  to  t ime,  independent of c e r t a i n  
s p a t i a l  and  temporal  transformations.   This lumped the number o f   a spec t s   t ha t  
were   the   keys   o f   ident i f ica t ion   in to  a fewer  number.  Another  prototype  of  the 
system was 'knowable'  because  the same aspec ts   were   be ing   car r ied   a long .  One 
could , i n   p r i n c i p l e ,   a l w a y s  embed the  aspects   of   concern  into a sequence  of 
essent ia l ly   equa l ly   p robable   recognized   segments .  Then the  systems  were  iden- 
t i f i e d  as n e a r l y   ' i d e n t i c a l ' ,   o r   p o s s e s s i n g  a common 'name'  (namely,  operating 
through a comparable  concept). Thus the   e rgodic   hypothes is  is almost a lways 
e s s e n t i a l l y   b u i l t   i n t o   t h e   i d e n t i f i c a t i o n  of  similar large  systems.  2 

The systems may be a l i t t l e   d i f f e r e n t .  Thus the   e rgodic   hypothes is  is  a 
gu ide ,   no t   an   abso lu t e  l a w .  Its qua l i t y   a l so   depends  on the   s ize   o f   the  popu- 
l a t ion .   Fo r   example ,   t he re   a r e   s ign i f i can t   popu la t ion   va r i a t ions  a t  t he   l eve l  
of 200 m i l l i o n   i n h a b i t a n t s  of the U.S.A.; on the   o the r   hand ,   po l l s   ob ta in  1- 
2% r e l i a b i l i t y   i n   e s t i m a t e s  a t  the 1000 sample   s ize .  

O u r  problem in   d i scove r ing   l a rge   sys t ems   r e l a t ions  i s  t o  embed the  prob- 
lem i n  a l a r g e  enough un ive r se   t ha t  we do  have a near   e rgodic   hypothes is .  

The chains  of a sys t em  a re   cha rac t e r i zed  by 'd i sp lacement '   var iab les   rep-  
resent ing  the  degrees   of   f reedom of the  system. The hyperspace we r e f e r   t o  is 
made up of   the  displacements   and  their   t ime  der ivat ives .  

2 

pursues members of   the   oppos i te   sex .  I f  we can   see  a s u b s t a n t i a l   s i m i l a r i t y  
of   other   funct ions - namely  physiological  - w e  cons ide r   t he i r   ac t ions  as er- 
godic .  Of cour se ,   t he re  w i l l  b e   d i f f e r e n c e s .  

We may be  puzzled by  two teenagers ,   one who only   s tud ies ,   and  one who only 

7 



( c )  One  way w e  may begin is with  the  view  of a sys tems  des igner .  He 
v isua l izes   the   k ind  of sys tem  he   wishes   to   ' des ign '   (e .g .  , a power p l a n t ) .  
By des ign ,  w e  mean t h e   s e l e c t i o n   o f   o n e   o r  more major   funct ions,   'purposes  ' 
for  the  system,  and  the  development  of a design  theory  for   the  system. 'De- 
s i g n '   i n   t h e   p r e s e n t   s y s t e m s   c o n t e x t ,  w i l l  r e f e r   t o   d e s i g n   f o r  a reasonable  
long   sus t a ined   l i f e   sys t em.  Thus the   des ign   t heo ry  is concerned  with i ts  
long term a c h i e v a b i l i t y .  

To d o   t h i s ,  i t  is g e n e r a l l y   n e c e s s a r y   t o   v i s u a l i z e  a s e r i e s   o f  homologous 
sys t ems   o f   d i f f e ren t   s i ze s   t ha t   a r e   capab le   o f   ope ra t ion ,   i . e . ,   t he   des ign  i s  
n o t   t i e d   t o  a s p e c i f i c   s i z e ,   b u t   t o  a g e n e r a l   p r i n c i p l e   t h a t  may be s a t i s f a c -  
t o r y   t o   u s e   t o   b r a c k e t   t h e   s i z e   o f   i n t e r e s t   ( e . g . ,   t h e   d e s i g n e r  of megawatt 
prime  movers is commonly l imited by the number of p r i n c i p l e s   f o r   e f f i c i e n t  
prime movers he   has   ava i l ab le .  He t h e n   h a s   l a r g e   s c a l e   c o n s t r a i n t s  he h a s   t o  
meet. The b i o l o g i s t  who  came c l o s e s t   t o   e x p r e s s i n g   t h i s   p o i n t  of  view was 
D 'Arcy Thompson. ) 

The systems  designer  may then  require  the  development  of a l l  s o r t s  of 
subsystems,  which  he may order  up out  of  well-known ar ts  ( e . g . ,   t h e  compo- 
n e n t s   t h a t   a r e   t o   b e  used f o r  a l a rge  power p l a n t  are themselves   ra ther  
' c a n n e d '   i n   t h e i r   s e l e c t i o n ) .  What the   des igner  is a b l e   t o   ' b u y '   a r e   s u b -  
systems and  mechanisms  which f u l f i l l   h i s   s p e c i f i c a t i o n s   w i t h o u t   n e c e s s a r i l y  
be ing   t i ed   to   any  one p r i n c i p l e ,   o r   e v e n   s h a r p l y   d e l i n e a t e d   c h a r a c t e r i s t i c s .  
( I f   he   wants   t empera ture   regula t ion ,   he   can   ask   for  i t ,  not how i t  m u s t  be 
g o t t e n .  Thus i f  one  animal   uses   skin  sweat   glands,   another   his   tongue,   an-  
o t h e r   h i s  t a i l ,  the  master   designer  is n o t   s u r p r i s e d . )  

Disregarding a l l  t h e   i n t e r m e d i a t e   d e t a i l s ,  i t  is gene ra l ly   on ly  when 
most of t h e   n e a r   s t a t i c  , o r  low f r equency   cha rac t e r i s   t i c s  of the   sys tem  a re  
s e t t l e d ,  i . e . ,  what w i l l  a s s u r e   t h a t  a system will p e r s i s t ,   t h a t   t h e   d e s i g n e r  
may review  or   have  reviewed  for   him  the  high  f requency  character is t ics ,   for  
s t a b i l i t y ,   a c c e p t a b i l i t y  of  performance,  and  sources  of l i f e   d e g r a d a b i l i t y .  

While a l l  of  this  sounds  remote  from  biosystems  science,  more l i k e   i n -  
d u s t r i a l   e n g i n e e r i n g ,  i t  is  the  essence  of  a l l  s c i e n c e   a p p l i e d   t o   r e a l   s y s -  
tems.   Imagine  that   youreal ly  are r e q u i r e d   t o   b u i l d  a b io log ica l   sys t em from 
b a s i c   m a t e r i a l s .  How would  you do i t ?  The exact  order  of a f fa i r s  may not   be 
a lways   per t inent .  However , one may always s t a r t  from the   b r i e fe s t   epoch   t ha t  
r ep resen t s  i t s  slow  motion  average. It is  a p e r i o d   g e n e r a l l y   s u b s t a n t i a l l y  
s h o r t e r   t h a n   t h e   l i f e  of the   sys tem,   bu t   ye t   one   tha t   averages   over   the   h igh  
f requency   opera t ive   p r inc ip le  by  which  the  system  operates.  It most o f t e n  
includes  the  pr imary  s lower  regulators  of the   p rocess .  It is  t h a t   p e r i o d ,   i n  
W .  McCulloch's  happy  choice  of  words,  for  which "one day  looks much l ike   an -  
o t h e r , "   f o r  i t  is  these   epochs   tha t   the   e rgodic   unfo ld ing   takes   p lace .  

7 .  'Directed ' Chains - Charac te r i z ing  a Large  System 

A large  system  has  a 'purpose ' . This  remark i s  not meant to   be  merely 
a t e l e o l o g i c a l   s t a t e m e n t ,   b u t  one t h a t  w i l l  be   given  operat ional   meaning.  
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By observing  any  system  for  a considerable   length  of  t i m e ,  we b e g i n   t o  
i n f e r ,   p u r e l y  as hypothesis  , some concept , some a lgo r i thm of  what i t  does;  
i . e .  , what i t s  one  or more major  'purposes ' might  be.  Such an   a lgo r i thm,  as 
h y p o t h e s i s ,   a t t e m p t s   t o   c a s t   l i g h t  on what   the  future   behavior  of the  system 
i s  l i k e l y   t o   b e .  

J u s t  as a la rge   sys tem  has   cha ins   wi th in  i t ,  the   l a rge   sys tem becomes a 
t r ans fe r   appa ra tus   o r   cha in  a t  a h i g h e r   h i e r a r c h i c a l   l e v e l .  A s  a r e s u l t ,  i t  
too may be   deg rada t ive ,   e t c .  O u r  concern i s  w i t h   p e r i o d i c   o r   r e p e t i t i v e   s y s -  
tems ( i f   o n l y  one man had e x i s t e d ,  i t  might   have  been  fascinat ing  for   him,  
b u t   p e r h a p s   d i f f i c u l t   f o r   n o n e x i s t e n t  ' u s '  to   have  become exc i ted) .   Thus ,  
our   s tudy  begins   with  systems  which  repeat ,  i . e . ,  which  have  long l i f e  times 
with many repeated  cycles ,   both  in   the  appearance  of   the  individual   e lement  
and i n  i t s  repeated  forms. A bio logica l   sys tem,   l ike   o ther   l a rge   sys tems , is 
n o t   a n   i s o l a t e d   e n t i t y ,   b u t  a r e p e t i t i o n  of form  and func t ion   i n   t ime .  When 
we have  achieved  an  adequate   descr ipt ion of i t s  form  and func t ion   i n   space  
and time,  then we can   a t tempt   to   in fer   the   purpose  of the  system  from  the 
complex p a t t e r n  of behavior   tha t  we have  observed. 

I n   g e n e r a l ,   t h e   d e s c r i p t i o n  of a ' l o c a l i z e d '   o r  bounded system  that   ex-  
h i b i t s   r e p e t i t i v e   b e h a v i o r  is not   unique  in  a mathematical- logical   sense.  
More than one c l a s s i f i ca t ion   o r   decompos i t ion  of i t s  c h a r a c t e r i s t i c s  is poss i -  
b l e .  However,  one decomposi t ion  that  i s  a lways  poss ib l e   i n   an   i ncons tan t  
f i e l d  is by means of  harmonic  functions.  More p rec i se ly ,   any   func t ion   t ha t  
remains bounded i n  t i m e  (meaning tha t   the   excurs ions  of the  degrees of f r e e -  
dom of   the   sys tem  do   no t   cover   an   in f in i te ly   l a rge   range)  , and  whose excur- 
s ions   i n   any   f i n i t e   i n t e rva l   o f   t ime   can  be summed (namely ,   tha t   there   a ren ' t  
too many wiggles   to   defy   f in i te   summat ion) ,   can  be uniquely decomposed i n t o  a 
sum of  harmonic  functions.  I f  the   func t ion   repea ts   indef in i te ly   th roughout  
all time, the  decomposition may be expressed  in  terms of  a harmonic  (Fourier)  
s e r i e s .  I f  t he   func t ion  is  n o t   p e r i o d i c ,   b u t   d e f i n e d   f o r   a l l   t i m e   ( f o r  exam- 
p l e ,   z e r o  up t o  a ce r t a in   t ime ,   t hen  some ape r iod ic   pu l se   o r  wave form  over .a 
l imited  per iod  of   t ime,   then  zero  af terward) ,   then  the  funct ion  can be r ep re -  
sented by a harmonic   (Four ie r )   in tegra l .  The former  function is defined by a 
d i sc re t e   l i ne   spec t rum,   whereas   t he   l a t t e r   func t ion  is  defined by a cont inu-  
ous spectrum. 

The descr ip t ive   adequacy  of  any  experimental  observations on a system 
arises when ne i ther   the   form of the   sys tem  nor   da ta  on the  system  are   def ined 
f o r  a l l  t ime.  The uniqueness of decomposition comes i n t o   q u e s t i o n .  

The u s u a l  reason  for  seeking  out  decomposition  by  harmonic components o r  
o the r   we l l   de f ined  components is t h a t  if l ines  or  bands  can  be found i n  a 
frequency  spectrum  which  involve  considerable  energy  or  f luxes  (as compared 
with a low l e v e l  of ene rgy   o r   f l uxes   t i ed  up over a very  broad band - and  re- 
f e r a b l e   t o  as ' n o i s e ' ) ,   t h e n  we o f t en   f i nd   a s soc ia t ed   phys i ca l  mechanisms f o r  
t h e s e   s p e c t r a l   r e g i o n s .   I n   c o n t r a s t ,   t r a n s i e n t s  may o r  may not   be  associated 
wi th   s ign i f icant   phys ica l   mechanisms.  
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This   decomposi t ion  property  furnishes   the  reason and  importance  of  har- 
monic a n a l y s i s  as t h e   t r a n s i t i o n  from  the  purely  mathematical   to   the  physical  
founda t ions   fo r   ana lys i s   o f  complex systems.  

What kind o f  systems  can we analyze? We can comprehend p e r s i s t e n t  s y s -  
tems,   systems  that  show a repe t i t ion   o f   form  and   func t ion   in   t ime.  The b io -  
l o g i c a l   s y s t e m   q u a l i f i e s   f o r   a n a l y s i s  by t h i s   t e s t .  What we have   to   do ,  
p h y s i c a l l y ,  is t o  show tha t   there   a re   pers i s ten t   harmonics   which   lock  up en- 
e r g y   o r  mass f luxes  and we have a chance   for   phys ica l   ana lys i s  by ' spec t ros -  
copy ' . I   This   path of ana lys i s   has   descr ibed   a tomic  and nuc lear   sys tems  wi th  
f a i r  success .  

How do w e  know when a p a t t e r n  i s  r epe t i t i ve   enough ,  and how do w e  show 
t h a t  we can   dea l   wi th  i t  over  only a l i m i t e d   t e s t   p e r i o d ?   S p e c i f i c a l l y ,  how 
do we  know t h a t  a p a t t e r n  w i l l  s a t i s fy   cond i t ions   fo r   Four i e r   decompos i t ion?  
We know only  one  way. We look a t  one  sys tern dur ing  a number o f   a r b i t r a r y  
s e r i a l   i n t e r v a l s   ( n o t   n e c e s s a r i l y   c o n s e c u t i v e ) ,   o r  we use  the  quasi-ergodic 
hypothesis  and  look a t  n a r b i t r a r y   s y s t e m   o v e r  one  such  interval .  We then 
per form  the   ana lys i s   tha t  w i l l  l oca t e  i ts  harmonics, i f  any.  (Blackman  and 
Tukey ( 3 ) ,  a w e l l  known s o u r c e ,   o r  Goodman ( 4 )  discuss   the  problems  of   anal-  
y s i s   i n   d i s t i ngu i sh ing   cohe ren t   ' s i gna l s '   f rom  no i se . )  However, recognizing 
t h a t   u l t i m a t e l y  a l l  systems  degrade,  this  approach  can be  used only  over  seg- 
ments s h o r t  compared t o   t h e   t r a n s i e n t  , a p e r i o d i c   ' l i f e '  of a system. 

For tuna te ly ,   the   ex is tence   o f  a l ine  spectrum  can be es tab l i shed   even  
wi th   on ly   l imi t ed ,   f i n i t e   da t a   s egmen t s  from bio logica l   exper iments .  The 
value of  harmonic  decomposition  has  been  enhanced  by  certain  experiments 
s h o w i n g   s t r o n g l y   i s o l a t e d   l i n e   s p e c t r a   i n  many phys io log ica l   va r i ab le s  and 
processes .   (Spec i f ica l ly ,   osc i l la t ions   have   been  found i n   v e n t i l a t i o n   r a t e ;  
in   metabol ic   ra te ;   t empera ture- thermal  power osc i l l a t ions ;   i n   b lood   gases  - 
oxygen, CO2; i n  b lood   cons t i tuents  - r e d   b l o o d   c e l l   f l o w   i n   c a p i l l a r i e s ,   i n  
blood  sugar   and  blood  lactate;   in   levels   of  some c i r c u l a t i n g  hormones; i n  
c i r c a d i a n  rhythms  of some b iochemica l   cons t i tuents  .) 

Descript ion of pu l se - l ike   even t s  i s  much more unce r t a in .  It is  n o t   t h a t  
the   events   themselves   a re   uncer ta in  - they   can   be   t es ted   for   in   the  same way, 
by the   quas i -e rgodic   hypothes is ,  as can   per iodic  phenomena, even  though  spec- 
i f i c a t i o n  of t he  phenomena ou t s ide  of the  pulse  domain is lacking.  Neverthe- 
l e s s ,   spec t r a l   decompos i t ion  is of l imi t ed   va lue   fo r   ape r iod ic  phenomena. I f  
understanding of an  event  i s  well   founded,  the  event i s  p r e f e r a b l y   t r e a t e d  as 
an   ape r iod ic   phys i ca l  phenomenon.  The phys ica l -chemica l   causa l i ty   for   the  
event  i s  a s ses sed ,  and  viewed as b e i n g   i s o l a t e d .  The f a c t   t h a t  a long  term 
genet ic   coding may have made the   event   poss ib le   does   no t   cont rad ic t   th i s  

1 By 'spectroscopy'  we do  not mean the more l imi t ed   t a sk  of observing  the 
spec t ra   assoc ia ted   wi th   a tomic   o r   molecular   p rocesses  commonly v i a   e l e c t r o -  
magnet ic   e f fec ts ,   bu t  t n e  more g e n e r a l   a n a l y s i s  of repe t i t ive   t empora l   p roc-  
esses i n  any  system,  whether  'atomistic '   or  macroscopic.   This  has become 
q u i t e  common i n   e n g i n e e r i n g  , as p a r t  of dynamic  systems  analysis.  
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viewpoint.  It is j u s t  that   the  boundary  value  problem of  emergence starts i n  
the  t i m e  domain  somewhat be fo re   t he   even t ,   and  one then   a t t empt s   t o   s eek   ou t  
t he  more loca l ized   immedia te   causa l i ty .  

8. A S t a t i s t i c a l  - Mechanical View of Life   and  Life 's   'Purposes '  

General ly ,  w e  c a n   d i s t i n g u i s h   t h r e e   s t a g e s   i n  a s y s t e m ' s   l i f e  - i ts  
s t a r t -up   phase ,  i t s  developed , mature  stage,  and i ts  degrada t ion   s tage .  To 
begin,  we s h a l l   r e s t r i c t   o u r   a t t e n t i o n   t o   t h e   s t a g e   o f   m a t u r e   d e v e l o p m e n t .  
Dur ing   tha t   s tage ,   changes   in   an   ind iv idua l   sys tem are not   explosive  or   one-  
t ime  events .   Observat ion and s tudy   sugges t s   t ha t  a l i v ing   sys t em is a n  au -  
tonomous mobi le   fac tory   tha t   inges ts   energy  and m a t e r i a l ,  and  conducts  inter-  
n a l  and   ex te rna l   p rocesses ,   so   t ha t  i t  can   cont inue   to   inges t   energy  and ma- 
t e r i a l  and  conduct  these  processes; i t  maintains i t s  in t e rna l   p rocesses  and 
form; and a p e r i o d i c a l l y  i t  reproduces i t s  own form s o   t h a t  i ts  newborn can 
grow t o  a mature   s tage,   where i t  in   tu rn   inges ts   and   conducts  i t s  processes .  

I n   o v e r a l l   d e s i g n ,  a l i v i n g   s y s t e m   s a t i s f i e s  i t s  needs  in   three  t ime 
domains: a)   wi thin  the  high  f requency  range of  metabolism;  b)  within a me- 
dium  frequency  range  which is based on i t s  'experiences ' ;   and  c)  within a 
longer- term  f requency  range  for   reproduct ion.  

A s ta t i s t ica l   mechanica l   approach   to   sys tems s t a r t s ,  f o r  i t s  foundation, 
with a la rge   ensemble   o f   a tomis   t i c   en t i t i es ,  some o r  a l l  of  which a re   capable  
of   ac t ive ,   sus ta ined   t ransformat ions   o f   energy .   Because   o f   force   coupl ing  
between  these  ent i t ies   they become se l f -o rgan ized ,   o r   ex t e rna l ly   o rgan ized ,  
w i t h i n  a bonnded domain. We now imagine a l a r g e   c o l l e c t i o n  of  such similar 
ensembles. One such   co l l ec t ion  is made up  of the  sys  tem i t s e l f  viewed a t  
d i f f e r e n t   t i m e s   ( e   . g .  , the  population  of New York C i t y   i n  1935 a s  compared 
with l a s t  Tuesday,  or las t  F r i d a y ) .  We can  proceed  to compare a l l  of  these 
systems  of   the  col lect ion.  One e f f e c t i v e  way is i n  a phase  space made up o f  
the   d i s t inguishable   degrees  of  freedom  of i t s  a t o m i s   t i c   e n t i t i e s  , and  of t h e i r  
rates of  change in   t ime .  One such  phase  space  locates  the  system as a po in t  
in   that   geometr ic   hyperspace.   Another   such  phase  space  permits   that  s y s t e m ,  
t he   po in t ,   t o   t r ave r se   t he   space  as a t r a j e c t o r y .   I n   t h a t   s p a c e ,   o t h e r  s y s -  
tems i n   t h e   c o l l e c t i o n   c a n   a l s o   e x h i b i t   t h e i r   t r a j e c t o r i e s .  We now propose 
to   watch   the   co l lec t ion   of  similar systems as they   t rack   tha t   phase   space .  

Obvious ly   the   co l lec t ion  w i l l  appear as a 'c loud '  of p o i n t s   d i s t r i b u t e d  
and  moving  through  the  phase  space.   For  equilibrium  states of t h e   c o l l e c t i o n ,  
t he   dens i ty   o f   po in t s  are cons tan t ,   o r   pu ls ing   in   t ime.   For  a f eas ib l e   de -  
s c r i p t i o n   o f   t h e s e   c o l l e c t i o n s ,  we r e q u i r e   t h a t   t h e   i n d i v i d u a l   s y s t e m s   b e   n o t  
espec ia l ly   d i s t inguishable ;   namely ,   tha t  i f  we lo se   t r ack   o f  one system, and 
confuse i t  wi th   ano the r ,   t hen  we c a n   h a r d l y   t e l l   t h e   d i f f e r e n c e   i n   t h e   f u t u r e  
course  of   the   individual   system. This requirement means that   the   systems  be-  
have   wi th   cons iderable   independence   of   s ta r t ing   condi t ions ,  and with a con- 
s iderable   degree   o f   repe t i t iveness   o f   mot ions ,   which   i f   no t   per fec t ly   per i -  
od ic   a r e   a lmos t   pe r iod ic .  
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I f  w e  r e s t r i c t   o u r s e l v e s   t o   l o s s y   p r o c e s s e s ,  we c a n   p o s t u l a t e ,   w i t h  some 
j u s t i f i c a t i o n  from  the  work  of  Poincar;,  that  the  motion.  of a system w i l l  ap- 
pear as a non l inea r  l i m i t  cyc le   in   t ime,   and  as an   o rb i t   i n   phase   space .  A t  
least a t h e o r e t i c a l   s t r u c t u r e   b a s e d  on l i m i t  cycles ,   assuming w e l l  def ined 
causa l   cha ins   wi th   cons iderable   energy   f luxes   o r  mass f l u x e s   a s s o c i a t e d   w i t h  
the i r   spec t ra l   l ines ,   might   account   for   form  and   func t ion   in  a system more 
success fu l ly   t han   o the r   t heo r i e s   can   do   o r   have   done .  

A col lect ion  of   systems  in   phase  space  operates   with a var ie ty   of   con-  
s t r a in t s ,   i nc lud ing   t he   cons t an t s   o f   t he i r   mo t ion .   Ac tua l ly   t he re  is very 
l i t t l e  we can   measure   in   the   co l lec t ion   o ther   than   these   cons tan ts ,   which  we 
know as the  summational  invariants  of  the  ensemble . For  example,   in a phys- 
ica l   sys tem  such  as a n e a r l y   i d e a l   g a s   i n  a c o n t a i n e r ,   t h e r e  is v e r y   l i t t l e  
t o  measure  beside  the  constancy  of i t s  t o t a l   e n e r g y  and mass. A s  a r e s u l t ,  
i t s  p r o p e r t i e s  are assessed by a p p l i c a t i o n   o f   s t a t i s t i c a l   m e c h a n i c s   t o  a 
nea r ly   cons t an t   ene rgy   d i s t r ibu t ion   i n   phase   space .  The ergodic   hypothesis  
(or   var ious   near ly   equiva len t   s ta tements   such  as t h a t  a l l  access ib l e   r eg ions  
of  phase  space  have  equal a p r io r i   p robab i l i t y   o f   occupancy   fo r   equa l   hype r -  
volumes) may be  invoked t o   c h a r a c t e r i z e   a n   e q u i l i b r i u m   d i s t r i b u t i o n   o f   s y s -  
tems. 

1 

2 

B i o l o g i c a l l y ,   t h i s   s t a t i s t i c a l   m e c h a n i c a l   c o l l e c t i o n   i n   p h a s e   s p a c e  
should  probably be members of a spec ie s ,   o r ,   pe rhaps   on ly   t he   adu l t  members 
o f   t he   spec ie s .  A t  a grosser   level ,   wi th   fewer   degrees   of   f reedom  counted,  
the  phase  space may be a phylum; o r   w i th   even   g rea t e r  loss  i n   d e f i n i t i o n  i t  
may be  the  whole  animal   or   plant  kingdom; o r  i t  may be a l l  l iv ing   sys tems.  
However, a t  t h e  kingdom l e v e l ,   t h e  number of   degrees   of   f reedom  are   so  dras-  
t i ca l ly   r educed   t ha t   on ly  some phi losophic   de ta i l   remains   (e .g .  , a l l  l i v i n g  
th ings   metabol ize ;   the i r   metabol i sm  involves   subs t ra te   ox ida t ion ;   o r   an imals  
metabolize  three  kinds of f u e l ,   e t c . ) .  

The leap   f rom  the   s ta t i s t ica l   mechanics   o f  a c o n t a i n e r   f u l l   o f   n e a r l y  
ideal   gas   molecules   to   an  ecological   n iche  populated by human beings is a 
long   one   for   the   b io logis t   to  make. We s h o u l d   t r y   t o   o f f e r  a route   a l lowing  
s m a l l e r   s t e p s .  

It tu rns   ou t   t ha t   t he   s t ep  from idea l   gas  t o  nonideal   gases  is a l r e a d y  
i n o r d i n a t e l y   d i f f i c u l t   ( s e e   f o r  example (5) o r  Chapman and  Cowling ( 6 ) .  The 

Summational i n v a r i a n t s   a r e   t h o s e   q u a n t i t i e s   i n  a system  which  are  defined 
by laws of   conservat ion  during  col l is ions  between two o r  more components  of 
the  system.  See,   for  example,   Hirschfelder,  C u r t i s s ,  B i r d  (5) f o r  more de-  
t a i l .  

The s t a t i s t i c a l   m e c h a n i c a l   ' e q u i l i b r i u m '   f o r  a g i v e n   s y s t e m ,   i l l u s t r a t i v e l y  
a Maxwellian d i s t r i b u t i o n  of  v e l o c i t i e s   f o r  a s imple   molecular   a r ray ,   repre-  
s e n t s  a sus t a ined   mo t ion   i n   wh ich   t he   pa r t i c l e s   o r   en t i t i e s   t ha t  make  up the 
sys t em  ne i the r   decay   t o   r e s t ,   no r  go through a s t r i c t l y   p e r i o d i c   m o t i o n .  The 
combined motion,  however, i s  equ iva len t   t o  a broad  continuous  spectrum  of  pe- 
r i o d i c   t r a j e c t o r i e s .  The ind iv idua l  s y s t e m ,  a member of   the  col lect ion  of  
systems , thereby sweeps  through  the  phase  space  with  equal  probability  in  each 
volume . 
12 



I 

complexity is crea ted   by   the   in te rna l   degrees  of  freedom  of  the  'molecular ' 
e n t i t i e s .  We are confronted by a similar issue i n   t h e   s t e p  from  gas t o   l i v i n g  
s p e c i e s .  The s p e c i e s   e x h i b i t  a s t i l l  r i c h e r   p a t t e r n  of in te rna l   degrees   o f  
freedom.  However, w e  f i n d   i n   a n y   s y s t e m   t o   w h i c h   s t a t i s t i c a l   m e c h a n i c s   m y   b e  
s u c c e s s f u l l y   a p p l i e d   t h a t  we c a n n o t   a s s i g n   p a r a m e t e r s   s u f f i c i e n t l y   w e l l   t o  d i s -  
t inguish  one  system  f rom  another   in   an  ensemble.  We can   mere ly   ident i fy  
' summat iona l   invar ian ts ' .   (Typica l ly ,  i n  a simple  mechanical  system,  there 

would be  the  invariants   of  mass , ene rgy ,   l i nea r  momentum and  angular  momen- 
tum.) The  many, many i n d i v i d u a l s   o r   i n d i v i d u a l   s t a t e s   t h a t  make up the   sys -  
tem t h e n   a r e   d i s t r i b u t e d   s t o c h a s t i c a l l y   i n   p h a s e   s p a c e  by laws o f   d i s t r i b u -  
t ion  which  involve  only  the  sunrmational   invariants .  We p o s t u l a t e   t h a t   t h e   v e r y  
impor tan t   s ta t i s t ica l   mechanica l   concept   o f   the   summat iona l   invar ian ts   in  a 
c o l l e c t i o n  of l ike  systems  provides  a bas i s   fo r   de f in ing   t he   ' pu rpose '   o f  
sys t ems ,   and ,   i n   pa r t i cu la r ,   o f   b io log ica l   sys t ems .  

I f  the  summational  invariants  were known, then  the  equat ions of  change' 
f o r  a Spec ies   ensemble   could ,   in   p r inc ip le ,   be  s ec i f ied .   These   equat ions  of 
change may then  be  used to   descr ibe   s teady-s ta te '   condi t ions   for   the   spec ies .  
When  we imag ine   s t eady   s t a t e s   fo r  a s p e c i e s ,  we are imagining t h a t  t he  sum-  
m a t i o n a l   i n v a r i a n t s   a r e   s p e c i f i e d ,  and t h a t  the   'purpose '  of t he   spec ie s   l i e s  
in   the   main tenance   o f   the   s teady-s ta te .   I f   the   spec ies  is  invoived  in  a 
p r e d a t o r - p r e y   o s c i l l a t o r y   r e l a t i o n ,   t h e   s t e a d y - s t a t e  is the   per iodic   type.  

Consider now the  'purpose ' of   any  individual  human i n  a p r i m i t i v e   c u l t u r e .  
A s  a n   i d e n t i f i a b l e  member of h i s   s p e c i e s ,   h e  m u s t  move a b o u t   i n   c h a r a c t e r i s t i c  
p a t t e r n s   i n   o r d e r   t o   s u s t a i n   h i s   m e t a b o l i c   b a l a n c e ,   i . e .  , in  the  long  term  he 
m u s t  conduc t   h i s   i n t e rna l  and e x t e r n a l   s y s t e m s   s o   t h a t   h i s  food intake  and 
energy  expendi ture   balance.   I f   there   are  a f i n i t e  number of phys io log ica l  
i n t e rna l   s t a t e s   wh ich   a r e   f r ee ly   access ib l e   t o   change ,   t hen ,  j u s t  as in   t he  
s t a t i s t i c a l  mechanics  of  mechanical  systems,  an  equiparti t ion of  energy w i l l  
t ake   p lace   in   accordance   wi th   the i r   weighted   s t rengths .  The system  has   to  
e a t  , t o  b r e a t h e ,   t o   v o i d ,   e t c .  I f  t h e   s t a t i s t i c a l   m e c h a n i c a l   i d e a  i s  accepted , 
and i f  i t  s t a n d s   b e h i n d   t h e   s t a t i s t i c s   o r d i n a r i l y   a s s o c i a t e d   w i t h   o b s e r v a b l e  
physical   behavior ,  as we be l i eve ,   t hen   ' ene rge t i c s '  i n  the human has t o  

In   the  s imple  physical   case  equat ions  of   change  refer   to   changes of t o t a l  
mass , momentum, energy ,   molecular   spec ies   concent ra t ions .  

2 

s t e a d y   s t a t e  of r e s t ,  and a s u s t a i n e d   s t a t e  of p e r i o d i c   o s c i l l a t i o n s .  One 
m u s t  n o t e   t h a t   t h e   s t e a d y   s t a t e  of ' r e s t '   f o r   t h e s e   s t a t i s t i c a l   m e c h a n i c a l  
ensembles is  an  act ive  equi l ibr ium  in   which  the  underlying  a tomist ic   motions 
have  achieved a s t a t i o n a r y   s t a t i s t i c a l   c h a r a c t e r .  The small g r a d i e n t  non- 
equ i l ib r ium thermodynamic theory  then  permits   gross   scale   deviat ions  f rom 
t h a t   e q u i l i b r i u m .  Not t o o   f a r  removed from tha t   equi l ibr ium  the   sys tem may 
t h u s   e x h i b i t   s t e a d y   s t a t e   ' a u t o n o m o u s '   o s c i l l a t i o n s ;  i t  may e x h i b i t   s t e a d y  
s t a t e  d r i v e n   o s c i l l a t i o n s ;   o r  it may exhib i t   main ta ined  b u t  d i sp l aced   s t eady  
s t a t e s  , o r   t r a n s i e n t   s t a t e   d i s t u r b a n c e s  . 

I n   e l e c t r i c a l   e n g i n e e r i n g ,  two types  of   s teady s ta tes  are   recognized:   the 
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involve a pa r t i t i on ing   o f   ene rgy  and switching  of states among t h e s e   t a s k s   i n  
a manner t h a t  w i l l  g e t  them a l l  done. 

The d e s c r i p t i v e   p r o b l e m   t h a t   e x i s t s  is that   the  switch  mechanisms, whose 
act ions  contain  the  operat ive  a lgori thms  for   the  system,  themselves   par take  of  
t he   ene rgy   pa r t i t i on .  B u t  it i s  e a s i e r   t o   d e s c r i b e  them as pa r t   o f  a comrnuni- 
ca t ions   cha in   ins ide   the   body,   ra ther   than   the  power cha in .   Neve r the l e s s ,  
even  though small ene rgy   t r ans fe r  may be involved   in   such   b iochemica l   cha ins ,  
commonly because   o f   t he i r   ca t a ly t i c   cha rac t e r ,   t hey   r equ i r e  some s u i t a b l e  
weight ing  in   what  may be  described as the   overa l l   en t ropic   p rocesses   o f   the  
body. 

We may, i n   t ime ,  come to   ident i fy   the   b iochemica l   cha ins   assoc ia ted   wi th  
the  macrostates of man. For  example, we can   a l r eady   c l ea r ly   r ecogn ize   t he  
s t o p - g o   s t a t e s  of m o t o r   a c t i v i t y   i n   t h e  human. The f i g h t - f l i g h t - f e e d - c o p u l a t e  
s ta tes   have   been   long   apprec ia ted .  With some confidence we can  extend  the 
l i s t  to   i nc lude   t he   f i gh t - f l i gh t - f eed -copu la t e -vo id - re s  t s t a t e s .  Beyond t h a t ,  
we can  only  ask,  is t h e r e  a ' n e c e s s i t y '   f o r   o t h e r  modes o f  behavior?   I f  s o ,  
can we f ind  in   their   f requencies   of   occurrence  the  'purposes  ' of the  system? 

9 .  On the  Levels  of Biosystem  Science 

The possible   levels   that   could  concern us  i n  a b iosys tems  sc ience   a re :  

(a )   the   cha in  of nuclear   event-s  - n u c l e a r   ' o s c i l l a t o r s  ' ( e l e c t r o n s  , pro-  
tons ,   neu t rons ,  gamma rays .  Note wi thou t   t hese   ene rge t i c   en t i t i e s ,   even  now 
in   t he   fo rm  o f   i on iz ing   r ad ia t ion ,   l i f e  would ne t   l ike ly   have   begun. )  

(b)   the  chain of ionic ,   a tomic,molecular   events  - atomic-molecular 'os- 
c i l l a t o r s  ' 

(c)  meta-molecular  macro-complexes - c h e m i c a l   o s c i l l a t o r s  - ' c e l l s  I ,  

o r g a n e l l e s ,  and the  subclass   of  C-0-H-N (plus  Nay C a y  K ,  F e y  C l ,  S, P) based 
o s c i l l a t o r s  

(d)  a c e l l u l a r  community in   an  ecology,   including  organ  systems 

(e)   the complex organism,  including i t s  subsystems 

( f )  a community of  complex  organisms i n   a n   e c o l o g y .  

Biosystems  science  in  a l imi ted   sense   begins   wi th   the   th i rd   l eve l  (mo- 
lecu lar   b io logy  on the   l eve l  of t h e   c e l l  and i t s  subcomponents).  However, we 
s h a l l  assume a l l  s c i e n c e ,  up through  the  cel lular ,   and  concern  ourselves   only 
wi th   t h ree   l eve l s  - t he  complex organ  sys tems and func t ions   i n   t he  complex 
organism,  the complex o rgan i sm  i t s e l f  , and i t s  i n d i v i d u a l   i n t e r a c t i o n   w i t h i n  
i t s  surroundings and with i t s  neighbors .  The many other  problems  bordering 
these  systems  below  and  above  in   organizat ion  are  a t  present   only  our   marginal  
concern. The i n d i v i d u a l ,  we r ega rd ,  as be ing   e rgod ica l ly  embedded i n   h i s  op- 
e r a t i v e   s p e c i e s .  

14 



Fur ther ,   whi le   there   a re   th ree   c lasses   o f   p roblems  tha t   might   concern  us  
from a systems  point  of  view, namely systems  s tar t -up,   systems  operat ion,  and 
sys  tems t r o u b l e s h o o t i n g ,   i n   t h i s   p h a s e  we w i l l  only  be  concerned  with  one - a 
descr ip t ion   of   normal   opera t ion   of   the   sys tem.  

10. The Normal Opera t ing   S ta te   o f  a Biosystem 

We may s t a r t  by  not ing  the autonomous r e p e t i t i v e   ( i . e .  , harmonic)  charac- 
ter of  the  behavior  of  an  organism. An i m p o r t a n t   c h a r a c t e r i s t i c   t h a t  is not  
o f t e n  made e x p l i c i t   a b o u t  a l iv ing   sys tem,   ye t   which  is imp l i c i t l y   . con ta ined  
i n   t h i s   c o n c e p t   o f   r e p e t i t i o n ,  is tha t   the   sys tem is margina l ly   uns tab le   wi th in  
i ts  environment.  This means tha t   i f   t he   o rgan i sm is p u t   i n t o  a mi l i eu ,  i t  w i l l  
not  remain s t i l 1 . l  Conversely,  i f  i n  a s t a t e  of  motion o r   a g i t a t i o n ,   t h e   s y s -  
tem w i l l  not  continue s o  i n d e f i n i t e l y  when pu t   i n to   an   i so l a t ed   enc losu re .   In  
e l ec t r i ca l   eng inee r ing   t e rms ,  we might   say  that  i ts  ga in  a t  zero  frequency is  
indeterminate .  

In   sys tems  ana lys i s .  we commonly s t a r t  from a n   a n a l y s i s  of the D.C .  char- 
a c t e r i s   t i c s  , t yp ica i ly   w i th   an   a t t empt   t o   cha rac t e r i ze   t he   equ iva len t  D . C .  o r  - 
i n   ex t ens ion  - the  low frequency  network. It does  not  pose  insuperable d i f -  
f i cu l ty   t o   r ecogn ize   t ha t   t he   sys t em may be indeterminate  a t  zero  f requency.  

I n   o r d e r   t o   a r r i v e  a t  a view  of  any  lower  frequency  of a system, one  av- 
e r a g e s   o r   ' f i l t e r s  ' out   higher   f requency phenomena .2 For a system  in  which 
form  and   func t ion   a re   sharp ly   f ixed ,   the   e lementary  scheme  of  harmonic  (Fourier) 
a n a l y s i s  may be   appl ied   wi th   no t   too  much d i f f i c u l t y .  It is  much more prob- 
lematic when the  scheme is being used a l s o   t o   d i s t i n g u i s h  change in   both  form 
and f unc t ion .  

One attempts  to  average  each  remnant  high  frequency  harmonic component 
(remembering t h a t  a sys t em  exh ib i t s  a r e p e t i t i o n  of func t ion   in   t ime)   to   see  
whether  the  next  lower  frequency is  suf f ic ien t ly   unchanging  in form to  regard 
i t  as a normal  phase of the  system. One  may cont inue  such  averaging  unt i l   the  
next  lower  frequency  begins  to  change  in  form. 

I n   r i g i d l y  formed systems , such as many nonl iving  systems,   form  doesn ' t  
change u n t i l  one g e t s   t o   t h e   d e g r a d a t i v e   s t a t e .  Thus the low frequency  re-  
sponse is o f t en   c l ea r ly   s epa ra t ed   f rom i t s  changes i n  form  (e.g.  , a home r a d i o  
begins  to  degrade  from  the  time i t  is  f i r s t   t u r n e d   o n .  However, i t s  e l e c t r i c a l  
c h a r a c t e r i s   t i c s  h a v e   n o t   d r i f t e d   s e r i o u s l y   f o r  a few y e a r s .  Thus i t s  low f r e -  
quency  response may be  considered  the las t  frequency whose period is  s h o r t e r  

The poss ib l e   me tas t ab le   s t a t e s  of s p o r e s ,   o r  of chemically 
are   excluded  f rom  our   present   concern.  

The t y p i c a l  means is by using  sensors  which  cannot  respond 
w i t h   t h a t   d e t a i l .  

t r a n s  formed v i r u s  

t h a t   f a s t   o r  
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than a few yea r s .   Typ ica l ly   t h i s   migh t   be   t he  warm-up time of a few hour s .  
This i l lust rates  how wide  the  gap may be   separa t ing   the  two time domains i n  
some systems .) On t h e   o t h e r   h a n d ,   i n  a less   r ig id   sys tem,   such  as a l i v i n g  
system  (involving a high  turnover  of m a t e r i a l s )   t h e   s e p a r a t i o n   r e q u i r e s  much 
more thought  (e.g. , a m n  may n o t   d i f f e r  much day   t o   day  - except  perhaps 
near   the  days  near   death - b u t   h i s   s t r u c t u r e s   b e g i n   t o  show cons ide rab le  
change i n  form  over  months) . 

In   d i s t r ibu ted   sys t ems   t he re  may be f u r t h e r   d i f f i c u l t i e s .  One m u s t  de- 
t e rmine   t he   s t a t e s   t ha t   t he   sys t em  ope ra t e s   i n .  We s h a l l   d i s c u s s   t h e s e   l a t e r  
on.   These  then  have  to   be combined  and subjec ted   to   boundary   condi t ions .  It 
is p o s s i b l e   t h a t   n o n l i n e a r   o s c i l l a t o r y  states may emerge. Then s t e a d y   s t a t e  
phenomena may o r  may n o t   d e t e r m i n i s t i c a l l y   r e s u l t   f r o m   t h e s e   o s c i l l a t i o n s . '  

F i n a l l y ,  we begin  to  approach  systems as complex as the   l iv ing   sys tem.  
In  a l imited m i l i e u ,  they may e x h i b i t  one p a t t e r n   o f   e x c i t e d   s t a t e s ;   i n   a n -  
o t h e r   m i l i e u ,   o t h e r   p a t t e r n s .  We f ind   tha t   the   dynamic   pa t te rns  of t h e   i n t e r -  
nal   systems become organized   in to   overa l l   behaviora l   pa t te rns ,   perhaps   bes t  
i d e n t i f i e d  as o rgan   cons t e l l a t ions .  To the   degree   tha t  we c a n   s h a r p l y   d i s t i n -  
g u i s h   t h e   t o t a l   e x t e r i o r   a c t i o n   s e t   q f   t h e   o r g a n i s m ,  we  may r e fe r   t o   t he   ex -  
t e r n a l   s e t   ( o f   s t a t e s )  as a modal i ty .2   Within  this   descr ipt ive  f ramework,  
what  then is a ' n o r m a l '   s t a t e   d e s c r i p t i o n ?  

We are   forced  toward  the  fol lowing  phenomenological   posi t ion.  (The same 
would r e a l l y  be t r u e   f o r  a complex system known as a manufactur ing  plant ,   or  a 
vehicular   automobile ,  or  a s h e l t e r i n g  home as t r a n s f e r   a p p a r a t u s . )  We are   con-  
cerned  with  pat terns ,   considered as normal   opera t iona l   pa t te rns ,   no t   pa t te rns  
tha t   r e su l t   i n   r ap id   o r   nea r   r ap id   dea th   o r   deg rada t ion .   Thus ,  we have to 
choose a phenomenologically  feasible  schedule  of  'usage'   that   the  'manufacturer '  
recommends. 

More s p e c i f i c a l l y ,  one may a r r i v e  a t  the  concept  along  the  following  path: 
Le t   the   reader   vo lunteer   for  a physiological   experiment   in   which  he is w i l l i n g  
t o  commit h i s   a c t i o n s   ' f u l l y '   t o   t h e   e x p e r i m e n t e r ' s   c h o i c e .  What c l a s s  of 
schedul ing would  he f ind   accep tab le   fo r   t he   fo l lowing   pe r iods  of  time? 

1 second 
1 minute 
8 hours 
2 days 
1 week 
1 month 
1 year  

10 years  
1 ' l i f e t i m e '  

To i l l u s t r a t e   w i t h  a l iv ing   sys tem,   cons ider  a reproduct ive   cyc le .  Commu- 
n i c a t i o n s  by a mating c a l l   o r   s c e n t   i n v o l v e s  a r i s k y   d i s t r i b u t e d   c h a i n .  Yet 
commonly a seasonal   mat ing   cyc le  w i l l  t ake   p lace .  One might  expect a s t e a d y  
l i t t e r   r a t e   t o  emerge  from t h i s   c y c l e ,  however   other   factors  - n u t r i t i o n a l ,  
predatory - might   upset   th is  . 
2 

By the  term  modal i ty ,  we in t end   t o   cap tu re   t he  form o r  way of being,  as a -  
p a r t  from  the  substance,   thus  denoting a similar concept   to   that   used  in   music .  
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A t  t he   h igh   f r equency   end ,   phys i ca l   capab i l i t y   i t s e l f   l i ke ly   gove rns .  
(You c a n ' t   d o   t h i r t y   t a s k s   i n  one  second  but you may b e   a b l e   t o   d o   f i v e   t o   t e n .  ) 

One should   no te ,  by g iv ing   the   p roblem  carefu l   thought ,   tha t   increased  
r ichness   o f  s ta te  p a t t e r n s  are r equ i r ed ,  and l e s sen ing  of r ig id i ty   o f   sched-  
u l i n g   i n   o r d e r   t o  make the   longer   per iods   to le rab le .   (Note   for  example the 
s t a n d a r d   p r e s c r i p t i o n   f o r  monogamous marr iage   tha t  is commonly a c c e p t e d ,   i . e . ,  
love,  honor,  obey, e t c . )  

It w i l l  be  found t h a t   s t a b l e   p a t t e r n s   o f   b e h a v i o r  - t he   moda l i t i e s  - can 
b e   c h a r a c t e r i z e d   e s s e n t i a l l y  as r e p e t i t i v e   e v e n t s   t h a t   t a k e   i n t o   a c c o u n t   i n -  
t e r n a l   o s c i l l a t o r   s y s t e m s  - t he   o rgan   cons t e l l a t ions  - plus   repe t i t ive   cues  
t h a t  are suppl ied  by  the  ambient   environment .   In   addi t ion  there  w i l l  be a 
c e r t a i n  amount of random events   tha t   can   be   charac te r ized  as ' n o i s e ' .  

A s  a n   i n d i v i d u a l ,  are you w i l l i n g   t o   r e p e a t  a weekly  schedule ,   regardless  
of how p e r f e c t l y  worked out ,   for   20  years   without   change? Most common answers 
would  be no. Yet with a longer  term  break,  such as 2 o r  3 weeks ' vaca t ion '   pe r  
year  - wi th  i t s  p r e s c r i b e d   b e h a v i o r a l   p a t t e r n  - i t  becomes more common.  Would 
one  conmit  oneself   for a two-week vaca t ion   every  49 weeks a g a i n s t  a 52-week 
seasona l   yea r?  Such quest ions  are   harder   to   answer.   Thus,  a considerable  
schedul ing by simple numbers of   loose  epicycles  is the  only a p r i o r i   s a f e  es- 
t i m a t e .  Of course,  we can  and  do  imprison man and  beast  and enforce more r i g i d  
choices .  

B a s i c a l l y   t h e r e  is a quasi-ergodic   character   to   the  l iving  system.  Given 
a broad  ranging  ecology - even  adding a l l  of  the modern technologica l   l and-  
marks t h a t  one is subjec ted   to   ( th i s   can   be   checked  by not ing   one ' s  own p a t t e r n  
development   of   habi ts   in   taking on a new l i f e   t a s k   i n  a new a r e a )  - r e g u l a r  
p a t t e r n s  and habi t s   deve lop .  However, the   behaviora l   cons te l la t ions   tha t   any  
one  person  arr ives  a t  a r e  similar t o   t h o s e   f o r  most o ther   people .  

Thus ,   the   normal   opera t ing   s ta te  of a biosystem m u s t  be   def ined  within a 
r ep resen ta t ive   s chedu le  of motor  performances  programed  in  time  to  resemble 
in   ergodic   r ichness   and  scope  the  performances  of  most other  examples  of  bio- 
systems in   t ha t   eco logy1 .  The e c o l o g y   i t s e l f  may not   be  an  unchanging  envi-  
ronment ( e l s e   t h e   r e a l i t y  of sensory   depr ived   s ta tes  and s t u d i e s  w i l l  become 
ev iden t )  , bu t  a viciss i tudinous  changing  impulse  spectrum  of   inputs .   Light  
and   dark ,   and   ra in ,  and h i l l s ,  and water and ea r th ,   pes t i l ence ,   warmth ,   co ld ,  
mee t ing   f r i end   and   foe ,   l i f e   w i th  a11 i ts  comforts   and  terrors   are   the common 
experience.  

While i t  is  d i f f i c u l t   t o   p u t  down a sequence  of random  numbers, i t  is pos- 
s i b l e   t o   a r t i f i c a l l y   c h o o s e  numbers t h a t  a t  leas t   resemble  a random  number 
sequence  in  many s ign i f i can t   ways .  The same is t r u e  f o r  a choice  of a 'rep- 
r e s e n t a t i v e  ' phys io logica l   schedule .  
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One must no te   tha t   ex te rna l   mot iona l   respons iveness  - i ts  autonomous  motor " 

c h a r a c t e r  - is a fundamenta l   par t   o f   the   charac te r iza t ion   of   l iv ing   sys tems.  
Of course,   the   biologis t   should  not   be  immediately  misled by the  t ree ,  o r  sea 
p lan t   s t and ing   i d ly   and   l e t t i ng   t he   wor ld  come t o  i t .  This  overlooks  simply 
the  t ime and sca l e   o f   mo t ion .   ( I t  is r ea l ly   on ly   t he   i nde te rmina te  dormancy 
of  spores  which  requires  review.) 

11. Defining  the Normal Response of a Biosystem 

The normal   v ic i ss i tudes  of the   mi l ieu   a re   no t  s o  rap id ly   changing   or   so  
v io l en t   t ha t   t he   b iosys t em i s  wi ld ly   d r iven .   I f   w i ld   pe r tu rba t ions   happen   t oo  
o f t e n   o r   t o o   v i o l e n t l y ,   t h e   s y s t e m  commonly breaks down. (Namely, the  system 
is e s sen t i a l ly   des igned   w i th  a l imit ing  f requency.)   Thus,  more commonly, s y s -  
tem behavior   unfo lds   aga ins t  a s lowly  changing  viciss i tudinously  impulsive 
background. (The g r a i n i n e s s  is cons ide rab le ,   bu t  of small amplitude.  The 
h i l l s  and da le s  and f i e lds   t ha t   a r e   encoun te red  are g e n t l e  and r o l l i n g . )  It 
is  against   th is   background  that  we f ind   t he   l i v ing   sys t em  to   be   pa r t i cu la r ly  
v i ab le .   (E l se  it  is q u i t e  hung up and l imi t ed   t o   bo rde r s ,   o r   on ly   spa r se ly  
d i s t r i b u t e d  . 

Normally, we find a preservat ion  of   form and func t ion ,  and  of condi t ions 
i n   t h e   i n t e r i o r   m i l i e u   i n   s p i t e  of a turnover of m a t e r i a l s .  The dynamic reg-  
u l a t i o n  of t h i s   s t a t e  by  mediation of many l i m i t  cyc l e   o sc i l l a to r   sys t ems   has  
been renamed homeokines is ( 4 ) ,  as a p re fe r r ed   mod i f i ca t ion  of homeostasis ,   the  
regula t ion   of   the   in te rna l   envi ronment .  

Thus,   to  a cons iderable   ex ten t ,   our   t ask  w i l l  be to   p l ace  and ques t ion   the  
many process and  mechanism chains by which  homeokinesis  emerges, as both tem- 
po ra l  and causa l   sequences .   In   to to  we hope t o   r e p r e s e n t   t h e  many components 
of the  normal  response  of  the  system. Each r e g u l a t i o n ,  when i t  emerges, i s  
most gene ra l ly   a s soc ia t ed   w i th  a s p a t i a l  and  temporal  scale.  

It is useful   to   provide  the  reader   with a u n i t a r y   s c a l e   t o   t h i n k   a b o u t ,  
along  which  he  can  imagine  the  patterns of  behavior   bo th   in te rna l   and   ex ter -  
nal  emerging  melodically as the  winds  of  the  milieu  play upon the  organism. 
We thus   o f f e r   h im,   t o   s t a r t   w i th ,   t he   fo l lowing   i n t roduc to ry   bu t  undocumented 
r e p r e s e n t a t i o n   t o   h e l p   f i x   h i s   a t t e n t i o n  on the phenomena t h a t  w i l l  i n t e r e s t  
u s .  

These  statements  do  not mean t h a t   a l l  of l i f e  i s  s e r e n e .  The systems  are  
'designed ' to   be   capable  of handl ing  par t icular   tumultuous  events .   Witness  
the  spawning  trek of the  migrating  salmon. However, i n   gene ra l ,   t he   ave rage  
metabol ic   level  is f a r  below the  peak  metabol ic   level .  Thus v i o l e n t   a c t i v -  
i t i e s  tend t o   b e  somewhat i n f r equen t .  
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Time Scales 

( e i the r   ape r iod ic   impu l ses ,   o r   pe r iods )  

1-5 mil l isec.   Short   range  nerve  impulses  

30-100 m i l l i s e c .  Long chain  nerve  or  coordinated  muscle  impulses 

0 .3-1  sec.   Coordinated CN complex 

5-15  sec.  CNS neuro-endocrine commitment t o  a sys  tem ' pos tu re '  

30-100 s e c .  High  speed  endocrine  pathways 

300-500 s e c .  Common fas t   endocr ines  

20-90  min. 

3-5  hours 

24 hours 

3-5  days 

15-60  days 

8 - 15 months 

6-20  years 

50-80  years 

Whole body coopera t ion   for  a major  task  segment 
( e . g . ,   l i s t e n  t o  a l e c t u r e )  

Whole body commitment t o  a modal  complex  (work a l l  
morning) 

Recharge  cycle  for  the  whole  system - i t s  primary 
r e l a x a t i o n   o s c i l l a t i o n   ( g e n e r a l l y  cued  by the  day) 

Fo l lower   endoc r ines   fo r   r egu la t ion   o f   s e t   po in t s  

High frequency domain f o r   l i f e   p o s t u r e s  and f o r  
longer   term  endocrines   that   have  to   perform  spec-  
i a l i zed   l i f e   func t ions .   Adap t ive   p rocesses  of the 
who le  body. 

A per iod   tha t  i s  l a r g e l y  cued by the  year and i t s  
seasons.  Most of ten   long   range   endocr ine   ac t ions  
l ead   t o   pe r iod ic   p rocesses   t ha t  are g e n e t i c a l l y  
locked  in .  

Life  programs. It is  the  t ime  for  mastery of a 
whole l i f e  complex,  including a l a rge  number of 
s k i l l s .  

The l i f e   p e r i o d ,   b e t w e e n   i n i t i a l   g r o w t h  and f i n a l  
deg rada t ion .  
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Degrees of Freedom 

(We p r e s e n t   h e r e   f o u r   d i f f e r e n t   h i e r a r c h i c a l   l e v e l s   o f   d e s c r i p t i o n ,   a n d  
the   a s soc ia t ed   en t i t i e s   t ha t   can   be   found   i n   d i f f e ren t   measu re  s ta tes .  Some- 
how we expec t   tha t   the   degrees  of   f reedom  of   the   b io logica l   o rganism  a re   to   be  
assoc ia ted   wi th   these   measures .  

1. Chemical  Materials 

Metabolic : H20 , f u e l s   - f a t  , carbohydrates , p r o t e i n s  ; O2 ; C02 ,  l a c t a t e .  

Metabolic  by-products  and  intermediate  products : C02 , l a c t a t e .  

Cations: Na, K,  Mg, P, C a y  Fe.  

Anions : C 1  , HC03, p04 
Immunological  reactions:  Not l i s t e d   ( t o o  many t o   c o u n t ) .  

Hormones : Not more than a dozen  major  ones. 

Enzymes : 2 x lo5 s p e c i e s .  

2. Enabling  Structures  

Cardiovascular ,   microvascular   systems , l i v e r ,   k i d n e y ,   b r a i n ,   s p l e e n ,  
nervous  sys  tem,  muscles , senses  , endocrine  glands.  

3 .  Processes  

E l e c t r i c a l   e x c i t a t i o n  and inh ib i t i on ,   ma te r i a l s   exchange  , f l u i d  
t r a n s p o r t  , chemica l   s igna l ing ,   ma te r i a l s   s to rage ,   ma te r i a l s  manu- 
fac ture ,   in format ion   process ing ,  power transforming  (motor s y s  terns). 

4 .  Behavioral   Modalit ies 

Inges t ion ,   s l eep ing ,   work ing ,   s ex   a rousa l ,   anx ie ty ,   ange r ,   f ea r ,  
interpersonal   involvement  , in te rna l   involvement .  

1 

t h a t   a r e  found to   con t r ibu te   t o   changes  of  energy  of  the  system; more gene ra l -  
l y  to   the  summational   invariants   of   the   system. They include  geometr ic   displace-  
ments , e lec t r i ca l   d i sp l acemen t s   ( cha rge )  , and chemical  displacements  (concen- 
tra t i o n s )  . 

Phys ica l ly ,   t he   deg rees  of freedom are   those  general ized  displacements  
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12. The Phases  of a System - S t a r t  Up, L i f e  , Degradation 

In  somewhat more d e t a i l ,  we  m u s t  understand  what a sys tems  descr ip t ion  
must  amount t o .  We assume tha t   t he   i nd iv idua l   sys t em  has  many degrees  of 
f reedom,   and   tha t   the   sys tem  s ta tes   respond  to   the   changing   in te rna l   and  ex- 
t e r n a l  m i l i e u  ( s i n c e   t h e y   a r e  made up o f   l i nea r ly   uns t ab le   bu t   non l inea r ly  
s t a b l e   o s c i l l a t o r s ,   t h i s  is n o   s u r p r i s e ) .  Thus a r ich   t empora l   pa t te rn ing  
a r i s e s .  The c l a s s   o f  a l l  possible   displacements  and the i r   ra tes   o f   change  is 
r a t h e r   r i c h l y   f i l l e d ,  and as we note  i t  i n   t i m e ,  w e  f i n d   t h a t   t h e   r a t h e r   r i c h  
dense   f i l l i ng   on ly   f l uc tua te s   modera t e ly .  O u r  problem is  t o   f i n d  a decomposi- 
t i o n   f o r   t h e   d e s c r i p t i o n   o f   t h e s e   s t a t e   c h a n g e s .  

F i r s t  we iden t i fy   t h ree   phases   i n   t he   sys t em - s t a r t  up;  normal ' l i f e ' ;  
degradation.  Experience  with many kinds  of  systems  suggests  this as a use fu l  
i n i t i a l   d e c o m p o s i t i o n .  

Having  chosen a quasi-equi l ibr ium  systems  physiology  for  a f i r s t   r o u n d ,  
we l i m i t  ou r se lves   t o   t he   ' l i f e '   phase .   Th i s   fo r  humans is c lear ly   pos t -pu-  
ber ty   ( say   15   years   o f   age)   to  a t  l ea s t   t he   age  of  female  menopause  (say 55- 
60-65 years   of   age) .  

W i t h i n   t h e   l i f e   p h a s e ,   t h e   a c t i v e   m o d a l i t i e s   o f   t h e   s y s t e m   a r e   l i m i t e d   i n  
number  and the i r   r ange   l imi t ed .  Thus i n  any   ind iv idua l   there  is  considerable  
cyc l ing  among s t a t e s .   T h i s   g r o s s   s p a c e   f i l l i n g   o f  a l imi t ed  number of s ta tes  
is  e s s e n t i a l l y   s u f f i c i e n t   f o r  a well-bounded  and  well-defined  average. A s y s -  
tem - human being o r  otherwise - cannot  be  running a t  high  speed a l l  the  t ime,  
nor  can i t  b e   r e s t i n g   a l l   t h e   t i m e .   T h i s ,   p l u s   t h e  bounded ranges ,   l eads   to  
we 11 defined  averages . 

The ergodic   or   quasi-ergodic   assumption  essent ia l ly   assures   that  a wel l  
f i l l e d  unimodal d i s t r i b u t i o n   o f   s t a t e s   a r o u n d   t h e  mean w i l l  be found. Thus 
from a f a i r l y   l a r g e   p o p u l a t i o n ,  i t  is  n o t   s u r p r i s i n g   t o   b e   a b l e   t o   s e l e c t  a 
s t a t i o n a r y   d i s t r i b u t i o n   t h a t  w i l l  account   for   the   s ta tes   t raversed   by  a l a rge  
number of   the  populat ion.  The a c t i o n  of  many individuals   observed  over  many 
i n t e r v a l s  of  time is l i k e   t h a t  of many o t h e r   i n d i v i d u a l s ,  and thus   l i ke   t ha t  
of  themselves a t  var ious  t imes.  

Thus we can   v i sua l i ze  a common range  of  expected  behavioral   range  and 
performance  of   'normal '   physiological   systems.   While   this  is s t a t i o n a r y ,  i t  
is a s t a t i o n a r y   d i s t r i b u t i o n ,   b u t   n o t   o f   f i x e d   s t a t e s .  Thus we may v i s u a l i z e  
a l a rge  number of  schedules  which  have  essentially  equal  stationary  measures - 
of say  means and ranges.  We can   d i f f e ren t i a l ly   de t ec t   o the r   measu res  - such 
as h ighe r  moments - but   these   involve  more information  than a system  warrants  
f o r  a f irst  round. Thus we a r e   s a t i s f i e d   w i t h  a phase   space   tha t   b racke ts   the  
mean s t a t e  and the s t a t e  range ( for  both  displacements and r a t e s   o f   d i sp l ace -  
ment). 

It is  fo r   t h i s   ' no rma l '   phys io log ica l   space   t ha t  w e  are r equ i r ed   t o   i den -  
t i f y   t h e   s y s t e m s   r e l a t i o n s .  
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We proposed  that   for  the  behavior  of  an  ensemble of i nd iv idua l   sys t ems ,  
we can  note  the  following  behavior:  

( a )  A t ime  averaged  s ta t ionary  behavior .  

(b)  Behavior  driven by   f requency   cues .   (For   b io logica l   spec ies ,   th i s  
involves   genera l ly  a t  leas t   the   geophys ica l   day  and the   year  .) 

(c)   Behavior   represent ing autonomous o s c i l l a t i o n s .  

(d)   Behavior   represent ing   ' r andom'   s tochas t ic   var ia t ions .  

It would be   ou r   t hes i s   t ha t   t he   i nd iv idua l  dynamic behavior  cons is ts of 
the  (a)  plus  (b)  plus  various  branched (Markov) chain  processes   involving  (c) .  1 
B a s i c a l l y ,  i t  would b e   o u r   c o n t e n t i o n   t h a t   f o r   t h e   i n d i v i d u a l   a l l   s e l e c t i o n s  
of  branches  from  (d)  which  tend t o   c r e a t e   r i c h e r   m o t i o n a l   p a t t e r n s   i n   p h a s e  
space   wi thout   par t icu lar ly   changing   the   zero th  and f i r s t  moments fo r   t he  popu- 
la t ion  measures  Ln phase   space   a re   feas ib le .  Thus occas iona l   devia t ions   f rom 
normal   s ta t ionary  populat ion  measures   are   possible   for   the  individual   (a   person 
w i l l  l i k e l y   g e t   s i c k ,   e t c . ) .  However, t he   ve ry   de f in i t i on  of normali ty  w i l l  
a l so   imp ly   su f f i c i en t   l ong   l i f e   fo r   t he   i nd iv idua l   t o   pe r s i s t   fo r   t he   expec ted  
l i f e   s p a n .  

O u r  f i r s t   s t e p   i n   s y s t e m s   a n a l y s i s  i s  to   de te rmine ,   wi th in  a h i e r a r c h i c a l  
leve l ,   what   re la t ions   govern   overa l l   behavior  on the  average and then  over  a 
t ime  scheduled   average   behavior .   This   has   to   be   cons is ten t   wi th   the   l ike l i -  
hoods  of  (b)  and  (c) , and i n   p r i n c i p l e  is  a behavior   that   can  be  repeatedly 
obtained in a t e s t   p a t t e r n .  

1.3. The Point   of  View of  Systems  Design 

Let US examine  what we have  been  saying  within  the  scope of systems  engi-  
nee r ing .  F i r s t  t ake   the   po in t  of view of the  systems  designer .  He knows he 
m u s t  g e t  a system  or   subsystem of some l a rge r   sys t em  to   pe r fo rm a c e r t a i n   h i g h  
frequency  function,  and  he must  pe r fo rm  tha t   func t ion   fo r  a s p e c i f i e d   ' l i f e '  
of  meaning t o   t h e   l a r g e r   s y s t e m .   ( I t  i s  n o t   n e c e s s a r i l y   t h e   e n t i r e   l i f e  of the 
l a rge r   sys t em. )  

This spec i f ica t ion   genera l ly   l eaves   h im  wi th   four   k inds  of  problems. 

A t y p i c a l   d a i l y   c h a i n   f o r  human behavior  might  be  sleep-wake-void-eat-  
work-eat-work-eat-rest-play-sleep.  With some modera t e   va r i a t ions ,   t o  a l a rge  
e x t e n t   t h i s   r e p r e s e n t s  a seden ta ry  man's behavior   in  a t e c h n o l o g i c a l   s o c i e t y .  
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(a)  H e  m u s t  choose  the  operat ive  pr inciple   and  'design '   the   major  compo- 
n e n t   t h a t  w i l l  perform  the  high  frequency  function..  

(b) H e  m u s t  g e t  a l a r g e   h o s t   o f   a n c i l l a r y  components designed,  or  pro- 
c u r e d   ' o f f   t h e   s h e l f ' .  

(c)  H e  mus t  assure t h a t   t h e  components  can  be  brought  together so  as t o  
assemble   the   overa l l   sys  t e m .  

(d) H e  must  assure t h a t   t h e  components  and the   overa l l   sys tem  can  meet 
l i f e   r equ i r emen t s .  

The d e s i g n   a n d   r e l i a b i l i t y   o f   t h e   c e n t r a l  component i s  a major  problem. 
Thus for   the  cardiovascular   system,  the  hi 'gher   f requency  beat  by bea t   opera t ion  
o f   t h e   h e a r t ,  and the  lower  f requency  carot id   s inus  baroreceptor   regulator   are  
undoubtedly  the  high  frequency  components  that  performs  the  major  function  of 
providing a high  pressure  source  of  oxygenated  blood. 

However, e q u a l l y   s e v e r e  a problem is  meeting  the  long  term  requirements 
of   his   system. It is here ,   genera l ly   tha t   the   sys tems  des igner   spends   h i s  ma- 
jo r   t ime .  The other  problems , the   major   component ,   and  the  anci l lar ies  , he 
l e a v e s   t o   a s s i s t a n t s ,   o r   f o r   s e c o n d   c h o i c e .  

It is t h i s   v e r y   d i f f i c u l t ,  more i n t e g r a t i v e  , lower  frequency  view we a r e  
a t tempt ing   to   have   b io logis t s   accept  i.n a biosystems  science.  We s t a r t  
f rom  the   v i ew  tha t   t he i r   t r a in ing   has   g iven  them an  idea  of  much of t h e   d e t a i l s  
of  the  high  frequency  response  element.  Now we want t o  broaden  the  out look  to  
the  overall   systems  dynamics.  
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11. THE  ORGANIZING  PRINCIPLE OF COMPLEX L I V I N G  SYSTEMS 

I n   t h e   f i r s t   s e c t i o n ,  we provided some background t o   p h y s i c a l   t h i n k i n g  
about  systems , and a p r e l i m i n a r y   c l u e   t o  how we might   think  about   the  biosys-  
t e m  i n   t h o s e  terms. Now i n   t h i s   s e c t i o n  we in t end   t o   p rov ide  a more coherent 
i n t roduc t ion   t o   t he   ove ra l l   des ign   o f   t he   b iosys t em,  of both i t s  phys io log ica l  
and  behavioral  mechanisms. 

1. I n s t a b i l i t y  and  the  Nature   of   Life  

A s  a s u i t a b l e   e n g i n e e r i n g   d e f i n i t i o n ,  we  may p r o v i s i o n a l l y   d e f i n e  a l i f e -  
l i ke   sys t em as any  compact  system  containing  an  order and d i s t r i b u t i o n  of SUS-  

t a i n i n g   n o n l i n e a r  l i m i t  c y c l e   o s c i l l a t o r s  , and a r e l a t e d   s y s  t e m  of   a lgor i thmic  
guide  mechanisms,  that is capable of  r e g u l a t i n g  i t s  i n t e r i o r   c o n d i t i o n s   f o r  a 
considerable  range  of  ambient  environmental   conditions s o  as to   pe rmi t  i t s  own 
s a t i s f a c t o r y   p r e s e r v a t i v e   o p e r a t i o n ;   t h a t  i s  capable  of  performing  these  pre- 
s e rva t ive   func t ions   fo r  a long  period  of  t ime commensurate w i t h   t h e   ' l i f e '   o f  
i ts  mechanical-physical-chemical  elements ; and t h a t  is capable of r e c r e a t i n g  
i ts  own in t e rna l   sys t ems  , or   bein?  recreated,   out   of   mater ia ls   and  equipment  
a t  hand i n   t h e   e c o l o g i c a l  m i l i e u .  

An e s s e n t i a l   c h a r a c t e r i s t i c   o f  a l i v ing   sys t em is i t s  m a r g i n a l   i n s t a b i l i t y .  
It is t h i s   c h a r a c t e r i s t i c  which   leads   to   the   b iosys tem's   osc i l la tory   na ture .  
I ts  pr inc ipa l   dynamic   p roper t ies  are t h a t  i t  hungers ,   feeds ,  and  can move o r  
creep  about  s o  t h a t  i t  can  continue  to  hunger,   feed,  and move o r   c r e e p .  A t  t h e  
r igh t   unfo ld ing   t ime,  i t  couples  and  reproduces S O  t h a t   t h e  newly  formed u n i t  
can  hunger ,   feed,  and move about .   Both  the  external   and  internal   environment  
cons tan t ly   p resent   the   o rganism  wi th   an   impuls ive   - (v ic i ss i tud inous)   input  a -  
g a i n s t  a background  of  the  slowly  searched,  changing  milieu.  As  a r e s u l t ,   t h e  
motor   systems  of   the  organism  are   plunged  into  intermit tent   search modes t o  
s a t i s f y  a l l  of i t s  hungers.  

S i m i l a r   t o   t h e   c h a r a c t e r   t h a t  we h a v e   i d e n t i f i e d   w i t h   t h e   e n t i r e  complex 
organism, we inc l ine   to   agree   wi th   Waddington   tha t  i t  is unl ike ly   tha t   anyone  
before   Brian Goodwin conceived  of  or  argued s o  f o r c e f u l l y   t h a t   t h e   b i o l o g i c a l  
c e l l  i s  a n   o s c i l l a t o r   s y s t e m  ( 7 ) .  Nor s h o u l d   t h e   c o n t r i b u t i o n s   o f   S t r u m a s s e r  
be overlooked i n   h i g h l i g h t i n g  autonomous b iochemica l   o sc i l l a t ions   i n   ne rvous  
systems (8) .  

It is p e r t i n e n t   t o   r e c o g n i z e   t h e  most p r i m i t i v e   f u n c t i o n  of  nervous  system 
elements.  The primary  function  of  neurons is t o  make connect ions.  They do 
t h i s  by  making p ro te in .   Phy logene t i ca l ly ,   i n   s imp le   fo rms   o f   l i f e ,   t he   p r imary  
a c t i v i t y   o f   c e l l s   t h a t   a c t  as c o n t r o l l e r s   o f   o t h e r   c e l l s  is s e c r e t i o n .  As  t h e  
ce l lu l a r   p rocesses  grow longer ,  one then   begins   to   see   the   occur rence   o f   h igh  
speed   s igna l ing .  However, t h e s e   c e l l s   b a s i c a l l y   n e v e r   l o s e   t h e i r   a c t i o n   o f  
s e c r e t i o n .  It is most a p t   t o   n o t e   t h i s   " c h e m i c a l  materials fo r   expor t " ,  
Strumwasser's e l egan t   ph rase ,   doc t r ine   r ece iv ing  new impetus   in  a modern  form 
through  the  discovery  of   long  term  temporal ly   per iodic   processes   emerging  f rom 
the  nervous  sys t e m .  

Zhabotinsky  and  Katchalsky,  have  demonstrated  the  possibil i ty  of  chemical  os- 
c i l l a t o r s .  Thus the   l ay ing   of   foundat ions   for  a dynamic theo ry   o f   l i f e   p rocesses  
i s  wel l   under  way. 
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I n t e r n a l l y ,   t h e r e  are many act ive  biochemical   chains   organized  around  the 
emanations  from  cells.  These  chains are paramet r ica l ly   uns tab le ,   and   the  
changing   in te rna l  m i l i e u  p rov ides   eve r -p resen t   i npu t   exc i t a t ion   o f   t he i r  s ta te .  
We use  the  term  chain  to  stress t h a t  we are discussing  causal   chains   of   events  
and  e lements   that  are n o t   a b s o l u t e l y   f i x e d   s p a t i a l l y .  Many of   these  chains   in  
f a c t   h a v e   e x t e r n a l   l i n k s .  

Func t iona l ly ,  a t  a l l  l e v e l s ,   t h e   k e y   p r i n c i p l e  by  which  the  l iving  system 
is organized is dynamic  regulat ion  of  i t s  internal  degrees  of  freedom  (concen- 
t r a t i o n s ,   p o t e n t i a l s ,   f l u x e s ) .  This is achieved  by  the  mediation,  mainly by 
i n h i b i t i o n   o r  release from  inhibi t ion,   of  a manifold  of   osci l la tory  (or   rhythmic)  
processes  which make up the  many biochemical   chains   in   the  organism.  It is by 
a number of  modulating  schemes - generally  asymmetric - t ha t   t hese   p rocesses  
change  and  regulate  the mean pa rame t r i c   s t a t e s .   These   r egu la t ing   cha ins   t end  
t o   b e   o r g a n i z e d   h i e r a r c h i c a l l y  a t  a sequence  of  temporal  levels.  

S t r u c t u r a l l y ,  what is common among the   i n t e rna l   o rgans  is organiza t ion   of  
t h e i r   a c t i o n s   i n t o   e s s e n t i a l l y   c l o s e d   c h a i n s  of biochemical-mechanical-elec- 
t r i c a l   n a t u r e ,   i n v o l v i n g   t h e   s o l i d s  , l i q u i d s  , and  gases in   t he   body ;   e .g .  , the  
b rea th ing ,   hea r t   bea t ,   vo id ing   cha in .  The systems  exhibi t   complexes  of   s table ,  
rhythmic l i m i t  cyc l e s  , of t en   pas s ing   t h rough   t r ans i to ry   s t ages  as the  organism 
i s  a f f e c t e d  by  changing  cont ingencies   in   the  external   mil ieu.  

The func t ion   of   the   cen t ra l   nervous   sys tem  wi th  i t s  memory, communications , 
computa t iona l ,   and   learn ing   capabi l i t i es  , is to   p rovide   a lgor i thmic   conten t  
capab le   o f   med ia t ing   t he   s t ab i l i t y   o f   t he   i n t e rna l   cha ins ,  s o  t h a t  a sat is-  
fac tory   pa t te rn   o f   behavior   emerges  among the  organism's many behavioral  mo- 
d a l i t i e s  (such as ea t ing ,   vo id ing ,   s l eep ing )  , perhaps  twenty  in  a l l  i n  man. 
It modulates   the  systems  into modes. 

For   the  scheme of r e g u l a t i o n  by which   these   osc i l la tor   sys tems are mod- 
u la ted   th rough  the i r   nonl inear   s tab le   opera t ing   range  w e  have  proposed  the 
name homeokinesis. It is c h o s e n   t o   s t r e s s  and  extend  the  pr inciple  of homeo- 
stasis by  which r egu la t ion  of parameters   in   the   in te rna l   watery  m i l i e u ,  inde- 
pendent   o f   the   v ic i ss i tudes   o f   the   ex te rna l  m i l i e u ,  is t he   cond i t ion   o f   l i f e .  
In   ex t ens ion ,  i t  is only by the  manipulat ion of k i n e t i c   v a r i a b l e s  of space  and 
time - namely,  by  mediation  of  the l i m i t  cycles  - t h a t   t h e  scheme can  be 
achieved. 

What resu l t s  is a b e h a v i o r a l   p a t t e r n i n g  whose richness  depends on the  
topology  of   the  central   nervous  system  rather   than on i t s  s i z e ,   i n  which  the 
successfu l   o rganism  threads  i t s  hungers   (or   needs)   so  that   the   emergent   pat-  
t e rns   f i t   t he   eco log ica l - e tho log ica l   env i ronmen t   and   t he   moda l i t i e s   o f   t he  
system.  Behavior is e s s e n t i a l l y   p e r i o d i c ,   e p i s o d i c ,   a n d   r e p e t i t i o u s .   I n d i v -  
i d u a l  o r   s p e c i e s   f a i l u r e  may be marked by p a t t e r n i n g   t h a t  saturates,  o r   t h a t  
goes   i n to   v io l en t   o sc i l l a t ions   w i th   r ega rd   t o  i t s  hungers.  

The motor -ac tua ted   l iv ing   sys tem  unfo lds  i t s  s ta tes  , moment by moment. 
In   each   pos ture   ( the   ac t ion   of   the  body  on the  body) , the   system is temporar i ly  
locked  into a n  o r b i t a l   c o n s t e l l a t i o n   o f  a l l  of i t s  o s c i l l a t o r s .  The psycholog- 
i c a l - p h y s i o l o g i c a l  'moment' then   changes   f rom  ins tan t   to   ins tan t .  The biolog-  
ical   spectrum  emerges  from  the many o s c i l l a t o r y   c h a i n s   t h a t   e n t e r   i n t o   t h e  
c o n s t e l l a t i o n .  
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S a l i e n t   c h a r a c t e r i s t i c s   o f   t h e   s y s t e m   i n c l u d e  , f i r s t ,   t h e   t u r n o v e r   o f  
material .   Although  form and func t ion   t end   t o   be  more f i x e d ,   t h e   a c t u a l  chem- 
i c a l   c o n s t i t u e n t s   o f   t h e   b i o l o g i c a l   ' f a c t o r y '  are a l l  in   f lux .   Second,   there  
is a f i x i t y   o f  form  and func t ion   which   can   be   ident i f ied  a t  t h r e e   l e v e l s :  
(a)   the   metabol ic   high-frequency domain i n  which  the  operating  chemical  chains 
e x h i b i t   t h e i r   c h a r a c t e r  as modulations  of a mean s t a t e ;   ( b )   t h e   e p i g e n e t i c  
medium-frequency  domain i n  which  the  f ixed  genet ic   coding  unfolds   with  l inks 
that  can  only  be formed  from the   conten t  and experience  derived  from  the  ex- 
t e r n a l   e c o l o g i c a l  m i l i e u ;  and (c)  the  genetic  frequency  domain,  which is  r a t e  
governed  with a long-t ime  re laxat ion  phase and a shor t   escapement   phase ,   in  
which  chemical   coding  exis ts   for   the dynamic g a t i n g   o f   c a t a l y s i s  by  which 
s t r u c t u r a l - f u n c t i o n a l   h e r e d i t a r y   c h a i n s  of re l iable   reproduct ion  emerge.  

2 .  The Spectroscopy  of Man - Organization  in  Space  and Time 

Study  of  such a mobile  dynamic  factory as the complex l i v ing   sys t em may 
be   t ack led   e f f ec t ive ly  by  dynamic  systems  analysis.   This  requires a t e c h n i c a l  
d e c i s i o n  as t o  what   processes   are  of concern a t  the   shor tes t   t ime and t h e  
s m a l l e s t   s p a t i a l   e l e m e n t   o f   i n t e r e s t ,  and a t  the  longest   t ime and t h e   l a r g e s t  
s p a t i a l   e l e m e n t  of i n t e r e s t .   W i t h i n   t h e s e  limits , spec t roscop ic   ana lys i s   o f  
s p a t i a l  and  temporal  effects  can  be  attempted. The lower   func t iona l   l eve l s  
a r e   i l l u s t r a t e d   b y   t h e   d i s t r i b u t e d   c a p i l l a r y  bed i n  which  near  10-micron  free 
r ed   ce l l s   i n t e rac t   w i th   1 -mic ron   cap i l l a ry   sys t em wal ls ;  by the  glomerulus;  
and by the   d i s t r ibu ted   communica t ions   un i t   in   the   loca l   neura l   ne t .  The lower 
t ime  sca le  l i m i t  i s  about 0.03 sec.   Extensive  e lectroencephalography  of   the 
brain  cannot   f ind  s ignif icant   organized  content   below  this  l i m i t .  

A t  the  upper l i m i t ,  the   i so la ted   an imal  i s  ou r   un i t .  Beyond l i e s   t h e  
province   o f   the   soc ia l   sc iences ,   a l though  behavior   begins   wi th   the   un i t - to-  
u n i t   i n t e r a c t i o n .  The long-time l i m i t  is t h e   s i n g l e   ' r e l a x a t i o n '   p r o c e s s   t h a t  
i s  a man's l i f e t i m e .  More r e s t r i c t i v e l y ,  i t  is t h e   f a i l u r e   o f  one o r  more 
i n t e r n a l   s y s t e m s   t h a t  marks the  beginning  of a degradat ion  phase.  The temporal 
spectrum  of  behavior i s  centered , g r o s s l y ,  much c l o s e r   t o  30  days  than t o  a 
l i f e t i m e ;   y e t   t h e  15 years   f rom  b i r th   to   adolescence  m u s t  a l s o   l i e   w i t h i n   f o -  
cus .  However, i t  is  necessary   on ly   to   no te   the   ex is tence   o f   the   fami ly   un i t  
of mother-father-chi ld  and  of the  peer   group  of   the  individual .  

I n   a d d i t i o n   t o   s u s t a i n e d   s p e c t r a l   e l e m e n t s   t h a t   e x i s t  a t  t he   g ros s   o r -  
g a n i z a t i o n a l   l e v e l  of the  organism  there   are  a number of a p e r i o d i c   f l a r i n g  
ins tab i l i t i es   tha t   govern   the   ind iv idua l ' s   h i s tory .   These   a re   de te rmined  by 
maturat ional   cues   to   the  central   nervous  system. The f i r s t   s u c h   s t a g e  is 
t h a t  of b i r t h  and l iv ing   wi th in   the   mother -ch i ld   cons te l la t ion .  The mother 
teaches   the   ch i ld   rou t ines  of l i v i n g  by  whose r e p e t i t i v e   p a t t e r n i n g   t h e   c h i l d  
can   surv ive .  A p l a s t i c   b ra in   deve lops  and  encompasses a multidimensional 
image of  the body - i t s  i n t e r i o r  and s u r f a c e  - and  the  external   world.  Guide 
r u l e s  emerge  which  lead to   success fu l   pa t t e rn ing   o f   t he   rhy thmic  modes t h a t  
a r e   r e p r e s e n t e d   i n   t h e  body  image. 

2 6  



I 

I n  a subsequent   peer   or  chum stage,   the   youthful   organisms  play and prac- 
t i c e   r o u t i n e s   u n t i l   t h e y   a r e   w e l l   a d a p t e d   t o   t h e   m i l i e u .   I n t e r p e r s o n a l   f o r c e s  
b e g i n   t o   d e v e l o p   t h e   s o c i a l i z i n g   c o n s t e l l a t i o n s   t h a t  are a c o n d i t i o n   f o r  s u s -  
t a i n i n g   l i f e .  A t  t h e   r i g h t  time of   epigenet ical ly   emergent   adolescence,   male-  
f ema le   cons t e l l a t ions  are formed tha t   l ead   t o   r ep roduc t ion .  

A t  the   macroscopic   level ,  why ind iv idua l s  are bound i n t o   o r b i t a l   c o n s t e l -  
l a t i o n s   t h a t  make up the   conten t   o f   b io- ,psycho- ,   o r   soc io-spec t roscopy is a 
mystery. A model is sugges t ive ly  found i n   t h e  quantum  mechanical  system known 
as exchange  forces.  An i n d i v i d u a l   p r o j e c t s   h i s  body  image - t o t a l l y   o r   i n  
p a r t  - i n t o   t h e   o t h e r   o b j e c t ' s   s h e l l .  This body  image o f   s e l f  and the   phys ica l  
image of   the   o ther  are i n t e r n a l l y  compared, f o r   t h e i r   c o m p l e m e n t a r i t y   o r   t h e i r  
congruent   charac te r .  From t h i s  exchange  of  body  image ar i ses   empathy ,   an t ip-  
a t h y ,   i n d i f f e r e n c e  , a l l  the   shadings   poss ib le   o f   in te rpersonal   force .  It is 
a b inding   to   be   l ikened   to   the   ana logous  quantum process   that   b inds  a tom  to  
atom as a shared   e lec t ron   c loud .  

A t  the   a tomis t ic   (h igh   f requency ,  small s p a t i a l   f i e l d )   l e v e l   o f   t h e   b i o -  
l og ica l   sys t em,   t he   l eve l  of t h e   c e l l  and i t s  emanat ions,   the   essent ia l   proc-  
e s ses  are the   gene t ic   coding  and rep l ica t ion ,   the   energy-re leas ing   chemica l  
r eac t ions  , and the complex o f   c a t a l y t i c   r e a c t i o n s  , essent ia l ly   enzymat ic  , t h a t  
l e a d   t o   s y n t h e s i s   o f   m a t e r i a l s   f o r   b o t h   s t r u c t u r a l   f o r m  and func t ion .  The 
uni t   processes   involved a re ,  typ ica l ly ,   t r anspor t ,   conduc t ion ,   convec t ion ,  
d i f f u s i o n ,   b i - p o l a r   s t r e s s  , and  chemical  l inking. However, the mechanisms  of 
o s c i l l a t i n g   b i o c h e m i c a l   r e a c t i o n s  (9) have   no t   ye t   been   fu l ly   de te rmined . l  

The spec t rum  of   the   ac tua l   b iochemica l   cha ins   tha t   ex is t   in   the   b iosys tem 
is not  continuous , nor  even  densely  populated.   Instead , it appea r s   t ha t   t he re  
is a rather   l imited  t ime  f ractur ing  (or   t ime  locking)   around  which  processes  
tend t o  form  and  be coope ra t ive ly   i nvo lved .   The re   appa ren t ly   ex i s t s  a r a t h e r  
l imi ted   f in i te   mat r ix   o f   regula ted   e lements .  I ts  columns are elements  given 
by the  metabol ic   react ion  ( fuel ,   oxygen,   water ,   carbon  dioxide)  , some o t h e r  
chemical   const i tuent   s t reams , t y p i c a l l y   e l e c t r o l y t e s ;  i t s  rows are time s c a l e s .  
There  seem to   be   r egu la t ing   cha ins   t ha t  f i t  many of t he   t empora l   i n t e r sec t ions .  
Not a l l  animal   spec  es   use  exact ly   the same cha ins   o r   t ime   s ca l e s ,   bu t   t he  
d e n s i t y  is similar . J 

Within  the  space  and t i m e  domain t h a t   r e p r e s e n t s   t h e   i n d i v i d u a l ,   h i s  
cha rac t e r i s t i c s   can   be   p re sen ted  as a spectrum,  page 2 9 .  It is the  analog  of 
spec t roscopy  for   a tomic   o r  molecul.ar s t r u c t u r e .  (The schemat ic   f igures   g ross ly  
spec i fy   t he   e s sen t i a l   r eg imes  .) 

It is on ly   t he   sub jec t   o f   o sc i l l a t ing   chemica l   r eac t ions   t ha t  is o f f   t o  a 
s t a r t  a t  t h i s  t i m e  o f   wr i t i ng .  

Whi le   th i s   covers   the   func t iona l   por t ion   o f   the   mat r ix ,  i t  neg lec t s   t he  
s t r u c t u r a l   p o r t i o n   o f   t h e   m a t r i x ,   i n   w h i c h  many s t eps   o f   syn thes i s   t ake   p l ace  
by  which  s t ructural   form and f u n c t i o n a l   s p e c i f i c i t y   a r e   a s s u r e d .  
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3 .  The High-Frequency  Biochemical  and  Electrical   Foundations 

An i n t r o d u c t i o n   t o   r e g u l a t i o n   a n d   c o n t r o l   i n   t h e  complex b i o l o g i c a l   s y s -  
t e m  may be   u se fu l ly  viewed i n  terms of a series of   polar   concepts .  The h i e r -  
a r c h i c a l   c o n t r o l   s y s t e m s  are chemica l   and   e lec t r ica l .   In   the   main ,   cont ro l  is 
e x e r c i s e d   t h r o u g h   a n   e l e c t r i c a l l y   s e n s i t i v e   s t r u c t u r e  - the membrane. Roughly 
speaking,   chemo-electr ical   mediat ion  of   the membrane cont ro ls   e lec t ro-chemica l  
processes   wi th in   the  membrane. Within  the complex biosystem,  the two major  co- 
o r d i n a t i n g  membrane sys t ems   a r e :   t he   cap i l l a ry  membranes , cont ro l l ing   chemica l  
f lux   exchange   across   the   cap i l la ry  walls ; and  the  nerve membrane, c o n t r o l l i n g  
' in format iona l '   f lux   exchange   (of   e lec t ro-chemica l   na ture) .   Wi th in   each   spec-  
i a l i z e d   c e l l ,   t h e r e  are of  course many o t h e r  membrane s t r u c t u r e s .  

Communication in   the  organism  goes by two channels : ' t o  whom i t  may 
concern'  messages  go  by  hormones in   t he   b lood  - i . e .  , by  chemical  signals ; 
and s p e c i f i c  messages t o   p a r t i c u l a r   p l a c e s  go  by  nervous  impulses - i . e .  , 
b y   e l e c t r i c a l   s i g n a l s .  The l a t t e r ,   s o   f a r  as housekeeping  controls are con- 
cerned , are mediated  by  the  antagonis t   autonomic  systems , both of  which  use 
ace ty l cho l ine   i n   i n t e rmed ia t e   r e l ays ;   bu t   on ly   one ,   t he   pa ra sympa the t i c   sys -  
tem,   l ike  the  motor   nerve,   uses  i t  In   t he   t a rge t   o rgan .  The o the r ,   t he   sympa the t i c  
system,uses it  p e r i p h e r a l l y   i n  two ways:  one l o c a l l y ,   i n   t h e   t a r g e t   o r g a n ,   a n d  
the   o ther  by e x c r e t i n g i t  from the   ad rena l s   i n to   t he   b lood   s t r eam,   l i ke  a hor-  
mone - which  has a c i r c u l a t i o n   d e l a y   o f  some seconds  before i t  reaches i t s  tar-  
g e t   a n d ,   t y p i c a l l y ,  a re lease  t ime of severa l   minutes .   Together ,   these   ha l f -  
sys tems  cont ro l   vasocons t r ic t ion   and   d i la t ion .   Thei r   p r inc ipa l   cen t ra l   con-  
t ro l s   r e s ide   i n   t he   hypo tha lamic  and   deep   cen t ro-encephal ic   s t ruc tures .  

As a rudimentary   descr ip t ion  a t  t h i s   l e v e l ,   s i g n a l s   r e c e i v e d   f r o m   t h e  
mi l i eu  - bo th   i n t e rna l  and e x t e r n a l  - exc i t e   t he   ne rvous   sys t em  in to   t r ans i -  
e n t   s t a t e s .  I ts  chemo-e lec t r ica l   communica t ions   s igna ls   modi fy   the   s tab i l i ty  
of   chemical   chains   via   the  endocrines   or   neuroendocrines .   Fol lower  character-  
is t i cs   to   the   nervous   sys tem s t a t e  emerge to   suppor t   t he   mo to r   exc i t a t ion   t ha t  
p rovides   the   sys tem's  movement. In   longer  term, it  is  a c t u a l l y   l i k e l y   t h e  
pe r s i s t ence   o f   chemica l   s igna l ing  - s t a r t i n g  from  conception - t h a t  forms the  
algori thmic  content   of   the   nervous  system's   t ransient   response  which i s  iden- 
t i f i e d  as behavior .  

Without  the  nervous  system  mediating  the  biochemical  chains,   their  predom- 
i n a n t l y   u n s t a b l e   c h a r a c t e r i s t i c  would  show up. The nervous  system is thus   the  
mediator  between  information - a measure  of   cont ingencies   in   the  surrounding 
m i l i e u ,   b o t h   i n t e r n a l  and e x t e r n a l  - received as sensory  input,   and  the  un- 
s tab le   motor   and   g landular   sys tems.  The r e s u l t i n g   p a t t e r n  is a c o n t r o l l e d  
synchronizat ion  in   which most sys t ems   a r e   r egu la t ed   i n  a l i m i t e d  o s c i l l a t o r y  
range   by   repress ion   or   inh ib i t ion ,   whi le  some are   re leased   f rom  inh ib i t ion  and 
s p r i n g   i n t o   o r b i t .  System  motion  proceeds  by  the  scheduling  of  these  orbits 
in   t ime,   unfo ld ing  i t s  reper to i re   o f   behavior  moment by moment. 

While higher  frequency  rhythms - inc luding   bra in  'waves ' (EEG) of the   cor -  
tex  and  microvibration a t  the   body ' s   sur face ,  as w e l l  as the   aper iodic   pu lses  
and t r a ins   o f   pu l se - l ike   po ten t i a l s   a s soc ia t ed   w i th   ne rvous   pa ths  - are some- 
times  overlooked in   cons ide r ing   t he   l a rge - sca l e  and  long-t ime  integrat ive 
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Dynamic Spectrum  for Man 
a c t i o n  of the  system,  they are always  present.  They involve   chemo-e lec t r ica l  
escapements (8). They u t i l i ze   mechan ica l  and hydraul ic   l inks.   Their   presence 
makes it  imposs ib l e   t o   v i ew  the   sys t em,   a t   any   l eve l ,   a s   s t a t i c .  However,  con- 
versely,   they  are  not  the  communications  language of the  system.  Their  buzz 
is not   the   in format ion   f lux ,   on ly   an   ind ica t ion   tha t   the   sys tem i s  dynamically 
i n   f l u x .  Decoding t h e   i n t e r n a l  communications  and t r anspor t   f l uxes  is a d i f f -  
i c u l t   m a t t e r .  

The i n f o r m a t i o n a l   i n f l u x   a r r i v e s  from about   10   t ransducers   for   e lec t ro-  
magnetic waves  and about lo6 for  chemical  and  mechanical  reception. Some of 
t h e s e   h a v e   s h o r t   d e l a y s   b e f o r e   i n i t i a t i n g   m i l l i s e c o n d   p u l s e s   i n   t h e   f i r s t   i n -  
pu t   neuron ,   bu t  i t  is t r a i n s  of  about 7 o r  more impulses  in  each of s e v e r a l  
p a r a l l e l   n e u r o n s   t h a t   c o n s t i t u t e  i t s  s igna ls   to   subsequent   neurons .  Hence t h e  
spectrum  beginsat   about   100 Hz.  The fastest   c losed  loop  through  the  muscle   and 
b r a i n   t a k e s  twice as l o n g .   C o r t i c a l   t a s k s ,   l i k e   l o c a t i n g  a spo t   o f   l i gh t ,  re- 
q u i r e  a moment of  about 0.1 sec .   S imi la r   in format iona l   f luxes  from i n t e r n a l  
transducers  course  through  the  nervous  system so  t h a t  some of  the  subsystems  of 
the   b ra in ,   no tab ly   the   hypotha lamus ,  are informed  by  these  s ignals  from the  
hea r t ,   l ungs  , gut  , arteries , both  baro-  and  chemoreceptors,  as w e l l  as the  
body's   muscles   and  joints .   These  informational   winds  of   the  mil ieu,   external  
and in t e rna l ,   cou r s ing   t h rough   t he   b ra in ,   upda te  i t s  model  of  the  body  and  the 
e x t e r n a l   w o r l d   a t   a p p r o x i m a t e l y  10 Hz. Posture  and movements induced  by muscu- 
lar a c t i v i t y   a r e   r e p o r t e d  by   t he   e l ec t r i ca l   coup l ing  from mechanical ,   hydraul ic ,  
and  perhaps e lectr ical  or   chemical   receptors .   Information is y i e l d e d   i n  two 
ways:  tremors  furnish  the  information as t o   p o s t u r e ;   a n d ,   i n  movement, t he   i n -  
formation is der ived  from the  motion  apparently  accompanied  by  an  inhibit ion 
of   the  t remor.  
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The hypothalamus is  t h e   h i g h e s t   a u t o m a t i c   r e g u l a t o r   o f   t h e   p o t e n t i a l  s ta te  
v a r i a b l e s   i n   i n t e r n a l   o r g a n s  , glands , and  the  blood  vessels .  It p a t t e r n s   t h e  
response  of  autonomic  systems a t  a medium-cycle  time  scale  of  minutes. This 
inc ludes   hormonal   cont ro l   th rough  the   p i tu i ta ry   por ta l   sys tem,   forming  a 
swi tchboard   tha t   opera tes   in  a r i n g   o s c i l l a t o r  mode, cycl ing  through i ts  a f -  
f e c t o r   v a r i a b l e s .  It a c t s  as a slow  follower on chemical  signals  produced 
wi th in   those   var ious   in te rna l   sys tems.  

A most s i g n i f i c a n t   s i g n a l  i s  the  social ly   condi t ioned  high-speed  epineph-  
r i n e   s i g n a l ,   g e n e r a l l y   s e e n a s   t h e   a n g e r ,  fear,  f igh ts f l igh t   au tonomic   response  
from the  adrenals .   Another  component of   th i s   adrenerg ic   response   o f   the   nerv-  
ous  system,  high-speed  release  of  norepinephrine a t '  nerve   ends ,   ou t l ines   the  
system a t  the  one-tenth  second  level .   This  is used as a n   ' a r o u s i n g '   s i g n a l  
or   ' g roping '   s igna l   for   what   the   ins tan taneous   p roper t ies   o r  s ta tus  of t he  
system i s ,  and  what may l i k e l y  be   the   fac t   o f   the   ex te rna l   wor ld .  A s  a s u s -  
t a i n e d   s m a l l - s i g n a l   e x c i t a t i o n ,  i t  he lps   keep   t he   i n t e rna l   sys t ems   su f f i c i en t ly  
regulated  to   face  the  motor   system demands t h a t  may be  placed on i t  by  the com- 
mand system, and to   r eady   t he   sys t em  €o r   fo l lower   ac t ion .  

It is the   r e t i cu la r   co re   fu rn i sh ing   d i sc re t e   i n fo rma t ive   s igna l s   t o   t he  
rest   of   the   nervous  sys  tem - i n   t he   0 .1   t o   0 .3 - sec .   r ange  - tha t   p rovides   the  
sus t a ined   g rop ing   s igna l .  The ad rena l s   fu rn i sh   l a rge - sca l e   r egu la r i z ing   o r  
follower  signals  throughout  the  blood  system a t  the 1-2 min. l e v e l .  The hypo- 
thalamus  then  provides   fol lower  act ion a t  the  5-10  min.   level .  

It is gene ra l ly   accep ted   t ha t   t he   r e t i cu la r   fo rma t ion   l i ke ly  is the 
l a rge - sca l e   a rousa l   sys t em  in   t he   b ra in .  A s  a para l le l   core   sys tem  throughout  
the  neuraxis  and midbrain,  i t  has, connect ions  to  a l l  levels   of   the   nervous 
system.  Acting as a probabi l is t ic   computer   based on a l l  i n t e r n a l  and sensory 
inputs  , it con t ro l s   t he   a rousa l   o f   t he   sys t em  wi th   r ega rd   t o   t he   d i r ec t ion  and 
leve l   o f   a t ten t ion   and   of   motor   ac t iv i ty .  

The most  meaningful  hypothesis i s  tha t   s igna l s   f rom a l l  sources   run up 
and down the   r e t i cu la r   co re   wh ich   con ta ins   t he   po ten t i a l  command system  to  
commit the  organism as a whole. 

High-frequency  behavior   has   character is t ics   that   can  be  readi ly   seen  by 
watching  any  animal. The system is b a s i c a l l y   u n s t a b l e .   I f  you put   the  organ-  
i s m  down, i t  w i l l  soon s t a r t  t o  move. I f  i t  e x h i b i t s   e x t e n s i v e   m o t i o n ,   i n  
time it  w i l l  s top.   Whatever   the  inputs ,   whether   near ly   constant   or   changing,  
the  system  changes.  It changes i t s  postural   dynamics.   Furthermore , men do 
t h i s   r o u t i n e l y  a t  a ra te   o f   approximate ly  10 per  minute.  These  changes  can 
occur   wi th in  a few nervous  'beats '  - ''moments" of up t o   0 . 3   s e c .  Once deve l -  
oped,   whether   by  learning  or   otherwise,   these  responses   are   subcort ical .   ( In  
the  response  of  the body t o   t h e   e x t e r n a l   w o r l d ,   t h e y  may r e t a i n  and  require  
a c o r t i c a l   c o n t r i b u t i o n ,  as i l l u s t r a t e d   i n   s p e e c h . )  

I l l u s t r a t i v e  of p o s t u r a l   e l e m e n t s   a r e :   p o s t u r a l   a t t i t u d e s   o f   p a r t s  
(head,  feet ,   body,  hands) ; dynamics  of par ts   (e   .g .  , scanning  any  scene  for  
movement) ; c h a r a c t e r i s   t i c  movements (yawn , s t r e t c h ,   r a p i d   e y e  movement , laugh) ; 
i n s e c u r i t y   s t e r e o t y p e s   ( t i c s  , twitches , s c r a t c h e s )  ; sweat r e sponse ;   s a l iva  
response ;   vo ice   p i tch .  
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A t  h igh   speed ,   t he   r e t i cu la r   sys t em  can   ac t  on d isp lacement ,   ve loc i tx   o r  
a c c e l e r a t i o n   i n p u t s   w i t h i n  0.1, 0 .2 ,   o r  0.3 s e c .  Its core  can  obtain  informa- 
t i o n  and provide  the command for .   about   15-20  kinds  of   act ions.   Logical ly ,   the  
r e t i c u l a r   c o r e   o p e r a t e s  as an   abduc t ive   sys t em  ( in   t he   Ar i s to t e l i an   s ense ) .  
It commits the  system. It quest ions  whether   an  information s ta te  is a case 
under  one r u l e   o r   a n o t h e r  and takes  a dec i s ive   ac t ion   t ha t   ac tua t e s   t he   con -  
t r o l l e r s   o f   c o n t r o l l e r s ;  i . e .  , it is a command system.  In   doing s o ,  i t  may o r  
may not   consul t   the   cor tex .  

The s u b c o r t i c a l  dynamic pos tura l   e lements  make  up a manifold  of  responses. 
A c lass i f ica t ion   of   the   chemica l   foundat ions   o f   those   response   e lements ,   fo r  
example , among the  endocrine  systems  involved , does   no t   ex i s t  as y e t .   I n  a 
subsequen t   s ec t ion ,  we w i l l  a s s a y  a very   c rude   descr ip t ion .  

The s u b c o r t e x   s e t s   v a r i o u s   i n t e r n a l   s y s t e m s   i n t o   o r b i t a l   p a t h s .  The 
three  large  s lower  fol lower  systems seem t o   b e :  

( a )  The adrenalin-blood  system. A major  follower  element seems t o   b e  
the  oxygen  f low  ava i lab le   to   the   t i s sue   (as  marked  by the   red   b lood   ce l l s )  
t h rough   t he   cap i l l a r i e s .  The f lux  wave,   involving  concomitant ly   other   meta-  
bol ic   e lements  - sugar ,   ca rbon  d ioxide ,   water ,   l ac ta te ,   hea t   p roduct ion  - in 
dynamic  cycles , l ike ly   represents   the   ' e scapement   for   the  thermodynamic 
power cycle   of   the   system.l  

(b) The hypothalamus  (at   the  minutes  level,   with a connec t ion   t o   t he  
p i t u i t a r y   s y s t e m  as the  master   regulatory  endocrine  gland) .  

( c )  The p i t u i t a r y   g l a n d .   A c t u a l l y  one m y  regard  the  hypothalamus - 
p i tu i t a ry ,   panc reas  , and  adrenals  as a s y s t e m s   c o n s t e l l a t i o n   t h a t   a c t s   i n  
t h i s   s l o w e r   t i m e   s c a l e   t o   t a r g e t  on the  motor  system. 

In the  lower  animals , t he   r e t i cu la r   sys t em  con ta ins   t he   en t i r e   execu t ive  
log ic   o f   a rousa l  and  shutdown  of func t ion .   In   t he   h ighe r   an ima l ,   t he   r e t i cu la r  
core   ass igns   the   (phylogenet ica l ly)  newly  emergent r o l e  of i nduc t ion   t o   t he   co r -  
t e x .   I f   t h e   i n p u t   p a t t e r n  is no t  a case   t ha t  is f i t t e d  by s tandard   ana log   pa t -  
t e rns   immedia te ly   ava i lab le   f rom  the   basa l   gangl ia  , the   case is r e f e r r e d   q u i c k l y  
( e . g . ,   w i t h i n   0 . 1   s e c . )   t o   t h e   c o r t e x .  The c o r t i c a l  memory (whose s t o r a g e  
place is a s   y e t  unknown) is an  analog memory of many pas t   cases .   Presented  now 
w i t h   e x t e r n a l   p a t t e r n e d   ' f a c t s  ' ,  i t  'guesses '  a t  a l a w  ( i . e .  , i t  wires   toge ther  
a ne twork   response   tha t   exc i tes   the   motor   osc i l la tors   in to   ac t ion) .  The cor-  
t e x   ' t a k e s '   h a b i t s .  Once t h e s e   a r e   s e t  up on the  motor   s ide,   the   cor tex is o f t e n  

The physical  view of organized   energy   t ransfer  is t h e   t a s k  of thermodyn- 
amics. Such t ransfer   involve$  a sustained  temporal  process  and , thus , an   e s -  
capement,   unless  t ied  uniquely t o  cues  such as l i gh t -da rk ,   o r   s easona l   changes .  
S imple r   b io log ica l   sys t ems   t ha t   a r e   t i ed   on ly   t o   cues  may e x i s t .  However, 
c i r cad ian   rhy thms   have   been   demons t r a t ed   i n   ve ry   s imple   b io log ica l   s t ruc tu res .  
The complex  human, homeokine t ica l ly   opera t ing ,  is f r eed   f rom  the   v i c i s s i tudes  
of   the   mi l ieu .  Thus i t  m u s t  be   s e l f - t imed .  

31  



no  longer   involved  and  the  solut ion  analog may b e   t r a n s f e r r e d   o r  formed w i t h i n  
the   basa l   gang l i a .  

In   p r ima tes ,   t he   co r t ex  is v e r y   b u s y   w i t h   o p t i c a l   s i g n a l s .  This is the  
'p r ice '   the   b io logica l   sys tem  pays   for  a p r e c i s e   i n v a r i a n t   f i e l d .   ( O t h e r  
f i e lds   a r e   no t   ou t l i ned   w i th   such   de t a i l ed   p rec i s ion   and   cons i s t ency . )   In  
man, i t  is  a l s o   q u i t e   b u s y   w i t h   v e r b a l   s i g n a l s .   T h e r e  are wel l  def ined   re -  
gions  associated  with  speech.  

To a t t empt   t o   adequa te ly   desc r ibe   t he   cen t r a l   ne rvous  and endocrine  sys-  
tem  components,  and t h e   c u r r e n t l y  known o r   suspec ted   func t ions   o f   t he   d iv i s -  
ions of the  brain  and  endocrines  , is o u t s i d e   t h e   t a s k   o f   t h i s   i n t r o d u c t o r y  
s e c t i o n .  

4 .  The  Medium-Frequency  Range of  Behavior 

We now approach  the medium time  of  behavior - the  1 to  1000-hr.   t ime  do- 
main.  This is the time t o  go  on v a c a t i o n ,   g e t   d r u n k ,   f a l l   i n   l o v e ,   t a k e  a j o b ,  
ge t   an   impor t an t   i dea ,   ge t  marrieci, menstruate ,  commit s u i c i d e .  I ts  un i t   o f  
cueing w i l l  have a time cons tan t  of  the  order   of   the   female  menstrual   per iod.  

Common in   ph i lo soph ic -psycho log ica l   specu la t ions  are a spec t s   o f   t he  mind- 
body problem,  such as the   d i s t i nc t ion   be tween   r e sponses   t ha t  may be c l o s e l y  
coupled and 'wired '   f rom  input   to   output   by  an  interposed , mechanis t ic   sys-  
tem, as compared t o  a more loosely  coupled  indeterminis t ic   system.  (See  for  
example Cobb (10)). Much of  the  argument  can  be  avoided a t  t h i s   p o i n t   i f  i t  
is recognized  that   our   present   concern is  t h e  r e su l t  of  changes i n   t h e   s t a t e  
o f   t he   i n t e rna l   i npu t s   t o   t he   cen t r a l   ne rvous   sys t em,   r a the r   t han   t o   ex t e rna l  
i n p u t s .   I n   t h e  t i m e  scale of concern a t  t h i s   p o i n t   i n   t h e   d i s c u s s i o n  one day 
is much l i k e   a n o t h e r ,  and  one  week l i k e   a n o t h e r .  

Behavior is drawn as p a t t e r n s  , i t  seems,  from  the  concurrent  connected 
i n t e r n a l   s t a t e s  of t he   b io log ica l   sys t em  g iven   i n   Tab le  1. They may be i- 
d e n t i f i e d  as dynamic a c t i o n  modes of the  system,  such as "The sys tem  s leeps ."  

An e s s e n t i a l   c h a r a c t e r i s t i c  i n  th i s   longer  time domain is t h e   i n s t a b i l -  
i t y  of the  nervous  system. The animal   tends  to   develop  an  internal   rhythm 
dominated  mainly by endocrine  chains  arising  from  changing  threshold  cues;  
the  actual   performance is conducted  largely a t  a s u b c o r t i c a l   l e v e l .   S o c i a l  
a c t i v i t y  and i n t e l l e c t u a l   a c t i v i t y  a l l  are r i t u a l i s t i c   p a s t   t h e   m i n o r   o r i g -  
ina t ing   cues  . 

A most s i g n i f i c a n t   e l e m e n t   i n   t h e   o r g a n i z a t i o n  of behavior i s  the use of 
cues .  (What should  be  noted is the   l a rge  number of  geographic  and  social   cues.)  
In   case  of  a t e m p o r a l l y   o r   s p a t i a l l y  cued input ,   the   an imal  w i l l  develop a 
r i t ua l i zed   behav io r .  (By d e f i n i t i o n ,  a r i t u a l  is a patterned  response  which 
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Table 1 

Act  ion modes Pe rcen t  of t i m e  

Sleeps 3 0  

Works (motor a c t i v i t y   d i r e c t e d  toward ends) 2 5  

In te rpersonal ly   a t tends   (body,   verba l   o r   sensory   contac t )  8 

Eats 5 

Ta lk s  5 

At tends   ( i nd i f f e ren t   mo to r   ac t iv i ty ,   i nvo lved   s enso ry   ac t iv i ty )  4 

Motor p rac t i ces   ( runs  , walks , p l a y s ,   e t c . )  4 

Sexua 1 ly   involved 3 

R e s t s   ( n o   m o t o r   a c t i v i t y ,   i n d i f f e r e n t   i n t e r n a l   s e n s o r y   f l u x )  

Is anxious 

IS euphoric 

Drinks 

Voids 

Angers 

Escapes  (negl igible   motor   and  sensory  input)  

Laughs 

Is aggres s ive  

F e a r s ,   f i g h t s  , f l i g h t s  

Env i e  s 

Greeds 1 

T o t a l  100% 2 20% 
of time involvement 
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is stereotyped. ')  It l ike ly   fo l lows   f rom  the   sys t em  in s t ab i l i t y .  An animal 
cannot   maintain  undischarged  nervous  exci ta t ion  energy,   but  m u s t  s e e k   t o  re- 
l e a s e  i t  by   r e l eas ing   t he   i nh ib i t i on   on  some motor  response  system S O  as t o  
uns t a b i l i z e  i t  i n t o   o r b i t a l   a c t i o n .  

What is par t i cu la r ly   no tewor thy   i n   t he   b io log ica l   sys t em is t h e   p a t t e r n i n g  
of  behavior  that   runs i t  through a repertoire   of   performances.   Psychology  of  
higher  animals  should  be  regarded as a 'pat tern '   psychology.   Since  the  pat-  
t e r n s   a r e   n o t   r i g i d l y   f i x e d ,   t h e y   a r e   n o t   d e t e r m i n i s t i c a l l y  preprogrammed  and 
not   r ig id ly   cued;   they   can   on ly   be   se l f -ac tua ted ,  and thus m u s t  a r i s e  from 
i n t e r n a l   i n s t a b i l i t y ,  SO tha t   the   sys tem  goes   in to   'motor -sensory- in te rna l  
organ'   motion. However, t h e   o r b i t a l   s y n c h r o n o u s   p a t t e r n s   t h a t   a r i s e  m u s t  
t h read ,   i n   an   e rgod ic   s ense  , a l l  of  the  'needed'   systems  responses.   These 
'needed'  responses m u s t  be  regarded as 'hungers ' , metabo l i c   fo r   i nd iv idua l  
s u r v i v a l ,  and gene t i c   fo r   spec ie s   su rv iva l .   Th i s   t empora l   t h read ing  m u s t  f i t  
the  cues , or  the  cues  must  have  been  fashioned  or  adjusted  or  adapted  to f i t  
t he   spec ie s .  Then i t  can   ex i s t .  

A s p e c i e s  m u s t  be   ' comfor tab le '   in  i t s  p a t t e r n   f i t t i n g   i n t o   t h e   t i m e  
space .  The f i r s t   n o n l i n e a r   r o l e   o f   b e h a v i o r   ( l i k e l y   f o r   h i g h e r   c o r t i c a l  SQe- 
c i e s )  i s  t h a t  a noncor t i ca l   rou t ine   o f   pa t t e rns  m u s t  be   ach ieved   t ha t   f i t s   t he  
cue  space  with small in tegra l   cyc le   numbers .  Then processes - the  hungers , 
p a r t i c u l a r l y  - come o f f  on time and  the  system is  n o t   i n   s u s t a i n e d  s t ress .  

For   such   compat ib i l i ty   to   be   a r r ived  a t ,  t h e r e  m u s t  be a s u s t a i n e d   e f -  
f o r t ,  by o r b i t s  , t o   b r i n g   t h e   e x i s t i n g   s e t   o f  body  images toward some o p t i -  
mum. It is some op t ima l   v i ew  o f   r ea l i t y   t ha t   t he   mo the r   and   f a the r   o r   t he i r  
su r roga te s   a t t empt   t o   deve lop   i n   t he   ch i ld .  It i s  a view of ' W i c h  way is  
up"! (1 1)  . 

What is  r e a l l y   b a s i c   t o   t h e   p l a s t i c   h i g h e r   b r a i n  is  t h e   a l t e r n a t i o n   i n  
s t a t e  between two essent ia l   roles   of   inward  behavior ;   for   want  of a b e t t e r  
name, an   anx ious   o r   dysphor i c   s t a t e   and   t he   euphor i c   s t a t e .   I n   t he   h ighe r  
animal ,  i t  is  the  cooperative  impact of  a l l  s i g n a l i n g   i n t e r f a c e s   t h a t   p r o -  
duces   the   se t   for   the   longer   t ime  sca les .  The p e r i o d i c i t i e s  may be i n   t h e  
few per   day   to  one p e r  2 t o  3-week t ime   s ca l e .  

5. The Low-Frequency  Range - Li fe ' s   Foc i  

A t  even  longer  t ime  scale , the  predominant  note is  t h e   g r e a t   f l a r i n g  
m a t u r a t i o n a l   i n s t a b i l i t i e s .  The f i r s t  i s  t h a t   o f   b i r t h   i t s e l f .   I n   t h e   f i r s t  
l i f e   p h a s e ,   t h e  newborn infant   faces   the  development  of a routine  of  rhythms 
whereby i t s  g r e a t e s t   s e n s o r y   i n t e r f a c e  - t h e   o r a l   i n t e r f a c e  - i s  encompassed 
w i t h i n  a ' sa t i s fy ing '   schedule .   This   deve lops   in   the   b ra in  as a d u a l  mother 
( o r   s u r r o g a t e )  - ch i ld   ' symbio t i c '   o sc i l l a to r   sys t em,  a cons t e l l a t ion .   Anx ie ty  

The s te reo types   o f   behavior  may be  taught  by  the  mother.  In  rough  approx- 
imat ion ,   they   recapi tu la te   the   phylogenet ic   p rogress  up t o   t h e   p a r t i c u l a r   s p e -  
c i e s   ( G e s e l l ) .  
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follows upon euphor ia ;   motor   pa t te rns   s tuf fed   wi th  r i t u a l  f i l l  develop. The 
unfolding  maturing  nervous  system  brings new senso ry   i n t e r f aces   ( ana l ,   gas t ro -  
i n t e s t i n a l  and u r e t h r a l ,   g e n i t a l ,   m o t o r ,   v i s u a l ,   k i n e s t h e t i c ,   e t c . )   i n t o   t h e  
f i e l d .  The p l a s t i c   b r a i n  encompasses   these.   Pr ior i t ies   and  pat terns   emerge.  

The second  lesser   f la re   occurs  when the  system  'masters i t s  p r i m i t i v e  
rout ines .   There  i s  spare   computa t iona l   capac i ty .  A s  an   in tegra ted   "Ges ta l t " ,  
the   system  grasps i t s  freedom  from  the  immediate  'mother-child'.   milieu. The 
system  seeks  out  i t s  own k ind ,  i t s  mi r ro r  images , i ts  chums. It plays  (11). 

T h e .   t h i r d   g r e a t   f l a r e  is the   adolescent   sexual   matura t ion .  The g e n i t a l  
i n t e r f ace   exp lodes  on the   s cene .  The system is now chemica l ly   and   b io logica l ly  
prepared  for   reproduct   ion.  

The f o u r t h   l e s s e r   f l a r e  is t h e n   t h e   i n t e g r a t i o n   i n t o  a "Gestalt" (a view) 
of   comfor tab le   o rb i t   wi th  a s e x u a l   p a r t n e r .  It doesn ' t   have   t o   be ,   bu t   i n  
many species   and a l l  mammals, i t  is t h e   p a t t e r n   t h a t   i n s u r e s  a cont inua t ion   of  
t he   spec ie s   by   p ro t ec t ion  of the  unprepared young system. 

T h e s e   g r e a t   f l a r i n g   i n s t a b i l i t i e s  a l l  c a s t   l i g h t  on the   o rb i t a l   con f igu ra -  
t i o n s   t h a t   r e p r e s e n t  a large  segment   of   the   behavioral   foci .  What are the 
o t h e r   f o c i  - i n   pa r t i cu la r ,   t he   o the r   l ong- range   foc i   fo r   t he  complex human 
animal? The fo l lowing   specula t ive  schema is proposed: 

A t  one o r  more t imes  within  the  chi ld-chum-adolescent-young  adul t   s tages ,  
t he re  ar ise  p a r t i c u l a r l y   f a v o r a b l e   o r b i t a l   c o n f i g u r a t i o n s  - 'experiences ' - 
t h a t  are ' a t t r a c t i v e '   o r   ' p l e a s u r a b l e '   t o   t h e   i n d i v i d u a l .  A r e g u l a r   p a t t e r n  
grouping   of   in te rna l   and   ex terna l   osc i l la tors   occurs  - neura l ,   s enso ry ,   o r -  
ganis   t i c ,   motor   cha in  - t h a t   a r e   a t t r a c t i v e  and  non-anxiety  producing.  These 
make an  impression.  They are   l earned  as analogs.  The system  forms  preferred 
paths . 

Within a complex  of poss ib le   pa t te rns ,   the   mot ions   g radual ly  become 
smoother, more practiced;  the  system  encompasses  these h t o  a more determin- 
a t e   p a t t e r n   o f   o r b i t a l   p a t h s   t h a t   t h e n  make  up t h e   ' l i f e '   p o s t u r e s .  The s y s -  
tem begins   to   lock   in to  a more permanent, more c h a r a c t e r i s t i c   p a t t e r n .   T h e s e  
pa ths   c i r cu la t e   a round   t he   foc i  of t h e   s y s t e m ;   i . e . ,   t h e r e   e x i s t s  a f o c a l  
imperat ive.  The sys tem  does   no t   d r i f t   th rough  l i fe   a imless ly .  It is uns tab le .  
It s e e k s   t o   e n t r a i n ,  i t  s e l e c t s   b o t h   f o c i  of behavior   and  orbi ts .   These ' s u i t '  
t he   i nd iv idua l .  They involve more and more r o u t i n e s   t h a t  become s u b c o r t i c a l .  
They begin  to   form a pa t t e rned   f i e ld   i n   t he   b ra in .   Soc ia l ly   pa t t e rned   foc i  
emerge. Man becomes doctor,   drunkard , woman-chaser, i n t e l l e c t u a l ,   p o l i t i c i a n .  

A fundamental   observation  to make about   the  content  of behavior is t h a t  
e x t e r n a l l y  i t  does  not  appear  to  have a s t rong   me t r i c ,   whereas   i n t e rna l ly  i t  
may have. What t h i s   p roposed   p r inc ip l e  means is t h a t  , i n t e r n a l l y ,   i n   t h e  
h i e r a r c h y  of o s c i l l a t o r   c h a i n s ,   t h e r e  is a p a r i t y  of  measure  by  which  the 
p r io r i ty   o f   e f f ec t s   and   p robab le   s equenc ing1   o f   o sc i l l a to r  s ta tes  has some 

The sequencing is more d i f fus ive   t han   r i go rous ly   wave - l ike  , and more prob- 
a b i l i s t i c   l i k e  a Markov c h a i n   t h a n   r i g i d l y   d e t e r m i n i s t i c .  
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d e t e r m i n i s t i c   b u t  weak c o n n e c t i v i t y .   E x t e r n a l l y ,   t h e   r e s p o n s e   t o   i n p u t  se- 
quences is ' i r r a t i o n a l '  , i .e .  , no t   h igh ly   o rde red   i n   r egu la r   s equence ,   fo r  
t he   i nd iv idua l .  He may g e t  mad a t  a t r i v i a l   i n p u t ;   h e  may d is regard   obvious ly  
n e a r - i n f i n i t e   f o r c e s ;   h e  w i l l  r un   uph i l l ;   ado re   t he   i nd i f f e ren t ;   be   swep t   i n to  
s t e p  by  the  outrageous ; m i s t r u s t  h i s  most c e r t a i n   g u i d e s .  H i s  ' tastes ' and 
' f anc ie s  ' have   t r ad i t i ona l ly   de f i ed   accoun tab i l i t y .  Yet , i n t e r n a l l y ,   t h e r e  is 
a psycho- logic   o f   sor t s .  We thereby  most  of  ten know our  man. 

Here then is t h e   c e n t r a l  theme of a man's  behavior - a choice  of   his  
l i f e ' s   f o c a l   p a t t e r n   t h a t   f i t s   o r  becomes par t   o f   h i s   s lowly   changing  image 
idea 1. 

In   t he   p re sen t   con tex t ,   t he  image i d e a l  is a very   p r imi t ive   in tegra ted  
p a t t e r n   o f   i n t e r n a l   o p e r a t i v e   s t a t e s  , involv ing   the  many body  images t h a t   a r e  
pro jec ted   in to   the   b ra in ,   which   provides  a s a t i s f y i n g  s ta te  f o r   t h e   t o t a l   o r -  
ganism  (e.g. , i nvo lv ing   su r f ace   t empera tu re ,   p re s su re ,   sound   f i e ld ,   l i gh t   f i e ld ,  
i n t e r p e r s o n a l   c o n s t e l l a t i o n s  , e t c . ) .   ' S a t i s f y i n g '   s t a t e s   a r e   t h o s e   t h a t   w e r e  
l i k e l y   a s s o c i a t e d   w i t h   e a r l y   s a t i s f y i n g   p h y s i o l o g i c a l   e x p e r i e n c e s .  The image 
i d e a l  is not  a ' v a l u e d '   p a t t e r n ,   b u t   a n   a b s t r a c t   p a t t e r n  of i n t e r n a l   p h y s i c a l -  
chemica l   s ta tes  . 

It emerges i n   e s s e n t i a l  form in man by  age  three.  It develops   for   the  
f i r s t  two yea r s   o f   l i f e   w i th in   t he   mo the r -ch i ld   cons t e l l a t ion   ( t he   t odd le r  
s t a g e ) ,  and du r ing   t he   t h i rd   yea r   w i th in   t he   mo the r - f a the r -ch i ld   cons t e l l a t ion  
(as   the  chi ld  becomes an   ac t ive   motor   sys tem) .   This  image i d e a l   p a t t e r n  lasts 
through a l l  l i f e .  I ts  subsequent more social ized  development   s imply  represents  
a veneer on t h e   b a s i c   s t r u c t u r e .  The bas i c   s t ruc tu re   r ema ins   t he   pa t t e rned  
response   in   the   endocr ine   sys tem  tha t   the   nervous   sys tem  has   been   adapted   to  
produce. 

Longer  term  behavior may be  represented by t h e   c o n t i n u e d   e f f o r t   t o   s h i f t  
t h e   i n t e r n a l   s t a t e   p a t t e r n s  s o  as t o   a t t e m p t   t o   b r i n g  them into  concordance 
wi th   the  image idea l .  
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111. HIERARCHICAL REGULATION I N  THE COMPLEX BIOLOGICAL ORGANISM 

Having  furnished an i n t r o d u c t i o n   t o  how the   b io log ica l   ' f ac to ry '   o rgan izes  
i t s  a c t i v i t i e s   i n  some genera l   fash ion ,  i t  is d e s i r a b l e   t o   f u r n i s h   a n   i n t r o -  
duc t ion   t o   t he   h i e ra rch ica l ly   o rgan ized  complexes t h a t  are found w i t h i n  man. 

1. Biophys i c a l   P r e l i m i n a r i e s  

Recapi tulat ing  our   physiological ly   founded view of   the  biological   organism,  
i t s  understanding may be  organized  around  the  fol luwing  levels :  

( a )   b iochemis t ry   a t   t he   mo lecu la r   l eve l ;  

(b)  process  maintenance and  exchange a t  t h e   c e l l u l a r   l e v e l ;  

(c)  process  maintenance and  exchange a t  the  organized  level   of   organs;  

(d )   i n t e rna l   p rocess   o rgan iza t ion  and l o g i c   f o r   t h e   m c r o s y s t e m   ( i . e . ,  
ove ra l l   sys t ems   ana lys i s ) ;  

( e )   ' f ac to ry '   ope ra t ion  of the   b iosys tem  in  i ts  t o t a l  environment ( i . e . ,  
b o t h   i n t e r n a l  and e x t e r n a l  dynamic  systems  behavior); 

( f )   gene t i c   and   ep igene t i c   cod ing   fo r   r e l i ab le   r ep roduc t ion   o f   b iosys -  
tems t h a t   a r e   o p e r a t i v e   i n   t o t a l   e c o l o g i c a l   e n v i r o n m e n t s .  

We s e l e c t   t h e   e x p o s i t i o n  of leve ls   c -e   for   our   f i r s t   long   te rm  task .  
The previous   sec t ions ,   p redominant ly   l imi ted   to   o rgan  and t o t a l   s y s t e m   l e v e l s  , 
have  led us  t o   t h e  need for   formula t ing  a second  posi t ion  s ta tement   for   the 
leve l   o f   fac tory   opera t ion .  

P r e f e r r e d   t o o l s   f o r   a n a l y s i s   o f  a gross  system  and its major subcompo- 
nen t s ,   s tud ied  a t  t h a t   s t r u c t u r a l - h i e r a r c h i c a l   l e v e l   , a r e   i t s d y n a m i c   r e s p o n s e s  
b o t h   s t e a d y   s t a t e  and t r a n s i e n t .  This involves   the   de te rmina t ion   of   the   t ime 
and spa t i a l   cou r se   o f   t he   ma jo r   i den t i f i ed   f l uxes   and   po ten t i a l s ,   and   t he  modes 
of moto r   ac t ions   t ha t   t he   sys t em  exh ib i t s .  (We c a l l   t h i s   p r o c e s s   o f   a n a l y s i s  
'b iospectroscopy'  , s i n c e  i t  r e l a t e s   t o   phys i ca l - chemica l   spec t roscopy . )   I f  
t h e s e   a r e  w e l l  i d e n t i f i e d ,   t h e n   t h e   ' c h a i n s  ' of c a u s a l i t y ,   a s   t h e s e   f l u x e s  and 
modes course  through  the  system, may perhaps be i d e n t i f i e d  by physical-chemical 
hypothes is .  

The  two g r e a t   l o g i c a l   d i v i s i o n s   o f   t h e   n a t u r e   o f   f l u x   ( i . e .  , f low)   a re   the  
s e p a r a t i o n s   i n t o  power  and information.  While modern e l e c t r i c a l   e n g i n e e r i n g  
may favor   the  information  f luxes , a  more c l a s s i ca l ly   o r i en ted   phys i c s   migh t  
s tar t  by  examining  the puwer f luxes .  

Opera t iona l ly ,  w e  have  def ined  the human, our   p ro to type  complex biosystem, 
as a se l f -ac tua ted   motor   (au tomot ive)   sys tem  tha t   in te rmi t ten t ly  roams through 
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i t s  physical   environment   in   search  of   food.  I ts  p r i n c i p l e  dynamic p r o p e r t i e s  
a r e   t h a t  i t  hungers , feeds,   and moves about s o  t h a t  i t  can  cont inue  to   hunger ,  
feed,  and move abou t .  A t  t he   r i gh t   un fo ld ing   t ime ,  i t  couples  and  reproduces 
so  tha t   the   newly  formed u n i t  can  hunger,  feed , and move about .   This   implies  
t h a t  by h is   fundamenta l   na ture ,  man involves one  more more ma jo r   i n t e rna l  
thermodynamic engines ,  and  engine  cycles   ( for   motor   capabi l i ty) .  Such s t u d y  
involves   s t ra ight forward  power engineer ing.   (Fuel  is taken i n ,  energy is l i b -  
e r a t ed  and made ava i l ab le   fo r   work . )  

A s  a f i r s t  choice   for   examinat ion ,   explora t ions  of the  dynamics  of  the 
metabolic  processes  have  indicated a ubiqui ty   o f   in te rna l   b iochemica l   osc i l -  
l a t o r s  ( 1 2 ) .  

Finding a nea r   s t a t iona ry   spec t rum  fo r   t he  many biochemical  parameters 
that   were  explored  (although  the  cycles  warbled  or 'wowed' in   f requency  with 
cons ide rab le   no i se ,   t he i r  power spec t r a   i nd ica t ed   l a rge  amounts  of energy   t i ed  
up i n   t h e s e   s p e c t r a l   r e g i o n s )  , we  may formal ly   ident i fy   the   cha ins   in   which  
they  are   involved as non l inea r  l i m i t  cycles  , eve rbea t ing ,   w i th   i n t e rna l ly   l o s sy  
mechanisms , independent   o f   the   s ta r t ing   condi t ions .   S ince  i t  seems c l e a r   t h a t  
t h e  mean states of   these   var iab les   a re   those   regula ted   parameters   ident i f ied  
with hoqeos tasis , the   cen t ra l   concept  of the  constancy of t he   i n t e rna l   env i -  
ronment  independent  of  external  change, we have  proposed i t s  mod i f i ca t ion .  
For  such  dynamic  regulation  of  the mean s t a t e  , we chose  the  modified name 
homeokinesis ,   to   denote   mediat ion,   mainly by inh ib i t i on   o r   r e l ease   f rom  inh i -  
b i t i o n ,   o f  a manifold  of  oscil latory  processes  which make  up the many biochem- 
ical   chains   in   the  organism.  

Having  found t h a t  thermodynamic c o n s i s t e n c y   e x i s t s   i n   d e s c r i b i n g  some of 
the  basic   metabol ic   processes  , and   be ing   ab le   t o   pos tu l a t e   causa l   cha ins   i n -  
volving hormone i n t e r a c t i o n   f o r  a number of t h o s e   i d e n t i f i e d ,  we have  proceeded 
to   the   behaviora l   log ic   o f   the   en t i re   sys tem.  The biosystem is  no t  a mindless 
thermodynamic  engine  system  that  tracks a rou t ine   pa th ,   do ing  its ' t h ing '   ove r  
and over   aga in .  The system is e s s e n t i a l l y   m a r g i n a l l y   u n s t a b l e ,  and e x h i b i t s  
i nde te rmina te   ga in   a t   ze ro   f r equency .  

Roughly speaking   th i s  means t h a t   i f   t h e   s y s t e m  is p u t  down i t  w i l l  not 
s t a y  a t  r e s t   i n d e f i n i t e l y .   I f   i n  a d i s t u r b e d  s t a t e ,  i t  w i l l  calm down, i n  
t ime, when p u t  i n t o  a confined  region. To completely  descr ibe i t s  c h a r a c t e r ,  
we have t o   p o s t u l a t e  a l a rge  number o f   ope ra t iona l   moda l i t i e s   i n   t he   b iosys -  
tem.  Because  of i t s  inherent   ins tab i l i ty ,   the   b iosys tem  threads   these   modal -  
i t i e s  , i t s  ' hunge r s '   t o  form a s a t i s f a c t o r y   p a t t e r n .   T h i s  was d i scussed   i n  
the   p rev ious   sec t ion ,  a proposed  extension  of   physiological   to   include  behav-  
i o r a  1 homeokines is  . 

However, t h i s  scheme has s t i l l  n o t   b e e n   s u f f i c i e n t l y   e l a b o r a t e d   t o   p r o -  
vide a t heo re t i ca l   founda t ion   t ha t   can   fu l ly   s t ab i l i ze   t he   uns t ab le   b iosys t em.  
We, the re fo re ,   have   t o   pos tu l a t e  a h i e r a r c h i c a l   n a t u r e   t o   t h e   t o t a l   s y s t e m ' s  
behav io ra l   r egu la t ion .   Regu la t ion  is achieved by overlay  of  system upon s y s -  
tem. A pre l imina ry   expos i t i on   o f   t h i s   t hes i s  as app l i ed   t o   t empera tu re   r egu la -  
t i o n  i s  in   (13 ) .  A second  descr ipt ion is  conta ined   in   the   subsequent   sec t ion  
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on  card iovascular   sys tem  regula t ion .  However,  from these  more s p e c i a l i z e d  es- 
says , we have  caught a glimpse  of  the  overall   scheme,  which w e  p ropose   t o   d i s -  
c u s s  i n  t h i s   s e c t i o n .  

2 .  Dynamic Limit  Cycles i n  Mammals - 
The Foundat ion  for  A B e l i e f   i n  Homeokinesis 

To prevent  these  dynamic schemes  from  being  viewed  simply as s p e c u l a t i o n ,  
a quant i ty   o f   spec t ra l   da ta   have   been   searched   ou t  and w i l l  soon  appear   in  
assembled  form (12) .  Also s e e   R i c h t e r  (14) and  Jenner   (15) . l  A coimnon fea-  
t u re   i n   t he   o sc i l l a to r   cha ins   uncove red  is a r e l a t i v e l y  slow cycle ,   sugges t ing  
t h a t   t h e i r  dynamics a re   no t   s ing le   r a t e   gove rn ing   s t eps  a t  t h e   c e l l u l a r   l e v e l ;  
y e t   t h e   c y c l e s  are qui te   fas t   for   the   ampl i tudes   exhib i ted   (one  m u s t  v i s u a l i z e  
t h a t  i t  is l a rge  power t h a t   t h e s e   n o n l i n e a r l y   s t a b l e   o s c i l l a t o r s   p u t   i n t o  
t r a n s i t ) 2 .  The ampli tude  ranges  tend  to   be  near-normally  (Gaussian)   dis t r ib-  
u t e d  b u t   w i t h   f i n i t e   c u t - o f f s .   T y p i c a l l y   t h e i r  maximum t o  minimum power r a t i o  
over   an  observat ion  of  many cyc le s  is 5-6 t o  1. Thus  we a r e   no t   d i scuss ing  
sma 11 changes . 

The observat ions  are   of   vent i la t ion  gases ,   metabol ism,   thermal   power,  
hear t   ra te ,   b lood   gases ,   b lood   fue l   cons t i tuents ,   b lood   hormones ,   cap i l la ry  
r ed   ce l l   f l ow,   wa te r   con ten t ,   we igh t ,   s exua l   ac t iv i ty ,   c i r cad ian   rhy thms ,  mo- 
t o r   a c t i v i t y ,  and some of  psychic s t a t e .  

3.  Describing  Homeokinesis - Dynamic Regulation of the  Organism's   Inter ior  

We f i n d   t h a t  when i n t e r e s t e d   s c i e n t i s t s   f i n a l l y   g r a s p   t h e   f a c t   t h a t   t h e r e  
r e a l l y  is a f a i r ly   de t e rmina te   spec t rum of r epe t i t i ve   cha ins   i n   t he   b iosys -  
t e m 3 ,   w i t h   r e l a t i v e l y   l i t t l e   s t o c h a s t i c   s i g n a l   ( a   c h a r a c t e r i s t i c   s i g n a l   t o  
n o i s e   r a t i o  is  of   the  order  of 4 t o   l ) ,   r a t h e r   t h a n   t h e  more commonly ex- 
pressed  idea of ' i n h e r e n t   b i o l o g i c a l   v a r i a b i l i t y ' ,   t h e   n e x t   q u e s t i o n   t h e y  
r a i s e  is what is the   s ign i f icance   o f   these   ' rhy thms I .  

1 The pace  for  the  emergence of  good p e r i o d i c  d a t a  is quickening. More r e -  
cent  examples are Terman and Terman (16)  on a c i rcadian   rhy thm  in   behavior ;  
Oswald  and  Merrington  on a 90 minute  rhythm  in  behavior  (17);  and  Hellman 
e t  al ,  on p e r i o d i c   c o r t i s o l   s e c r e t i o n   i n  man (18).  

I l l u s t r a t i n g   w i t h  a few examples,  the  blood  sugar is found t o   o s c i l l a t e   i n  
l e s s   t han  a minute   cycle   with 5 15 mg % ampli tude,   heat   product ion is found 
t o   v a r y   i n   t h e  body i n  a 100 second  cycle  with a two t o  one  change i n  power 
l e v e l ,   i n  some peop le   ac t iv i ty   pa t t e rns   change   d ra s t i ca l ly   w i th in  a few days 
o r  a number of weeks cycles .  

The cyc le s  are n o t   i n d i v i d u a l l y   s t a t i o n a r y ,   b u t  wander  over e s s e n t i a l l y  a 
s t a t i o n a r y   s t o c h a s t i c   d i s t r i b u t i o n .  One migh t   s ay   t ha t   t he   spec t r a l   l i nes  
are not  'monochromatic '   ( i .e.  , e x h i b i t i n g  a s ingle   f ixed   f requency) ,   bu t   in -  
s tead  'warble ' . 
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We view  these  rhythms as being a t  the   founda t ion   fo r   r egu la t ion .  Their 
up and down var ia t ion   represents   the   mechanism  by   which   the   regula t ion   of   the  
mean s ta te  t akes   p l ace .  AS a b r i e f   r e s t a t emen t   o f   t he i r   s ign i f i cance :   The re  
is  a matrix whose  columns represent   the   chemica l   mater ia l s ,   chemica l   p rocess  
cha ins ,   and   behaviora l   modal i t ies   o f   the   sys tem,   and  whose rows rep resen t   o r -  
dered time s c a l e s .  A l l  i n t e r s e c t i o n s   a r e   n o t   f i l l e d .  However, in   any  column,  
the many tempora l   l eve ls   o f   regula t ion   of   tha t  material, p rocess ,   o r   moda l i ty  
are catalogued.   In   any row, the  e lements   of  material, process ,   o r   modal i ty  
may o r  may not   be  coupled.  The coincidence  of time s c a l e s ,  where  processes 
are   not   coupled,  may be  due to   t he   u se  of similar or  comparable  physical-chem- 
i c a l   s t e p s   o r   s p a t i a l  domains , S O  tha t   the   ra te   govern ing   processes   a re  similar. 
We have   ind ica ted   tha t   the   per t inent   f requency   range  is qui te   b road ,   approx-  
imately  10  decades.  

It is essent ia l   then   to   recognize   tha t   the   sys tem  and  i ts  many cha ins   a r e  
margina l ly   uns tab le .  It is this   character   that   keeps  the  system  and i t s  in -  
te rna l   f luxes   in   in te rmi t ten t   mot ion ,   a lways   in   p rocess   o f   responding   to   the  
chang ing   i npu t s   t o   t he   sys t em,   t o   t he   v i c i s s i tudes   o f   t he   mi l i eu   wh ich   appea r  
as an  impulsive  spectrum. 

The n e t   r e s u l t a n t   o f   t h i s   i n s t a b i l i t y  and  the  chains of o rgan iza t ion  
t h a t  emerge b o t h   g e n e t i c a l l y   a n d   e p i g e n e t i c a l l y ,  are tha t   the   sys tem  locks  
n o n l i n e a r l y   i n t o   b e h a v i o r a l   m o d a l i t i e s  , perhaps  10-20  in a l l .  (E tho log i s t s  
i d e n t i f y  10, w e  count  20.   See,   for  example,   Scott   (19) .) 

A s  a coro l la ry   o f   the   sys tem  ins tab i l i ty   and  i t s  emergent  behavioral  
m o d a l i t i e s ,   r e g u l a t i o n   i n   t h e  complex system is  h ie ra rch ica l ly   o rgan ized .  The 
system  cannot  be  viewed a s  a t  an  indefini te   quiescence  f rom  which i t s  r egu la -  
t ion  emerges.  It t ru ly   has   inde termina te   ga in  a t  zero  f requency,   in   which  the 
s t e a d y  s t a t e  of ' r e s t '   h a s  many time s c a l e s .   I n s t e a d ,  i t  is  in   ove r l ay   o f  
system upon sys tem  by   which   to ta l   regula t ion   takes   p lace .   Reference   (13)  a t -  
tempted t o  make t h i s   c l e a r   w i t h   r e g a r d   t o   t h e r m o r e g u l a t i o n .  One m u s t  always 
th ink   of   sys tem's   regula t ion  as t ak ing   p l ace   aga ins t  a to ta l   scheduled   back-  
g round   o f   no rma l   ac t iv i t i e s   t ha t  make  up a s t anda rd izab le   behav io ra l   pa t t e rn  
for   the  biosystem.  (Detai led moment by moment, hour ly ,   da i ly ,   weekly ,  month- 
l y ,   y e a r l y   a c t i v i t y ,  and f i n a l l y   l i f e   p a t t e r n . )  

4 .  Hierarchica l   Regula t ion  

Let us view the   opera t ion  of the complex biosystem  via   an  analogue.  A s  
e x p l o r e r s   i n  a s t range   land ,  w e  note  complex ' f a c t o r i e s '   i n   o p e r a t i o n .  We 
d o n ' t  know the i r   l og ic ,   t he   ' pu rpose  ' of these  systems.  However, we i n f e r  
that   the   ensemble is e rgod ic .  What any  one  individual  ' factory'   does  resem- 
b l e s  what  others  do.  Each i n d i v i d u a l  seems to   repeat   epochs  of  much t h e  same 
behavior .  The ' f a c t o r i e s '   h a v e  a start  up, a l i f e ,  and a degradat ive  phase,  
and  appear   to   have  internal   loss   mechanisms.  From t h i s  we in fe r   t ha t   t he   ob -  
s e r v e d   ' f a c t o r i e s '  are sys t ems . l  This r e q u i r e s   q u a l i f i c a t i o n  by t h e   f i r s t  

Systems t o  u s ,  have  long  autonomous l i v e s ,  s t a r t  ups i n  some c r u c i b l e   o r  
f a c t o r y ,   a n d   u l t i m a t e l y   d e g r a d a t i o n   t o   f a i l u r e .  
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and  second l a w s  of  thermodynamics, i . e .  , in   the  system,  energy is n e i t h e r   c r e -  
a ted  nor   destroyed;   the  system  goes  through  an  energet ic   cycle ,   which  thus i s  
t he  minimum pe r iod   fo r  thermodynamic equi l ibr ium; as a r e su l t   o f   t he   au ton -  
omous processes an i r r eve r s ib l e   p roduc t ion   o f   en t ropy   t akes   p l ace .  

Next, we de te rmine   the   f requency   response   charac te r i s t ics ,   o f   bo th   au ton-  
omous o s c i l l a t o r y  and t r a n s i e n t  phenomena. This helps   sugges t  some of   the  de-  
t a i l e d   i n t e r n a l  mechanisms. 

Now  we a r e   r e a d y   t o   a t t a c k   t h e   l o g i c   o f   t h e   s y s t e m .   I f  we succeed,  then 
we may go on the  the  'purpose '   of   the   factory.   In   the  biosystem, we are up 
t o   t h e s e   q u e s t i o n s .  What is the   logic   behind i ts  spectra  and  subsystems? 

What we propose  to   do is ou t l ine   t he   t empora l -h i e ra rch ica l   l eve l s   t ha t   a r e  
associated  with  the  metabolic  and  automotive  process  (namely,  the  system  does 
e a t  and move a b o u t ) .  Some of t he   l eve l s   a r e   specu la t ions   based  on a number of 
obse rva t ions ,   o the r s  are based on much t igh ter   a rguments .  

0.1-0.3  second  level - de ta i l ed   mo to r   ac t iv i t i e s   can   t ake   p l ace  a t  t h i s  
s c a l e  which a re   p rog ramed  by t h e   b r a i n   ( e . g . ,  one f inds   he re   t he   h ighes t  
f requency  segments   in   motor   act ions) .   Energet ic  demands can  be  put on the   sys -  
t e m ,  and   ind iv idua l   motor   un i t s   can   pu t   for th   energy   packets   wi th in   th i s   t ime 
domain ( a t  w h a t  is cons ide red   t o   be   t he   r eac t ion  time l e v e l ) .  A f i r s t  behav- 
io ra l   r e sponse  shows i t s e l f  a t  the  highest   f requency  for   which  motor   act ivi ty  
can  be  changed i n   l o c a l   r e g i o n s .  

5-20 seconds  level  - s torage   capac i tance  of  oxygen as a blood  gas  provides 
this   magni tude  of   t ime  constant .  A t  t h i s   l e v e l ,  a f i r s t  small behav io ra l  mo- 
d a l i t y   b e g i n s   t o   a r i s e .  The body  tends   to   sh i f t  i ts  pos tu res .  (Noted i n  a 
number of manunalian s p e c i e s .   C o n t r a r i l y ,   b i r d s ,   i l l u s t r a t i v e l y   g u l l s ,   c h a n g e  
posture  more f r equen t ly  . It is sugges t ive   tha t   the   behavior  is a v i s u a l -  
neocor t i ca l   r e sponse  .) 

30-120  seconds  level - f u e l   o s c i l l a t i o n s   i n   t h e   b l o o d ,  and a cyc l ic   sup-  
p ly   o f   red   ce l l s   th rough small c a p i l l a r i e s   ( i . e . ,  2 -5  microns i n  mammals) take 
place  with  cycles   of   this   per iodic   magni tude ( 2 0 ) .  The r e d   c e l l   f l o w   i n   t h e s e  
c a p i l l a r i e s  seems to  be  independent  of  plasma  flow a t  th i s   t ime  sca le ,   a l though 
i n   a r t e r i o l e s  , which  supply many c a p i l l a r i e s ,   r e d   c e l l s  and  plasma  flow are 
propor t iona l   (un i form  hematocr i t ) .  MOS t recent ly ,   the   product ion  of   hemoglobin 
has  been shown to   be   syn thes i zed   i n   t h i s   t ime   s ca l e .   Thus ,   ove ra l l   equ i l ib r ium 
in   t he   sys t em  wi th in  100 seconds  cannot  be a s sumed ,  i . e . ,  a f u l l   c y c l e   o f  
chemical  supply  for  motor  performance  has  not  taken  place  in less time. Yet 
the  organism  can  perform a complex behavioral   task  and  leave  an  oxygen  debt  
whose repayment  follows  with a t i m e  constant   of   this   order   of   magni tude.  

400  seconds  level - t h i s  seems t o   b e   t h e   f i r s t   o v e r a l l   s y s t e m s   l e v e l .  
(An i l l u s t r a t i o n  is offered  f rom Brouha (21) and   Cos te l l  (22) .  I n   s t a r t i n g  
up a long   te rm  task   involv ing   the   en t i re  se t  of   the  body,   the  t ime  constant  
for   increased  oxygen  consumption is the   p rev ious  100 seconds.  On the   o the r  
hand ,   the   t ime  cons tan t   for   increased   hear t  rate support  is about 7 minutes.  
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Simi la r   obse rva t ions   i n  a number of   d i f fe ren t   metabol ic   sys tems  led  us t o   a p -  
p rec i a t e   t he   gene ra l   na tu re   o f   Brouha ' s  results t h a t   b l o o d   f l o w   i n   t h e   c a r d i -  
ovascular   system is n o t   t o t a l l y   m o b i l i z e d   i n  less than 7 minutes . )  It appar-  
e n t l y  arises f rom  the   in tegra t ive   response   o f   the   hypotha lamus   in   red is t r ibu-  
t i n g   t h e   s y s t e m i c   b l o o d   c i r c u l a t i o n s   t o   s a t i s f y  a hypothalamic  a lgori thm. 

M a j o r   o v e r a l l   s h i f t s   t o   ' s t r e s s '  , i . e .  , t o   o v e r a l l   c a r d i o v a s c u l a r   s u p -  
p o r t   f o r  a changed ac t iv i ty ,   t ake   p l ace   w i th   t h i s   t ime   cons t an t   ( e .g .  , s k i n  
vascular i ty ,   hypothalamic  thermoregulat ion  response) .   There  l ikely are one o r  
more hormones,   involved  with  local   organ  systems,   that   help  in   the  blood  re-  
d i s t r i b u t i o n   w i t h   t h i s   t i m e   c o n s t a n t .  However, th i s   au tonomic   l eve l  is no t  
s u f f i c i e n t   b y   i t s e l f   t o   r u n   t h e   s y s t e m .  With o n l y   t h i s   l e v e l   a v a i l a b l e ,   t h e  
system would  behave as i f  i t  were  in  a coma ( i . e . ,  i t  is n o t   s u f f i c i e n t   t h a t  
card iovascular   sys tem  and   loca l   o rgan  hormones provide   suppor t ive   fo l lower  
a c t i o n .  The sys t em ' s   t o t a l   ac t ions   a r e   no t   t he reby   r egu la t ed ) .  

20-90 minutes  level'  - because of the   l a rge   buf fer   capac i tance   p rovided  
by ca rbona te ,   t h i s  is l ike ly   the   epoch   of  CO2 equi l ibr ium  in   the   body.   Wi th in  
t h i s  time range, i t  is p o s s i b l e   t h a t  some CNS segment   tends  to   dr ive  the body 
toward   mo to r   deac t iva t ion   o r   ac t iva t ion ,   i n   wh ich   t he   sys t em  sh i f t s  i t s  a c t i o n  
v i a   ma jo r   behav io ra l   moda l i t i e s .   Spec i f i ca l ly ,  a t  t h i s   t i m e   s c a l e ,  we suggest  
t h a t  CO2 makes the  system s t i r  toward a d i f f e r e n t   a c t i v i t y .  (Twenty minutes 
o f   sus t a ined   ac t iv i ty   p robes  a t  t h e   o v e r a l l  body  commitment. It is d i f f i c u l t  
t o   concen t r a t e  on one th ing   for   longer   per iods  when i n  a w a r m ,  humid ,   o r   s t a l e  
atmosphere, as compared t o  a fresh  breezy  a tmosphere low i n  CO2 .) 

3% hours - t h e   o v e r a l l  body thermal   balance  takes   place a t  th i s   t ime 
s c a l e ,  i . e . ,  it is the  primary thermodynamic  time constant  of  the  system. 
The sys tem  requi res   an   ex tens ive   in tegra t ive   communica t iona l   ' vo te '   f rom  the  
var ious  subsystems  whether   to   pers is t   in   accept ing  the  behavioral   pat tern  of  
modal i t ies   o r   to   change   to   someth ing  new. (At th i s   t ime   cons t an t ,   t he  body 
makes a v o l i t i o n a l ,  i . e . ,  computed ,   dec i s ion   whe the r   t o   pe r s i s t   i n  a s t a t e   o r  
no t ;   whether   to   work   for   the   next   four   hours  , whether   to   t ake   an   ex tens ive  
wa lk   i n   t he   co ld ,   e t c .  It r equ i r e s  a complete body  commitment. It is specu- 
l a t i v e ,   b u t  i t  is l i k e l y   t h e   r e t i c u l a r   c o r e  - as modelled  by  Kilmer  and 
McCulloch - t h a t   a c t s  as a longer   t e rm  probabi l i s t ic   computer   for   one   o r  more 
epochs   ly ing   in   the  80-200 minute  range. As a f u r t h e r   s p e c u l a t i o n ,  i t  is 
q u i t e   p o s s i b l e   t h a t  some endocrine  chain is involved.2) 

I n   t h i s   r a n g e ,   a s   i n  many of   the  other   ranges , we a r e   f a r  from c e r t a i n  as 
t o  how  many s p e c t r a l   l i n e s   o f   i n d e p e n d e n t   c a u s a l i t y   m y   l i e   w i t h i n   t h e   s t a t e d  
bands.   Like  in   the  ear ly   days  of   e lectro-magnet ic   spectroscopy,   considerable  
e f f o r t  w i l l  be  expended in   uncover ing   the   ' f ine   l ine   spec t rum'   o f   b iospec t ros-  
copy. Thus we have  extended  the  range  to  include  the 90 minute  epoch  of REM 
which  has   recent ly   been  extended  to   waking  behavior   ( (17) ,   a lso  see  p .  79 (23) )  ; 
b u t  we c e r t a i n l y   c a n n o t   a s s e r t  i t s  c a u s a l i t y .  

Recent  data (18) s u g g e s t s   t h e   p o s s i b i l i t y   o f   c o r t i s o l .  
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24 hours  - the   c i rcadian  epoch  involves   the  automatic   making  of   large 
scale d e c i s i o n s  - with   regard   to   res t -wake ,  water ba lance ,   inges t ion .  A major 
pa t te rn ing   cyc le   o f   behavior   t akes   p lace .  The complete  cycle  of  performance 
of the  higher  nervous  command-control  system  emerges  for  the  f irst  time. Be-  
h a v i o r  i s  p a t t e r n e d   i n t o  rest ,  wake, e l imina te ,   forage ,  etc. ,  back t o   s l e e p  
and rest. Cor t icos te ro ids   and  a number of  other  hormones, as wel l  as t h e  
r e t i cu la r   co re   and   o the r  major CNS compartments are involved. 

3%-7 days - both  physiological  and  social   behavioral   rhythms  emerge, me- 
d ia ted   by  hormones wi th   l onge r   ac t ion  times. A water cyc le  exis ts ,  namely, 
we igh t   r i s e s   and   f a l l s   w i th  a rhythm i n   t h i s   r a n g e .  Such cyc l i c   changes   i n  
t o t a l  body  water   occur   via   cycl ic   imbalances  in   intake  and  excret ion.   This  
qu i te   poss ib ly   in f luences   the   food   and   soc ia l   cyc le .   (For   example ,  i t  is ap- 
p rox ima te ly   t he   r eba lance   pe r iod   r equ i r ed   fo r   r eacc l ima t i za t ion   a f t e r  t i m e  o r  
c l i m a t i c   z o n e   s h i f t s .  One may suspec t   tha t   these   readjus tments   involve  a w a -  
t e r  escapement.) The s o c i a l  week,  with i t s  complex behav io ra l   rhy thm,   f i t s  
phys io logica l   cues .  (Would men, f r e e  roaming i n   t h e   f i e l d   o r   w i t h i n  a loose ly  
coupled   democra t ic   soc ie ty ,   accept   very   r ig id   da i ly   schedules   wi thout   weekly  
o r   l o n g e r   v a r i a t i o n ? )  

20-60 days  behavioral  rhythms - we b e l i e v e   t h a t  a case   ex i s t s ,   c en te red  
on the  menstrual  cycle  cue,   for  major  behavioral   rhythms a t  t h i s   s c a l e .  Anx- 
i e t y - e u p h o r i a ,   i n t e l l e c t u a l ,   s e x u a l ,   ' c r e a t i v e ' ,   ' l e a r n i n g '  phenomena, i t  is 
proposed,  possess  such  periodic  epochs.   (Taking on a t o t a l   ' p o s t u r a l '   f r a m e  
of CNS re fe rence  - such as i n t e n s e   g r i e f ,   h i g h   e x c i t e m e n t ,   i n t e n s e   a c t i v i t y  
preoccupation, a complete  change  of  pace  of a vaca t ion  - can  only  be  held  for  
t ime  scales   of   this   magni tude.)  

1 year  rhythms - t he   s easona l   cues   d r ive   t he  complex a n i m l ,  from r i g i d  
seasona l  movements in   b i rds   and   f i sh   to   smoother   ones   in  mammals. One can 
suspec t   t ha t   t he  mammal, such as the   h igher   p r imate ,  who e x i s t s   i n  a one c l i -  
mate  environment - whether   ho t   o r   co ld  - does  not show much c o l o r   i n   h i s   b e -  
h a v i o r a l   p a t t e r n i n g .  H i s  c r e a t i v i t y  is  more l imi ted ;   h i s   depths   and   he ights  - 
of   agg res s ion ;   o f   s ex   ac t iv i ty ;   o f   r ang ing   pa t t e rns ,   e t c . ,  .seem t o   b e   l e s s .  

5-20 years  - t h e   l i f e   e p o c h ,   t h e   b e h a v i o r a l   f o c i   o f   l i f e .  Men e x h i b i t  
s u c h   t i m e   s c a l e s   i n   t h e i r   b e h a v i o r a l   p a t t e r n s .  

Metabol ic   regula t ion   takes   p lace   wi th   regard   to  a l l  o f   t hese   l eve l s .  
However, t h e   f i r s t   i n t e g r a t i v e   l e v e l   f o r   m e t a b o l i s m  is of   the   o rder   o f  400 
seconds.  

5 .  Applying  the  Concept   of   Hierarchical   Regulat ion 

It may he lp   c l a r i fy   t he   concep t   o f  a h i e ra rchy  among t h e   o v e r a l l   p a t t e r n s  
o f   b e h a v i o r a l   r e g u l a t i o n   b y   f u r t h e r   i l l u s t r a t i o n .  

Can we p r e s c r i b e   a n   ' a v e r a g e '   a c t i v i t y   f o r  a person  which w i l l  resemble 
the  average  behavior   of  a human being? It w i l l  ne i the r   be  rest nor   h igh  
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a c t i v i t y .   T h e r e  are many body p o s t u r e s   p o s s i b l e  - r e s t ,   e a t i n g ,   m o t o r   a c t i v i t y ,  
e t c .  We see t h e s e  as phys ica l ly   ca s t   a tomis t i c   f r agmen t s   o f   t he   behav io ra l  . 
moda l i t i e s .  However, the time averaged  metabolism  over some such  moderate  be- 
h a v i o r a l   a c t i v i t y   p a t t e r n s   s u s t a i n e d   o v e r  a few such time cons tan t s  ( i . e . ,  ap- 
proximately 2 0  minutes   or   longer)  is not   very  dissimilar from  the  time  averaged 
me tabo l i sm  ove r   an   en t i r e   day ,   an   en t i r e   wea the r   s eason ,   o r  a 2 0  year  epoch. 
Thus we can  conceive  of a sys tems  descr ip t ion   of  time averaged  metabolism  over 
such 400 o r  more seconds  epochs.   This  measure,   taken  for tome s t anda rd ized  
motor ac t iv i ty ,   could   be   regarded  as an  e lementary  'normal '   metabol ism,   ra ther  
than a 'basal '   metabolism. 

However, l e t  US not  look a t  the  problem as the  determinat ion  of   such  an 
ave rage   o r   cha rac t e r i s t i c   me tabo l i c   even t .  We want   ins tead   to  know what is a 
dynamic p h y s i o l o g i c a l   ' s t e a d y   s t a t e '   i n  which  the  regulatory  funct ions of i n -  
t e r e s t   (he re   me tabo l i c ,   t he rmoregu la to ry ,   ac t iv i ty ,   and   behav io ra l )   a r e  im-  
p l i e d ,  i . e . ,  what is i t  tha t   desc r ibes   t he   sys t em moving t o   e a t  so  t h a t  i t  can 
con t inue   t o  move t o  eat .  Such a s t a t e  w i l l  be   pat terned  rhythmical ly   around 
the  average  metabolism. 

Such regula t ion   does   no t   t ake   p lace  a t  one l e v e l ,   n o r  is i t  r i g i d .  A s  
homeokinesis, i t  is a comfortable   threading  of  a l l  t he  human ( o r  mammalian) 
hungers  by small i n t e g r a l  numbers per   re levant   epoch ,  s o  t h a t  a l l  systems  are  
k e p t   n e a r   t h e i r   r e g u l a t e d   s t a t e .  This requi res   cha ins   wi th   bo th   in te rna l   and  
e x t e r n a l   l i n k s  , even   for   the   apparent ly   'pure '   phys io logica l   ones .  

Thus t h e r e   a r e  many normal   phys io logica l   pa t te rns .  A l l  we  can  do  for  
t e s t   p u r p o s e s ,   i f  we want t o   cha rac t e r i ze   t he   sys t em ' s   e rgod ic   cha rac t e r ,  is 
t o  choose  an a r t i f i c i a l  one that  samples a l l  of  the  hungers.  

Let us a r r i v e  a t  i t  by a personal ized  dialogue:  Will you  be someone's 
body s l a v e ?  More p a l a t a b l y ,  w i l l  you (as  employee)  be someone e l s e ' s   ( a s  em- 
ployer)  body s l a v e ?  The answer would  seem yes , f o r  a few minutes   or  a 5 hour 
experiment. It would appear   to   be more dubious  €or a r i g i d  8 hour,  24 hour,  
o r  30 day  experiment. 

For   each   increas ing   sca le  of time,  the  employer m u s t  permit more accomo-  
dat ive  schedules .   For   example,  up t o   f i v e   h o u r s  , he  can  request a near ly   pure  
s i n g l e   a c t i v i t y .   ( L i e   q u i e t l y  on a bed, s i t  q u i e t l y   i n  a comfor t ab le   s ea t ,  
e x e r c i s e   s t e a d i l y  a t  modera te   ra te ,  ea t  s l o w l y   b u t   s t e a d i l y ,   e n t e r   i n t o  a S U S -  

tained  argument,   look a t  p i c t u r e s  .) For 8 hours , t h e   s u b j e c t  would want a 
food  break  and  an  e l iminat ion  break.   For  2 4  hours , the   subject   might  request 
rest-wake, a f e w  food breaks , one o r  more e l imina t ion   breaks  , a number of  no 
a t t e n t i o n   ( i . e .  , r e l axa t ion )   b reaks  , and a few b r e a k s   f o r   i n t e r p e r s o n a l   a t t e n -  
t i ons .   Fo r  two  weeks , t h e   s u b j e c t  would  want these  and a few more, to   be  
a v a i l a b l e  on a r e p e t i t i v e ,   n e a r   c i r c a d i a n  ra te .  However, he may be   w i l l i ng  
( b a r e l y )   t o   a c c e p t  them as a very  r igid  rout ine.   For   30  days,   he  is no longer 
w i l l i n g   t o   a c c e p t   t h e s e   s c h e d u l e s  as a r i g i d   d a i l y   r o u t i n e .  Yet a t  the  time 
sca l e   o f  a month,   by  introducing a few p e r i o d s   ( a t   l e a s t   h o u r s  , perhaps  days) 
of more pat terned  threading  of   modal i t ies ,  a ' no rma l '   l i f e  is f e a s i b l e .  
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We have  proposed  the l i s t  i n   t h e   p r e v i o u s   s e c t i o n  as necessary   modal i t ies  
i n   t h e  human. We w i l l  n o t  assert their   independence  ( they are c e r t a i n l y   n o t  
'normal modes ' i n   t h e   p h y s i c a l   s e n s e )  , nor t h e i r   c e r t a i n t y ,   n o r   t h e i r   u n i q u e -  
n e s s .  Y e t ,  i n t u i t i v e l y ,   e v e n   a f t e r  comparing  with  others  which we have  sub- 
sequent ly   found,  w e  s t i l l  b e l i e v e   t h a t   t h e  l i s t  fu rn i shes   nea r ly  an upper 
bound t o   t h e  number of sa l ien t  mammalian moda l i t i e s .  A more un ique   i den t i f i -  
ca t ion   o f   moda l i t i e s  may take a f u l l   g e n e r a t i o n   t o   s t u d y .  

Thus an   employer   does   in   fac t  t i e  a n  employee up f o r   y e a r s ;   t h e   e n t r e -  
preneur is  in f a c t   a l s o   t i e d   b y   h i s   b o s s  , the  customer,  up for   years .   Loose ly  
s p e a k i n g ,   i n   t h a t  time s c a l e ,  a man is w i l l i n g   t o   p a t t e r n   h i s   l i f e   a l m o s t  on 
a r ig id   yea r ly   s chedu le   w i th  a minimum amount o f   va r i a t ion   ( e .g .  , comparable 
t o   t h e  4 t o  1 s i g n a l   t o   n o i s e   r a t i o   r e f e r e n c e d   b e f o r e . )  

Whether i nca rce ra t ion   can   dea l   w i th  man or  animals  on more r ig id   schedules  
needs   cons iderable   looking   in to .   Labora tory   an imals   a re   qu i te   d i f fe ren t   f rom 
wi ld   an imals ;   they   requi re  a large  measure  of  support  of f u n c t i o n   f o r   t h e i r  
maintenance;   and  their   schedule  is l ess   r ig id   than   might   appear .  

With  one f u r t h e r   i l l u s t r a t i o n ,  we c a n   a t t e m p t   t o   b r i n g   t h e   h i e r a r c h i c a l  
na ture   o f   behaviora l   regula t ion   even  more c l e a r l y   i n t o   f o c u s .  The s u b j e c t   i n  
t h i s   c a s e  w i l l  be how the   thermoregula t ion   of   an   ind iv idua l  is achieved  through 
h i s   b e h a v i o r   a n d   i n   h i s   b r a n c h i n g   c h o i c e s   i n   l i f e .  

A t  t he  10 H z .  l e v e l  , h i s   i nd iv idua l   musc le   f i be r s  and nerve  f ibers   can  be 
used for   very  f ragmentary  act ions.   (For   example,   he  may play a mus ica l   i n s t ru -  
ment. I f   mus ica l ly   competent ,   he   can   s tep   the  tempo up t o   p l a y   n e a r l y  10 notes  
per   second,   involving  individual   motor   act ions ( 2 4 )  .) 

However, his   blood  fol lower  system m u s t  power t h i s   a c t i v i t y .  Thus a com- 
plex of metabolic  blood  followers w i l l  be  found  cycling away a t  the  30-120 
seconds  level   to   provide  fuel ,   oxygen,   and  the hormone d r i v e   t o   s u s t a i n   t h a t  
a c t i v i t y .  As e v i d e n c e   f o r   t h i s ,   i f   h e   s t o p s   t h e   a c t i v i t y ,  a metabol ic   dec l ine  
can  be shown with  about a 100 seconds  t ime  constant .   Al ternately  he  can  (and 
o f t e n   d o e s )   c o n d u c t   h i s   s y s t e m   t o   n e a r l y   a n y   a l l - o u t   a c t i v i t y   f o r  a few minutes.  
(Almost  anyone  can  be  trapped to   run  around a gym; s w i m  two l a p s  , e tc .   under  
ordinary  circumstances.)   Heat  pulsing  from  the body can  be  found a t  th i s   t ime 
s c a l e .  

However, i f  o n e   w i s h e s   t o   s u s t a i n   h i s  new a c t i v i t y   p a t t e r n ,   h e  can  no 
longer   do   th i s  on a n e r o b i c   s t o r a g e .  The power conversion must  be   ae rob ic .  
(For men, t h i s   l i k e l y   r e p r e s e n t s   a n  oxygen  consumption  of  less  than 3 1.p.m.) 
The body fol lower  system mus t  d rag   t he   suppor t ing   ca rd iovascu la r   sys t em  a long .  
It i s  here  where  the  hypothalamus comes i n ,  p a r t i c u l a r l y  i ts  thermoregulatory 
r e s  pons e .  

It is our   bes t   hypothes is   tha t   the   hypotha lamic   a lgor i thm  involves   pu t t ing  
t h e   ' f i r e s '   o f   t e m p e r a t u r e   o u t .  We b e l i e v e   t h a t   t h e r e  is a b lood   d iv i s ion  
among t h e   p e r i p h e r a l   s y s t e m i c   c i r c u l a t i o n s   t o   i n c r e a s e   t h e   f l o w   t o   r e d u c e   t h e  
loca l   t empera ture .  Thus demands put   on   sys tem - the   sk in   hea t   exchanger ,   the  
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G I  t r a c t ,   t h e   k i d n e y ,   e t c .  - r e s u l t  i n   an   i nc reased   f l ow  to   t ha t   zone .  It is 
a zonal   control   of   blood  f low.  We find  evidence  for  the  seven  minute  tempera- 
t u r e  cycle  from  Benzinger 's   hypothalamic  measurements  (25);   from  Brouha's  heart  
rate r i s e   w i t h   a c t i v i t y   ( 2 1 ) ;   f r o m   C o s t e l l ' s   r e p o r t   o f   r i s e   i n   h e a r t  rate f o r  
long  distance  running  (22) ; from  the time cons tan t   fo r   poo l ing  of f l u i d s  a t  
the  extremit ies ;   f rom  temperature   changes  seen  in   whole body thermography. We 
f i n d ,  upon examining  FUSCO'S  data  (26) , t h a t  i t  is this   thermoregulatory re- 
sponse  which is a b o l i s h e d   f o r  weeks with  hypothalamic  les ions.  

It is t h i s   l e v e l   t h a t  w e  b e l i e v e  is con t ro l l ed  by  nervous  act ion a t  t he  
l e v e l   o f   a r t e r i o l a r   s p h i n c t e r s ,   o r   t h e   m u s c l e s   r e g u l a t i n g  small vesse l   f low.  
A s  sus t a ined  body demand changes , t he re  is a cycl ing  through  the body  zones , 
with  whatever   system  having  the  major   duty  get t ing  an augmented  blood supp ly ,  
c o n t r o l l e d   b y   a r t e r i o l e s   a c t u a t e d  from the  hypothalamic  level .  

This is what  keeps  the  individual  thermoregulated a t  t he  7 minutes   level .  
Namely, the  hypothalamus  has  arranged a b lood   subdiv is ion  commensurate wi th  
power and  oxygen demand and i t s  cent ra l   regula ted   t empera ture .  

Will t h e   i n d i v i d u a l   p e r s i s t   i n   t h i s   t a s k ?  No, he may get   bored  in   20 
minutes.  1 Here t h e r e  i s  a 'vo te '   f rom  the  body as a whole , l ike ly   weighted  
heavi ly   by  the C02 and pH s t a tus  of the  body, as the   r e su l t an t   appea r s  a t  a 
coord ina t ing   ' cen ter ' ,   which   repor t s   the  r e su l t  t o   t h e   r e t i c u l a r   f o r m a t i o n .  
Our scheme is , of  course , somewhat h y p o t h e t i c a l ,   b u t  i t  has   been  adapted  to  
f i t  a near  20  minute C02 t ime  constant  . 

I f   t h e   i n d i v i d u a l  works i n  a C02 l a d e n ,   s t a l e  , w a r m ,  humid atmosphere,  he 
ge ts   s leepy   and   bored .   I f  a speaker  is not   co lor fu l   and   doesn ' t  know  how t o  
s t i r  t h e   l i s t e n e r ' s   i n t e r n a l   f a s t e r   h o r m o n e s ,   t h e   l i s t e n e r ' s   a t t e n t i o n   d e p a r t s  
( t yp ica l ly ,   t he   speake r   can   u se   adven tu re ,   dange r ,   o r   s ex   i n   h i s   t a lk ,   bu t   no t  
t ons   o f   da t a ,   abs t r ac t   equa t ions ,   o r   t oo  many ideas) .   Converse ly ,   f resh  a i r ,  
a change i n   p a c e   o r   a c t i v i t y  w i l l  change  his  s t a t u s .  

Thus in tegra t ing   the   response  of the   var ious   sys tems  tha t   repor t   to   the  
r e t i c u l a r   c o r e ,  a ' v o t e '  is t a k e n   t o   c o n t i n u e   t h e   p a r t i c u l a r   s t a t e   o f   a t t e n t i o n  
o r  change   t he   ac t iv i ty   l eve l .  One of t h e   s i g n a l s   t h a t  is p r e s s i n g  is the tem- 
pe ra tu re   r egu la t ing   r e sponse .   Af t e r   t he  7 minutes   response,   the   individual ' s  
ex t remi t ies   go  down in  temperature  , i f  i t  is co ld .  The sys t ems   ca s t   t he i r  
v o t e   w h e t h e r   t o   p e r s i s t   i n   t h e   a c t i v i t y   o r   n o t .   ( I t  is such  an  explanat ion,   de-  
p i c t ed  as a p r o b a b i l i s t i c  command-control  computer,  which  Kilmer  and McCulloch 
have  been  attempting t o  model i n   t h e   r e t i c u l a r   c o r e . )  It is only  then  the 
ex t r emi t i e s   t ha t   migh t   be   s igna l ing   d i scomfor t .  Yet the  person  can make the 
o v e r r i d i n g   d e c i s i o n   f o r   h i s  body to   con t inue   o r   t o   change   t he   ac t iv i ty .  

As we s t a t e d   b e f o r e ,  we cannot   dis t inguish,   except   loosely,   between a QOS- 

s i b l e  20  minute CO2 epoch  and a 90 minute  waking  equivalent   to  REM. Both 
seem t o   a r i s e  from  coupling a t  the   l eve l   o f   h ighe r   ne rvous   ac t iv i ty .  
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The body a lgo r i thm is r u t h l e s s .   I f  you  want t o  pers is t ,  i t  s a y s ,  you may, 
b u t  i t  w i l l  no  longer  waste the   hea t   (Algor i thm:   i f  a region is w a r m  - g ive  
it blood, i f  i t ' s  cold - t ake  i t  away). The p e r i p h e r a l   c i r c u l a t i o n   t o   t h e   e x -  
tremities b e g i n   t o   s h u t   o f f .  The l a rge  body fo l lower   begins   to  make l a rge  
thermal  adjustments.   Behind i t  s tands   the   overa l l   chemica l   ba lance  i n  which 
the  CO2 and pH system and its r e l a t e d  hormones l ikely  dominate .  

The internal   systems  of   the  person are thus   capable   o f   vo t ing   loca l ly ,   i . e . ,  
major body zones  push up t h e i r   s a t i s f a c t i o n - d i s c o m f o r t   l e v e l  a t  h i g h e r   c e n t e r s ,  
and a vote  is t a k e n   t o   p e r s i s t   o r   d e s i s t .  

Now f o r  a more in tegra t ive   l eve l .   Cons ider   under tak ing  a time consuming 
t a sk   such  as a 3-4  hour   walk   in   the   cool  damp woods. 

Note a t  t h i s   l e v e l   t h e r e  is a l r e a d y  a near  conscious  vote  involving a l l  
of  the  systems  and  the memory, making  use  of  remembrances  of  things  past. 
There is an   es t imate   o f   the   l eve l   o f   phys ica l   d i scomfor t ,   the   poss ib le   l eve l  
of  joy  and  satisfaction.  (Choosing  depends on t r a d e - o f f s  of  goods  and e v i l s . )  
The t ime  constant   here  is a fu l l   thermal   t ime  cons tan t  of the  ent i re   body.  It 
is a l so ,   i nc iden ta l ly ,   t he   app rox ima te   r e l axa t ion   t ime   cons t an t   fo r  food s a t i -  
e t y .  

I f   t he   pe r son  commits h imse l f   t o   such   l ong   t e rm  ac t ions   t he   en t i r e  body 
thermal   equi l ibr ium w i l l  s h i f t .   W i t h i n  limits the  system is capable of  read- 
justment   of   the   heat   exchange  blood  f low  that  w i l l  keep i ts  hypothalamus tem- 
pera ture   regula ted   (no t   cont ro l led  - Benzinger 's  data (25)  show there  can  be 
a near  l 0 C  s h i f t  in l eve l ) .   The re  is a coro l la ry   regula t ion   curve   for   metab-  
o1ism.l  There is a range  of   environment   and  sustained  act ivi ty   over   which  the 
body  can  perform. It is a wide  range , b u t   n o t   i n f i n i t e .  

Of course ,   the  human has  augmentors , extensions , such as c l o t h i n g .  How- 
eve r ,   nea r ly   nude ,   he   can   t o l e ra t e  0 t o  4OoC by a c t i v i t y   r e g u l a t i o n .  

In   longer   t e rm,   the   person   cannot   sus ta in   the   ac t iv i ty .   Day-n ight   en te rs .  
H i s  r e t i c u l a r   c o r e   f i n a l l y   v o t e s  and t e l l s  him t o   t u r n   o f f   t h e   l i g h t .  He s l e e p s .  

With r ega rd   t o  a c i rcadian   tempera ture   cyc le   (13) ,  i t  is not   c lear   whether  
t he re  is an autonomous  thermal  cycle  independent  of  an  activity  cycle.  We 
b e l i e v e   t h e r e  may e x i s t  a res t -wake-ac t iv i ty   cyc le   ( food   forag ing ,   e tc . )   and  
that   temperature   changes  are   concomitant   with  the  act ivi ty   changes.  However 
t h e r e   a r e   s t u d i e s   t o   c o n t r a d i c t   t h i s   b e l i e f  ( 2 8 ) .  

It c o s t s  more to   per form a g iven   t a sk  a t  extremes of cold  and w a r m .  When 
the body is wel l   soaked a t  a given  temperature   (e .g .  , 3-4  hours)  , the   average  
metabolism  has  been shown t o   b e  a broad  U-shaped, somewhat poor ly   regula ted  
function  of  ambient  temperature a t  a g i v e n   a c t i v i t y   l e v e l   ( 1 3 ) .  A similar 
r e s u l t  is found  with  the body immersed i n   w a t e r  ( 2 7 ) .  
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Note tha t   the   exper imenta l   s i tua t ion   of   c lamping  a pe r son   i n  a f ixed  mo- 
d a l i t y ;   o r   a c t u a l l y   i n  a pa t te rn   involv ing   very   min imal   modal i t ies  is almost 
an   imposs ib le   t ask   to   per form.  This is t h e   e s s e n t i a l  meaning  of  the  statement 
tha t   the   sys tem  has   inde termina te   ga in  a t  zero   f requency   ( i . e .  , a t  frequencies  
smaller than 1 cyc le   pe r  12 hour s   o r  1 cyc le   pe r  2 4  h o u r s ) .  The problem is 
even more aggravated  with  sensory  deprivat ion,  as more moda l i t i e s  are excluded. 
(Namely, t h e r e  is doubt  whether a to ta l   sensory   depr iva t ion   exper iment   could  
be  conducted  for  2 4  hours .) 

Thus  i t  can   be   suspec ted   tha t   t empera ture   regula t ion  a t  the 24 hour   l eve l  
may be a concomi tan t   o f   the   res t -wake   pa t te rn   o f   l i fe .  A t e s t  o f   the   t ru th   o r  
f a l s i t y  o f   t h i s   a s s e r t i o n  m u s t  be   the   subjec t   o f   carefu l ly   des igned   exper i -  
m e n t a l   v e r i f i c a t i o n .  

A t  t he   nex t   l eve l ,   wh i l e   t he re  is a s t r o n g   s o c i a l   b a s i s   f o r   w e e k l y   p a t t e r n s  
(e  .g.  , the  Thank  Goodness I t ' s  -Friday  syndrome) , a s t r o n g  3% day water cyc le  
i n  humans and in  guinea  pigs  can  be  found. The data ava i lab le   have   no t  com- 
p le te ly   d ivorced   the   cyc le   f rom  the   soc ia l   week .   Never the less ,   they  are sug- 
g e s t i v e   t h a t   t h e   t i m e   c o n s t a n t  for  wa te r  i s  of t he   o rde r  of 3% days,   and  that  
the  food  cycle   entwines  that   water   cycle .  There is r e a s o n   t o   b e l i e v e   t h a t   a c -  
c l ima t i za t ion ,   s ay   unde r  movement from  one  time  zone to   another ,   f rom one  tem- 
pe ra tu re  zone t o   a n o t h e r ,  from  one a l t i t u d e   t o   a n o t h e r ,  from  one  heavy a c t i v i t y  
p a t t e r n   t o   a n o t h e r ,   h a s  a t ime  constant   of   this   magni tude (3-5 days)  and  that  
i t  is assoc ia t ed   w i th   t he  water balance.  Thus water and  long term metabolism 
are ce r t a in ly   coup led   i n  one d i r e c t i o n ,  and  possibly  have  near ly   symmetr ic   co-  
e f f i c i e n t s ,   c o u p l i n g  them t h e   o t h e r  way.  Thus the  longer term thermoregulation 
is poss ib ly   t i ed   t o   t h i s   wa te r -me tabo l i sm-ac t iv i ty   cyc le .  

Now we en te r   t he   nea r   pu re ly   behav io ra l   r ange   o f  2 0 - 6 0  days .   In   th i s  
domain ,   t he   cha ins   ce r t a in ly   have   ex te rna l   l i nks .   ( In   f ac t ,  we c o n s i d e r   t h a t  
the   d i s t inc t ion   be tween  psychologica l ,  as opposed t o   p h y s i o l o g i c a l   b e h a v i o r ,  
should  be made on  the  basis   of  how s t rongly   the   cha ins   o f   causa l i ty   depend on 
e x t e r n a l   l i n k s   t h a t  are d i r e c t l y   i n   t h e   c h a i n ,   r a t h e r   t h a n  a t  boundaries . )  A 
ma jo r   po la r i za t ion   fo r  a male is a f fo rded  by a wife ' s   (or   involved   female ' s )  
autonomous menstrual  rhythm.  Beach ( 2 9 )  points  out  both  female humans ' and 
ra t s '   ac t iv i ty   l eve ls   vary   over   the   mens t rua l   cyc le .   (Also   see   Hafez   (19)  .) 

However , it  i s  l i ke ly   t ha t   t he   f ema le   i n f luences   t he   b rood   w i th in   he r  
sphere - husband , boyf r i end ,  and c h i l d r e n .  Thus a subt le   emotional   cuing 
ex i s t s .   Th i s   t ends   t o   en t r a in   o the r   emot iona l   de r ived  phenomena. 

On the   o ther   hand ,  we be l i eve  , with  most ly   behavioral   evidence s o  f a r ,  
t h a t   t h e r e   a r e  autonomous emot iona l ,   i n t e l l ec tua l ,   s exua l ,   anx ie ty -euphor i a ,  
and o ther   rhy thms  vaguely   in   th i s   t ime  domain ,   tha t   involve   def in i te   in te rna l ,  
mainly  biochemical  chains.  However, t h e y   h a v e   s t r o n g   e x t e r n a l   l i n k s ,   i . e .  , i t  
is a t ime  cons tan t   o f   the   o rder   necessary   to   have  a good v a c a t i o n ,   g e t   a n  i m -  
po r t an t   i dea ,  work up courage   to   ge t   marr ied  , o r   t o   g e t   d r u n k ,   t o   g e t  a new job ,  
t o  become ve ry   anx ious ,   o r   euphor i c ,   e t c .  A l l  of t h e s e   ' v o l i t i o n a l '   p a t t e r n s  
lead t o   v e r y   d e f i n i t e   p h y s i c a l - p h y s i o l o g i c a l   i n v o l v e m e n t .   I n   s o c i a l   l i f e ,   t h e  
female 's   menstrual  period s i t s  t h e r e  as a gent le   s igna l   rocking   the   sys tem's  
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f requency  response.   Temperature   regulat ion  in   this  domain is more s u b t l e .  It 
is t he   fo l lower   pa t t e rn   on   t he   ac t iv i ty   pa t t e rns   o f  a b u s y   l i f e .  

S ince   tha t   t empora l   l eve l  may have seemed a l i t t l e  obscure  (for  tempera- 
t u r e ,  no t   fo r   l i v ing )   t he   nex t   one  may be more c l e a r .  We come t o   t h e   s e a s o n a l  
cue.  

The human chooses a thermal  environment  he  can make out  i n .  (One may 
not   overlook  his   c lothing  and  his   environmental   thermal   condi t ioning.)  On 
e a r t h ,  man responds - i f   h e  is temperate  zone  adapted  (or  even  if   he is n o t )  - 
t o  work ou t  a seasonal  roaming. He  may go   sou th   i n   t he   w in te r ,   and   no r th   i n  
summer . 

While   the  react ion may be   i n t en t iona l ly   exagge ra t ed   fo r   t he   a f f luen t   hu -  
man, i t  is c l e a r   t h a t  many spec ie s   adap t   t o   t he  warm-cold  of seasonal  changes 
i n  a grea t   var ie ty   o f   ways .   Bi rds   migra te ,  many mamals change t h e i r   i n s u l a -  
t i o n .  Many primates  change  their   environment  winter  and summer. The complex 
human t ends   t o   con t ro l   bo th   h i s   l ocomot ion   s t a t e ,   h i s   l oca l   l i v ing  m i l i e u ,  and 
h i s   l o c a t i o n .   T h u s ,   i n   c i v i l i z e d   s o c i e t y ,   h e   s i m p l y  shows an  even more complex 
reac t   ion  p a t  t e r n .  

However, b a s i c a l l y ,   t h e  human works ou t   mo to r   pa t t e rns   t ha t   ho ld   h i s  
thermoregulat ing  s ignal   within  bounds.  He does  not  conduct  himself  with  heavy 
ac t iv i ty   i n   ve ry   ho t   c l ima tes ,   no r   does   he   ove rexpose   h imse l f   i n   ve ry   co ld  
c l i m a t e s .  A t  nea r  OOC w i t h   l i t t l e   c l o t h e s ,  he  has  to  have a ve ry   ac t ive   k ind  
o f   da i ly   and   s easona l   pa t t e rn .  

Beyond l ies a s low  adapt ion .  We sugges t   t ha t   t he  mammals (suppose  them 
t o   b e   d r i v e n  by  changing  weather  cues,  such as a c o l d   s e a s o n   t o   s e a s o n   s p e l l ,  
o r  a w a r m  one ,   o r  a dry   one ,   e tc . )   begin   to   explore   the   eco logica l   envi ron-  
men t ,   d r i f t i ng   s lowly   i n  i t ,  i n   s ea rch - seek   pa t t e rns  which  have a s t r o n g  thermo 
regulatory  cue.   This  is a t  the   seasonal   o r   longer   l eve l .  Animals  change t h e i r  
roaming  habits  over  years , not   necessar i ly   over   days .   This  seems t o   b e   t h e  
record  read  f rom  the  archeological   evidence  of  past  i ce   ages   ( e .g . ,   i n   t he  
wandering  of mammalian species   over   Europe) .  

Thus the  thermoregulatory homeotherm  does  not  achieve  his  regulation by 
one   leve l   ou t   o f  a h i e r a r c h y   ( e . g .  , hypothalamic  regulat ion)   but   by  overlay of 
l e v e l  upon leve 1. 

While s o   f a r  we have   d i scussed   t h i s   fo r   on ly  one s igna l ,   wi th   the   t emper-  
a tu re  s igna l   i n   t he   fo reg round ,   t he  ideas and  modeling  are t r u e  f o r  a l l  o t h e r  
e s s e n t i a l   f l u x e s  - f o r   l i g h t ,   f o o d ,   s e x ,   e t c .  

In   such  fashion,  we have   a t tempted   to   i l lumina te   h ie rarch ica l   homeokine t ic  
r e g u l a t i o n   w i t h  i ts  s t rong   behav io ra l   ove r tones .  
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IV .  SUMMARY OF SOME OF THE ABSTRACT PRINCIPLES FOR A BIOSYSTEMS  SCIENCE 

A s  a summary o f   t h i s   i n t r o d u c t o r y   s e c t i o n ,  we may b r i e f ly   r ev iew  the  
pr inc ip les   thus   fa r   p roposed  as fundamental   to a biosys tems s c i e n c e .  

1. Homeokinesis - a description  of  biosystems  dynamics.  - A r e a l i z a t i o n  
of  Cannon's  principle of homeostasis  encompassed i n   t h e   r e c o g n i t i o n   t h a t  a l l  
i n t e rna l   sys t ems   i n   t he   b io log ica l   sys t em  cons i s t   o f  l i m i t  c y c l e   o s c i l l a t o r s ,  
and tha t   the   sys tem is governed   bo th   chemica l ly   and   e lec t r ica l ly   be   media t ing  
t h e   s t a b i l i t y   o f   t h e s e   o s c i l l a t o r s .  

2 .  S p a t i a l  and temporal  biospectroscopy. - There i s  a matr ix  whose co l -  
umns represent   the   chemica l   mater ia l s  of the  l iving  system,  the  chemical   proc-  
ess   cha ins  of the   l iv ing   sys tem,  and the   behaviora l   modal i t ies  of the  system; 
and  whose rows represent   o rdered  t i m e  scales (As i l l u s t r a t i o n ,  see t h e   f i g u r e ) .  
Not a l l  i n t e r s e c t i o n s   a r e   f i l l e d .  However, in   any  column ( e . g . ,  one labeled 
w a t e r ,   o r  pH, o r   i nges t ion ) ,   t he  many tempora l   l eve ls   o f   regula t ion  of  t h a t  
ma te r i a l ,   p rocess  , or   modal i ty   a re   ca tegor ized .   In   any  row, the  elements may 
o r  may not  be  coupled. The coincidence  of  t ime  scales , where  processes  are 
not  coupled, may be  due  to  the  use  of similar or  comparable  physical-chemical 
s t eps   o r   spa t i a l   domains ,   so   t ha t   t he   r a t e   gove rn ing   p rocesses   a r e  similar.  

3 .  System i n s t a b i l i t y .  - The cha rac t e r i s t i c   p rope r ty   o f   t he   sys t em and 
its many causal   chains  is i t s  m a r g i n a l   i n s t a b i l i t y .  It is t h i s   c h a r a c t e r   t h a t  
keeps  the  system and i t s  f luxes   i n   i n t e rmi t t en t   mo t ion ,   a lways   capab le   o r   r e -  
sponding   to   the   changing   v ic i ss i tudes  of t h e   m i l i e u .  

4 .  Behaviora l   modal i t ies .  - The n e t   r e s u l t a n t   o f   t h i s   i n s t a b i l i t y  and  of 
the  chains  of o r g a n i z a t i o n ,   t h a t  emerges b o t h   g e n e t i c a l l y  and e p i g e n e t i c a l l y ,  
is tha t   the   sys tem  locks   in to   behaviora l   modal i t ies ,   perhaps  10-20 i n  a l l .  

5.  H i e r a r c h i c a l   r e g u l a t i o n .  - As a c o r o l l a r y  of t h e   i n s t a b i l i t y  of the 
system and i t s  emergent   behaviora l   modal i t ies ,   regula t ion   in   the  complex sys -  
tem is  many-leveled. It is not   the  case  that   the   system  can  be viewed as a t  
an  indefini te   quiescence  f rom  which  the  regulatory  system  or   systems  emerge.  
The system  has   indeterminate   gain a t  zero  f requency.   Instead,  i t  is  an 
overlay  of  system upon sys tem  by   which   the   to ta l   regula t ion   takes   p lace .  The 
previous   sec t ion   a t tempted   to  make th i s   c l ea r   w i th   r ega rd   t o   t he rmoregu la t ion .  
One m u s t  always  think of sys t ems '   r egu la t ion  as t ak ing   p l ace   aga ins t  a t o t a l  
scheduled  background  of  the  normal  activit ies  that  make up a s t anda rd izab le  
behav io ra l   pa t t e rn   fo r   t he   b iosys t em.   (De ta i l ed  moment by moment a c t i v i t y ,  
hour ly ,   da i ly ,   week ly ,   mon th ly ,   yea r ly ,   and   f i na l ly   l i f e   pa t t e rn . )  

In   o rde r   t o   p robe  a t  these   major   theses ,   the   a rgument   tha t  had been  here- 
tofore  conducted was t o   s u s t a i n  a broad  discussion  of  a l l  of   the  system  chains ,  
eve r   s eek ing   pe r t inen t   expe r imen ta l   da t a>bu t   t o   pu r sue   t he   expos i t i on  of a few 
spec i f ic   cha ins   ( see ,   for   example ,  (30) f o r  a more de ta i led   s ta tement   about  
many o f   t hese   cha ins ) .   I n   pa r t i cu la r ,   cons ide rab le   e f fo r t  was s p e n t   i n   t h e  
exp lo ra t ion   o f   t he   nea r  100 second  t ime  scale .  The p e r i o d i c   ( l i m i t   c y c l e )  
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phenomena shown a t  t h i s  t i m e  scale seems t o  be fundamentally t i e d  t o  la rge  scale 
metabolic fol lower processes throughout the e n t i r e  body. 

Such preoccupation with these  d e t a i l e d  dynamic chains h e r e t o f o r e  has been 
out  o f  a mainstream of i n t e r d i s c i p l i n a r y  bioscience , namely, the 'modeling' of 
l a r g e  s c a l e  processes .1 
e l s .  However, there  is considerable  biomedical engineer ing expec ta t ion  t h a t  
mathematics and computation can h e l p  a b s t r a c t  a model of t h e  systems f a s t e r ,  
b e t t e r ,  o r  more s u c c i n c t l y .  Although such mathematical-physical d e s c r i p t i o n  
is w i t h i n  the  competence of the  i n v e s t i g a t o r s ,  there  is a re luc tance  t o  present  
such models. Most o f t e n  they could be considered vacuous. The f a c t s  themselves 
a r e  most o f t e n  i n  d i s p u t e .  Nevertheless ,  t h e  pressure  of t h e  t i m e s  suggest  en- 
t e r i n g  i n t o  t h e  d i a l e c t i c .  Thus, we propose w i t h i n  t h i s  e f f o r t ,  as it  cont in-  
u e s ,  t o  devote p a r t  of our e f f o r t  t o  d i scuss ing  gross systems modeling - i n  
our views - p a r t i c u l a r l y  as they might a f f e c t  major systems processes o r  streams. 
I n  p a r t i c u l a r ,  w e  propose t o  provide such a d i s c u s s i o n  with regard t o  metabol- 
i s m  and t h e  card iovascular  parameters.  However, we propose t o  o f f e r  our d i s -  
cussions a t  d i f f e r e n t  organiza t iona l  l e v e l s  throughout the  system. These are 
not  t h e  h i e r a r c h i c a l  l e v e l s  of organiza t ion  and func t ion ,  although they are 
roughly d i r e c t e d  a t  o rganiza t iona l  s t r u c t u r e .  

Actua l ly  such a search  f o r  chains are d e s c r i p t i v e  mod- 

A t  p resent  t h e r e  are three  l i n e s  t h a t  can be noted i n  d e s c r i p t i o n  of biosys-  
tems . 

(a)  'Pure '  b iology - Tracing out  cha ins ,  naming t h e  l inks  i n  some i d e n t i -  
f i a b l e  process o r  s t r u c t u r e .  This c r e a t e s  q u a l i t a t i v e  verba l  c o n s t r u c t s .  (See 
f o r  example the  s e c t i o n  i n  Davson, "A Textbook of General Physiology," 1964, 
on The Mechanisms of Energy Transformation, pp. 190-195, such as F i g s .  119, 
120.) Usually the  t i m e  s c a l e s  are vague. 

neers  t o  the use of network and block diagram analyses ,  i n  use by e l e c t r i c a l  
engineers s i n c e  the  1930's. - Using the  mathematical-physical approach of l i n e a r  
networks, o r  modified mathematics i n  which t h e  use  of the d i g i t a l  computer f o r  
s o l u t i o n  is a major t o o l ,  a b s t r a c t  systems models a r e  developed. The expecta- 
t i o n  is t h a t  these  w i l l  ipso  f a c t o  enhance understanding of t h e  biosystem. 

of submicroscopic p a r t i c l e s  and t h e  nonl inear  dynamic systems a n a l y s i s  t h a t  
has been b u i l t  up i n  t h e  p a s t  25 y e a r s ,  the spectroscopy of t h e  system is used 
t o  i d e n t i f y  chains of c a u s a l i t y .  The re levant  d e s c r i p t i v e  model is then based 
on intercomparison with t h e  d e s c r i p t i o n s  of pure biology f o r  t h e  formation of 
b e s t  hypotheses t h a t  may lead t o  network and block diagram models. Time scale 
and t i m e  sequence is  e x p l i c i t  and c e n t r a l  i n  demonstrating isomorphic process 
s t e p s  . 

(b) Bioengineers and phys io logis t s  who have been persuaded by the  engi -  

(c) 'Biospectroscopy' - Modeled on the  l i n e  of discovery of t h e  physics 
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B .  ‘INVESTIGATING SOME OF THE MAJOR BIOSYSTEMS. 

V.  AN INTRODUCTION TO STRUCTURES AT THE LOWER LEVELS OF ORGANIZATION 

Modern biology has advanced most spectacular ly  by means of s tud ies  of 
systems simpler than the s ing le  c e l l .  Ce l l  and molecular biology have tri- 
umphed because a cen t r a l  concept emerges tha t  un i f ies  the previously chaot tc  
f i e l d .  The c e n t r a l  concept, of course,  concerns the re la t ionship  between 
nucleic  acid polymers and pro te in  synthes is .  Some have claimed (c r ick ,  
Lederberg) tha t  i n  t h i s  concept the fundamental problem of l i f e  has been 
solved. 

Is a systems science necessary o r  possible  a t  these low levels of organi- 
za t ion  i n  biology? It seems s o  t o  US.  The triumphs of molecular biology a r e  
qua l i t a t ive :  they cons is t  of descr ipt ions of chains of causa l i t y ,  e .g . ,  

DNA- RNA - polyribosome -specific protein 

B u t  the proposed chains a r e  known t o  be influenced by repressors ,  or  depress- 
o r s ,  t h a t  may be hormones, subs t r a t e  or  products. Both pos i t ive  and negative 
feedback loops have been proposed i n  models of the genome. The emerging 
s t r u c t u r e  has s u f f i c i e n t  complexity t o  require a systems viewpoint t o  explain 
the ce 11 cycle biochemis t ry .  

Nevertheless,  we have not ye t  attempted a systems science a t  t h i s  leve l  
of organization. In higher animals, the funct ional  un i t s  t ha t  sus t a in  the 
manifested behavior of the whole individual  organism c l ea r ly  involve compo- 
nents of nerves, vasculature and the associated c e l l  c lu s t e r s  within organs 
and t i s sues .  It is a t  t h i s  l eve l  t h a t  a systems science seems most su i ted  
t o  provide powerful explorat ion of whole organism behavior, and i t  is t h i s  
l eve l  we emphasize. Nevertheless, the funct ional  un i t s  we seek t o  describe 
cannot be perceived c l ea r ly  without a consideration of the ubiquitous organ- 
e l l e ,  the c e l l  membrane. Its propert ies  determine the coupling between the 
microvasculature and c e l l u l a r  biochemistry. 

1. The Cel l  Membrane - Composition, and Physical Charac te r i s t ics .  

Although an in te r face  between the cytoplasmic const i tuents  of c e l l s  andthe 
ex t r ace l lu l a r  milieu is a necessi ty  fo r  the maintenance of sharp concentra- 
t i o n  d i f fe rences ,  the s t ruc tu re  and the funct ional  cor re la tes  of such a th in  
boundary layer  remain unresolved. Such an in te r fac ing  boundary layer ,  
covering a l l  l iv ing  c e l l s ,  can be seen as a t h in  membrane, using the l i g h t  
miCrOSCOQe. Further magnification with the e l e c t r o n  microscope requires the 
use  of f ixed-stained material. The nature of the f ix ing  and s t a in ing  tech- 
niques tends t o  d i s t o r t  the membrane s t ruc tu re .  Many discrepancies i n  plasma 
membrane u l t r a s t ruc tu re  have been reported.  Many of these conf l i c t s  a r e  
of ten  due t o  the u t i l i z a t i o n  of d i f f e ren t  f ix ing  and s t a in ing  techniques. 

A spec i f i c  d i f f i c u l t y  with present techniques f o r  e lec t ron  microscopic 
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study is t h a t ,  a f t e r  f i xa t ion ,  dehydration of t i s sues  is a s t age  i n  t h e i r  
preparation. 
b l e .  
t he  cen t r a l  issues  concerns the movement of water and water soluble  so lu t e s  
through the membranes, f i xa t ion  and subsequent dehydration of the membranes, 
with the add i t iona l  complication t h a t  some membrane l i p i d s  could melt during 
processing 
4 O  C.) may have very ser ious  d i s to r t ing  influences.  Furthermore, where mem- 
branes can be observed i n  l iv ing  c e l l s  with the l i g h t  microscope they are seen 
t o  be continuously ac t ive ,  and rap id ly  reshaped and resynthesized. In  s p i t e  of 
t he  success of e lec t ron  microscopists i n  in fer r ing  dynamic processes from s t a t i c  
pictures  (such imaginative a b i l i t y  being almost a prerequis i te  f o r  the inves t i -  
ga tor )  when they f a i l  t o  discover channels or  s t r u c t u r a l  mechanisms fo r  s e l ec -  - t i v e  so lu t e  and water t r ans fe r  across membranes known t o  carry out these 
processes, t h e i r  methods are not capable of ru l ing  out dynamic funct ional  
mechanisms for  achieving an equivalent r e s u l t .  
i s s u e  is whether current  t ranspor t  theories  a r e  t o  be abandoned. 
question t o  be s e t t l e d  concerns whether "small pore channels" by which water 
moves through cap i l l a ry  membranes may be found t o  e x i s t  as s t r u c t u r a l  or func- 
t i o n a l  e n t i t i e s .  Physiological study may be no more capable of i n fe r r ing  
s t ruc tu re  than the s t r u c t u r a l  e lec t ron  microscopist i n  i n fe r r ing  function 

(Frozen-section e lec t ron  microscopy is j u s t  now becoming ava i l&  
Since one of It may do much t o  solve the ambiguities described below.) 

(even though much of the preparation during f ixa t ion  is done a t  

A s p e c i f i c  current  case a t  
A typ ica l  

Thus i f  we a r e  t o  avoid becoming ac t ive ly  involved i n  these systems 
issues  a t  the subce l lu la r  and s ing le  c e l l  l eve l ,  we must  view knowledge about 
the membrane more from a morphological than a funct ional  base. 

Some important information about membranes has been obtained by using 
fixed-dehydrated prepagations. 
ta ined t o  be about 1OOA. The universal  constancy of t h i s  thickness w a s  postu- 
l a t e d  by Sjb'strand (1, 2 ) ,  Danie l l i  and Davson (3, 4 ) ,  and by Robertson (5, 
6) .  Robertson introduced the  concept of the uni t  membrane". 

The thickness of the  membrane has been ascer-  

I 1  

The components of t h i s  "uni t  membrane" are l i p i d  and protein molecules, 
arranged i n  a cha rac t e r i s t i c  r e p e t i t i v e  pat tern.  

Erythrocyte (red blood c e l l ,  RBC) ghosts , the  most in tens ive ly  studied 
membrane, contain 95% of the  t o t a l  c e l l  l i p i d .  This ghost r e t a ins  the im-  
portant sodium 'pumping ' cha rac t e r i s t i c s  t h a t  l iv ing  membranes are capable of. 
There are both species  differences and cell  type differences i n  u n i t  membrane 
l i p i d .  In addi t ion t o  choles te ro l ,  RBC membranes contain l e c i t h i n ,  cephalins, 
and sphingomyelin plus lysophosphatides . The r e l a t i v e  concentration of each 
of these phospholipids var ies  both with species  and d i e t ,  i .e.,  rat RBC's 
contain 55% lec i th in ,  20% cephalins,  and 25% sphingomyelin and lysophatides,  
whereas sheep RBC's contain about 2% l e c i t h i n ,  35% cephalins and 63% sphingo- 
myelin and lysophosphatides. 

I f  rats a r e  fed a d i e t  of sa tura ted  f a t t y  ac ids ,  the  s t ruc tu re  of t h e i r  
RBC membranes approaches t h a t  of sheep. 
RBC membranes cannot be made t o  conform t o  the ra t  pa t t e rn  (7). 

However, the  composition of sheep 
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The type of f a t t y  acid incorporated i n  any c e l l  is influenced by the  
c e l l u l a r  metabolism. Yeast c e l l s  cannot form unsaturated f a t t y  acid membrane 
components under anerobic conditions.  Instead they form shor t e r  chain s a t u -  
ra ted  f a t t y  acid membranes. The type of f a t t y  ac id  incorporated i n t o  the 
membrane is  a l s o  temperature dependent. A s  the  temperature drops, E. c o l i  
incorporates fewer unsaturated f a t t y  acids  i n t o  i t s  membrane s t ruc ture .  

Thus, although the chemical dr ive  seems t o  be fo r  incorporation of un- 
saturated f a t t y  acids , an a l t e r a t i o n  i n  environmental condition forces the 
c e l l  t o  u t i l i z e  sho r t e r ,  more sa tura ted  l i p i d  phase chains. Cholesterol and 
the  sa tura ted  f a t t y  acids  s t a b i l i z e  the membrane. I f  c e l l s  a r e  grown on 
sa tura ted  f a t t y  acid media, they swel l  and bu r s t ,  whereas those grown on 
unsaturated f a t t y  ac id  m e d i a  a r e  much more r e s i l i e n t .  Mycoplasma la id lawi i  
can be grown with membranes containing 80% oLeate t o  80% sterate. The degree 
of unsaturat ionalso determines the temperature of l i p i d  phase t r ans i t i on .  
Some melting i s  necessary for  normal growth. I f  heated,  the c e l l s  with s a t u -  
ra ted f a t t y  membranes s w e l l  and bu r s t ,  whereas those with unsaturated mem- 
branes do not.  In addi t ion ,  c e l l s  with a low t r ans i t i on  temperature (unsatur- 
a ted f a t t y  acids  incorporated) tend t o  be filamentous. Those with high t r a n e  
i t i o n  temperatures sa tura ted  f a t t y  acids  tend toward a spher ica l  shape. 

The obvious advantage of a cy l indr ica l  or  filamentous shape t o  a spheri-  
c a l  shape is  the sur face  a rea  t o  volume r a t i o .  An elongated c e l l  w i l l  have 
a grea te r  surface for  exchange than a s p h e r i c a l c e l l  of the same volume. It 
i s  in t e re s t ing  t o  note t h a t  mitochondria have a very high degree of unsatura- 
t ion ,  are cy l indr ica l  and a r e  metabolically ac t ive .  

Enough phospholipid i s  present i n  c e l l  membranes t o  form two layers.  
Since these phospholipid molecules have an ion ic  end and a covalent end, the 
conformation assumed must be consis tent  with the na ture  of the surface forces. 

The monolayers formed a t  the  in te r faces  of air-water and oil-water were 
f i r s t  s tudied as membrane models t o  evaluate the  cha rac t e r i s t i c s  of the c e l l  
m i l i e u  in te r face .  In  1961, Mueller e t  a1.(8) formed a s t a b l e  l i p i d  b i layer .  
This new preparation correlated f a i r l y  w e l l  with the  bimolecular l i p i d  s t ruc -  
t u r e  proposed by Danie l l i  and Davson i n  1935. The e l e c t r i c a l  (9) and physi- 
c a l  propert ies  of the planar phospholipid b i layers  , and b i layer  bubbles 
(liposomes) (10, l l ) ,  support the postulate  of a phospholipid b i layer  as the 
core of the b io logica l  c e l l  membrane (12). 

"he physical cha rac t e r i s t i c s  of these so-cal led "black" membranes corre- 
spond loosely with those found i n  b io logica l  membranes (Table 1). The lower 
res i s tance  found i n  b io logic  membranes may be due t o  the inclusion of pores 
or other  aqueous channels. 

These fi lms a r e  formed from so lu t ions  containing a phospholipid, a hy- 
drocarbon such as Q tocopherol, and a solvent .  Dinitrophenol (DNP) causes 
an increase i n  b i l aye r  conductance.+ This increase corresponds t o  the in-  
crease i n  b i l aye r  permeability t o  H The optimal p~ fo r  DNP, or 
any other  uncoupler of oxidat ive phosphorylation t o  increase conductance has 

or OH-. 
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TABLE I 

Phys i c a  1 Character ist ics of In t e r  faces 

Biologic Mpbrane Bilgyer 
(20-25 C)  (36 c )  

0 
Thickness ( l i p i d ) ,  A 

Resistance (lKc), o/cm 

Capacitance (lKc), uf/cm 

2 

2 

Die l ec t r i c  breakdown, MV 

H20 permeability - i so topic  

- osmotic 
cm/sec.) 

40-54 72 (?lo) 
l o3  - lo5 1 (i.5)xlO 

.5-1.3 - 7  (i.05) 

6 

100-300 200 (520) 

.23-63 4.4 (5.5) 

. 3  7 -400 17.3 - 104 
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a value  near   the  opt imal  PH f o r  i t s  uncoupl ing  act ion.   Mitchel l   (13)   postu-  
l a t e d   t h a t   o x i d a t i v e   p h o s p h o r y l a t i o n   i n   t h e   r r p p i r a t o r y   c h a i n   c a u s e s  a pH 
gradien t   to   be   deve loped .  This t r a n s f e r   o f  H o r  OH is t h e   d r i v i n g   f o r c e  
for   the   phosphoryla t ion   of  ADP. Furthermore,  he  proposes  that  the  uncou- 
p l i n g   a g e n t s   a c t  as pH %inks".  That is, t h e y   d o   n o t   i n t e r f e r e   w i t h   t h e  
enzymatic   act ivi ty   a long  the  cytochrome  chain,   but   prevent   the  formation  of  
t he  pH g r a d i e n t   b y   a c t i n g   a s   l i p i d   s o l u b l e   p r o t o n   c a r r i e r s .   T h i s   t h e o r y  
cor responds   to   the   observed   charac te r i s t ics   found  in   the   b i layers .  

In   add i t ion ,   t he   pe rmeab i l i t y   s equence   o f   b i l aye r s   t o   ca t ions  (H + > 
Rb + > K > C s  + > N a  > L i  ) is  n e a r l y   i d e n t i c a l   w i t h   t h a t   f o r   b i o l o g i c  + + + 

Since   t he   eva lua ted   cha rac t e r i s t i c s   o f   b io log ic  membranes and l i p i d   b i -  
l ayers  are s o   s i m i l a r ,  i t  is p o s t u l a t e d   t h a t   t h e   s t r u c t u r a l   r e l a t i o n s h i p s   a r e  
a l s o  similar. The o r i en ta t ion   o f   t he   mo lecu le s   w i th in   t he   b i l aye r s   co r re s -  
ponds t o   t h e   l i p i d   l a y e r   i n   t h e   D a v s o n - D a n i e l l i  model  of t h e   b i o l o g i c  mem- 
brane.  

A common component  of a l l   l i v i n g  membranes is a s t r u c t u r a l   p r o t e i n .  
Al though  the   exac t   na ture   o f   th i s   p ro te in   has   no t   been   ascer ta ined ,  i ts  
monomeric  form has  been  found t o  have a molecular   weight   of  from 20,000 - 
50,000. The type  and  configurat ion of these   molecules   a re   in f luenced   by  
genet ic   coding.  Maddy and  Malcolm (15, 16)   have  extracted  the  protein  and 
found t h a t  most   of   the   molecules   are   in   the Cy or   g lobu la r   con f igu ra t ion ,   w i th  
a small pe rcen tage   i n   t he  B or   extended  configurat ion.  One theory,  proposed 
by  Lehninger  (17) is  t h a t   t h e   n a t u r e  of the   p ro te in   coa t   a r ray   de te rmines   the  
na ture   o f   the   l ip id   l ayer .   There  may e x i s t  a s p e c i f i c i t y  between  the  code 
f o r   p r o t e i n  and i ts  s t r u c t u r a l   c o r r e l a t e ,   t h e  membrane l i p i d .  

I n   a d d i t i o n ,   t h e  membrane conta ins   carbohydra te   ad junc ts .   Genera l ly  
t h e s e   a r e   i n   t h e  form  of  mucopolysaccharides,   glycolipids  and  glycoproteins.  
These  saccharides   are   l inked  with  the  protein  coat   of   the  membrane. 
Lehninger   (17)   po in ts   ou t   tha t   the   s ide   cha ins   o f   the   o l igosacchar ides   con-  
t a i n   s i a l i c   a c i d .   T h e s e   m o i e t i e s   a r e   c o v a l e n t l y   l i n k e d   t o   t h e   a s p a r g i n i n e  
res idues   in   the   pept ide   cha in .   Other   g roups  may b e   l i n k e d   t o   t h e   s e r i n e ,  
th reonine  and hydroxylysine  amino  acids.  The bulk  of   the  polysaccharide 
molecu le   ex t ends   ou t   i n to   t he   i n t e rce l lu l a r   space .  

Each  component of   the membrane c o n t r i b u t e s   t o  i t s  c h a r a c t e r i s t i c   p h y s i c a l  
a t t r i b u t e s .  The e x t e r i o r  of   the membrane has a negat ive  surface  charge due  
t o   t h e   s i a l i c   a c i d   g r o u p s   a t t a c h e d   t o  i ts  su r face .  (18, 19, 20). 

2 .  Informational   and  Funct ional   Substances  in  Membranes. 

A l so   con ta ined   w i th in   t he   su r f ace   s t ruc tu re   a r e   an t igens ,  enzymes  and 
p o t e n t i a l   " c a r r i e r s " .  The most ccmmon of   the   an t igenic   molecules   a re   those  
producing  the  character is t ic   blood  groups.   These  are   the ABO, MN, Rh and 
other   c lass i f ied  blood  typing  ant igens.   These  agents   react   wi th  foreign 
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an t ibod ies  , c a r r i e d   i n   t h e   e x t r a c e l l u l a r  medium (plasma). When i n   c o n t a c t ,  
an t igen-ant ibody  l inks  are formed.  These r e s u l t  i n  the  formation  of   large 
conglomerates,   or  clumps. The an t igens  are con ta ined   w i th in   t he   ou te r   l aye r s  
o f   t h e  membrane. Of t h e  enzymes inco rpora t ed   i n to   t he  membrane s t ruc tu re ,  
ATP-ase has  been  studied  most  extensively.   Adenosine  tr iphosphate  provides 
the  energy  for   the  t ransport   of   sodium  ions  across   the membrane. Other  phos- 
phory la ted   pur ines   o r   pyr imidines   cannot   be   subs t i tu ted   for   adenine .  Many 
cha rac t e r i s t i c s   o f   t h i s   sod ium pump have  been  characterized  by  Hodgkin  and 
Keynes (2 1). 

The  enzyme ATP- ase i s  a l ipopro te in ,   which   requi res   the   p resence   o f  magne- 
s i u m  ions   fo r   ac t iva t ion .   Ca lc ium  ions   i nh ib i t  i t s  a c t i v i t y .  ATP- a s e  is 
or i en ted   ac ross   t he  membrane, s u c h   t h a t  i t  i s  more s e l e c t i v e   f o r  sodium  ions 
wi th in   t he  membrane and  potassium  ions on t he   ex t e r io r   (22 ,  23).  

Deplet ion  of   erythrocyte  ATP causes  the  loss  of  potassium  and  the  gain  of 
sodium.  These e f f e c t s   a r e  accompanied  by  an i n i t i a l   s w e l l i n g   a n d   l a t e r  
s h r i n k i n g   o f   t h e   c e l l .   I n   a d d i t i o n ,   t h e   v i s c o s i t y  of  such c e l l s  is  increased  
and t h e i r  membrane e l a s t i c i t y  is decreased.  The minimum c r i t i c a l   d i a  e ter  
through  which a ' h o r m l "  human e ry th rocy te   can   pas s   i n   v ivo  is 2 . 8  p.' ATP 
depleted  cel ls   can  pass   through a pore  no  smaller   than 3 p .  (24) .  

S imi la r ly ,   deple t ion   of  membrane ATP i n c r e a s e s   t h e   s t i f f n e s s ,   s u c h   t h a t  
a f t e r  24 hours ,  60 mm H20 p re s su re  is needed t o  deform  the   ce l l .  As  l i t t l e  
a s  4 mm H 2 0  w i l l  deform a normal   cel l .   Restorat ion  of   the membrane ATP re- 
s t o r e s   t h e   e l a s   t i c i t y .  

Elevat ion  of   the  level   of   calcium  ions,   an ATP-ase i n h i b i t o r ,   a l s o   c a u s e s  
s t i f f e n i n g  of   the membrane.  Removal  of the  calcium,  with a che la t ing   agen t ,  
such   as  EDTA r e s t o r e s   n o r m a l   e l a s t i c i t y .  

I n   a d d i t i o n ,  Bensch  and  Bensch (25) have shown that   hypoxia   causes   an  in-  
c rease   in   b inding   of  ATP and  diphospho-glycer ic   acid  to   the  hemoglobin.   This  
t ranspos i t ionf rom membrane t o  hemoglobin  removes  the ATP from its a c t i v e  mem- 

b rane   conf igu ra t ion .   A l though   f ac i l i t a t i ng   t he   r e l ease   o f  oxygen  from hemo- 
globin,   such  binding may i n h i b i t   t h e   d e f o r m a t i o n  of t h e  membrane. 

Other enzymes such as permeases  (26),   catalases  (27,  28)  and estereases 
are a l s o  bound w i t h i n   t h e  membrane. The phosphotransferase  system  (26,   29)  
which  includes  the  permeases , cons is t s   o f  two  enzymes , a law molecular   weight  
p r o t e i n  and  phosphoenolpyruvate.  Each  of  these  components is  bound w i t h i n  
the  membrane i n  a d i s c r e t e   f u n c t i o n a l   c o n f i g u r a t i o n .  It is l i k e l y   t h a t   o t h e r  
enzymes a r e   p r e s e n t   w i t h i n   t h e  membrane, a c t i n g  as i n t e r m e d i a t e s   i n   t h e   t r a n s  
p o r t ,   a c t i v a t i o n   o r   d e a c t i v a t i o n   o f   m e t a b o l i t e s .  The con t r ibu t ion   o f   t hese  

In   v ivo   s tud ie s  show erythrocytes   passing  through 2 p c a p i l l a r i e s .  
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i n c l u s i o n s   t o   t h e  membrane structure is  of   inde termina te   s ign i f icance .  
These  molecular s i tes  may modify  the membrane symnetry. 

3. Theories  of Membrane S t r u c t u r e  

A l l  c u r r e n t   t h e o r i e s   o f  membrane s t r u c t u r e  are based Upon the  assumption 
o f   t h e   e x i s t e n c e   o f   r e p e t i t i v e   s t r u c t u r a l   u n i t s .  This assumption  has   re-  
cen t ly   been   cha l lenged ,  as described  below. 

The c lass ic ,   p rev ious ly   mos t   wide ly   accepted   theory  of membrane s t r u c t u r e  
was proposed  by  Daniell i   and Davson i n  1935 (3) .  They p o s t u l a t e   t h a t   t h e  
membrane is composed of a b imolecular   l eaf le t   o f   l ip id   molecules .   These  are 
arranged  with  radial   symmetry,   such  that   the   hydrophobic   molecular   ends  face 
toward   the   cen ter   o f   the  membrane,  and the  hydrophyl ic   ends  face  out .   This  
b imolecular   l ayer  i s  coated on both   sur faces   by   dena tured   pro te in .  This pro- 
te in   coa t   reduces   the   sur face   t ens ion   of   the  membrane t o  a value  below  one 
dyne  per  square  centimeter.   Robertson (5) conf i rmed   t h i s   s t ruc tu ra l  assump- 
t i on   i n   t i s sues   f i xed   e i the r   w i th   po ta s s ium  pe rmangana te   o r  osmium t e t r o x i d e .  
The  most  widely  analysed membrane is the   myel ina ted   nerve   f iber .  The nerve- 
Schwann ce l l   i n t e rac t ion   cu lmina te s   w i th   t he   fo rma t ion   o f   t he   mye l in   shea th .  
The o b s e r v e d   r e p e t i t i v e   u l t r a s t r u c t u r a l   n a t u r e   o f   m y e l i n ,   t h e   i n f o l d i n g  of 
t he  Schwann c e l l  membrane, is t he   bas i s   fo r   e s t ab l i sh ing   t he   Davson-Dan ie l l i  
model as a s t r u c t u r a l   r e a l i t y .  The d imeq ions   a sce r t a ined   by   e l ec t ron   mic ro -  
SCOQY are two dense   l ines ,   each   about   25  A t h i ck ,   s epe ra t ed  by a l i g h t   a r e a ,  
the   l ip id   b i layer .   Myel in ,   the   subjec t   o f   Rober t son ' s   (30 ,   31) ,  and 
Schmit t ' s   (32)   s tudy,  is no t  a t y p i c a l  membrane. It e x h i b i t s   s p a r s e   p r o t e i n  
l aye r ing .   In   add i t ion ,   t he   s t a in ing   t echn ique   u sed ,   a l t hough  known t o   r e a c t  
w i t h   p r o t e i n s ,   a l s o   r e a c t s   w i t h   t h e   h y d r o p h i l i c   o l e f i n i c   b o n d s  i n  t h e   f a t t y  
a c i d   r e s i d u e s   o f   t h e   l i p i d   l a y e r s .  The potassium  permanganate  and osmium 
t e t r o x i d e   s t a i n e d   p r e p a r a t i o n s  are n o t   i d e n t i c a l .  The s t a i n i n g  and  dehydra- 
t ion   o f   the  membranes d i s t o r t s   t h e   s t r u c t u r e .  

4 .  Other  Concepts of Membrane S t r u c t u r e  

The tendency  has   been  to  assume t h a t   t h e   b i m o l e c u l a r   l e a f l e t   s t r u c t u r e  
ex tends   a round  the   ce l l  as a coat,   of  which a l l  components are   cont inuous.  
The membrane i s  punctured  by  pores,  through  which  molecules  can  pass  with- 
ou t   pene t r a t ing   t he  membrane proper .   S jos t rand   (33-   36)   has   a rgued   tha t   the  
s t r u c t u r e   a c t u a l l y   c o n s i s t s   o f   g l o b u l a r   s u b u n i t s .  The i n i t i a l l y   o b s e r v e d  
l amina r   s t ruc tu re ,   he   pos tu l a t e s ,  is due t o   t h e  uneven d i s t r i b u t i o n  of hydro- 
p h i l i c  and  hydrophobic   protein  s ide  chains .  The hydrophob ic   s ide   cha ins   l i e  
facing  the  adjacent   conglomerates ,   whereas   the  hydrophi l ic   s ide  chains   face 
the   su r f aces .   S ince   t he   hydroph i l i c   mo ie t i e s  are p r e f e r e n t i a l l y   s t a i n e d ,   a n  
apparent   l aminar   s t ruc ture  w i l l  be  observed. 

These   pos tu l a t ed   g lobu la r   un i t s   a r e   p ro t e in .   S ince   t hese   g lobu les   a r e  
s t ruc tura l ly   independent   o f   each   o ther ,   each  may be composed of an  enzymatic 
element of a metabolic  pathway (e.e., mi tochondr i a l   r e sp i r a to ry   cha in ) .  The 
spa t ia l   conformat ion ,   he ld  by the   hydrophobic   bonding ,   po ten t ia l ly   o r ien ts  
each  globule as a l i n k .  
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Studies   of  membranes by means o f   o p t i c a l   r o t a t i n g   d i s p e r s i o n ,   o r   c i r c u l a r  
dichroism  have  suggested  other   possible  membrane models. Membranes may be  
seen  as mosaics of hydrophobic  and  hydrophilic  patches.  The hydroph i l i c  
patches may poss ib ly  serve as aqueous  channels  through  the membrane. Two 
new models  of membrane s t ructure   have  been  presented  by  Wallach  and Gordon 
(3.7) and by  Lenard  and  Singer (38).  Both  of  these  models  emphasize  that  the 
so-ca l led   "uni t "  membrane has   mul t ip le   subuni t s ,   and   there  may be  no  univer-  
sa l  arrangement of t h e s e .   I n   f a c t ,   a s  Korn h a s   s t a t e d  (39) : 'I.. . t he  real  
p o s s i b i l i t y   e x i s t s   t h a t  membranes may d i f f e r  from  one another   to   such   an   ex-  
t e n t   t h a t   t h e y   c a n n o t   b e   u s e f u l l y   d e s c r i b e d   b y  one  unifying  model." 

5. Elec t ron   Transpor t  Membrane Systems 

Within membranes of   mitochondria ,   e lectron  t ransfer   systems  can  operate  
presumably  because  each  globular   sub-uni t   contains   suff ic ient   rotat ional  
ac t iv i ty   to   p resent   sur face   conformat ion   changes   be tween  ad jacent   g lobules .  
Green  and  Perdue (40)  and  Fernandez-Moran e t  a1.(41,   42)   negat ively  s ta ined 
beef   hear t   mi tochondr ia ;   they   found  tha t   the   g lobular  membrane s t r u c t u r e   s e e n  
by S j k t r a n d  is modif ied   in   the   inner  membrane of  mitochondria.  The elemen- 
t a r y   p a r t i c l e s  of c r i s   a e  membranes,  they  propose,  are composed of t r i p a r t i t e  
u n i t s  ..-a base (40x112 k ) which is a t t a 8 h e d   t o   a d j a c e n t   u n i t s ,  a narrow  neck 
(3Ox50A) and a detachable   head (80-1OOA). 

These  inner membrane b a s e   p i e c e s   a r e  composed of  45% s t r u c t u r a l   p r o t e i n  
and 55% e l e c t r o n   t r a n s f e r   c h a i n   p r o t e i n .  The inne r  membrane conta ins   the  
cytochrome  enzymes,  whereas  the  outer membrane c o n t a i n s   t h e   c i t r i c   a c i d  
c y c l e ,   f a t t y   a c i d   o x i d a t i o n ,   f a t t y   a c i d   e l o n g a t i o n ,   p h o s p h o l i p i d   s y n t h e s i s  
and subs t r a t e   phosphory la t ion  enzymes.  The  head  piece is a water   so luble  
protein  of  which ATP-ase a c t i v i t y  is the  dominant  function. 

Many m e t a b o l i c   a c t i v i t i e s   h a v e   b e e n   a s c r i b e d  t o  d i f f e r e n t   c e l l u l a r  mem- 
brane  components.  Green  and  Perdue  (40)  have  summarized  these  functions  in 
the   fo l lowing  l i s t :  

Metabol ic   Funct ions  of   Selected Membrane Systems 

Plasma Membrane - g l y c o l y s i s  1 

Endoplasmic ~~ Reticulum - s y n t h e s i s   o f   p r o t e i n ,   f a t t y   a c i d s ,  
phosphol ipids  

M i c r o v i l l i  

Mitochondria 

- t e rmina l   hydro lys is   ;p ro te ins ,   po lysacchar -  
i d e s  

- c i t r i c   c y c l e ,   f a t t y   a c i d   o x i d a t i o n ,   f a t t y  
ac id   e longat ion  

Chloroplas t s  - synthesis   of   sugar  from C02 and H20 
1. 

Glycolysis  has  been  observed on e ry th rocy te  and y e a s t   c e l l  membranes. 

63 



Although  glycolysis  occurs on the  plasma  membrane,  other  substrates 
must  p e n e t r a t e   i n t o   t h e   i n t e r n a l   c e l l u l a r  matrix. These  chemical  elements 
can  pass  through  the membrane walls or   pores .  The pa th   o r   pa ths   se lec ted  is 
a func t ion   of   the   phys ica l   in te rac t ions   be tween  the  membrane s u r f a c e  and 
molecu la r   subs t r a t e .  The c o n f i g u r a t i o n ,   s i z e ,   e l e c t r i c a l   c h a r g e ,   s o l u b i l i t y  
and concen t r a t ion   o f   pa r t i c l e s   a r e   impor t an t   de t e rminan t s   o f   s e l ec t ive   t r ans -  
membrane passage. 

The unique   na ture   o f   absorp t ion ,   adsorp t ion ,   and   excre t ion   of   d i f fe r -  
e n t   c e l l   t y p e s   a c c o u n t s   f o r   t h e   s p e c i f i c i t y   o f   c e l l s  and the  formation  of 
d i s c r e t e   t i s s u e s  and  organs. 

6 .  Ion Pumps i n  Membranes 

Many d i f f e r e n t  pumps e x i s t   t o  move ions   ac ross   t he  membrane, a g a i n s t  
a concen t r a t ion   g rad ien t .   These   a r e   ac t ive   p rocesses ,   r equ i r ing   ene rgy ,   i n  
the  form  of ATP. 

The  most i n t ense lys tud ied   i on  pump i s  the  Na-pump. This is energized 
by ATP and  exchanges  sodium  for  potassium  ions.  These  ions  are  exchanged  in 
a 3:2 r a t i o .  The current   proposal  is t h a t  ATP-ase binds 3 N a  i ons   i n s ide   t he  
cel l ;   sybsequent   phosphorylat ion  by ATP causes a conformational  change so  
t h a t  Na ion i s  t r a n s f e r r e d   t o   t h e   o u t s i d e   o f   t h e  membrane and  detached; 2 K+ 
i ons   a r e   t hen   bound ,   ca r r i ed   i n to   t he   ce l l   and   de t ached .  The b i n d i n g   a l s o  is  
accompanied  by  dephosvhorylation  of  the  transporting  ATP-ase,  which i s  then 
ready   to   b ind  more N a  . The excess  sodium ions l eaks   i n to   t he   ce l l   such   t ha t  
the  net  exchange is 1:l. 

7. Res t ing  Membrane P o t e n t i a l s  

Concentration  gradients  for  sodium  and  potassium  ions  are  developed 
ac ross   t he  membrane by ion pumps. The c o n c e n t r a t i o n   g r a d i e n t   f o r c e s   s e t  up 
e l e c t r o g e n i c   f o r c e s  , caused   by   the   d i spar i ty   in   concent ra t ion   across   the  mem- 
brane   o f   charged   par t ic les ,   bo th   f ree  and r e s t r i c t e d ,   d e s c r i b a b l e   a s   d i f f -  
u s ion   po ten t i a l s .  (Note t h a t   p r o t e i n   m o l e c u l e s   a t  pH 7.3 have a n e t   n e g a t i v e  
charge.)  Since some cha rged   pa r t i c l e s   a r e   cons t r a ined  by pumps, or  by 
p e r m e a b i l i t y   b a r r i e r s ,  a s teady-state   can  be  achieved.  This balance  of  forces 
results i n  a  transmembrane  potential .  

Within  the membrane t h e r e   e x i s t s  a l a t t i c e  of   f ixed   pos i t ive   charges .  
Th i s   r epe l s   ca t ions   and   a t t r ac t s   an ions   i n   t he  medium. It is found t h a t  
an ions   pene t r a t e   i n to   r ed   b lood   ce l l s  lo6 t imes   fas te r   than   do   ca t ions .  The 
r a p i d  pene t r a t ion  of an ions   occu r s   i n   sp i t e  of the   nega t ive   sur face   charge .  
The f lux   of   ca t ions  is a l s o   a f f e c t e d   b y   t h e   c o n c e n t r a t i o n  of  hydrogen  ions 
w i t h i n   t h e   c e l l .  

A s  an  example  of i o n i c   i n t e r a c t i o n ,   t h e   f l u x   o f   s u l f a t e  ions ac ross  
the membrane was demonstratedby  Passow ( 4 3 )  to  be  modulated by both  hydro- 
gen  ions  and  chlor ide  ions  in   the  external  medium. A s  the  
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posi t ive  charged  hydrogen  ion  concentrat ion  increased,  s o  d i d   t h e   s u l f a t e  
f lux .  A s  the   nega t ive ly   charged   ch lor ide   concent ra t ion   increased ,   the  s u l -  
f a t e   f l u x   d e c r e a s e d .  

8. Act ion   Poten t ia l s  

We w i l l  no t   d i scuss   here   the   theory   o f   the   ion ic   bas i s   o f   conducted  
a c t i o n   p o t e n t i a l s .  The  neurons o f  the  nervous  system are e labora ted  S O  t h a t  
a d i s tu rbance   o f   t he   po ten t i a l   ac ross   t he  membrane can  be  conducted,  and 
in te rpre ted   by  a d i s t a l   r e c e p t o r ,  as an   i n fo rma t iona l   s igna l .  

The b i re f r ingence   pa t te rn   o f   the   squid   g ian t   axon ,  a myel inated  nerve,  
or  the  rabbit   abdominal  vagus,  a nonmyelinated  nerve, is c h a r a c t e r i s t i c   o f  
the  molecular   conformation  of   the membrane. When an   ac t ion   po ten t i a l   pas ses  
down t h e  membrane ( t h e   a c t i o n   p o t e n t i a l  is generated  by a sudden,   t r iggered 
inf lux  of   sodium  ions) ,   the   axon  birefr ingence  increases .  With t h e   i n t e r i o r  
of   the s q u i d  axon   r ep laced   by   an   a r t i f i c i a l   phys io log ic  medium, t h e   i n i t i a l  
b i r e f r i n g e n c e   p a t t e r n  and t h e   s h i f t   i n   b i r e f r i n g e n c e ,   a s  a p o t e n t i a l  wave 
passes   by ,   a re   re ta ined .  

This   e lec t romagnet ic   pa t te rn   o f   b i re f r ingence   fo l lows   the   po ten t ia l  
changes  and  not   the   current   f low.   I f   chol ine is s u b s t i t u t e d   f o r  sodium i n  
the  medium, n o   b i r e f r i n g e n t   s h i f t  is seen   w i th   s t imu la t ion .  The e l e c t r o -  
m a g n e t i c   s h i f t  is l i k e l y  d u e  to   t he   r eo r i en ta t ion   o f   cha rged   pa r t i c l e s   w i th in  
t h e  membrane during  the  depolar ized  phase.  

9 .  Coupling  Between  Solute  and  Water  Transport 

The  movement of  sodium  ions is  a l s o  bound to   t he   t r anspor t   o f   wa te r .  
Fresh  water   animals  m u s t  main ta in  a h i g h   s a l t   c o n c e n t r a t i o n   i n  a medium of 
low t o n i c i t y .  The sodium pump, a c t i n g   i n  two s t ages   ac ross   bo th   t he   ex te rna l  
medium-cell   and  cell- internal 'medium membranes, moves sodium  from o u t s i d e   t o  
t h e   e x t r a c e l l u l a r   s p a c e  (44 ) .  In   this   process   sodium is exchanged for   hydro-  
gen  ions,   and  chlor ide  for   bicarbonate   ions.  The Na-K exchange  across  the 
c e l l - i n t e r n a l  Tedium  Tembrane  can be   b loc  ed  by the   ca rd iac   g lycos ides .  The 
exchange  of Na f o r  H i n   t h e  form  of NH4 across   the  external   medium-cel l  
membrane cannot   be  inhibi ted.  

5 

10.  Other  Ion Pumps 

Four  other  types  of  ion pumps a l s o   f u n c t i o n   i n   b i o l o g i c   s y s t e m s .   P o t a s -  
s i u m  is a c t i v e l y  pumped out   of   the   malphigian  tubules   of   insects   and  the  gut  
of  the  silkworm. This movement is independent  of  the  sodium  flux.  In  the 
g a l l   b l a d d e r  a sodium water pump is opera t ive ,   wi thout   the   genera t ion   of   any  
po ten t i a l   g rad ien t   ( s t and ing   g rad ien t   hypo thes i s ) .  Hydrogen ion pumps are 
a c t i v e   i n   t h e   g a s t r i c  mucosa  of mammals and in   the   sa l ivary   g lands   o f   mol lusks  
(D. g a l l i a   s e c r e t e s  4% H2S04 from i ts  s a l i v a r y   g l a n d s ) .  

Chlor ide  ions are a c t i v e l y  pumped i n   a c i n a r  cel ls  o f   t he   s a l iva ry   g l ands  
and g a s t r i c  mucosa, i n   t h e  sweat g lands ,   p roximal   tubule   o f   the   k idney   and   in  
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m a r i n e   t e l e o s t   g i l l s .  

11. Transport  Modes and Mechanisms 

The a c t i v e  sodium QUmQ is an example of  one  process  for moving sub- 
s tances   across   the   p lasma membrane.  The term t o   d e s c r i b e   t h i s  QUmQ is a c t i v e  
t r a n s p o r t .   I n   a q t i v e   t r a n s p o r t  a substance is moved a c r o s s   a n   i n t e r f a c e ,  
aga ins t   an   e l ec t rochemica l   po ten t i a l   g rad ien t ,by   t he   expend i tu re   o f   ene rgy .  

The process   governing  the  passage  of   permeable   substances  across   an  inter  
f ace  down a concen t r a t ion   g rad ien t ,  is d i f f u s i o n .   I f   t h e  movement of   these  
p a r t i c l e s  i s  g rea t e r   t han   can   be   a sc r ibed   t o   Sh IQle   d i f fus ion   t he   p rocess  
uses   energy  for  a f a c i l i t a t e d   d i f f u s i o n .  

Group t r a n s l o c a t i o n  is t he  movement of a p a r t i c l e   a c r o s s   t h e  membrane 
such  that  i t s  o r ig ina l   chemica l   s t ruc tu re  is modified  during  the  passage 
across   the   in te r face .   Other   types   o f  phenomena can   be   c l a s s i f i ed  as s o l v e n t  
drag,  i n  which  the  solvent  is moved ac ross   t he   i n t e r f ace   a long   w i th   t he  sol- 
ute ,   p inocytosh  and  phagocytosis ,   in   which  the membrane envelopes  the  sub- 
s t a n c e   ( l i q u i d   i n   t h e   f o r m e r ,   s o l i d   i n   t h e   l a t t e r )  and   ves icu la tes  them 
within  the  cytoplasm. 

Ac t ive   t r anspor t  phenomena can  even  cause  counter t ransport .  The 
movement of  molecules  and  ions,  according t o   t h i s   t h e o r y , i s   d e p e n d e n t  Upon a 
ro ta t ing   molecule  as t h e   c a r r i e r .   I n  one conformation, a s e l e c t i v e l y   a c t i v e  
s i t e  on the   ca r r i e r   f aces   t he   ex t e r io r   s imu l t aneous ly   w i th   t he   exposure   o f  
a n o t h e r   a c t i v e   s i t e  on t h e   i n t e r i o r .  When t h e  s i tes  b ind   wi th   the i r   respec-  
t i v e   p a r t i c l e s ,   t h e   c a r r i e r   u n d e r g o e s  a molecu la r   t r ans f igu ra t ion .  The s i t e s  
a r e   r e v e r s e d   i n   p o s i t i o n   a n d   t h e   a t t a c h e d   p a r t i c l e s   r e l e a s e d .  

A more e l a b o r a t e  mechanism has  been  proposed  which is b a s i c a l l y   i d e n t i c a l  
t o   t h i s   s y s t e m .   I n  i t  t h e   c a r r i e r   a c t s  as a r o t a t i n g   d i s k .  Along thepe r iph -  
e ry  of t h e   d i s k   a r e   t h e   a c t i v e   b i n d i n g   s i t e s .  The a t t r a c t i o n  and  binding 
wi th   the   exchanged  par t ic le   in   th i s   sys temaredependent  upon a s t e r i c   f i t  
w i th   t he   ac t ive   g roups   a long   t he   ca r r i e r   pe r iphe ry .  With the  s i tes  f i l l e d ,  
t he   d i sk   ro t a t e s ,   and  moves the   pa r t i c l e s   t h rough   t he  membrane t o   t h e  OQPO- 

s i t e   s i d e .  Here , they are r e l eased   and   t he   ac t ive  s i t e  binds  with a molecule 
t o   b e  moved i n   t h e   o p p o s i t e   d i r e c t i o n .  

I n   e i t h e r   c a s e   t h e   s e l e c t i v e   f o r m a t i o n   o f  a bond  between  the  carrier  and 
p a r t i c l e  is a f fec t ed   by   t he   concen t r a t ion   o f   po ten t i a l ly   t r anspor t ed   pa r t i c l e s  
on both   s ides  of t h e  membrane. 

The s e l e c t i v e   n a t u r e   o f   t h i s   e x c h a n g e   p r o c e s s   c a n   b e   i l l u s t r a t e d   b y  
y e a s t   c e l l s  grown on L-sorbose. This sugar  is taken up by t h e   c e l l   i n   t h e  
same ca r r i e r   sys t em  tha t   t akes  up glucose.  The uptake  of  L-sorbose  follows 
t y p i c a l   s a t u r a t i o n   k i n e t i c s .  

I f  a ce l l   s a tu ra t ed   w i th   L - so rbose  is p l a c e d   i n  a medium containing 
g lucose   and   no   L-sorbose ,   the   in te rna l   sorbose   concent ra t ion   fa l l s  as t h e  
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glucose is taken  up.  The  mechanism  for  the  exchange  of two p a r t i c l e s   a c c -  
ounts   for   th i s   counter t ranspor tc   o f   L-sorbose . ( i  .e .  , of  glucose  and  L-sorbose3 

S i n c e   t h e   c a r r i e r   c a n   a c c e p t   e i t h e r   g l u c o s e   o r   s o r b o s e ,   t h e   p a r t i c l e   i n  
h igher   concent ra t ion   (assuming  equal   car r ie r   a f f in i ty)  w i l l  b ind   wi th   the  
a c t i v e   c a r r i e r  s i t e .  Thus ,   t he   h igh   i n t e rna l   concen t r a t ion  of t h e  non-metabo- 
l ized  sorbose  increases   the  chance  of   binding a sorbose  molecule   to   the 
car r ie r   over   the   chance   o f   b inding  a glucose  molecule. 

Schultz  (45)  found  that   sodium  ions  are  coupled  to many t r a n s i n t e s t i n a l  
nonionic   t ransport   processes .   "he  sodium  ions are linked  with  both  amino acids 
and  glucose.   Increasing  amino  acids   and  glucose a t  t h e   i n t e s t i n a l  mucosal 
su r f ace   i nc reases   t he   ex lhange   $a t e  w&th sodium  ions. This mechanism i+ blocked 
by  the  replacement   of  N a  by L i  o r  K . Schu l t z   pos tu l a t ed   t ha t   t he  Na is 
needed  for  the  formation  of  amino  acid  complexes.   Ouabain  acts on t h i s  complex 
i n  one d i r e c t i o n   o n l y .   S i n c e   t h i s   a g e n t   a c t s  on t h e   s e r o s a l   s u r f a c e   o f   t h e  
i n t e s t i n e ,  i t  blocks  amino  acid  and  glucose  eff lux,   not   inf lux.  The abso rp t ion  
of  amino ac ids  and  glucose i s  coupled  with  serosal  sodium  to  mucosal  sodium 
ionic   concentrat ion  ra t io .   For   inf lux  mucosal   sodium  ions are needed  for  the 
coupled  exchange  react ion.   For   eff lux,   serosal   sodium  ions  are   needed.  

Another   pos tu la ted   car r ie r  mechanism i s  dependent upon the  binding of 
the   ex te rna l   pa r t i c l e   w i th   an  enzyme found i n   t h e  membrane.  The p a r t i c l e   o r  
s u b s t r a t e   b i n d s   w i t h   t h e  enzyme  on the   ou ter   edge   of   the  membrane.  They form 
an  act ive  complex,   which  passes   to   the  inner   surface  of   the membrane. On the  
su r face   t he  enzyme is conver ted   to   another   form,  releases t h e  bound molecule 
and  binds  with a d i f f e ren t   mo lecu la r   spec ie s .   Th i s   s econd  bound p a r t i c l e  is 
ca r r i ed   t o   t he   ou te r   su r f ace   o f   t he  membrane,  where i t  is r e l eased ,  and the  
process   recyc led .  

This  enzyme linked  system is typical  of  the  permease  system  previously 
descr ibed.   For  a more d e t a i l e d   d e s c r i p t i o n  of pos tu la ted   t ranspor t  mechan- 
isms the  review  of  Wilbrandt  and  Rosenberg ( 4 6 )  should  be  consul ted.  

In   add i t ion   t o   pene t r a t ion   o f   t he  membrane, par t ic les   can  perhaps  ex-  
change  through  pores.  Solvent  drag,  the movement of an   uncharged   par t ic le  
across   the  membrane, a long  with  the  passage  of   water   occurs ,   through  the  pores .  
The nuc le  r membrane is a complex lamel la r   s t ruc ture   conta in ing   pores   o f  
about 500 it diameter .  Their f i n e   s t r u c t u r e  is n o t   c l e a r ,   a l t h o u g h  i t  is  e v i -  
d e n t   t h a t  communication  between  the  nucleus  and  cytoplasma  can  occur  through 
these   pores ,  as w e l l  as   passage  across   the  extensive  interface  of   the  endo-  
plasmic  re t iculum. 

An a l t e r n a t e   h y p o t h e s i s   t o   t h e   t h e o r i e s   o f  membrane c a r r i e r   a c t i v a t e d  
transport   systems  has  been  proposed by  Ling ( 4 7 )  , Troshin ( 4 8 )  and Harris and 
Pankerd  (49). They p o s t u l a t e   t h a t   t h e   a c t i v e  phenomena a r e   c o n t r o l l e d  from 
binding  processes   within  the  cytoplasm. Miller (49)   p roposes   th i s   cont ro l   to  
be   t he   ac t ion   o f  a ge l - l i ke   l aye r   l y ing   j u s t   be low  the  membrane.  The s e l e c t -  
i v e   b i n d i n g   o f   p a r t i c l e s   w i t h i n   t h e  CytOQlaSm, e f fec t ive ly   p revents them from 
exerting  any  osmotic  force.   Thus,   the  development of a concent ra t ion  
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The ge l   p roposa l   o f  Miller p o s t u l a t e s  a semi-r igid  cytoplasmic s t ruc-  
t u r e .   I f   t h e   c e l l u l a r  medium is s t ruc tu ra l ly   o rgan ized ,   such  as a la t t ice  of 
hydrated  water   molecules ,  as t h e   i n i t i a l   o b s e r v a t i o n s   o f   B r a t t o n   ( 5 0 )   i n d i -  
c a t e ,   t h e n  many o f   t h e   c h a r a c t e r i s t i c s   a s c r i b e d   t o  membrane func t ion  may i n  
r e a l i t y   b e   r e f l e c t i o n s   o f   a n   i n t r a - c e l l u l a r   a c t i v i t y .  

12. Some Overa 11 Remarks 

A descr ip t ion   of   t ranspor t ,  from a systems'   point  of  view, a t  t h e  mem- 
b rane   l eve l  is s t i l l  qui te   f ragmentary.  Among systems ' elements   that  are 
p o t e n t i a l l y   o f   i n t e r e s t ,   t h e r e  is t r anspor t   t h rough   t he   i ndependen t   ce l l ,  
e .g . ,   t he   r ed   b lood   ce l l ,   egg   ce l l s ,   e t c . ,   t h rough   t he   ne rve   ce l l ,   and  
th rough   t he   cap i l l a ry  w a l l .  A t  p r e sen t   t he   ne rve  ce l l  is not  our  concern.  A 
l a t e   r e f e r e n c e   o f  some i n t e r e s t  i s  Nachmansohn's (52) .   Transport   through  the 
c e l l s ,  and i n   p a r t i c u l a r   t h e   r e d   c e l l ,  is reviewed  or   discussed  in  Davson (53); 
Dick  (54);  Loewenstein  (55); a "Discussion  Only''  proceedings  of  the  1966  Bio- 
phys ics   Soc ie ty   meet ing   (56) ;   S te in   (57) ;   J s rnefe l t   (58) ;  Dowben (59).  These 
are j u s t  a few s o u r c e s   t h a t  i l l u s t r a t e  d i s c u s s i o n  from recen t   yea r s   o f  a 
r a p i d l y   g r o w i n g   f i e l d   o f   i n t e r e s t .  

The major   th rus t   o f   these   sources  is  t h a t   t h e s e   c e l l u l a r  membranes 
permit  easy  passage  of  water-soluble small molecules,  and much more d i f f i -  
cu l t   passage  of la rge   molecules .  On the   o ther   hand ,   l ip id   so luble   molecules  
pass   through  easi ly .   (See,   for   example, .Fig.   3 .5 ,   Stein  (57)) .  

The l i p id   so lub le   mo lecu le s ,  i t  is b e l i e v e d ,   p a s s   b y   s o l u b i l i t y   d i f f u -  
s i o n .  The small molecule%, it  is bel ieved ,   pass  as a bulk  f low  through 
'pores ' of   the  order   of  4A i n   r a d i u s .  The evidence  for   f ixed  pores  is moot, 
s o  t h a t  a var ie ty   o f   models   a re   under   d i scuss ion .   Bes ides  a Simple  viscous 
f low,   t he re   a r e   va r ious   k inds   o f   e l ec t r i ca l   b ind ing   p roposed ,   no t   on ly   a long  
the   ' po re '   pa th ,   bu t  a t  su r faces   o r   w i th in   t he  volume o f   f l u id   w i th in   t he  
c e l l .  

Transpor t   th rough  the   cap i l la ry  wall  is  d i scussed   i n  Davson (53);  
Zweifach  (60),  and  Bruns  and  Palade  (61). 

Large  molecules, i t  is bel ievgd,   pass   v ia   ves ic les   showing a form wi th  
the   o rder   o f  300A neck  and 600-808A near  spherical   body.  Small   molecules 
pass  through  the  equivalent  of 40A r a d i u s  pores .  However, evidence  for   f ixed 
pores i s  q u i t e  weak. 

Beyond the  problems  of a 'pass ive '   bu t  complex d i f fus ion   th rough mem- 
b ranes ,   whe the r   by   so lu t ion ,   f i xed   o r   va r i ab le   po res ,   o r   o the r   spec i f i c  mech- 
anisms,   there  is tbe ' f a c i l i t a t e d   d i f f u s i o n  which requires a c t i v e  thermo- 
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dynamic 'engines '. The  problem of whether   the  processes  are a c t i v e   o r  
pas s ive   ( even   ' pa s s ive '   t r anspor t   coe f f i c i en t s   such  as ' r e s i s t a n c e '  - whether 
e lectr ical ,   thermal ,   hydrodynamic,   or   osmotic  - simply relate t o   a c t i v e   p r o c -  
esses t h a t   t a k e   p l a c e  a t  a lower h i e r a r c h i c a l   l e v e l )  l ies i n   t h e   i d e n t i f i c a -  
t i o n   o f   t h e   s p a t i a l  and  temporal  spectrum  associated  with  these  processes.  
While  the  electron  microscope  has  begun  to  resolve  the  spatial   problems - 
with  a d m i t t e d  problems - the   temporal   spectrum is  s t i l l  i n  i t s  infancy.  

On another   f ron t ,   in te rce l lu la r   communica t ion ,  as exempl i f i ed   i n   t he  
work  of  Loewenstein (55, 62) c i e a r l y   s u g g e s t s   t h a t   a n   a c t i v e   c a l c i u m  'pump' 
permi ts   the   b inding   of  ce l l  t o  ce l l ,  and   t he   pas sage   o f   bo th   e l ec t r i ca l  
s i g n a l s  and molecular   t ransport   by  var ious  s ized  molecules   via   the  short   c i r -  
c u i t e d   c m o n  membrane junc t ion .  

I t  is c l e a r   t h a t  from the lower level   of   molecular   biology,   these  devel-  
opments in   the  response  of   the  cel lular   level   or   the   capi l lary  segment   of  
e n d o t h e l i a l   c e l l s  form a  murky bu t   t an t a l i z ing   i n t eg ra t ion   o f   mo lecu la r   p roc -  
e s ses .  Thus they  are s u i t a b l e   t o p i c s   f o r   t h e   m o l e c u l a r   b i o l o g i s t   b u t  are 
beyond  our cur ren t   scope .  

13. Summary 

Ul t imate ly ,  w e  d e s i r e  a synthesis  between  supramolecular  (molecular 
aggrega te)   b io logy   and   the   t ranspor t  phenomenology described  above. A t  t he  
present  t ime some attempt  has  been made to   ra t iona l ize   the   phenomenologica l  
c o e f f i c i e n t s   f o r   w a t e r   t r a n s p o r t   t h r o u g h   c e l l  .membranes in   t e rms   o f   f r i c t ion -  
a l   c o e f f i c i e n t s  a t  a lower s t r u c t u r a l l e v e l .  Hawever, t he   i dea l i zed  models 
do  not f i t   r e c e n t   d a t a   s i m p l y  (63).  Pe rmeab i l i t y   coe f f i c i en t s   fo r   so lven t s ,  
tha t   should   be   cons tan t   under   spec i f ied   condi t ions   accord ing   to   ava i lab le  
theory ,   tu rn   ou t   to   be   func t ions   o f   so lvent   f luxes .   Again  i t  becomes e v i -  
d e n t   t h a t  membranes a r e   n o t   s i m p l y   i n e r t ,   r i g i d   f i l t e r s ,   w i t h   r i g h t   c y l i n -  
d r i c a l   p o r e s  and  paths   for   water .  

In   t he   fu tu re  w e  forsee   tha t   even   processes   tha t   a re   regarded   as  
"passive" by the   b io log i s t   t oday ,  w i l l  be  revealed  as  depending upon chemical 
p rocesses   i n  membranes,   occurring  rapidly,   giving  the membrane dynamic 
l a b i l i t y .  

14. Addendum - A Speculative  Note on a Dynamical  Hierarchy 
of Active  Transport  Systems 

Bio logica l   sys tems  a re   usua l ly   represented  by  a s t r u c t u r a l   h i e r a r c h y  con- 
s i s t i n g  of  molecules , o r g a n e l l e s ,   c e l l s ,  t i s sues ,  o r g a n s ,   e t c .  The not ion  of  
a dynamical   hierarchy as w e  have  pursued i t  h e r e ,   c o n s i s t i n g  of b o t h   s p a t i a l  
and  temporal   features   of   organizat ion,  is no t  commonly advanced as a b a s i c  
aspec t   o f   l iv ing   sys tems.  We c o n s i d e r   t h e   n o t i o n   a t   t h i s   p o i n t ,   n o t   f o r  
novel ty ,   bu t   because  i t  is e s s e n t i a l  

'It is g r a t i f y i n g   t o   f i n d   S t e i n  - i n   d i scuss ing   ac t ive   and   pas s ive   t r ans -  
p o r t  - a l s o   u t i l i z i n g   s u c h   l a n g u a g e .  He s t a t e s   t h a t  ". . .an  e lectrochemical  
g rad ien t  is a source  of energy - i t  can  be u s e d  t o   d r i v e  a chemi-osmotic 
engine.  . . 'I. 
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to   an   unders tanding  of t r anspor t   p rocesses   i n   l i v ing   sys t ems .  

To beg in ,  we n o t e   t h a t   t h e  terms hierarchical ly   macroscopic   and  micro-  
scopic  can  be  given more precise   dynamical   meanings  by  introducing  the  t ime-  
averaging   opera t ion  < >. I f  Q denotes some time-dependent  physiological 
quan t i ty   t hen  Q > denotes   the  dynamical ly   macroscopic   quant i ty   under   consid-  
e r a t i o n  a t  some h i e r a r c h i c a l   l e v e l   c o r r e s p o n d i n g   t o   t h e   m i c r o s c o p i c   q u a n t i t y  

Q a t  a lower   l eve l .   Dynamica l ly   macroscopic   quant i t ies   occur   na tura l ly   in  
the   descr ip t ion   of   mos t   phys io logica l   func t ions   because  of t he   va r ious   r e l ax -  
a t ion   p rocesses   t ha t   a r e   i nvo lved .  

We a re   he re   spec ia l ly   conce rned   w i th   t he   e f f ec t   o f  > on t h e   b a s i c  
POTENTIAL-FLUX equat ion 

FLUX = k x POTENTIAL DIFFERENCE 
= k x P .  D.  (1) 

Obviously 

where J is d e f i n e d   s o   t h a t  Eq. 2a is e q u i v a l e n t   t o  Eq. 2 .  

Therefore 

I f  we n o t e   t h a t  Q - q> is a l o c a l  dynamic f l u c t u a t i o n ,   a n d   t h a t  <PQ> is a 
temporal  covariance,  we s e e   t h a t  J measures  the  temporal  covariance  of  local 
dynamics1   f luc tua t ions   in  k and  the P .  D.  When Eq. 2a is s t u d i e d   e m p i r i c a l l y ,  
the  term J is c a l l e d   a c t i v e   t r a n s p o r t .  

A t  macroscopic   s teady-s ta te ,  <FLUX> is constant  and  can  be  taken as ze ro ,  
s o consequently 

<P.D.> = - J/Q> ( 4 )  

Thus a c t i v e   t r a n s p o r t  is a b l e   t o   c r e a t e  a non-equi l ibr ium  s teady-state .   Simi-  
l a r l y  a t  macroscopic   equi l ibr ium, 4 ? . D . >  is constant  and  can  be  taken as 
ze ro ,  s o  

<FLUX> = J (5) 

Thus a c t i v e   t r a n s p o r t  is a l s o   a b l e   t o   c r e a t e   a n   e q u i l i b r i u m   f l u x .   S i n c e   t h e  
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concep t   o f   ac t ive   t r anspor t  is r e l a t i v e l y  new, and i s  usual ly   cons idered   on ly  
in   the   molecular   domain ,  Eqs. 4 and 5 have   no t   ye t   been   cons idered   in   g ross  
phys iology.  However these   equat ions  seem l i k e l y   t o   f i g u r e   p r o m i n e n t l y   i n   t h e  
eventual   understanding  of  many v i t a l   p rocesses   such  as cytoplasmic  streaming, 
the  maintenance  of  non-equilibrium  metabolic  pools,   etc.  

Eq. 3a makes e x p l i c i t   t h e   d y n a m i c a l   n a t u r e   o f   a c t i v e   t r a n s p o r t .   S t r u c t u r -  
a l  cons ide ra t ions  are i m p l i c i t   i n   t h i s   f o r m a l i s m ,  becoming e x p l i c i t   o n l y  when 
s p e c i f i c  models a re   p roposed .   Fo r   example ,   t he   ac t iva t ed   ca r r i e r  model of 
membrane t r a n s p o r t   p o s i t s  a mob i l e   ca r r i e r  whose a f f i n i t y   f o r   t h e   t r a n s p o r t e d  
s p e c i e s   d i f f e r s  on the  two s ides   o f   an   in t ramembrane   d i f fus ion   bar r ie r .  Ob- 
v i o u s l y   t h i s  model sa t i s f ies   the   dynamica l   requi rement   tha t   the   f ree   energy  
f l u c t u a t i o n s ,   a s s o c i a t e d   w i t h   b i n d i n g   t o   t h e   c a r r i e r ,  are temporal ly   corre-  
l a t ed   w i th   t he   conduc tance   f l uc tua t ions ,   a s soc ia t ed   w i th  a lowered  diffusion 
b a r r i e r .  However the  model   requires  a var ie ty   o f   in t ramembrane   s t ruc tura l  
spec ia l i za t ions   wh ich  may o r  may n o t   a c t u a l l y   e x i s t .  

For  comparison w e  n o t e   t h a t   r e c t i f i c a t i o n y L a s  is produced a t  donor-accept- 
t o r   j u n c t i o n s ,   p r o v i d e s   a n   a l t e r n a t i v e   t o   t h e   c a r r i e r  as a s t r u c t u r a l   s p e c i a l i -  
za t ion   which   permi ts   cont ro l led   conductance   f luc tua t ions .  The a c t i v e   t r a n s p o r t  
c u r r e n t  of ions may w e l l  be  generated  by  ATP-driven  intramembranal  voltage 
f luc tua t ions   which   dr ive   cor re la ted   conductance   f luc tua t ions   in  a neighboring 
r e c t i f y i n g   j u n c t i o n .  The c h e m i c a l   s p e c i f i c i t y  of t h e   r e c t i f i e r   a c c e p t o r   s i t e s  
would then   r ep lace   t he   chemica l   spec i f i c i ty  of t h e   c a r r i e r .  

Now t h a t  we have  suppl ied a c l a r i f i ca t ion   o f   t he   dynamica l   na tu re  of a c t i v e  
t r a n s p o r t  a t  one l e v e l  - t he  membrane l e v e l  - i t  should   no t   be   too   surpr i s ing  
t o   f i n a  a similar r e s u l t  a t  h i g h e r   l e v e l s ,   e . g .  a t  the   o rgan   leve l .  We might 
expec t   tha t   the   hear t   a l so   genera tes   ac t ive   t ranspor t .   For   example ,  mammalian 
hear t s   use   muscular   cont rac t ions   to   genera te   p ressure   f luc tua t ions   which   a re  
co r re l a t ed   w i th   t he   r e s i s t ance   f l uc tua t ions   gene ra t ed   by   t he   va lves .  The blood 
c i r cu la to ry   r e l axa t ion   t ime   cons t an t s   a r e   measu red   i n   s econds ,   r a the r   t han   i n  
mi l l i s econds  as they  are   for   t ransmembrane  ion  t ransport .  Yet the  blood pump 
and  the  sodium pump bo th   pe r fo rm  e s sen t i a l ly   t he  same dynamical  task,  as s p e c i -  
f ied  by  Equat ion  3a.  

The ques t ion  now n a t u r a l l y   a r i s e s  : does   t he re   ex i s t  a dynamical  (temporal) 
h i e r a r c h y  of ac t ive   t ranspor t   sys tems  which   in  some s e n s e   p a r a l l e l s   t h e  known 
s t r u c t u r a l   h i e r a r c h y  of po res ,   ves i c l e s ,   mic ro tubu les ,   e t c . ?   Ind i r ec t   ev idence  
fur   such  a dynamical   hierarchy comes from  the  extensive  self-documentat ion  of  
d r i v e n   f l u c t u a t i o n s   i n  a wide   var ie ty   o f   phys io logica l   quant i t ies   cover ing  a 
range  of mean periods  from  mill iseconds  to  months.  So far ,   however ,  we have 
i n t e r p r e t e d   t h e s e   f l u c t u a t i o n s  as serving  t ime-dependent  control  and  optimi- 
z a t i o n   f u n c t i o n .  

It might  be  suggested,  more fundamental ly ,   that   whenever   dr iven  f luctua-  
t ions   occur   in   l iv ing   sys tems , phys io log ica l ly   s ign i f i can t   cova r i ances  as de- 
f i n e d   i n  Eq.  3a a l so   occu r .   Fo r  example , red   b lood   ce l l s   do   no t   f low  s teadi ly  

'See for  example,   Kornacker  in (59) .  
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i n   t he   mic roc i r cu la t ioq ,   bu t   a r e   swi t ched  from c a p i l l a r y   t o   c a p i l l a r y   w i t h  a 
mean period  of some 10 seconds.   Speculat ively w e  might   expect   this   to   cause 
co r re spond ing   f l uc tua t ions   i n   t he   l oca l  oxygen tens   ion.  Such f l u c t u a t i o n s  
cou ld   con t r ibu te   t o   an   ac t ive   t r anspor t   o f  oxygen i f   t h e r e  were  correla   ed 
f l u c t u a t i o n s   i n   t h e  oxygen permeabi l i ty   o f   the   microc i rcu la tory   shrubs .   Also  
the  oxygen t ens ion   f l uc tua t ions   cou ld   con t r ibu te   t o   t he   ma in tenance   o f  non- 
e q u i l i b r i u m   s t e a d y - s t a t e  ATP concen t r a t ions   i f   t he re   were   co r re l a t ed   f l uc tua -  
t i ons   i n   t he   l oca l   r a t e   cons t an t   fo r   ox ida t ive   phosphory la t ion .   Hopefu l ly  
t h e s e   b r i e f   s u g g e s t i o n s  w i l l  be  of some use   t o   expe r imen ta l   and   t heo re t i ca l  
physiologists  working  toward  an  understanding of v i t a l   p r o c e s s e s .  

E 

To be   d i scussed   la te r ,   the   cap i l la ry   shrubs   a re   those   cap i l la ry   segments  
t h a t   a r e   t i e d   t o   t h e  same a r t e r i a l -venous   po in t  of o r i g i n  and  disappearance. 
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VI. SOME COMMENTS  ON  CONTROL OF THE MICROVASCULAR SYSTEM 

I f  a system's v i e w  i s  murky a t   t h e  membrane level, form  and  function 
emerge with more c l a r i t y  a t  t h e   n e x t   h i g h e r   o r g a n i z a t i o n a l   l e v e l   i n   t h e  com- 
plex  biological   system,  the  microvascular   system. I t s  l a t e r a l   d i m e n s i o n s  
range  from membrane magnitude (a f r a c t i o n a l   m i c r o n   e n d o t h e l i a l  c e l l  t h i c k -  
n e s s   c o n s t i t u t i n g   t h e  wal l )  t o   c e l l u l a r   e x t e n t  (5-10-20-30 micra   d iameters ) .  
However folded  up, i t  makes  up much of  the body of t h e  organs  (e.g. ,  l iver ,  
kidney,  lung);  and i n   l e n g t h   a n d   e x t e n t  i t  spans  the body. 

1. I n t r o d u c t i o n  

The purpose  of   the  fol lowing  analysis  i s  t o  examine some aspec t s   o f   t he  
ro le   o f   the   microvascular   sys tem  in   main ta in ing   homeokines is   o f   the  whole 
animal,  i .e. ,  i n  man and   o the r   ve r t eb ra t e s .   Pa r t i cu la r   emphas i s  w i l l  be 
placed  on  (a)  the  dynamics  of  form  (the  morphokinesis  of  the  system),  (b) 
t h e  mechanisms tha t   have   been   sugges ted   for   cont ro l l ing   the   sys tem  ( the   dy-  
namics   of   funct ion)   with  their   a t tendant   successes   and  problems,   and  (c)  
some recommendations fo r   expe r imen t s   t ha t  may f u r t h e r   e l u c i d a t e  t h e  c o n t r o l  
mechanisms. 

2 .  Background 

The c i r cu la to ry   sys t em may be  considered  to  have two main  funct ions,   both 
of   which  can  be  descr ibed  as   t ransport   and  communicat ions  funct ions.  Both 
f u n c t i o n s   a r e   r e q u i r e d   i f   h o m e o k i n e s i s  i s  to   occur   and  be maintained.  These 
two t r a n s i t s   o c c u r   v i a   t h e   p e r m e a b i l i t y   c h a r a c t e r i s t i c s   o f   m i c r o v e s s e l s   a n d  
v i a   t h e  movement o r   c i r cu la t ion   o f   t he   b lood .  The major   permeabi l i ty   o r  
t r a n s v a s c u l a r   t r a n s i t   o c c u r s  via capi l la r ies   (or   s inusoids)   and   immedia te  
post   capi l lary  venules   and  the  communicat ion  t ransi t   between  organs i s  ac -  
complished by the   c i r cu la t ing   b lood .   These   t r ans i t   f unc t ions   a r e   c lo se ly  
coup led   t o   t he   cen t r a l   and   pe r iphe ra l  pa r t s  of  the  nervous  system,  the  meta- 
bol ism  of   organs  and  the  funct ions  of   the   lymphat ic   system. A s  ye t   on ly   t he  
b r o a d e s t   o u t l i n e s   o f   t h e s e   t r a n s i t   f u n c t i o n s   h a v e   b e e n   d e l i n e a t e d   i n   r e s p e c t  
to   the   card iovascular   sys tem.   Fur thermore   the   bu lk   o f   the   quant i ta t ive   da ta  
tha t   has   been   s ecu red   fo r   con t ro l  mechanisms has   been  f rom  the  gross   vascular  
sys tem;   the   da ta   f rom  the   microvascular   sys tem  a re   scanty   and   essent ia l ly  
q u a l i t a t i v e  and species l imi t ed .  Too o f t e n   t h e r e  i s  poor   correlat ion  between 
t h e   c o n t r o l  mechanisms t h a t  have  been  experimentally  derived  from  the  gross 
and  from  the  microvascular  systems. A s  y e t   t h e r e  are no  published  data  which 
r econc i l e   and   desc r ibe   t he   con t ro l  mechanisms i n  both  systems  simultaneously; 
p re fe rab ly   a s   s ecu red   i n   an   unanes the t i zed   an ima l .  (The exce l len t   rev iews   of  
t he   con t ro l   o f   t he   ' pe r iphe ra l '   c i r cu la t ion   t ha t   have   been   pub l i shed   du r ing  
the   l as t   decade   have   been   wr i t ten  by g r o s s   p h y s i o l o g i s t s  who h a v e   u t i l i z e d ,  
w h o l l y   o r   t o  a l a rge   ex ten t ,   da t a   t ha t   were   s ecu red  by g ross   phys io log ica l  
methods  and ' f i t t e d '   t o   t h i s   i n f o r m a t i o n  some ra the r   d ive rgen t   da t a   t ha t   were  
secured by methods  of  direct   microscopy  of small blood vessels. (Green  and 
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Kepchar, (1); Folkow, (2) ;  Gauer  and  Henry, (3 ) ;  Guyton  and  Coleman, (4);  
Haddy and S c o t t ,  (5); Mellander  and  Johanssen,  (6).)  Thus, t h e  conclusions 
pe r t a in ing   t o   t he   ope ra t iona l   cha rac t e r i s t i c s   o f   t he   mic rovascu la r   sys t em 
have  been  'deduced'.  While many of  the  deductions may prove  to  be v a l i d ,  
t h e r e  i s  too much of the  unknown or   long   cha in   in ference   p resent .  The only 
p o s s i b l e   e x c e p t i o n   t o  t h i s  a s s e r t i o n  i s  a d e s c r i p t i o n   o f   t h e   r e l a t i o n  between 
topology  and  geometry o 5 t h e   m i c r o v a s c u l a r  and g r o s s   a r t e r i a l   v a s c u l a t u r e   a t  
s i z e s  above c a p i l l a r i e s  .). 

Before  the  control   of   small   b lood  vessels  w i l l  be discussed  the  micro-  
vascular   system w i l l  be def ined  and some  common a t t r i b u t e s  o f   t hese   ves se l s  
w i l l  be considered. 

A l l  smal l   b lood  vessels   which  require   microscopy  for   their   recogni t ion 
are   designated  as   belonging  to   the  microvascular   system; t h i s  term  includes 
the  blood  flowing i n  them. The te rm  'microc i rcu la t ion '  i s  r e s t r i c t e d   t o   t h e  
blood in   t he   mic roscop ic   ves se l s .  

The upper l i m i t  of the  diameter of blood  vessels  comprising  the  micro- 
v a s c u l a r   s y s t e m   i n   v e r t e b r a t e s  i s  500  micra  (Bloch ( 7 ) ) .  This number  was 
der ived  f rom  the  visual   resolut ion  of   the  normal  human eye,  which i s  approxi -  
mately  100  micra,   and  the  use  of  the  concept  of  the  signal  to  noise  ratio 
concept,  chosen a t   t h e   l e v e l  of  1:5.  That i s ,  a n   o b j e c t ,   i n  t h i s  case  the 
sma l l e s t   ves se l ,   t ha t   can  be recognized by the human observer  measures  ap- 
proximately  100  micra,   but  the  nature of the   vesse l   cannot  be  determined. 
It w i l l  have t o  be enlarged  approximately  f ive  t imes  before   unequivocal  
i d e n t i f i c a t i o n  i s  p o s s i b l e .   I n  some v e r t e b r a t e s ,   a s   i n  a rodent ,  a v e s s e l  
w i t h  a diameter  of  500  micra  would  be a major   vesse l ,   whi le   in   the  Congo e e l  
(Amphiuma means)  the  vessel  would  belong t o   ' m i c r o s c o p i c '   v e s s e l s   a s  i t  would 
be about   s ix   diameters   wide  in   respect   to   the  largest   d imension  of   that   ani-  
m a l ' s   r e d - c e l l ,  which  measures  approximately  80x25  micra, Thus the  micro- 
vascular   sys tem,   as  i t  i s  d e f i n e d ,   c o n s i s t s  of many d i f f e r e n t   t y p e s  of v e s s e l s  
of  which  the  vessels  which  are  concerned w i t h  t r a n s v a s c u l a r   t r a n s i t   a r e   b u t  
part   of  the  system. 

The above c l a s s i f i c a t i o n   s h o u l d  be r e l a t e d   t o  and  compared w i t h  a  more 
g e n e r a l   c l a s s i f i c a t i o n  of the  vessels  of  the  cardiovascular  system  which  has 
been   der ived   f rom  gross   phys io logica l   s tud ies .  One s u c h   c l a s s i f i c a t i o n  
(Heymans and  Folkow, (8) )   d iv ides   the   sys tem  in to   " . 'Windkesse l '   vesse ls  
(e.p;. a o r t a )  which  convert a rhythmic   input   in to  a f a i r l y  smooth outflow. . -  
Res i s t ance   ves se l s ,   e ach   o f   wh ich   con ta ins   an   a r t e r io l e ,   c ap i l l a ry  and venule,  
the sum of  which r e s u l t   i n   t h e   t o t a l   r e s i s t a n c e   t o   f l o w  and t h e i r   i n t e r r e l a -  
t i o n   r e s u l t s   i n  one  of   the  major   determinants   of   t ransvascular   t ransi t .  
Exchange v e s s e l s  whereby  blood comes i n   ' c o n t a c t '   w i t h   t i s s u e   v i a   a n  enormous 

This   descr ipt ion  has   been  e lucidated  through  the work  of  Mall  (1888-1906); 
Green  (1944);  Groat  (1948); Suwa (1963) ;   Ibera l l   (1967) .   In   an   ' average '  
sense,   the  character  of  branching  from t h e  a o r t a  down to   tubes   o f   the   o rder  
of 20 micra   are  known throughout  the mammalian a r t e r i a l   c i r c u l a t i o n .  See 
addendum t o  t h i s  s e c t i o n .  

77 



c a p i l l a r y   s u r f a c e .   S p h i n c t e r  vessels , o c c u r r i n g   i n   t h e   t e r m i n a l   a r t e r i o l e s  , 
where  smooth  muscle  'sphincters '   can  induce  intermittent  occlusion  thus  af-  
f ec t ing   t he   cap i l l a ry   su r f ace   ava i l ab le   fo r   pe r fus ion .   Capac i t ance   ves se l s ,  
where s h i f t s   i n   a v e r a g e   b o r e ,  so moderate   that  t h e i r  f l ow  r e s i s t ance  i s  but 
l i t t l e  a f fec ted ,   bu t   which   can   profoundly   a f fec t  volume flow  and  cardiac 
f i l l i n g ,   a n d ,   s h u n t  vessels, the  ar ter io-venous  anastomoses" .  

In   accord  with  our   proposed  systems'   v iews,  more g r o s s l y  w e  may a l s o  re- 
gard   the   c i rcu la tory   sys tem as d i v i d e d   i n t o  a source  and  supply  system,  and a 
return  system. These  sys tems  a re   func t iona l ly   concerned   wi th  

Source  and  Supply  System 

Generation  of pressure and  flow 
'Long l ine   t r ansmiss ion  
F u n c t i o n a l   d i s t r i b u t i o n  
Local  exchange  and  supply 

Return  System 

Func t iona l   co l l ec t ion  
Large volume s to rage  

The microvasculature  i s  concerned w i t h  local  supply  and  exchange. 

It i s  meaningless when c o n t r o l  i s  be ing   cons idered   to   cons ider   vesse ls  
p e r  se, a s   v e s s e l s  do   no t   ex is t  by themselves  but are imbedded in   un ique  
environments   which  differ   f rom  each  other ,   and  therefore  t h e i r  environments 
must  a l s o  be  considered. T h i s  means t h a t   p a r a d o x i c a l l y   t h e r e  i s  no  'micro- 
vascular   system' ,  when cons idered   as  a f u n c t i o n a l   e n t i t y ,   b u t   t h a t   t h e r e   a r e  
'microvascular  systems' .  The paradox i s  resolved by discussing  microscopic  
b lood   vesse ls   as   components   o f   func t iona l   un i t s   o f   o rgans .  

The bulk  of  what makes up the   mic rovascu la r   sys t ems   cons i s t s   o f   a r t e r i -  
o l e s ,   c a p i l l a r i e s  and venu les .   In   add i t ion   t o   t hese   ves se l s  two kinds  of 
shun t s   ex i s t   be tween   t he   a r t e r io l a r  and venular  systems , namely,  "preferen- 
t i a l "  or   " thoroughfare   channels"  and ar ter io-venous  anastomoses.  The 

"p re fe ren t i a l "   channe l s   a r e   ves se l s   t ha t   func t io r l  as c a p i l l a r i e s ,   i n   r e g a r d   t o  
t r a n s v a s c u l a r   t r a n s i t ,   b u t   d i f f e r  f rom  " t rue"   cap i l la r ies  by hav ing   s ca t t e r ed  
smooth m u s c l e - l i k e   c e l l s   e n c i r c l i n g  them which  can a l t e r   t h e i r  lumen. In 
general ,   the   preferent ia l   channels   have  blood  f lowing  through them con t inu -  
ous ly   wh i l e   t he   cap i l l a r i e s ,   de r iva t ive   f rom  these   channe l s ,   c an  be  and a r e  
f requent ly   excluded from active  f low  (Zweifach and Metz ( 9 ) ) .  The o ther   type  
of  shunt  i s  the   a r t e r io -venous   anas tomos i s ,   wh ich   i n   con t r a s t   t o   p re fe ren t i a l  
channels ,  is s h o r t   i n   l e n g t h ,   m u s c u l a r ,  and  opens  only  intermit tent ly .  Most 
of   the   t ime  these   vesse ls   a re   c losed .   In   respec t   to the   spa t ia l   loca l iza t ion  
of a r t e r io -venous   ana t  moses t h e y   a r e  found i n   t h e   l i v e r ,   g a s t r o - i n t e s t i n a l  
t r a c t ,   s k e l e t a l   m u s c l e  and connec t ive   t i s sue   bu t   no t   in   the   nephron .   Prefer -  
I There i s  some ques t ion   about   the   ex ten t   and   loca t ion   of   a r te r io-venous  
anastomoses i n   s k e l e t a l  muscle .  They have  been  described i n  the  anatomical 
l i t e r a t u r e ,   a l t h o u g h  t h e  l i t e r a t u r e  i s  sparse   (Clara   (10)) .  

P 
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I 

en t i a1   channe l s  exis t  i n  connect ive  t issue  (mesenter ies   of   the   rodent   where 
they  have  been  s tudied  extensively)  , s t r i a t ed   musc le  , g a s t r o - i n t e s t i n a l   t r a c t  , 
bu t   do   no t   occu r   i n   t he  l iver or   nephron.  

The long i tud ina l   con f igu ra t ion   o f   mic rovesse l s   d i f f e r .   Ar t e r io l e s   a r e  
cone-shaped vessels whose t a p e r  i s  approximately lo w i t h   t h e   d i r e c t i o n   o f   t h e  
smallest dimension  of  the taper toward  the  capil lary  bed,  while  venules  have 
a siplar t a p e r   b u t   t h e i r   d i a m e t e r   i n c r e a s e s   a s   t h e y   l e a v e   t h e   c a p i l l a r y  
bed .   Capi l la r ies   and   preferen t ia l   channels  are e s s e n t i a l l y   c y l i n d r i c a l .  
The taper o f   a r t e r i o l e s  may add t o   t h e   f r i c t i o n a l   r e s i s t a n c e   o f   t h e   c e l l u l a r  
components  of  the  blood,  but  this  factor  has  not  been  measured. The  t a p e r  
may have some importance i n   t h o s e  human diseases   where  erythrocyte   aggrega-  
t ion  occurs ,   as   the  aggregates   must ,   and  usual ly   do,   deform  as   they  are  
fo rced   t oward   t he   cap i l l a r i e s ;   bu t   i n  so doing, t h e i r  l i n e a r   v e l o c i t y   p r o g r e s -  
s ively  decreases   (Bloch,   1962;   Jeffords   and  Knisely,   1956) .  

Mic roscop ic   ves se l s   a l so   exh ib i t  dynamic f l u c t u a t i o n s   i n   t h e i r   i n t e r n a l  
diameters  which may be e s p e c i a l l y   n o t a b l e   i n   a r t e r i o l e s .   T h i s  phenomenon has 
been  described  as  "vasomotion"  but w i l l  not  be used i n   t h e   d i s c u s s i o n   b e c a u s e  
the  term  has   been  used  to   descr ibe two d i f fe ren t   responses ,   and  most i n v e s t i -  
ga tors   use   the  term i n d i s c r i m i n a t e l y  so t h a t  i t  i s  frequent ly   impossible  t o  
know what the  wri ter   has   in   mind.   For   example , Zweifach  (1955) , who has 
s tud ied   t he  phenomenon pr imar i ly   in   rodents   descr ibes   vasomot ion   as   " the  
spontaneous  opening  and  c losure  of   the   precapi l lary  sphincter .  The term 
'vasomotion'  has  been  applied  to t h i s  phenomenon t o  set i t  apart   f rom  the 

wave- l ike   pa t te rns   o f   cons t r ic t ion   and   d i la t ion   exhib i ted  by the   l a rger   b lood  
v e s s e l s . "   ( ( 9 ) ,  p. 283,  1955). On t h e   o t h e r  hand Nicol l   and Webb (13)  de- 
f ine   %asomot ion" ,   as   observed   in   the   l iv ing  membranes of   bats   "as   changes  in  
t he  lumen d iameter   tha t  r e su l t  from a c t i v i t y   o f   t h e   m u s c l e   c e l l s   i n   t h e   v e s -  
s e l   w a l l .   A r t e r i e s  and  occasional ly  t h e  l a r g e s t   a r t e r i o l e s   e x h i b i t   a c t i v e  
vasomotion i n  two d i s t i n c t  ways. One i s  a slowly  developing  caliber  change . . . ( i n   c o n t r a s t   t o )   a c t i v e   v a s o m o t i o n   ( w h i c h   i s )  a rapid  cal iber   change."  
Rapid  vasomotor   changes  occur   as   per is ta l t ic  waves t h a t  "move from  arcuate  
a r t e r i o l e s  t oward   t e rmina l   a r t e r io l e s :   wh i l e   l oca l i zed   con t r ac t ions   a r e   ex -  
h i b i t e d  most c h a r a c t e r i s t i c a l l y  by t h e  ' f i n a l   c e l l s '  o f   t e rmina l   a r t e r io l e s ,  
the  'precapi l lary  sphincters" ' ( (13) ,  p .  295,  1955). 

The impress ions   t ha t   a r e  commonly he ld   in   g ross   phys io logy  w i t h  regard 
t o   t h i s  phenomenon may be  gleaned  from  the  following  well-known  gross  phys- 
i o l o g y   t e x t s .  

"The exchange  between  blood  and t i s sues  t akes   p l ace   i n   t he  t r u e  c a p i l -  
l a r ies ,   th rough  which   bo th   the  amount  and d i rec t ion   of   b lood   f low  a re   ad-  
j u s t e d  by v a r i a t i o n   i n   t h e   c a l i b e r   a t   t h e i r   p o i n t s   o f   o r i g i n  from  the 
thoroughfare  channel.  The open ing   i n to   each   t rue   cap i l l a ry  i s  guarded by a 
cuff   of  smooth musc le   ( the   p recapi l la ry   sphinc ter )   which   tends   to   regula te  
the   f low  of   b lood   in to   the   cap i l la ry  i t  serves .  A t  i n t e r v a l s   o f  30  seconds 

I n   g e n e r a l ,   v e s s e l s   i n   t h e   a r t e r i a l   t r e e   t a p e r   n o t  more than   ,one   to  two 
degrees   as   they  descend  f rom  the  aor ta  down t o   a r t e r i o l e s .   ( J e f f o r d s  and 
Knisely  (11);  Suwa ( 1 2 . ) ) ,  
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t o  2 minutes, some o f   t he   p recap i l l a ry   sph inc te r s   open  up w h i l e   o t h e r s   c l o s e  
down to  produce a cont inuously  changing  pat tern  of   blood  f low,  ra te  and 
d i r ec t ion   t h rough   t he   i nd iv idua l   cap i l l a ry   s egmen t s .  The phasic   diameter  
changes   o f   cont ro l led   res i s tance  are  termed  vasomotion .... The major   cont ro l  
ove r   r eg iona l   b lood   f l ow  d i s t r ibu t ion  i s  exe r t ed  by c o n t r o l   o f   t h e   c a l i b e r   o f  
terminal  a r te r ies  , a r t e r i o l e s   a n d   p r e c a p i l l a r y   s p h i n c t e r s . "  (Rushmer i n  Ruch 
and  Patton  (1966) p.  605.) 

"Blood does.  not  flow a t  a con t inuous   r a t e   t h rough   t he   cap i l l a r i e s .   I n -  
s tead i t  f l o w s   i n   i n t e r m i t t e n t   s p u r t s .  The c a u s e   o f   t h i s   i n t e r m i t t e n c y  i s  
the  phenomenon called  vasomotion,  which means i n t e r m i t t e n t   c o n t r a c t i o n   o f   t h e  
me ta -a r t e r io l e s   and   p recap i l l a ry   sph inc te r s .   These   cons t r i c t   and   r e l ax   i n   an  
a l t e r n a t i n g   c y c l e  6 t o  12 times per minute."  (Guyton  (1966)  p.  434.) 

"The func t iona l   ana tomy  of   the   cap i l la r ies   has   been  worked o u t   f o r  some 
cold-blodded  animals,   for  the r a t  and  dog  mesentery ... and   fo r   t he  myocardium 
Briefly,   blood  f lows ... f r o m   t h e   a r t e r i o l e s  ... i n t o  a me ta r t e r io l e ,   and   t hen  
i n t o   c a p i l l a r i e s .  ... A t  t h e   o s t i a   o f   e a c h   c a p i l l a r y  i s  a small p r e c a p i l l a r y  
sph inc te r   o f  smooth muscle  which i s  c o n t r o l l e d  by nerves  presumably  from  the 
sympathetic  nervous  system, i n   t h e  same manner t h a t   t h e s e   n e r v e s   c o n t r o l   t h e  
a r t e r i o l e s  and   metar te r io les ,   In   the   body,  t h e  me ta r t e r io l e s   unde rgo   pe r iod ic  
c o n t r a c t i o n s   a t   i n t e r v a l s   o f  15  seconds t o  3 minutes. When the  t issue i s  i n  
a r e s t i n g   s t a t e ,   t h e   c o n s t r i c t o r   p h a s e   o f   t h i s   r h y t h m   p r e d o m i n a t e s   a n d   t h e  
p r e c a p i l l a r y   s p h i n c t e r s  may be  completely  closed. When t h e   t i s s u e  becomes 
a c t i v e ,   t h e -   d i l a t o r   p h a s e   o f  
l a r y   s p h i n c t e r s  are open. . . 

However, whe the r   d i r ec t  
a c t u a l l y   o b s e r v e d   i n  musc le  
t o   i nves t iga t e   whe the r   t on ic  
o f   c a p i l l a r y   d e n s i t y  by coun 

i 

t 

the   metar te r io les   p redominates   and   the   p recapi l -  
'I (Gregg i n  Best and  Taylor  (1961)  p.  158.) 

o b s e r v a t i o n   o f   p r e c a p i l l a r y   s p h i n c t e r   a c t i o n  i s  
s moot. For  example,  Honig e t  a1.(14)  undertook 
neura l   d i scharge   might   cont r ibu te   to   the   cont ro l  
i n g   t h e   d e n s i t y   o f   o p e n   c a p i l l a r i e s   i n   r e s t i n g  

r a t   g rac i l i s   musc le   be fo re   and   a f t e r   acu te   dene rva t ion .  It  appeared t h a t  
v a s o c o n s t r i c t o r   t o n e   i n f l u e n c e d   a r t e r i o l e s   b u t   n o t   p r e c a p i l l a r y   s p h i n c t e r s .  

Denervation  produced  no  change  whatever i n   t h e  number of  open c a p i l l a r i e s ,  
whether  one  f ield was observed  cont inuously  for   10 min. a f t e r   d e n e r v a t i o n  ... 
o r   d a t a   f o r  a l l  f i e l d s  were pooled . . . I '  They make t h e  p o i n t   t h a t   p r e c a p i l -  
l a r y   s p h i n c t e r s  are inne rva ted  by au tonomic   nerves ,   based   on   v i sua l iza t ion   of  
myoneural  junctions  observed by electron  microscopy.   Yet ,   operat ional ly ,  
t h e i r   e v i d e n c e   f o r   p r e c a p i l l a r y   s p h i n c t e r   a c t i o n   i n   m u s c l e  was i n f e r e n t i a l .  
I n   e v e r y   r a t   t h e   p r e c a p i l l a r y   s p h i n c t e r s   e x h i b i t e d   c o n t r a c t i l e   a c t i v i t y ,  

measured  by  spontaneous, random changes i n   c a p i l l a r y   d e n s i t y  . . . ' I  

I 1  

II 

Further,   even  though  "normal  vasomotion  (opening  and  closing  of cap i l -  
l a r i e s ) "  was a t  i s s u e ,   t h e   c r i t e r i o n  was not   d i rec t   observa t ion   of   the   chang-  
i n g   d i a m e t e r   o f   e i t h e r   o f   t h e   c a p i l l a r y   e n t r a n c e s   o r  t h e  c a p i l l a r y  lumen, but 
whether  they  "contained moving e r y t h r o c y t e s   a t   t h a t   i n s t a n t "   o f   o b s e r v a t i o n .  
I f   f o r  example,   the   capi l lar ies   contained  only  plasma,  as  a r e su l t  o f   v a r i -  
a b l e  skimming ups t ream,  an   in ference   o f   p recapi l la ry   vasomot ion  may be  unwar- 
ranted.  
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On the   o ther   hand ,  a s t u d y   o f   c a p i l l a r y   f l o w   i n  muscle r epor t ed  by Cardon 
e t  a l .  (15 )   i nd ica t e s  a p e r i o d i c   c h a r a c t e r   t o   t h e  number of  red ce l l s  passing 
through small c a p i l l a r i e s   i n   t h e   p a n n i c u l u s   m u s c l e   o f   t h e  mouse. S imi l a r  
r e s u l t s  of ear l ier  s t u d i e s . o n   c a p i l l a r i e s   i n   t h e   f r o g   m e s e n t e r y   a n d   t h e   r e c t u s  
femoris muscle i n   t h e   g u i n e a   p i g  are mentioned, They conclude "A morphological 
s o u r c e   f o r   t h e   o s c i l l a t i o n s   i n   r e d   c e l l   f l o w  was n o t   e s t a b l i s h e d  ... a t  no 
time were changes  noted i n   t h e   i n t r a l u m i n a l   d i a m e t e r   o f   a r t e r i o l e s   o r   c a p i l -  
l a r ies ,  o r   o f   s p h i n c t e r i c   a c t i o n   s u f f i c i e n t   t o   i n t e r f e r e   w i t h   r e d   c e l l   f l o w . . . ' '  

I n   f a c t ,   t h e r e  i s  no   morphologica l   ev idence   tha t   f luc tua t ions   in  p r e -  
c a p i l l a r y   i n l e t   d i a m e t e r s  i s  the  common ( o r  a very common) means f o r   c o n t r o l -  
l i n g   c a p i l l a r y   f l o w .  On t h e   o t h e r   h a n d ,   f l u c t u a t i o n s   i n   r e d  c e l l  flow i n  
small c a p i l l a r i e s   ( c a p i l l a r i e s   s m a l l e r   t h a n   r e d  c e l l  diameters)  seems t o  be 
q u i t e   g e n e r a l .  

Maintained  changes in   the   d iameter   o f   b lood  vessels for   vary ing   per iods  
of t i m e  a r e  common t o   a l l   l i v i n g   v e s s e l s  and t h i s  response i s  termed  "vascular 
tone". Maximum t o n e   e x i s t s  when t h e   v e s s e l  i s  c o n s t r i c t e d   t o   z e r o  lumen, while  
tone i s  absen t  when t h e   v e s s e l   a t t a i n s  i t s  maximum diameter .   In   maintaining 

tone"   t he   bas i c   l ong i tud ina l   con f igu ra t ion   o f  t h a t  pa r t i cu la r   t ype   o f   ves se l  
i s  also  maintained  which i s  c h a r a c t e r i s t i c   f o r   a r t e r i o l e s ,   c a p i l l a r i e s  and 
venules.  The manner i n  which  vascular  tone i s  produced i s  be ing   e luc ida ted .  
Tone may be  considered as  the  r e su l t  o f   i n t e g r a t e d   p h a s i c  twitches i n i t i a t e d  
by ac t ion   po ten t i a l s .   (Funak i   (16 ) ;  Steedman (17);   Siggins   (18) . )   This  
e l e c t r i c a l   a c t i v i t y  i s  apparently  myogenic,  a t  l e a s t   i n  some v e s s e l s ;  i t  i s  
not  dependent on the  nervous  system  (Johansson  and  Ljung  (19)).  However, 
o the r   vascu la r  smooth  muscle d o  no t   exh ib i t   au tomat i c i ty ,   i . e . ,   synchron ized  
cont rac t ions   (Mel lander   and   Johansson   (6) ) .   Fur thermore ,   the   cont rac t i le   e le -  
ments  of s t i l l  o the r   vascu la r  smooth muscle do n o t   e x h i b i t   a c t i o n   p o t e n t i a l s  
bu t   p roduce   the i r   ac t iv i ty   th rough  graded   changes   in  membrane p o t e n t i a l  (Su,  
e t   a l .  (20)). Thus vascular   tone  may be t h e  p roduc t   o f   d i f f e ren t  mechanisms 
in   va r ious   r eg ions   o f   t he   vascu la r   sys t em  a s :   ( a )  Myogenic automatici ty   and 
propagat ion   which   resu l t   in   rhy thmic i ty ,   modula ted  by vasomotor  nerves,  vaso- 
active subs t ances   o r   l oca l   me tabo l i t e s ;   (b )  Tone may be developed by asyn- 
chronous  spike  discharges,the  result   of  vasomotor  nerves;   and  (c) Tone may be 
produced by changes i n  membrane poten t ia l s   p roducing   graded   cont rac tures .  A l l  
t hese  mechanisms  might o p e r a t e   i n  one   vesse l ,   each   to  a varying  degree.  (Mel- 
lander  and  Johansson  (6).) 

'I 

Other common a t t r i b u t e s   o f  small blood are their   morphological  components 
and s t r u c t u r a l   o r g a n i z a t i o n .  A l l  blood vessels, i nc lud ing   cap i l l a r i e s ,   have  
three ' t u n i c s ' ,   t h a t  i s ,  an   in t ima whose major  component cons i s t s   o f   endo the l -  
ium, a media  which i s  composed of smooth muscle  or   'modi f ied '  smooth muscle 
ce l l s  and   an   advent i t ia   which   cons is t s   o f   connec t ive   t i s sue   (Rhodin   (21) ) .  
The p ropor t ions   o f   t hese   t un ic s   va ry :   cap i l l a r i e s   and   s inuso ids   a r e   mos t ly  
cons t ruc ted   o f   endothe l ium,   the i r  media c o n s i s t s   o f  a few s c a t t e r e d  ce l l s  
(pe r i cy te s   o r   'mod i f i ed '  smooth muscle   cel ls)   and  they  have  very l i t t l e  
a d v e n t i t i a ,  a few ' s t rands '   o f   connec t ive   t i s sue .  A prominent   feature   of  
many a r t e r i o l e s  i s  t h e i r  media  which c o n s i s t s   o f  smooth  muscle.  (Electron 
microscopy i s  d e l i n e a t i n g   s t r u c t u r a l   d e t a i l s   o f   t h e  media  which may have 
i m p l i c a t i o n s   i n   r e g a r d   t o  a r ecep to r  mechanism f o r  humoral   t ransmit ters .   For  
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e x a m p l e ,   a r t e r i o l e s   w i t h  a pos t  v i t a l  diameter  of 30 micra   o r  less ( r a b b i t ,  
fasc ia   o f   the   th igh)   have  smooth muscle  cel ls  a n d   e n d o t h e l i a l   c e l l s   t h a t  make 
membrane t o  membrane c o n t a c t s ,   t h a t  is ,  the  basement membranes a r e   a b s e n t .  
Rhodin   (21)   sugges ts   tha t   these   in t imate   contac ts   se rve  as channe l s   t ha t  ex- 
pedi te   the   t ransfer   o f   vasoac t ive   subs tances   f rom  the   b lood   to   the   e f fec tor  
s i t e  i n  smooth musc le   ce l l s .  Thus these   endothe l ia l   ce l l s   can   be   cons idered  
as  r e c e p t o r s   t h a t   i n i t i a t e  t h e  depo la r i za t ion   o f  smooth musc le   ce l l s . )  A r -  
t e r i o l e s   i n   g e n e r a l  have more  smooth muscle  than  comparable  sized  venules. 
There are except ions.  A notable   except ion  are the   t e rmina l   po r t ions   o f  t h e  
h e p a t i c   a r t e r i o l e s   w h i c h   l a c k  smooth muscle c e l l s   b u t   a r e   c o n t r a c t i l e   ( e . g . ,  
McCuskey ( 2 2 ) ) .  A l s o ,   a s  a g e n e r a l   p r i n c i p l e ,   t h e   v e s s e l s   o f  t h e  venous  sys- 
tem show c o n s i d e r a b l e   v a r i a t i o n   i n  smooth  muscle,  both i n  amount  and loca t ion .  
I n   r e g a r d   t o   t h e   l a t t e r  smooth muscle may o c c u r   i n   t h e   a d v e n t i t i a .  

An i m p o r t a n t   s t r u c t u r a l   c o n s t i t u e n t   o f   v e s s e l s ,   e s p e c i a l l y   i n   r e g a r d   t o  
any   cont ro l  mechanism, a re   t he i r   ne rves .   Unfo r tuna te ly   t he   ex ten t   o f   t he  
d i s t r i b u t i o n   o f   n e r v e s   i n   t h e   v a s c u l a r   s y s t e m  i s  s t i l l  not  known adequately.  
Whi le   the   ana tomica l   d i s t r ibu t ion   of   nerves   to   b lood  vessels has  been  studied 
fo r   ove r  a cen tu ry ,   t he   me thods ,   un t i l   t he  l a s t  decade,   have  del ineated  not  
on ly   nerves   bu t   connec t ive   t i s sue   f ibers .   Fur thermore ,  i t  has  not  always 
been  possible   to   dis t inguish,   morphological ly   between  sensory  and  motor  
f ibers .   Hence,   the  mapping  of the  nerve  supply  to   blood  vessels  i s  f a r  from 
complete  and i s ,  t o  some measure,   an  open  question, Too l i t t l e  d a t a  exis t  
which unequivocally  demonstrate how per iphera l   nerves   t e rmina te .  What i s  
be ing   de l inea ted  i s  t h e  manner of  t h e  r e l a t i o n s h i p   o f  t h e  nerves   with  the 
microvascular  system. The bes t   i n fo rma t ion   i n   r ega rd   t o   t he   sympa the t i c  
nerves  has  been  secured i n   t h e  past  decade  with  e lectron  and  f luorescent  
microscopy.'  While  the smallest ne rve   f i be r s ,   neu r i t e s ,   c anno t   be   t r aced   o r  
s epa ra t ed   f rom  connec t ive   t i s sue   f i be r s   w i th   ce r t a in ty   even  w i t h  these  methods, 
the   loca t ion   of   neuro t ransmi t te r   subs tance   (norepinephr ine)   has   been   iden-  
t i f ied  a long  the  course  of   sympathet ic   nerves .   Sympathet ic   nerves   penetrate  
the   advent i t ia   and   reach  t h e  outer   border   of   the   media ,   but   apparent ly   do  not  
e n t e r  i t  , o r  do so o n l y   t o  a very   l imi ted   degree   ( see   be low)   and   in   l a rger  
vessels   of   the   microvascular   system  there  i s  no   ' i n t ima te '   con tac t   o f   ves i c l e s  
with smooth  muscle c e l l s .  The ves i c l e s   a r e   s epa ra t ed   f rom smooth muscle c e l l s  
by d is tances   o f   hundreds   o r   thousands   o f   Angs t rom  uni t s .   ( In   t e rmina l   a r te r -  
i o l e s ,   unmye l ina t ed   ne rve   f i be r s   a r e   pa r t i cu la r ly  numerous i n   t h e   r e g i o n   o f  
p r e c a p i i l a r y   s p h i n c t e r s .  Some of   the  axons  contain vesicles w i t h  densely 
s ta ining  granules   (norepinephrine) .   Furthermore,   occasional ly   'c lub '   l ike  
nerve  endings make c lose   con tac t  w i t h  vascu la r  smooth muscle  (Rhodin  (21)). 
However, i t  i s  s t i l l  diff icul t   to   unequivocal ly   separate   sensory  f rom  motor  
nerves  a t  th i s   l eve l   o f   the   microvascular   sys tem.)  Thus i n   m i c r o v e s s e l s  
which  have mul t ip le   l ayers   o f  smooth muscle  enveloping t h e  endothelium,  the 
innermost   layers  would  be  exposed to   the   lowes t   concent ra t ion   of  a neu ro   e f -  
fector   substance.   There i s  l e s s   i n fo rma t ion   abou t   t he   t opograph ic   d i s t r i -  
bu t ion   of   parasympathe t ic   nerve   f ibers   wi th   microvesse ls .  The cur ren t   op in ion  
r e l ega te s   t he   pa ra sympa the t i c   t o   t he   c r an ia l   and   cauda l   ends   o f   t he   neu rax i s  

The fo l lowing   sec t ion   presents   an   up- to-da te   bu t   a l so   specula t ive   v iew  of  
the  autonomic  nervous  system. 
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and  there   cont inues   to   remain  a vexat ious   p roblem,   the   poss ib le   ex is tence   o f  
e f fe ren t   vasodi la tor   ' f ibers '   (parasympathe t ic )   tha t   supposedly  emerge i n  
d o r s a l   s p i n a l   n e r v e .   r o o t s  (der-sal r o o t   e f f e r e n t s ) .   I f   t h e s e   e f f e r e n t   v a s o -  
d i l a t o r   f i b e r s  do exist  then  the  parasympathet ic   system i s  f a r  more wide- 
spread,   and  the  general ly   current   concept  i s  i n c o r r e c t .  

F i n a l l y   t h e  vessels appea r   t o   con ta in   o r   be   a s s0c ia t e .d   w i th   s enso ry  
nerves .   Again  detai led  information i s  l a c k i n g   i n   r e s p e c t   t o   t h e i r   d i s t r i b u -  
t i on   w i th   mic rovesse l s ,  l e t  a lone   what   the i r   phys io logica l   ro le   might   be .  It 
i s  doub t fu l   t ha t   t hey   a r e   s enso r s   on ly  of pain  and  pressure;   perhaps  they  are  
chemical  sensors.  

I n  summary, morphological   information  about   the  re la t ion  of  t h e  nervous 
system  with  the  microvascular  system i s  incomplete.   Probably  the most ex- 
tens ive   in format ion  exists f o r   t h e   e x t r e m i t i e s ,  i r i s ,  g a s t r o i n t e s t i n a l   t r a c t  
and   hea r t ;   bu t   t hese   s t ruc tu res   have   been   s tud ied   ' i n su f f i c i en t ly   o r   no t   a t  
a l l ,  w i t h  dynamic  methods, in   regard   to   the   cont ro l l ing   microvascular   sys tems.  

I n   s p i t e   o f   t h e   t o o  many anatomical   and  physiological   problems  that   re-  
main for   the   in te r re la t ionships   o f   the   nervous   and   vascular   sys tems,   the  
inf luence  of   the  nervous  system  on  the  cardiovascular   system i s  profound. 
From gross  physiologic  evidence,   the  sympathetic  system i s  probably  the most 
s ign i f i can t   sys t em  tha t   i n f luences   t he   ca rd iovascu la r   sys t em,   and   t he   g ros s  
p h y s i o l o g i c a l   s t u d i e s   h a v e   r e s u l t e d   i n   v a r i o u s   c l a s s i f i c a t i o n s   o f   t h e   a u t o -  
nomic  nervous  system  such as the   one   c i ted .  (A c lass i f ica t ion   of   au tonomic  
nervous  system as  a f f ec t ing   t he   ca rd iovascu la r   sys t em is  proposed by 
Heymans and  Folkow (8), " C e n t r a l l y t r o l l e d  ~~ ~ Vasomotor Fiber  Systems. Sympa- 
thet ic   Adrenergic   Vasoconstr ic tor   Fibers :   These a-re the  only  vasomotor   f ibers  
t h a t  are t o n i c a l l y   a c t i v e ;   t h e y   p a r t i c i p a t e   i n   p r a c t i c a l l y   a l l   t y p e s  of neur- 
ogenic   card iovascular   ad jus tments .  They  form the   so le   e f fe ren t   motor  pathway 
f o r  t h e  con t ro l   o f  t h e  level   of   the   blood  pressure  and  for   the  maintainance 
of   the  temperature   equi l ibr ium. They a l s o   c o n s t i t u t e   t h e   b a s i s   f o r   t h e  most 
common type  of   neurogenic   vasodi la t ion,  i .e . ,  simply by induc ing   i nh ib i t i on  
of t he i r -   t on ic   ac t iv i ty ,   Sympa the t i c   Cho l ine rg ic   Vasod i l a to r   F ibe r s  : These 
a re   d i s t r ibu ted   t o   t he   ske l e t a l   musc le s   and   poss ib ly   t o   t he  myocardium.  They 

~~ ~ 

possess  no t o n i c   a c t i v i t y ,   b u t  do  engage i n  a specific  somatomotor-viscero- 
moto r   r eac t ion   pa t t e rn ,   p robab ly   e l i c i t ed   i n   emergency   s i t ua t ions  whereby the  
cardiovascular   system is r ap id ly   ad jus t ed   t o   i nc reased   b lood   f l ow  to   t he  
muscles.  (Adrenal  Medulla-these hormones ' l end   suppor t '   to   the   nervous   pa th-  
ways: T h e i r   e x c i t a t o r y   e f f e c t s  are f a r   i n fe r io r   t o   t hose   o f   t he   vasocon-  
s t r i c t o r   f i b e r s :   t h e i r   i n h i b i t o r y   e f f e c t s   a r e   p r o b a b l y  more potent  as  'even' 
smal l   concent ra t ions   o f   ep inephr ine  may e x e r t  a v a s o d i l a t o r   e f f e c t ,   i n  some 
t i s sues ,   e spec ia l ly   ske l e t a l   musc le . )   Pa rasympa the t i c   Cho l ine rg ic   Vasod i l a to r  
F i b e r s :   T h e s e   a r e   d i s t r i b u t e d   o n l y   t o  a few hemodynamically i n s i g n i f i c a n t  
a r e a s ,   i n  which  they  increase  the  blood  f low.   Per ipheral ly   Control led Vaso- 
motor   Fiber   Systems.   Dorsal   Root   Vasodi la tor   Fibers .   Present   in   skin  and 
s u p e r f i c i a l  mucous membranes, whe.re they   c r ea t e  a loca l   increase   o f   b lood  
flow in   r e sponse   t o   ha rmfu l  s t i m u l i :  they  possess  no  motor  function  whatever.  
They a re   i den t i ca l   w i th   unmye l ina t ed  C f i b e r s ,  are pr imari ly   concerned  with 
pa in ,   and   i nvo lved   i n   t he   axon   r e f l ex  mechanism. Poss ib le   Loca l  Nerve Cel l  
Plexuses   in   the  Vascular  Walls. A Hypothetical   System  for  Local  Integration! '  

. ~~ 
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I 1  

I n  sumrmry the   op in ion   has   been   expres sed   t ha t   " the   t on ic   vascu la r   con t ro l   i n  
c i r cu la to ry   homeos ta s i s  i s  executed  only by t h e   c o n s t r i c t o r   f i b e r s ,   w h i l e   t h e  
d i f f e ren t   t ypes   o f   d i l a to r   f i be r s ,   wh ich   do   no t   fo rm a homogeneous group, are 
r e se rved   fo r  a few,   highly  special ized  purposes ."  ((8), p. 428.) 

I n   a n   a t t e m p t   t o   c l a r i f y   t h e   r e s p o n s e s   o f   v a s c u l a r  smooth muscle t o  
adrenergic   and  chol inergic   drugs  hypothet ical   morphological   receptor  s i tes  i n  
vascu la r  smooth muscle  have  been  proposed  (Ahlquist,  (23), ( 2 4 ) ;  Green,  (25)). 
The a l p h a   ( c o n s t r i c t o r )   a n d   b e t a   ( d i l a t o r )   r e c e p t o r s   a r e   a f f e c t e d  by adrener-  
g ic   d rugs ,   bu t   on ly   the   a lpha   receptors  are a f f e c t e d  by s t imu la t ing  sympa- 
t h e t i c   n e r v e s .  The a lpha   r ecep to r s  appea r  t o  be  widely  dis t r ibuted  through-  
out   the body  and a r e  most r e s p o n s i v e ,   i n   d e c r e a s i n g   o r d e r ,   i n   v e s s e l s   o f  t h e  
k idney ,   sk in ,   ske le ta l   musc le ,   hear t ,   sp leen   and  l iver.  The vessels of t h e  
b r a i n  may be   l ack ing   i n   a lpha   r ecep to r s .  Beta r e c e p t o r s  are e x t e n s i v e l y  
' d i s t r i b u t e d '   i n   s k e l e t a l   m u s c l e ,   h e a r t   a n d   s p l e e n   b u t   s p a r s e   i n  t h e  kidney 
and l i v e r .  (The l a t t e r  would  be con t r ad ic to ry   t o   morpho log ica l   ev idence   a s  
t h e r e  i s  no conv inc ing   ev idence   t ha t   do r sa l   roo t   e f f e ren t s  exist .  I f   t h e y  
do ex i s t ,   t hen   t hey  would be long   to  t h e  parasympathetic  system  (vide  supra, 
page 9 )  (Mi tche l l ,   ( 256) ) . )   F ina l ly   t he   r ecep to r s   appea r   t o   be   i n t eg ra t ed  
through t h e  sympathetic  nervous  system  emanating  from t h e  medul lary  port ion 
of   the  neuraxis .  

3 .  The  Organizat ional  Level of  Microvascular  Control 

Gross   phys io log ica l   s tud ie s   o f   t he   con t ro l   o f   pe r iphe ra l   r e s i s t ance   fo r  
b lood   f low  ind ica te   d i f fe rences   for   d i f fe ren t   o rgans   (e .g . ,   Green   (1) ) .  The 
source   fo r   t hese   d i f f e rences   p robab ly   r e s ides   i n   t he   sma l l e s t  volume of t i s -  
s u e  t h a t  makes that   organ  unique.  The  maintenance  of t h e i r  un ique   func t iona l  
proper t ies   depends   no t   on ly   on   rece iv ing   an   ' adequate '  volume of  blood p e r  
un i t   t ime   bu t   equa l ly   impor t an t   i n   r egu la t ing   t h i s  volume of  blood. The 
maintenance  of  homeokinesis  of  the  whole  organism mus t  begin w i t h  t h e  unique 
s t ruc tu re   t ha t   cons t i t u t e s   each   pa r t i cu la r   o rgan .  Then t h e  va r ious  s t i m u l i  
t h a t   a r i s e   i n   a n   o r g a n   a f f e c t   a l l   o t h e r s  and   t hese   e f f ec t s  are communicated 
v ia   the   c i rcu la t ion   and   nervous   sys tem.  The volume o f   p a r t i c u l a r   t i s s u e  
which  engenders these responses i s  t h e  f u n c t i o n a l  unit. 

The morphological   components   of   the   funct ional   uni t  must c o n t a i n   a l l  
c e l l u l a r  components  which make that   organ  unique.  The components  of t h e  u n i t  
are   analogous  to   the  a toms  of  a molecule  which make a molecule  unique,  e.g., 
t he   un ique   func t iona l   un i t   o f   suga r   and   s a l t .   The re   a r e   j u s t  so many compo- 
nen t s   t ha t   coope ra t e   t o   ma in ta in  a func t iona l   un i t ;   redundancy   does   no t   occur .  
The redundancy  which  exists i s  i n   t h e  number o f   f u n c t i o n a l   u n i t s   t h a t  make up 
an  organ. 

As ye t   t he   func t iona l   un i t s   o f   a l l -o rgans   have   no t   been   de f ined .  To 
d a t e   t h e   b e s t   d e f i n i t i o n s   o f  a f u n c t i o n a l   u n i t   e x i s t   f o r   t h e   k l d n e y  - the  
nephron - and  the  nervous  system - t h e   n e u r o n .   I n   r e g a r d   t o   t h e   l a t t e r ,  t h e  
u s u a l   d e f i n i t i o n  i s  incomple te ,   to  w i t ,  " the   comple te   nerve   ce l l ,   inc luding  
t h e   c e l l  body,  axon  and  dendrites' '  (Gould, (26) )  because  the  vessels   which 
a r e   a s s o c i a t e d   w i t h   t h e   u n i t  have  been  excluded. The exclusion  of   the  micro-  
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vessels would make the unit nonoperative. Another illustration is the liver 
where the problem of defining the functional unit has existed for many years. 
For at least half a century it has been recognized that the lobule is not the 
smallest mass of tissue that makes this organ unique (e.g.,Mall (27) 1906). 
Recently the unit has been defined as follows: Its core consists of the sinu
oid with its afferent connections to an interlobular portal venule and hepa
tic arteriole, and, an efferent connection to the central or sublobular hep
atic venule. In addition, the unit contains the perisinusoidal space and con
necting lymphatic(s), bile cannaliculi, sensory and autonomic nerves and a mass 
of hepatic tissue. The center of this core of tissue is circumscribed by a 
radius that originates in the center of a sinusoid and extends to the center 
of the immediately adjacent hepatic cells. In frogs the radius extends through 
the whole cell as two hepatic cells exist which separate adjacent sinusoids 
rather than one as in mammals (Bloch (28)). Furthermore, the length of the 
unit can and does alter due to local, regional, or external (systemic) demands 
without compromising the functional unit as it is defined (see Fig. 1, Bloch 
(7), (28)). 

cv 

Fig. 1. The Hepatic Lobule (Bloch (7)) 

N Nerves (Sensory, Sympathetic and Parasympathetic) 
PV Portal Venule 
L Lymphatics 
BD Bile Ductule 
HA Hepatic Arteriole 
SLV Sublobular Venule (Sinusoids also empty into this vessel.) 
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A n o t h e r   i l l u s t r a t i o n  i s  the   func t iona l   un i t   o f   t he   l ung .  It i s  not   the  
a lveo lus .  The co re   o f   t he   un i t  i s  a n   a l v e o l a r   c a p i l l a r y  w i t h  i t s  connect ions 
t o   t h e  pulmonary a r t e r i o l e  and  venule ,   the   associated  nerves ,   and  adjacent  
e p i t h e l i a .  The volume o f   t i s sue   cons i s t s   o f  a rad ius   tha t   ex tends   f rom  the  
c e n t e r  of t h e   a l v e o l a r   c a p i l l a r y   t o   o n e - h a l f   t h e   d i s t a n c e   t o   a n   a d j a c e n t  p a r -  
a l l e l   c a p i l l a r y .  

The o p e r a t i o n a l   c h a r a c t e r i s t i c s   o f   t h e   h e p a t i c   f u n c t i o n a l   u n i t   h a v e   b e e n  
s tud ied  w i t h  the  microscope  perhaps more ex tens ive ly   than   any   o ther   func t ion-  
a l   u n i t .  It has   been   s tud ied   ex tens ive ly   in  t h e  l i v ing   f rog   (Kn i se ly ,  Bloch 
and  Warner ( 2 9 ) ) .  Selected  aspects   of   the   l iving  uni t   have  a lso  been  s tudied 
i n  t h e  guinea  pig  (Irwin  and McDonald (30)) and r a t  (McCuskey ( 2 2 ) ;  Debaker 
(31);  a l s o   s e e  Bloch ( 3 2 ) ) .  It was found  tha t   each   func t iona l   un i t   can   oper -  
a t e   i ndependen t ly   o r   i n   con junc t ion  w i t h  any number of   such  uni ts .  Blood flow 
t o   t h e   u n i t  i s  c o n t r o l l e d  by i n l e t   s p h i n c t e r s   t h a t   a r e   l o c a t e d   a t   t h e   j u n c t i o n  
of a s inusoid w i t h  t he   i n t e r lobu la r   po r t a l   venu le   (F igs .  1 and 2 ) .  I n   a d d i -  
t ion ,   b lood  i s  supp l i ed   t o  a s inuso id   f rom  a r t e r io l e s   wh ich   j o in  a s inuso id  
d i s t a l   t o   t h e   i n l e t   o r   a f f e r e n t   s p h i n c t e r .  B o t h  t h e  i n l e t   s p h i n c t e r  and  the 
ar ter iGle  can  modify  their   or i f ices   independent ly .   Outf low  f rom a s inusoid 
can  occur by one of two rou te s .   In   one ,   t he   b lood   i n   t he   s inuso id   en te r s  a 
c e n t r a l   v e n u l e   d i r e c t l y ,   t h a t  i s  t h e  f l ow  pa t t e rn  i s  d i r e c t l y   v i a  one  sinu- 
so id   f rom  the   in te r lobular   por ta l   venule   th rough a s inuso id   and   i n to  a c e n t r a l  
venule.  An a l t s r n a t i v e  pathway i s  v i a   a n   i n t e r s i n u s o i d a l   s i n u s o i d ,   t h a t  i s ,  
a s inusoid   tha t   in te rconnec ts   s inusoids .   Here  t h e  f low  pa t te rn  i s  from a 
p o r t a l   v e n u l e   v i a  a s inusoid   tha t   jo ins   the   por ta l   venule ,   which   then   jo ins  
a n   i n t e r s i n u s o i d a l   s i n u s o i d ,   t o   c o n n e c t  w i t h  a sublobular   hepat ic   venule  
(Fig.  2E) .  I n   e i t he r   ca se ,   t he   f l ow  o f   b lood   i n to   t he   cen t r a l  or sublobular  
venule i s  c o n t r o l l e d  by a n   o u t l e t   ( e f f e r e n t )   s p h i n c t e r   w h i c h   c a n   a c t   i n d e -  
penden t ly   o f   t he   i n l e t   o r   i n t e r s inuso ida l   sph inc te r s .   These   sph inc te r s   can  
hold  the  blood i n  a s inusoid   for   vary ing   per iods   o f   t ime,  and when they   r e l ease  
t h e   b l o o d   i n t o   t h e   o u t f l o w   t r a c t ,   t h e   i n l e t   s p h i n c t e r   c a n   c l o s e   a n d   t h e   s i n u -  
soid  ‘milks’   the  blood  into t h e  hepatic  venous  system. Thus  each  sinusoid 
a c t s   a s  a minute   blood  reservoir .  The response  has  been  given t h e  name of 
“au to t r ans fus ion”  ( 2 9 ) .  I n  a d d i t i o n   t o   t h e   a b o v e   r e a c t i o n ,  t h e  w a l l  of a 
s inusoid   has   severa l   degrees   o f   permeabi l i ty ;   a t   one   ex t reme most of t h e  
plasma may be removed so t h a t  t h e  b lood   cons is t s   o f   packed   ce l l s ,   the   o ther  
extreme i s  when the re  i s  no apparent  change i n   t h e   c e l l u l a r   c o n c e n t r a t i o n   o f  
the   s tored   b lood ,   tha t  i s ,  t h e   c e l l   c o n c e n t r a t i o n  i s  i d e n t i c a l  w i t h  t h a t   i n  
a por ta l   venule .  The wal l   o f   the   s inusoid ,   inc luding   the   sphinc ters ,   can  
a l s o   p a r t i c i p a t e   i n   a n o t h e r   r e a c t i o n ,   t h e   p h a g o c y t o s i s   o f   p a r t i c u l a t e s ,  seem- 
i n g l y   w i t h o u t   i n t e r f e r i n g   w i t h   t h e i r   o t h e r   f u n c t i o n s .  Thus the   hepa t i c   func -  
t i o n a l   u n i t   i l l u s t r a t e s   l o c a l   c o n t r o l   a s   e v i d e n c e d  by phagocytosis  and perm- 
e a b i l i t y ,  and regional   and  systemic  control  by working  together   with  asso-  
c i a t e d   u n i t s   a s   e x h i b i t e d  by the   au to t r ans fus ion   r eac t ion .  The u n i t   c o n t r o l s  
l i n e a r  and  volume  flow,  permeability, lymph product ion,   b i le   formation  and 
the   mu l t ip l e   func t ions   o f   t he   hepa t i c   ce l l s ,   t he reby   d i sp l ay ing   un i t   and   sys -  
t emic   i n t eg ra t ed   con t ro l .  

The desc r ip t ion   o f   t he   hepa t i c   func t iona l   un i t   con ta ins  two concepts   tha t  
requi re   fur ther   examinat ion ,   namely ,   the   re la t ionship   o f  t h e  m e t a b o l i c   a c t i v i t y  
of  an  organ  and t h e  number o f   c a p i l l a r i e s  w i t h  blood  flowing  through t h e m  and 
the   concept   o f   the   independent   cont rac t i l i ty   o f   cap i l la r ies .  
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Fig. 2.  Blood  Flow P a t t e r n s  and Maximum Diffusion  Distance  of   the 
Hepatic  Functional  Unit  (Bloch (7), (28)) 

A. The b lood   f l ow  pa t t e rn   i n  a s inusoid  connect ing a p o r t a l  and c e n t r a l  
venule. 

B. The maximum d i f f u s i o n   d i s t a n c e ,   i n d i c a t e d  by the  arrow  f rom  the  center  
of a s inuso id   ( i n   amph ib ia )   t o   t he   pe r iphe ry   o f  a h e p a t i c   c e l l  (HC). 

C. The  blood  f low  pattern  from  portal  t o  cent ra l   venule   pass ing   th rough  an  
in t e r s inuso ida l   s inuso id .  

D. The maximum d i f f u s i o n   d i s t a n c e ,   i n d i c a t e d  by the  arrow,  from  the  centex 
of a s inuso id   ( i n   t he  mammal) t o   t he   cen te r   o f  a h e p a t i c   c e l l  (HC). 

E. The blood  f low  pattern  from a Fortal   venule   through a s inusoid ,   then  
through two in t e r s inuso ida l   s inuso ids ,   t hen   i n to   ano the r   s inuso id   and  
emptying i n t o  a sublobular   venule .  
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The re la t ionship   be tween  the  number  of vesse ls   wi th   b lood   f low  per   un i t  
volume  of tissue and   metabol ic   ac t iv i ty   has   been   examined   ex tens ive ly   in  
skeletal   muscle.   For  example,   the volume  flow i n   s k e l e t a l  muscle  of  the 
human forearm a t  rest  may inc rease   t en   fo ld   fo l lowing   exe rc i se .  T h i s  hyper- 
emia  of  work i s  cons idered   to   be   due   to   vasodi la ta t ion   o f   p rev ious ly   c losed  
vessels a s  well a s   d i l a t a t i o n   o f   v e s s e l s   t h a t  were  open p r i o r   t o   e x e r c i s e  
(e.g.,  Barcroft  and Swan ( 3 3 ) ) .  Such data  have  been  secured by gross  phys- 
i o l o g i c a l  methods  (e.g.,  plethysmography)  and  from  post-vital  examination  of 
ske le ta l   musc le   in   exper imenta l   an imals   a f te r   the   in jec t ion   of   markers  (Krogh 
( 3 4 ) ) .  I n   r e s p e c t   t o   t h e  l a t te r ,  Krogh  compared the  number  of c a p i l l a r i e s  
per  square nun. of  muscle a t  rest and  immediately a f t e r   o r   d u r i n g   a c t i v i t y ,   o r  
w i t h  musc les   tha t   exhib i ted  l i t t l e  a c t i v i t y  w i t h  those  that   were  almost  con- 
t inuous ly   ac t ive .   For   example ,   he   repor ted   tha t   the   ex tensor   t a rs i   musc le  
( f r o g )   a t  rest had an  average  capi l lary  count   of  5/mm2 compared t o  195/mm2 
d u r i n g   a c t i v i t y ,  w h i l e  t h e   r e c t u s  abdominus  muscle  of t h e  guinea  pig had  a 
count  of  200  capillaries/mrn2  compared  to  2500  capillaries/mm2  for  the  dia- 
phragm. Furthermore  Krogh  found  that   the  average  diameters  of  capil laries 
i n  working  muscle  were  greater  than a t   r e s t ,  4 . 3  micra vs 6.8  micra  (frog) 
and  3.5  micra vs 5.0 micra  (guinea  pig).  These  examples  suggest  the  presence 
of some metabol i te (s ) ,   the   excess ive   u t i l i za t ion   of   supply  of some n u t r i e n t ,  
o r  t h e  nervous   sys tem  a f fec t ing   these   vesse ls .  

The vasomoto r   con t ro l   o f   ske l e t a l   musc le   i n  man arises from  various 
sources.   For  example,   the  abolishment  of  vasoconstrictor  nerves  to human 
s k e l e t a l  muscle doubles  blood  flow  (Barcroft ( 3 3 ) ;  Shepherd ( 3 5 ) ) ,  while   the 
a c t i v i t y   o f   v a s o d i l a t o r   f i b e r s  as i n d i c a t e d  by increased  blood  f low  through 
the  muscles  following  emotional stress and  flow i s  a lso   modi f ied  by pos tu re ,  
p resumably   v ia   receptors   in   the   thorax   (Shepherd  (35)). The ex ten t   o f  t h e  
in f luence   o f   vasomotor   nerves   on   b lood   vesse ls   in   o ther   t i s sues   have   no t   been  
a s s e s s e d   a s   e x t e n s i v e l y   i n  man a s   t h o s e   i n   t h e   l i m b s .  While t h e r e  i s  con- 
s ide rab le   i n f luence   o f  t h e  ne rvous   sys t em  on   t he   ves se l s   i n   func t iona l   un i t s  
o f   o rgans ,   t he   da t a   t ha t   i l l u s t r a t e s   such   d i f f e rences   a s   we l l   a s   t he   qua l i t y  
of   the   da ta   var ies .  

There i s  a l a r g e  body  of data   for   'vasoact ive '   substances  which  have 
been  demonstrated  during  the  las t   century  (see  the  review  of  Haddy and Sco t t  
(5)). The sum o f   t h e s e   s t u d i e s   i n d i c a t e  many promising  candidates ,   but   there  
i s  appa ren t ly  no   one   subs t ance   t ha t   exp la ins   a l l   o f   t he   obse rved   e f f ec t s .  
I n  a l l  p r o b a b i l i t y ,  i t  i s  a combination  of  substances,  and  these  probably 
v a r y   i n   i m p o r t a n c e   i n   d i f f e r e n t   o r g a n s .  The most  convincing  candidates  for 
i n f l u e n c i n g   v a s o m o t o r   a c t i v i t y ,   d i r e c t l y   o r   i n d i r e c t l y ,   a s   e s t a b l i s h e d  from 
gross   phys io logica l   exper iments ,   a re :   oxygen ,   changes   in  pH, potassium, 
adenine compounds, ace ty l cho l ine ,   l ac t i c   ac id ,   b radyk in in ,   h i s t amine ,  and 
catecholamines. 

Few modern s t u d i e s   e x i s t  where a t t empt s  have  been made t o   e l u c i d a t e  
the   cont ro l   o f   smal l   vesse ls  by direct   microscopy.  The c l a s s i c a l   s t u d i e s  of 
v a r i a t i o n s   i n   b l o o d   f l o w   t h r o u g h   v e s s e l s   i n  s i t u  w i t h  the  microscope  were 
made by S i r  Thomas Lewis  (36) i n  human skin  vessels,who  considered t h e  major 
v a s o d i l a t o r   t o  be  a his tamine-l ike  substance,   and Ebbecke  (37a), who deduced 
t h e  responses   o f   minute   vesse ls   in   o rgans   f rom  gross   reac t ions ;  Krogh ( 3 4 ) ,  
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who examined   the   dynamics   o f   the   c i rcu la t ion   in   f rogs   ( tongue   and  membranes) 
and   cons ide red   p i tu i t r i n   t he   impor t an t   subs t ance   fo r   con t ro l l i ng   pe rmeab i l i t y ;  
Richards   and   assoc ia tes  (37), who examined the  frog  kidney  (1922-1939),   and 
concluded  that   epinephrine was important   for   control l ing  f low  through glom- 
e r u l i ;  and  Fulton  and  Lutz  (38) who, examintngthe vessels i n   t h e   r e t r o l i n g u a l  
membrane o f   t h e   f r o g   , e l u c i d a t e d   t h e   v a s o d i l a t o r   r o l e   o f   n e r v e s   i n   a f f e c t i n g  
l iv ing   microscopic  vessels. More r ecen t ly   t he   e f f ec t   o f   g lycogeno ly t i c   sub -  
s tances   and  adenine compounds as  well as  oxygen  have  been  examined a s   t h e y  
a f f e c t   t h e   h e p a t i c   m i c r o v a s c u l a r   s y s t e m   i n   l i v i n g   f r o g s   a n d   r a t s   u s i n g  t h e  
method of in  vivo  microscopy  from  which a theo ry   o f   vascu la r   con t ro l  was 
der ived (McCuskey (22)).  The s tudy  confirmed  previous  invest igat ions  where 
i t  was found tha t   t he   sph inc te r s   o f   t he   hepa t i c   un i t  were qui te   respons ive  
to   vasoac t ive   subs tances   (Bloch   (39) ) .  It was found t h a t  a c o r r e l a t i o n   e x -  
i s t e d  be tween  the   e f fec t iveness   o f   subs tances   tha t   s t imula ted   g lycogenolys is  
and t h e i r  e f f e c t i v e n e s s   i n   d i l a t i n g  vessels of t h e  h e p a t i c   u n i t .  (Oxygen 
concentrat ions,   above  normal ,   were  found  to   constr ic t   hepat ic   ar ter ioles . )  
Furthermore,   adenosine  and  adenine  nucleot ides ,   in termediates   of   glycogenoly-  
s i s ,  were a l so   e f f ec t ive   d i l a to r s   o f   t he   hepa t i c   mic rovascu la r   sys t em.   These  
r e s u l t s ,   d e r i v e d   f r o m   d i r e c t   m i c r o s c o p y   o f   l i v i n g   l i v e r s ,   i n   f r o g s   a n d   r a t s ,  
coupled   wi th   cur ren t   b iochemica l   da ta   resu l ted   in  a t heo ry   fo r   r egu la t ing  
blood  flow  through t h e  h e p a t i c   f u n c t i o n a l   u n i t  w h i c h  i s  presented  schematical-  
l y  i n   F i g .   3 .  The theory  suggests   that   g lucagon,  isopropylnorepinephrine, 
epinephr ine   and   norepinephr ine   s t imula te   an   increase   in   the  enzyme adenyl 
cyclase  which  converts  5 '-ATP t o   c y c l i c  -3' , 5 ' -A". The subsequent accumu- 
l a t i o n   o f   t h e   l a t t e r   a c t i v a t e s  a k inase   to   conver t   inac t ive   phosphorylase   to  
ac t ive   phosphory la se   r e su l t i ng   i n   t he   deg rada t ion  of glycogen   to   g lucose   in  
t h e   h e p a t i c   c e l l .  The g lucose   tha t  i s  r e l e a s e d   i n t o   s i n u s o i d s ,   w h i l e   i n c r e a s -  
i ng   t he   concen t r a t ion  of th i s   subs t ance  by severa l   hundred   per   cen t   apparent ly  
has no e f f e c t  on vesse l   d iameters .  The c y c l i c - 3 ' ,  5'-AMP t h a t  i s  produced by 
glycogenolysis   does  not   accumulate   in   large  amounts   as  i t  i s  degraded  to 
5 ' 4 "  by phosphodiesterase,   and  adenosine i s  produced   ra ther   than   inos ine  
due to  the  presence  of  adenylic  deaminase.   (Adenosine  and  adenine  nucleotides 
a re   po ten t   vasodi la tors   o f   hepa t ic   rdcrovesse ls . )   Concomi tan t  w i t h  glycogen- 
o l y s i s  i s  a l a rge   e f f lux   o f   po ta s s ium  p r io r   t o   t he   e l eva t ion   o f   t he   b lood  
sugar.  The e f f l u x  of potassium  doubles  and  perhaps t r i p l e s  the  normal  plasma 
l eve l   i n   hepa t i c   venous   b lood   and   t h i s   i on ,wh i l e  a p o t e n t   d i l a t o r   o f   h e p a t i c  
v e s s e l s ,   d o e s   n o t   a f f e c t   h e p a t i c   a r t e r i o l e s .  

Other  information  about t h e  r o l e   o f   a d e n i n e   s u b s t a n c e s   i n   c o n t r o l l i n g  
blood  flow  has come from  gross  and  microscopic  studies  of  the  heart   (Katori  
and Berne (40);   Martini   and Honig (41))  and  from  biochemical  studies  of smooth 
muscle  (Honig  (42)). From t h e s e   s t u d i e s  a mechanism has  been  proposed  for 
t h e  manner i n  w h i c h  the   vascular  smooth musc le ,   espec ia l ly  t h e  p r e c a p i l l a r y  
sph inc te r s , r eac t s   t o   con t ro l   b lood   f l ow  th rough   cap i l l a r i e s .  The theory 
lends   suppor t   to  t h e  h y p o t h e s i s   t h a t   t h e   e n d o t h e l i a l   c e l l s   i n  t h e  p r e c a p i l -  
l a r y   a r t e r i o l e   a c t  as  oxygen  ' sensors '   for   the  underlying smooth muscle 
cel ls ,  which are i n   i n t i m a t e  membrane c o n t a c t s   w i t h   e n d o t h e l i a l   c e l l s  via 
the i r   myoendo the l i a l   j unc t ions  (Rhodin  (21)) . l  The cont ro l   concept   o f  Honig 

F o r   a n   a l t e r n a t i v e   p o s s i b i l i t y ,  see page  92. 
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I- NTRACELW ADENINE  NUCLEOTIDES 

1 
HEPATIC &AR p4 

HEPATIC  CELLULAR Y E T m I S Y  

Fig. 3 .  Schema for   Regula t ion   of  Blood  Flow i n  t h e  Liver 
(McCuskey (22)) 

(42) i s  b r i e f l y   a s   f o l l o w s :  Wher, t h e  p r e c a p i l l a r y   s p h i n c t e r  i s  open,  oxygen 
t ranspor t   does   no t  l i m i t  m i tochondr i a l   func t ion   ( i n  smooth muscle). The 
in t r ace l lu l a r   i no rgan ic   phospha te  (Pi) and AMP a t t a i n  t h e i r  maximum concen- 
t r a t ions ,   t he reby   r e l eas ing   t he   i nh ib i t i on   o f   t he   con t r ac t ion   coup led  ATP- 
a s e  of ac tomyos in .   Th i s   pe rmi t s   su f f i c i en t   t ens ion   t o   deve lop   i n  smooth 
muscle t o  overcome the   d i s t end ing   fo rces  of the  blood  pressure.  A s  t h e  
sphinc ter   musc le   shor tens ,  t h e  wal l   tension  and  load  decrease  due  to  t h e  
r e d u c t i o n   i n  t h e  vessel radius .   Therefore ,   the   muscles   gain a p rogres s ive ly  
increasing  mechanical   advantage  and  the  sphincter   c loses .   Closure  changes 
the  diffusion  dis tances   and  renders   the  muscles   dependent  upon b u l k   t i s s u e  
oxygen. When the  t i s sue  metabolism  lowers t h e  p02 below  15-20 Hg, t h e  
mi tochondr ia   a re   unable   to  match t h e   r a t e  a t  which ATP i s  u t i l i z e d .  The 
r e s u l t i n g   i n h i b i t i o n   o f  ATP u t i l i z a t i o n   d e c r e a s e s   s p h i n c t e r   s t r e n g t h   a n d  t h e  
vessel opens.   With  blood  f low  reestablishment,   mitochondrial   respiration 
proceeds a t  maximum r a t e s  w i t h  a r e s u l t i n g   d e c r e a s e   i n  Pi and AMP concentra-  
t i o n  which  removes the   i nh ib i t i on   o f   ac tomys in   and   r e s to re s   con t r ac t i l e  
s t rength   and   the   cyc le  i s  repeated.  Aspects  of  the  biochemical  events of 
this  theory  have  been  found by i n   v i t r o   a n a l y s i s   o f   n o n - v a s c u l a r  smooth mus- 
c le  and  support   has  been  given  from  the  observing  the  reaction  of  blood  vessels 
i n   l i v i n g   c a r d i a c   m u s c l e .  The biochemical   events   need  not   be  l imited to 
smooth musc le   because   o f   the   poss ib i l i ty   tha t   ac tomysin   p robably   occurs   in  
e n d o t h e l i a l  ce l l s  (Becker  and Murphy ( 4 3 ) ) .  Thus evidence i s  being  secured 
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by various  methods  which i s  b e g i n n i n g   t o   i n d i c a t e  some possible   biochemical  
mechanisms t h a t   p a r t i c i p a t e   i n   t h e   c o n t r a c t i l e  and   cont ro l   p rocesses   o f   smal l  
blood vessels. The above  mechanisms, when they are e s t a b l i s h e d ,  would help 
t o   e x p l a i n  some of   the   responses   tha t   a re   observed   for   cont ro l l ing   b lood   f low.  
Many problems  remain. One o f   t hese  i s  the   sou rce ( s )   fo r   t he   i n t e rmi t t ency   o f  
flow  which i s  e x h i b i t e d   i n  mammalian ske le ta l   musc le   and   f rog  l iver.  To what 
e x t e n t   o r   t o  what   degree  intermit tency  of   f low exis ts  i n   o t h e r   o r g a n s  and 
s p e c i e s  i s  s t i l l  a moot question.  For  example,  Richards  and  Schmidt (37) 
demonstrated a v e r y   s t r i k i n g   i n t e r m i t t e n c y   o f   f l o w   i n   g l o m e r u l i   o f   f r o g   k i d -  
neys.  They observed  f low  and  no  f low  states i n  glomeruii  which were inf luenced 
by the  extent   of   hydrat ion  and  blood volume. While they  unequivocally demon- 
s t r a t e d   t h a t   s u c h  marked in t e rmi t t ency   cou ld   occu r ,   t he   ques t ion   t ha t   t hey   d id  
not  answer was whether   or   not   such  s t r iking  changes  occurred  during  normal  
phys io log ica l  ac t iv i t i e s  of   the   o rgan   and   an imal .   Thei r   fa i lure   to  do so pro- 
duced  doubts, as o t h e r   i n v e s t i g a t o r s   c o u l d   n o t   r e p e a t   t h e i r   f i n d i n g s  (Tamura 
e t  a1  . ( 4 4 ) ;  El l inger   and  H i r t  ( 4 5 ) ;  Graff l in   and  Bagley ( 4 6 ) ) .  These   inves t -  
i g a t o r s  found that   in termit tency  of   f low  decreased  and  'd isappeared '   as   the 
p repa ra t ions  of their   specimens  improved. Thus  from such  d a t a  i t  m u s t  be de- 
duced tha t   'marked '   in te rmi t tency   of   b lood   f low  through  the   g lomerular   tu f t  
of  the  frog  kidney  can  and  does  occur  but i t  only  occurs  when marked s h i f t s  
i n  blood volume o r   o the r   abe r ra t ions   o f   phys io logy   occu r s .  (As y e t  i t  h a s  
not   been  possible   to   observe  the  dynamics  of   blood  f low  in  mammalian glomeruli  
i n   s i t u ,   b u t   s t u d i e s   o f   b l o o d   f l o w   i n  mammalian g l o m e r u l i   o f   a l l o g r a f t s   i n  
hamster  kidney  have  demonstrated l i t t l e  i f  any   in te rmi t tency   of   the   type   de-  
s c r ibed  by Richards  and  Schmidt (37) i n   t hese   anes the t i zed   an ima l s   (Oes te r -  
meyer,  unpublished). T h e s e  data   and  deduct ions must n o t   b e   i n t e r p r e t e d   t o  
mean tha t   i n t e rmi t t ency   o f   g lomeru la r   b lood   f l ow  does   no t   ex i s t   i n   t he  mam- 
mal ian   k idney   under   phys io logica l   ac t iv i ty   bu t   ra ther   tha t   be t te r   exper iments  
need t o  be des igned   t o   e s t ab l i sh   t he   dynamics   o f   b lood   f l ow  in   g lomeru l i . )  

Intermittency  of  blood  f low  through  the  hepatic  lobule i n   t h e   f r o g  on 
t h e   o t h e r  hand has  been  repeatedly  observed  (Knisely,  Bloch  and  Warner  (29); 
Bloch (32 ) ;  McCuskey (22);  Debaker  (31)). Such changes i n  flow  have  also 
been  observed i n  mammalian hepat ic   lobules   ( I rwin   and  McDonald (30); McCuskey 
(22);  Bloch (32) ) .  Never the less   the   reac t ion  i s  not  pronounced i n   a n e s t h e -  
t i z e d  mice (Bloch,  unpublished).  It  i s  ev iden t   t ha t  more work  must  be  done 
t o   e s t a b l i s h  t h e  e x t e n t   a n d   s t i m u l i   t h a t   a r e   r e s p o n s i b l e   f o r   p r o d u c i n g   i n t e r -  
mittency  of  flow i n   t h e   f u n c t i o n a l   u n i t   o f  t h e  mammalian l iver .   Fur thermore ,  
a lmost   nothing i s  known abou t   such   r e sponses   o f   t he   func t iona l   un i t s   i n   t he  
b r a i n ,   s p i n a l   c o r d ,   a n d   g a s t r o i n t e s t i n a l   t r a c t .  

From the   s tud ies   o f   func t iona l   un i t s   tha t   have   been  made us ing   t he  method 
of in   vivo  microscopy,  i t  h a s  become ev iden t  i t  i s  n o t   s u f f i c i e n t   t o   i d e n t i f y  

those  components  of  the  microvascular sys tem such as  a r t e r i o l e s ,   p r e c a p i l l a r y  
s p h i n c t e r s ,   c a p i l l a r i e s ,   o r   v e n u l e s   t h a t  modify  blood  flow  without  securing 
s imul taneous   in format ion   of   the   func t iona l   s ta te   o f   the   o rgan   in   which   the  
u n i t  i s  b e i n g   i n v e s t i g a t e d ,  as  well as major   funct ional   cardiovascular   and 
b iochemica l   reac t ions   o f   the   en t i re   an imal .   Unless   th i s  i s  done ,   t he   con t ro l  
mechanisms t h a t   a r e   r e s p o n d i n g   i n   t h e   f u n c t i o n a l   u n i t  may be   mis in te rpre ted  
i n   r e s p e c t   t o   t h e  complex  responses  exhibited by t h e   o r g a n   a t   t h e   t i m e   t h a t  
t he   obse rva t ions  are made.  (Methods are a v a i l a b l e   t h a t  pe rmi t  the   secur ing  
o f   t he   r equ i s i t e   da t a . )  An example  can  be  cited. 
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It i s  a lmos t   un ive r sa l ly  assumed by i n v e s t i g a t o r s   t h a t   t h e  key r o l e   i n  
cont ro l l ing   b lood   f low  through  the   func t iona l   un i t   o f  mammalian s k e l e t a l  mus- 
cle r e s i d e s   i n   p r e c a p i l l a r y   s p h i n c t e r s .   T e l e o l o g i c a l l y  i t  i s  a l o g i c a l   a s -  
sumption.  This  concept was t e s t e d  by examining a hypo thes i s   t ha t  was pro- 
posed by I b e r a l l  (47) which   s ta ted   tha t   f low  in   nu t r ien t   channels  among c a p i l -  
l a r ies   should   be   expec ted   to   be   osc i l la tory   and   probably   independent   o f   the  
h e a r t   r a t e .  The expec ted   sou rce   fo r   t he   con t ro l   o f   t he   o sc i l l a t ions  was con- 
s idered   to   be   the   p recapi l la ry   sphinc ters ,   o r   opening   and   c los ing   of   cap i l -  
laries.  It was p o s s i b l e   t o   t e s t   t h e   h y p o t h e s i s   i n  mammalian muscle  of  unanes- 
t h e t i z e d  mice by u t i l i z i n g  a t r anspa ren t  chamber  which  permitted  adequate 
r e s o l u t i o n  of t e r m i n a l   a r t e r i o l e s ,   t h e i r   d e r i v a t i v e   c a p i l l a r i e s   i n   a d d i t i o n  
t o  t h e  s t r i a t i o n s   o f   t h e   s k e l e t a l  m u s c l e  f ibers  (Cardon,  Oestermeyer  and Bloch 
( 1 5 ) ) .   I n   b r i e f ,  i t  was found t h a t   o s c i l l a t i o n s   i n   r e d   c e l l   f l o w   d i d   e x i s t  
t h a t  were independent  of t h e  h e a r t  ra te  b u t   n e i t h e r  t h e  t e r m i n a l   a r t e r i o l e s ,  
p r e c a p i l l a r y   s p h i n c t e r s ,   c a p i l l a r i e s   n o r   i m m e d i a t e   p o s t - c a p i l l a r y   v e n u l e s  
p a r t i c i p a t e d   i n   t h e   r e a c t i o n .   I n s t e a d   t h e   p e r i o d i c   f l u c t u a t i o n s   c o n s i s t e d   o f  
t h e  number of   red   ce l l s   pass ing   th rough a c a p i l l a r y  segment. Not any of these  
morphologica l   components ,   espec ia l ly   the   p recapi l la ry   sphinc ters ,   par t ic ipa ted  
in   regulat ing  blood  f low  through  the  funct ional   uni t   of   skeletal   muscle   even 
when oxygen concentrat ions  of   the   i :?spired  gases   var ied  f rom 20 t o  8 pe r   cen t  
for   per iods  ranging  f rom 2 t o  8 hours. However, t r a n s i e n t   d i s t u r b a n c e s  of red 
ce l l  o s c i l l a t i o n s   i n   f l o w   o c c u r r e d  w h i c h  were d i r e c t l y   p r o p o r t i o n a l   t o   t h e  
hypoxia. (The s o u r c e   f o r   t h e   o s c i l l a t i o n s   a r e  s t i l l  t o  be determined.)  The 
exper iment   does   i l lus t ra te   tha t   modi f ica t ion  w i l l  be required  of   the  concept  
which s t a t e s   t h a t   t h e   e n d o t h e l i a l   c e l l  i s  a 'sensor'  of  oxygen  which i s  respon- 
s i b l e   f o r   i n i t i a t i n g   c o n t r a c t i o n   o f   t h e  smooth muscles   of   the   precapi l lary 
sph inc te r .  

In te rmi t tency   of   f low  in   the   vesse ls   o f   the   microvascular   sys tem  a re   an  
expression  of   changes  in  t h e  magni tude  and  dis t r ibut ion  of   blood volume. 
Therefore,  we  may ask  what i s  t h e  ro l e   o f  t h e  microvascular  system  in  con- 
t ro l l i ng   b lood  volume. The ques t ion  w i l l  be c o n s i d e r e d   i n   r e s p e c t   t o  t h e  
normal  control  of  blood volume tha t   a r e   i nduced  by phys io log ica l   func t ions  
which  form  the  spectrum  of  normal  activity  (e.g.  , e x e r c i s e ,   p o s t p r a n d i a l  
d i g e s t i o n ,   s e a s o n a l   v a r i a t i o n s   i n   e x t e r n a l   t e m p e r a t u r e )   r a t h e r   t h a n   p a t h o -  
logical   adjustments   of   blood volume (e.g. , hemorrhagic  or  traumatic  shock).  

According  to   gross   physiological   experiments ,  moment-to-moment a d j u s t -  
ments  of  blood volume are accomplished by va r i a t ions   i n   t he   d i ame te r   o f   venous  
uni t s   ( the   capac i tance   vesse ls ) .   These   a l te ra t ions   in   d iameter   a re   supposed  
t o   o c c u r   i n   v e n u l e s  whose diameters   are   greater   than  approximately 200 micra 
and i n   v e i n s   ( e . g .  , Gauer  and  Henry ( 3 ) ) .  While venules   with a diameter  of 
200 mic ra   a r e   pa r t   o f   t he   mic rovascu la r   sys t em,   such   ves se l s ,   i n  mammals, a r e  
not  a component o f   t he   func t iona l   un i t s   o f   o rgans ,   and   t he re fo re ,   i n   g ros s  
p h y s i o l o g i c a l   d a t a ,   a r e   o f t e n   o v e r l o o k e d   a s   p a r t i c i p a t i n g   i n   c o n t r o l l i n g   t h e  
blood  volume,  from moment-to-moment. Thus ,  a t   t h e   p r e s e n t ,   t h e   e x t e n t ,   i f  
any,   of   the   par t ic ipat ion  of   the  microvascular   system  of   funct ional   uni ts   in  
con t ro l l i ng   b lood  volume  from  moment-to-moment, t h a t  i s  of  immediate  and mod- 
e r a t e   s h i f t s   i n   b l o o d  volume, i s  open t o   q u e s t i o n s ,  a s  i s  t h e   p a r t i c i p a t i o n  
of  venules whose diameters   measure  less   than 200 micra. 
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The problem  tha t   requi res   an   answer  i s  t h e   e x t e n t   o f   t h e   p a r t i c i p a t i o n  
o f   b lood   r e se rvo i r s   i n   con t ro l l i ng   b lood  volume under   normal   physiological  
func t ions  as  descr ibed  above.  (The term, b lood   r e se rvo i r ,  i s  o f t en   u sed   t o  
descr ibe   the   capac i tance  vessels p l u s  the vessels of   the l iver ,  spleen  and 
bone  marrow. The term i s  used here to   denote  vessels that  can  withhold  blood 
f r o m   t h e   c i r c u l a t i o n   f o r   v a r i o u s   p e r i o d s   o f  t i m e ;  such vessels e x i s t   o n l y   i n  
t he  l iver ,  spleen  and bone  marrow,  namely the   s inuso ids . )  The r e se rvo i r   func -  
t i o n   o f  t h e  sp leen   has   been   s tud ied   ex tens ive ly   in   exper imenta l   an imals ,  es- 
p e c i a l l y   i n  t h e  dog  and c a t ,  and i n  man t h e  organ has been   s tud ied   pr imar i ly  
i n   d i s e a s e .  The blood  s torage  of   the human l i v e r   c a n   b e   g r e a t   i n   d i s e a s e ,  
bu t   t he re  i s  some q u e s t i o n   t o  w h a t  ex t en t   t h i s   o rgan   and   t he   sp l een  p a r t i c i -  
p a t e   i n   c o n t r o l l i n g  volume flow  under  normal  physiological  functions  where 
' m o d e r a t e '   o r   ' s l i g h t '   a l t e r a t i o n s   o r   s h i f t s   i n   b l o o d  volume a r e   r e q u i r e d .  
(See  Gauer  and  Henry ( 3 ) . )  The l i v e r   i n   f r o g s ,   m i c e ,  r a t s ,  guinea  pigs ,   rab-  
b i t s  and monkeys possess   the   s t ruc tura l   components   (as   de te rmined   in   the  l iv -  
i n g   l i v e r )  which  can  control  f low  through  each  sinusoid  and  thereby  each  sinu- 
soid becomes a 'm inu te   t r ans fus ion   bo t t l e ' .  The s inusoids   o f  t h e  spleen  can 
r e a c t   i n  a s i m i l a r  manner. (Too l i t t l e  i s  known as  y e t  of the  dynamics  of 
t he   func t iona l   un i t   o f   l i v ing  bone marrow bu t   p re l imina ry   s tud ie s   i nd ica t e  
t h a t   t h e s e   s i n u s o i d s   a r e   a l s o   c a p a b l e  of be ing   b lood   reservoi rs   (Kinos i ta  
( 4 5 )  , McCuskey ( 4 9 ) ) .  Thus i t  i s  l i k e l y   t h a t   t h e   f u n c t i o n a l   u n t t   f o r   s t o r a g e  
( e .g . ,   t he   venous   sys t em,   o the r s )   r equ i r e s   ca re fu l   de f in i t i on .  

The f u n c t i o n a l   u n i t s   o f   t h e   l i v e r   a r e   c o n s i d e r e d   t o   p a r t i c i p a t e   i n   c o n -  
t r o l l i n g   b l o o d   v o l u m e ,   a f t e r   t h e   i n i t i a l   a d j u s t m e n t s   o f  t h e  volume  have been 
made  by t h e  venous  system, t h e  capac i tance   vesse ls .  However, a s   t h e   f u n c -  
t i o n a l   u n i t s   o f   t h e   l i v e r   c o n t r o l  t h e  blood  f low  to   the  r ight   hear t   f rom  the 
g a s t r o i n t e s t i n a l   t r a c t  and   sp leen ,   these   un i t s   p robably   respond  a lmost   as  
soon as   the   capac i tance   vesse ls   o f   the   lower   ex t remi ty .   ( In   shor t ,   the   l iver  
i s  an  extension  of   the  r ight   hear t .   Furthermore,   the   funct ional   uni ts   of   the  
l i v e r  also c o n t r o l   t h e   c e l l   t o  plasma ra t io ,   s ince   the   s inusoids   can   add  
packed c e l l s   t o   t h e   s y s t e m i c   c i r c u l a t i o n . )  

The r a t e   a t  which  volume red is t r ibu t ion   under   normal   phys io logica l   re -  
quirements  occurs  between  organs i s  e s s e n t i a l l y  unknown. The r a t e  i s  a n t i c i -  
p a t e d   t o  be i r r e g u l a r   a s   t h e   a d j u s t m e n t  would  be  one  of  organ demand (phys- 
i o l o g i c a l   a c t i v i t y ) .  The r a t e  of t h e   s h i f t   i n  volume  would  be r e f l e c t e d   i n  
t h e  i n t e n s i t y   o f   t h e   f u n c t i o n ,   t h a t  i s ,  be   p ropor t iona l   t o   t he  volume  demand. 
The suggest ion  that   has   been made by I b e r a l l  ( 4 7 )  tha t   such  a shif t1   might   be 
accounted  for  by a seven   minute   res i s t ive   cyc le   might   be   poss ib le ,   bu t  i t  i s  
not   reasonable   because   o f   the   loca t ion   of   the   p r inc ipa l   b lood   reservoi r ,  t h e  
l i v e r ,  and  the  temporal  functions  of  metabolic demands. 

The sensors   for   in i t ia t ing   the   cont ro l   response   a re   p robably   f rom many 
sources   and   a r e   no t   so l e ly   t he   ba ro recep to r s   i n   t he   t ho rax   ( e .g .  , Gauer  and 
Henry ( 3 ) )  or   t hose   a s soc ia t ed   w i th   l a rge   ve ins ;   poss ib ly   t he   s enso ry  
ne rves   t ha t  accompany a l l  b lood   vesse ls  may a c t  as  such  sensors.  It i s  i n -  

' I b e r a l l ' s   s u g g e s t i o n   r e f e r r e d   t o  a s h i f t   i n   t h e  volumes  associated  with 
the extremities. 
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t r i g u i n g   t o  speculate t h a t  a t  least  some of   the  sensory  nerves   are   pressure 
o r  volume de tec to r s   fo r   t he   venous   sys t em  e i the r  as  phys ica l   o r   chemica l  
t r ansduce r s .  

I n  summary, t h e   r o l e   o f   t h e   f u n c t i o n a l   u n i t s   o f   o r g a n s   i n   r e g u l a t i n g  
blood volume i n   r e g a r d   t o   s l i g h t   o r   m o d e r a t e   i n c r e a s e s   o r   d e c r e a s e s   i n  volume 
i s  e s s e n t i a l l y  unknown, bu t  i t  i s  a n t i c i p a t e d   t h a t   t h e   c a p a c i t a n c e   v e s s e l s  
and   hepa t i c   un i t s  a re  probably  involved. 

F ina l ly ,wh i l e  many problems  are  unanswered i n   r e g a r d   t o   t h e   p a r t i c i p a -  
t i on   o f   t he   func t iona l   un i t s   i n   con t ro l l i ng   b lood   vo lume ,   t he re  i s  an  even 
l a r g e r   a r e a   o f  unknown f a c t o r s   i n   r e g a r d   t o   t h e   c o n t r o l   o f   v a s c u l a r   p e r m e a -  
b i l i t y .  A s  i n d i c a t e d ,  numerous vasoac t ive   subs t ances   a f f ec t   t he   wa l l s  of 
small blood vessels inc luding   cap i l la r ies ,   s inusoids   and   immedia te   pos t -  
cap i l l a ry   venu les ,   bu t   appa ren t ly   no t   any   one   subs t ance  i s  the  primary ' p e r -  
m e a b i l i t y   f a c t o r '  as  considered by  Krogh and  Lewis. The magnitude  of  the 
p rob lem  fo r   t r ansvascu la r   t r ans i t  may be apprec i a t ed  by t h e   f a c t   t h a t   t h e r e  
i s  l i t t l e  u n a n i m i t y   o f   o p i n i o n   i n   r e g a r d   t o   t h e   c e l l u l a r   s i t e s   i n   t h e   w a l l   o f  
cap i l l a r i e s   o r   s inuso ids   where   t he   t r ans i t   o f   l a rge   mo lecu le s   ( i . e . ,   app rox .  
1,000  mol. w t .  o r   g rea t e r )   occu r s .  Almost every component  of  the  walls  of 
these   vesse ls   has   been   cons idered   a t  one  time o r   a n o t h e r   t o   p a r t i c i p a t e   i n  
con t ro l l i ng   t he   t r ans i t   o f   l a rge   mo lecu le s ,   bu t   t o   da t e   t he re  i s  a cons ide r -  
a b l e  gap   be tween  morphologis t   and   phys io logis t   for   t ransvascular   t rans i t ,   l e t  
a lone   t he   f ac to r s   t ha t   con t ro l   such   t r ans i t .   Ce r t a in ly   eve ryone  would sub- 
scr ibe   to   the   paramount   need   for  oxygen  and  glucose  and  the  removal of wastes ,  
but t h i s  does  not  provide  too much b a s i s   f o r   c o n t r o l   f a c t o r s   o r  mechanisms. 

The opera t iona l   charac te r i s t ics   o f   the   microvascular   sys tem  requi re   tha t  
t h e y   b e   a n a l y z e d   i n   s p e c i f i c   f u n c t i o n a l   u n i t s   i n  t h e  l i v ing   sys t em  us ing   d i r -  
ect   microscopy when a t   a l l   p o s s i b l e   a s   t h e   p r i m a r y   d e t e c t o r .  Whi l e  numerous 
c h a r a c t e r i s t i c s   o f  t h e  func t iona l   un i t s   can   be  examined w i t h  few c o r o l l a r y  
methods fo r   p rov id ing   i n fo rma t ion   abou t   t he   en t i r e   o rgan   i n   wh ich  a f u n c t i o n a l  
u n i t  i s  examined by microscopy,  information  about  the  status  of  the  whole 
animal becomes necessary when the   con t ro l  of f u n c t i o n a l   u n i t s   a r e   t o  be de- 
termined. The minimum addi t iona l   in format ion   tha t   should   be   secured   should  
per ta in   to   gross   cardiovascular   and  nervous  systems.   Considerable   progress  
can be made in   t he   immedia t e   fu tu re  by us ing   ex is t ing   methods   tha t  w i l l  f u r -  
t he r   e luc ida te   t he   func t iona l   cha rac t e r i s t i c s   o f   ma jo r   o rgans   ( s ee   be low) .  
It w i l l  r e q u i r e   b u t   l i t t l e   a d d i t i o n a l   e f f o r t ,   b u t   c o n s i d e r a b l y  more support  
in   mater ia l   and   personnel ,   to   secure   b iophys ica l   and   chemica l   da ta   s imul tan-  
eous ly   f rom  func t iona l   un i t s ,   the   o rgan   tha t   the   un i t s  are embedded i n ,  and 
from  the  entire  organ  and  animal.  

A method t h a t  makes the   func t iona l   un i t   ava i l ab le   fo r   s tudy  by d i r e c t  
microscopy i n   t h e   l i v i n g   a n i m a l ,   a r e  t h e  var ious   modi f ica t ions   o f   the   t rans-  
parent  chamber  methods.  (In many ins t ances   t he  r e su l t s  obtained by these  
methods  can  be  checked by d i rec t   microscopy  of   an   o rgan   in  s i t u  by us ing   the  
quartz   rod  (Knisely)  or by t h e  Bloch  method o f   t r a n s i l l u m i n a t i o n ) .  

The r a b b i t   e a r  chamber  method permits  t h e  examination  of  the  simplest  
microvascular  system,  namely  that  of  connective t i s sue ,  i n   a n   u n a n e s t h e t i z e d  
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animal .   Modi f ica t ions   o f   th i s   type   o f  chamber permit  the  examination  of Some 
major  organs,  sometimes i n  an  unanesthetized  animal.  For  example, a chamber 
can  be  inser ted  into  the  abodminal  wall  of an  animal   ( rabbi t ,   dog,  monkey) 
wherein a loop  of   intest ine  can  be examined with  the  microscope  in   an  unan-  
e s the t i zed   an ima l ,  a t  least  i n   t h e   r a b b i t  and  dog. The chamber has   a lso  been 
modified so t h a t   t h e   f u n c t i o n a l   u n i t s  of skeletal   muscle  can  be examined with 
the  microscope in   an   unanes the t i zed   an ima l  (mouse o r   r a t ) .   T h i s  was  accom- 
p l i s h e d  by p l ac ing   t he  chamber i n  a d o r s a l   s k i n   f o l d   o f   t h e   r a t   o r  mouse. 
The subdermal   l ayers   in   these   an imals   conta in   s t r ia ted   musc le  so t h a t   t h e  
responses   of   this   major   organ  can be  examined (Alg i re   (50) ) .   F ina l ly ,   recent -  
ly   there   has   been  developed a chamber  method for   the   cheek  pouch  of  the ham- 
ster. The importance  of   this  chamber d o e s   n o t   l i e   i n   r e g a r d   t o   t h e   c h e e k  
pouch bu t   r a the r   t ha t   a l l og ra f t s   o f   ma jo r   o rgans   t h r ive   i n   chambers   o f   t h i s  
animal.  The spec i f i c   ma jo r   o rgan   t ha t   t h r ives ,  rather un ique ly ,   i n  t h i s  
chamber i s  the  kidney  (Sanders   (51);   Greenblat t   e t   a l .   (52);   Oestermeyer   (53)) .  
With the  es tabl ishment   of  a growing a l log ra f t   o f   k idney ,  i t  has become pos- 
s i b l e ,   f o r   t h e   f i r s t   t i m e ,   t o  examine the  microvascular  system  of  glomeruli 
wi th   adequate   microscopic   reso lu t ion ,   as   wel l   as   o ther   components   o f   the  
nephron.  Thus,  the chamber  methods provide   an   oppor tuni ty   to  examine  func- 
t i o n a l   u n i t s   o f  some major   o rgans ,   o f ten   in   an   unanes the t ized   an imal ,  w i t h  
adequate   reso lu t ion ,   under  s te r i le  cond i t ions   fo r   days ,  weeks o r  months 
(Williams  (54))  and  can  often be  compared w i t h  the  responses  of the   func t iona l  
u n i t s   o f   t h e   o r g a n s   i n  s i t u  (Bloch ( 7 ) ) .  

A great   advantage i s  secured when good op t i ca l   images   a r e   ob ta ined ,a s  
such  images  can  then  be  transduced by such   e l ec t ron ic  image processing  de- 
v i c e s  as  television  systems  (Bloch  (55)).  When s u c h  image t r ansduc t ion  i s  
used in   conjunct ion  with  monochromatic   l ight ,   the   images  can  be  analyzed by 
the  methods  of   scanning  absorpt ion  or   emission  spectroscopy.  When such a 
combina t ion   of   methods   a re   appl ied   to   the   func t iona l   un i t s   no t   on ly  i s  temp- 
o r a l l y   s e q u e n t i a l   d a t a  of their   morphokinesis   secured  but   information  of  
biochemical  eyents  that   can also be  secured  by  such  methods  (e.g.,oxidation 
r e d u c t i o n   r e a c t i o n s ) .  Such image ana lys i s   can  be made o f   e n t i r e   f u n c t i o n a l  
un i t s   o r   pa r t s   o f   such   un i t s   a s   sma l l   a s   app rox .   0 .5   mic ra .  The r a t e   o f   t h e  
image production  of t h e  te lev is ion   sys tem i s  1/30 second,  and when any of 
the  approximately 490 h o r i z o n t a l   l i n e s   t h a t  compose t h a t  image i s  s e l e c t e d ,  
i t  can  be  analyzed a t  a ra te   of   53  msecs.   (Bloch  (55)) .  While t h e   c o l l e c t i o n  
of  such  data forms the   bas i s   fo r   ana lyz ing  a f u n c t i o n a l   u n i t ,   a d d i t i o n a l   i n -  
formation i s  r equ i r ed  when t h e i r   c o n t r o l ,   i n   r e l a t i o n   t o   o t h e r   o r g a n s ,  i s  t o  
be   assessed .   Also ,   genera l   in format ion  i s  requi red   f rom  the   card iovascular  
system  and  the  nervous  system,  so  as   to   assess   the  general   physiological  
s t a tus  of  the  animal,   and i n   a d d i t i o n ,   s p e c i f i c   b i o p h y s i c a l  and  biochemical 
da t a   shou ld   be   s ecu red   t ha t   pe r t a in   t o   t he   pa r t i cu la r   a spec t   o f   t he   con t ro l  
sys tem  tha t  i s  be ing   s tud ied .  Such s t u d i e s  may and  of ten do r e q u i r e   t h e   i n -  
se r t ion   o f   ca the te rs   and   o ther   p robes   to   secure   samples   f rom  the   card iovas-  
cu lar ,   u r inary   o r   nervous   sys tems.  When such  manipulative  procedures are 
r e q u i r e d ,  i t  i s  usua l ly   no t   t echn ica l ly   f ea s ib l e   t o   do   t h i s ,   p lus   mic roscopy ,  
i n  a small animal (mouse)  simply  because  of  physical   l imitations.   Further- 
more,   too  frequently,   the  methods  of  gross  physiology  and  biochemistry  are 
no t   app l i cab le   t o   sma l l   an ima l s  when multiple  samples  must be secured a t  f r e -  
quen t   i n t e rva l s .   The re fo re ,  i t  i s  d e s i r a b l e   t o   u s e  a chamber  method i n  a 
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large  animal   and  an  animal  whose physiology  and  biochemistry  has  been  thor- 
oughly  examined, t o  w i t ,  t he  dog. In such  animals a chamber  can b e   i n s e r t e d  
which   conta ins   ske le ta l  muscle t h a t  would permit  adequate  microscopy  and  the 
a f f luent   and   e f f luent   b loods   to   the   musc le   could   be   moni tored   and   ana lyzed  
by us ing   i ndwe l l ing   ca the t e r s ,   t he reby   s ecu r ing   t he   r equ i s i t e   s amples  re- 
qui red   for   de te rmining   gross   and   microscopic   responses   s imul taneous ly .  The 
type  of   data   that   could  be  secured  f rom  the  microscopic   images  of   the  func-  
t i o n a l   u n i t   o f   s k e l e t a l   m u s c l e  would  be the  dynamic  morphology  of  the  unit, 
and when spectroscopy i s  used ,   t he   ox ida t ion - reduc t ion   r eac t ions   o f   bo th  
myoglobin  and  hemoglobin.  Such  data would  be s e c u r a b l e   a t   r e p e t i t i o n  rates 
of 1/30 second  and  could be cont inued  for   hours .  Such data   could  then be 
c o r r e l a t e d   w i t h   r e s p i r a t o r y   f u n c t i o n s ,  as  in f luenced  by varying t h e  oxygen 
c o n c e n t r a t i o n   o f   t h e   i n s p i r e d   a i r ,   o r  by s t imu la t ing   t he  muscle  under  obser- 
va t ion .  The e f f luent   b lood   could  be analyzed  for   oxygen,   carbon  dioxide,  
l a c t i c   a c i d ,   g l u c o s e ,   o r   s p e c i f i c  hormones t h a t  are   considered  to   be  important  
i n  muscle  metabolism. 

A wide  var ie ty   of  s t i m u l i  should be a p p l i e d   t o  a f u n c t i o n a l   u n i t   t o   d e -  
termine  to   what   extent  i t s  microvascular  system i s  ' c o n t r o l l e d ' .  The base 
l i ne   o f   t he   con t ro l   fo r   t he   mic rovascu la r   sys t em,   i n   expe r imen ta l   an ima l s ,  
occurs  when the  animal i s  unanes the t lzed   and   qu iescent   bu t   unres t ra ined ,  a 
s ta te   of   physiology  where minimum a c t i v i t y  and  presumably  control   exis ts .  A 
var ie ty   of   s t imuli   can  be  used  to   modify  the  responses   of   the   local   and  whole 
cardiovascular   system  (e .g .  , by vary ing   tempera ture ,   s t imula t ion   of   spec i f ic  
s i tes  in   t he   cen t r a l   ne rvous   sys t em,  etc.)  i n   t he   hea l thy   an ima l   and   t hese  
responses  should be  compared with  the  responses  t h a t  o c c u r   i n   d i s e a s e  (see 
below). 

A s  the  nervous  system  has  pronounced  influence on the   ca rd iovascu la r   sys -  
t e m  and  presumably  on  the  microvascular   system  of   the  funct ional   uni ts   of  
major  organs,   experiments  should be conducted  to  assess t h e   e f f e c t s  of the  ner- 
vous  system.  Fortunately  the chamber  methods provide  condi t ions  wherein  the 
d i r ec t   e f f ec t s   o f   t he   ne rvous   sys t em  can  be examined.   Allograf ts  do not  have 
d i rec t   connec t ions   to   the   hos t ' s   nervous   sys tem  for  a period  of  probably  sev- 
e ra l  weeks.   Al ternately,  a t i s sue   l i ke   ske l e t a l   musc le   can  be s tud ied  w i t h  
intact   nervous  connect ions  and  then i t  could  be  denervated by p h y s i c a l   o r  
chemical  means. 

The e f f ec t s   o f   oxygena t ion   o f   t he   func t iona l   un i t s   o f   o rgans   v i a  t h e i r  
microvascular  system  can  be  assessed by c o n t r o l l i n g   t h e   a v a i l a b l e   r e s p i r a t o r y  
oxygen, by a l t e r i n g   t h e   v i s c o s i t y  of the  blood by producing  anemia,  polycy- 
themia   o r   ce l lu la r   (e ry throcyte)   aggrega t ion .  The l a t t e r  mechanism can be 
produced by using  high  molecular   weight   dextrans  or  by disease.   Malar ia  i s  
a p a r t i c u l a r l y   u s e f u l   d i s e a s e   a s  i t  c a n   a l t e r   t h e   b l o o d   i n  two ways; by the  
parasitemia  which  destroy  the  hemoglobin  (e.g.  , i n  Plasmodium  knowlesi-  malaria 
of monkeys, 7-900 e r y t h r o c y t e s   o r  more p e r  1000 r b c ' s  may be p a r a s i t i z e d  
( K a i s e l y   e t   a l .  (56)) ,  or   t he   v i scos i ty   o f   t he   b lood   can   be   a l t e r ed   by   r ed   ce l l  
aggregat ion.  The aggregat ion  or   the  parasetemia  can be c y n t r o l l e d   w i t h  chemo- 
the rapeu t i c   subs t ances ;   t he reby   t he  two e f f e c t s   o f   t h e   d i s e a s e  on the  func- 
t i ons   o f   t he   b lood   can   a l so  be  examined s e p a r a t e l y .  
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In   conc lus ion ,  i t  i s  p o s s i b l e   t o  examine the   microvascular   sys tem  in  
f u n c t i o n a l   u n i t s   o f  some major  organs  with  methods  that   permit  the  securing 
o f   t h e i r  dynamic  morphology,  and when such  methods are used i n   c o n j u n c t i o n  
wi th   e lec t ronic   image   process ing   devices   and   monochromat ic   l igh t ,   then   the  
methods  of  spectroscopy  permit  the  securing  of  biochemical  information. The 
chamber  methods a r e   p a r t i c u l a r l y   a p p l i c a b l e   f o r   e l u c i d a t i n g  some of  the  con- 
t r o l  mechanisms  of the   microvascular   sys tem  of   func t iona l   un i t s   o f   major  
organs.  When chambers a r e   i n s e r t e d   i n t o   ' l a r g e '   a n i m a l s   t h e n  i t  w i l l  become 
poss ib l e   fo r   t he   mic rophys io log i s t   t o   j o in   fo rces   w i th   o the r   d i sc ip l ines   l i ke  
gross  physiology  and  pharmacology so that   the   complete   spectrum  of  a t  l e a s t  
c e r t a i n  dynamic responses  can be eva lua ted   s imul taneous ly   in   the  same animal 
a t  the same time. It i s  an t ic ipa ted   tha t   such   an   approach   should   be   f ru i t fu l  
f o r   a l l   c o n c e r n e d .  
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Addendum 1 

Microvascular  Geometry 

A s  a useful   br idge  between  the  microvascular   and  gross   c i rculatory  sys-  
tems(to  be  discussed l a t e r ) ,  we  can  summarize the  geometr ic   and  topological  
c h a r a c t e r i s t i c s   o f   t h e  a r t e r i a l  system i n  mammals. This  system  not  only 
s p a n s   t h e   s p a t i a l  spec t rum from  the  macrovasculature   to   the  microvasculature ,  
i t  also  spans  the  temporal   spectrum  from  genet ic ,   developmental ,   and  adapt ive 
time s c a l e s   t o   t h e   o p e r a t i o n a l   t i m e   s c a l e   t h a t   r e f l e c t s   t h e   o p e r a t i o n a l l y  
r e s p o n s i v e   c h a r a c t e r i s t i c s   o f  t h e  c i r c u l a t i o n   ( i . e . ,  i t s  bea t  by bea t   char -  
a c t e r ) .  The adap t ive  time sca les   ex tend   f rom  years  down t o  t h e  period  of 
weeks. The o p e r a t i o n a l  time scale extends up to   t he   pe r iod   o f  a day.  (e.g. ,  
a mammal does  not  complete i t s  cycle   of   motor   performance  in   less   than a day, 
for   minimally i t  mus t   i nc lude   t he   r e s t -wake   cyc le . )   In   t h i s   desc r ip t ion ,  w e  
s h a l l   n o t  be concerned w i t h  the dynamic c h a r a c t e r i s t i c s   o f  t h e  system,  only 
wi th   an   ' ave rage '   desc r ip t ion   t ha t  i s  independent  of t i m e ,  independent  of 
mammalian species ,   and  independent   of   organ.  By th is   very   choice ,   the   de-  
s c r i p t i o n  i s  necessar i ly   c rude ,   bu t  i t  a t t empt s   t o   be   gene ra l .  

The model i s  assembled  from  the  following  sources:   Zeffords  and  Knisely 
( l l ) ,   P a t e l  e t  al. (57), Suwa (12),  Mall (27), I b e r a l l   ( 5 8 ) .  It can  be  broken 
down in to   the   fo l lowing   e lements .  

(a)  Taper i n   t h e   a r t e r i a l  system.  This may be s e e n   q u i t e   c l e a r l y   i n   t h e  
work o f   J e f fo rds   and   Kn i se ly   ( l l ) ,   Pa t e l   (57 ) ,   and   i n  Suwa (12 ) .   Pa t e l  shows 
an  average 23  kg.   l iving  dog 's   aor ta .  It  t ape r s   w i th  a ver tex   angle   o f   about  
1.8'. The da ta   o f   Kn i se ly ' s   fo r   t ubes  w i t h  d i ame te r s   i n   t he   r ange  20-500 
micra  (both r a t  and  frog) show t a p e r s  w i t h  v e r t e x   a n g l e s   i n   t h e   r a n g e   0 . 1  
t o  2.3O, averaging  1.0 + 0.3O. We w i l l  show l a t e r   t h a t   t h e s e   t a p e r s   a r e  con- 
s i s t e n t  w i t h  branching  iaws. 

0 

A t  t h e   c a p i l l a r y   l e v e l ,   t h e   t a p e r   i n  a c a p i l l a r y  segment ( i . e . ,  between 
b i f u r c a t i o n s )  i s  e s s e n t i a l l y   z e r o .  

On t h e  venous   s ide ,   t he   t ape r ing   beg ins   t o   go   t he   o the r  way. 

(b)  Branching i n   a n   a r t e r i a l   l e v e l .  Suwa's da t a   sugges t   t ha t  i t  i s  no t  
l i k e l y   t h a t  a tube w i l l  branch i n   l e s s   t h a n  3 diameters .  When the  branching 
d o e s   o c c u r ,   t h e   f i r s t  few branches w i l l  on ly   l ead   of f  a modest f r a c t i o n   o f  
the   tube   a rea .  T h e r e  w i l l  probably be fu r the r   s ide   b ranch ing   fo r  a s t r e t c h  
of  about 20-30 diameters .  It a p p e a r s   l i k e l y   t h a t  a tube w i l l  produce  an 
e q u a l   b i f u r c a t i o n  by 30  diameters.  A t  t h e   a o r t a ,   P a t e l  shows a b i f u r c a t i o n  
a t  20 diameters.  

Thus  on t h e   a v e r a g e ,   o n e   s u r m i s e s   t h a t   a n   a r t e r i a l  level w i l l  l i k e l y   e x -  
tend  about 25 2 5 diameters   before  i t  d i sappea r s  as  a n   e q u a l   b i f u r c a t i o n   t o  
a subsequent  level.   There w i l l  be  approximately 8 b ranches   pe r   l eve l   ( i . e . ,  
nominally 25 diameters   divided by 3 diameters) .  However, these   b ranches  w i l l  
no t  be equa l   i n   d i ame te r .  
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We may i l l u s t r a t e   t h e   s c a t t e r  from P a t e l ' s   a o r t a   d a t a ,  and  suggest i t  a s  
' t y p i c a l '   f o r  a s i n g l e   a r t e r i a l   l e v e l .  

Patel ' s   Aort ic   Branches  (57)  

( T h e s e   a r e   m a j o r   a r t e r i e s   i n   i n c r e a s i n g   o r d e r   o f   s i z e  .) 
Branch  Areas 

cm2 

.876 

.609 

.353 

.273 

.173 
,173 
.170 
.115 
.115 

20  x  .029 = .580 
3.437 cm2 

Area of ao r t a   en t r ance  3 . 2  cm 2 

We note   the   l a rge  number (20) of i n t e r c o s t a l s .  Thus the number of 
branches  per  level  might be t aken   a s  29 ( c o u n t i n g   i n d i v i d u a l   i n t e r c o s t a l s ) ,  
o r  10 ( i f   t h e   i n t e r c o s t a l s  were  counted  as  one  equivalent  tube). 

I f  we regard   the   co l lec t ion  of these   tubes   to  be no rma l ly   d i s t r ibu ted  
( a s   t e s t e d   i n   t h e i r   c u m u l a t i v e   c h a r a c t e r ) ,  we f i n d   t h a t   t h e   i n t e r c o s t a l s  
should be t r e a t e d   a s   e q u i v a l e n t   t o  1, 2 ,  o r  3 t u b e s ,   i . e . ,   t h a t   t h e   a o r t a  
has 10 t o  12 branches.   Since  the numbers are  comparable,  as  an  approximate 
average,  we w i l l  take 8 m a j o r   b r a n c h e s   p e r   l e v e l   f o r   a l l   l e v e l s ,  and a s  a 
further  crude  approximation, we w i l l  c o n s i d e r   t h a t   t h e y   a r e   a l l   t h e  same s i z e .  
For   g rea te r   accuracy ,  we might  assume  that  the  branchings f o r  any l e v e l   s c a t -  
t e r   ' normal ly '   over  a f o u r   t o  one  range i n  diameter.  

No. of 
branch- 
i n g  
tubes 

15  

10 

5 

1 
. l  .2  .4 .6 .8 1 . 0  2 . 0  4 .0  6.0 8.0 

2 
Cumulative  area - cm . 
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( c )   B r a n c h i n g   s i z e s   i n   a n   a r t e r i a l   l e v e l .  It was shown by both  Groat 
((59) and  personal  communication)  and Suwa, t h a t   a s  a r e s u l t  of branching a t  
a v a r i e t y   o f   l e v e l s  

where  do i s  t h e   i n l e t   d i a m e t e r ,  and d l  are   the  branching  diameters .  However, 
t h i s  law i s   l i m i t e d   t o   t h e   r a n g e  of d iameters  20-25  micra t o  1000  micra. 

We may judge   f rom  Pa te l ' s   da ta  on the   aor ta ,   f rom Mall's, Thorn's,  and 
Bencke 's   data   (27) ,   that   eff lux  area i s  conserved  for   larger   tubes,   say  above 
1 m. i n   d i a m e t e r ,   i . e . ,  

do = dl  + dZ2 + ... 2 2 

We can   apply   the   b ranching   ru les   to   no te   the   t aper   angle ,   i f   un i form.  
If a constant   (equal   to   the  average)   branching  diameter  

n = the  exponent,   such  as 2 ,  or  Groat-Suwa's 2.7.  
N = the  number of  assumed equal   branches  per   level .  

However, t h e   l a s t   b i f u r c a t i o n   l e a d s   t o  

n 2 dl = d2 
n 

d2 
d l  

1 - 
" - 2 n  

Let 8 = ver t ex   ang le  
do -d2 

0 do 
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25 

= [ 1 - $,,2.J = 0.9 0 fo1 

25 

r n = 2.7 

One  may n o t e   t h a t   t h e   t a p e r  i s  of the   cor rec t   o rder   o f   magni tude ,   the  estimate 
be ing   be t t e r   fo r   t he   sma l l   t ubes   be low 1 nun. 

Tables   summarizing  the  character is t ics   of  a r t e r i a l  trees have  been p re -  
pared by Green  (60) , and   Ibe ra l l   ( 58 ) .   Green ' s   t ab l e  was based on Mall's 
(1888)  data  derived  from a m e s e n t e r i c   a r t e r y   i n  a small dog. I b e r a l l ' s   t a b l e  
was based  on Mall's (1888-1906) data  derived  from a mesenter ic ,  a stomach, a 
h e p a t i c ,  a s p l e n i c ,   a n d   a n   a d r e n a l   a r t e r y   i n   t h e  same small dog; P a t e l ' s   d a t a  
averaged  from a cons ide rab le  number of  dog's  aortas;   Suwa's  data  derived  from 
ar te r ies  i n   t h e   b a s a l   g a n g l i a  , k idney ,   panc reas ,   hea r t ,   h ind   l imb ,   i n t e s t ine ,  
c e r e b r a l   c o r t e x   i n   t h e  human; G r o a t ' s   s t u d i e s   i n  a number o f   c i r c u l a t i o n s ;  
and  f rom  Adachi 's   a t las .  It i s  the   ex tens ive  number of   o rgan   c i rcu la t ions  
t h a t  have   been   quant i ta t ive ly   explored   ( in  dog  and human) t h a t  provides  same 
conf idence   i n   ' un ive r sa l '   b r anch ing  laws. 

Let u s  apply  the  branching laws f i r s t   t o  a 23  kg.  dog,  which s ta r t s  from 
an   ao r t a   en t r ance   d i ame te r   o f  2.0 cm. 

L/d = 25, N = 8 

Leve 1 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 

Av. en t r ance  
diam. -cm. 

No. tubes 

2.0 1 
0.71 8 
0.25  64 
0.088 5 10 
0.041 4100 

0.0088  260,000 
0.0041  2.1x106 

0.019  33 , 000 

0.0019  17x106 
0.0009  13x107 
0.0004 1. lx1o9 

The last  l i n e  , t h e   c a p i l l a r y   l i n e ,  i s  on ly   an   o rde r  of magnitude e s t i -  
ma te   fo r   t he  number o f   cap i l l a ry   ' sh rubs '   o r   ' t u f t s '   t ha t   b ranch   o f f   f rom a 
m e t a r t e r i o l e .  Each such  'shrub' o r  ' t u f t '  i s  a complex s e r i e s - p a r a l l e l   a r r a y  
tha t   d i f fe rs   f rom  organ   to   o rgan ,   and   thus   l eads   to  a much l a r g e r  number of  
capi l la ry   segments  ( t h a t  i s  of   ' runs '   between  bifurcat ions) .  
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Addendum 2 

Transcap i l l a ry  Exchange 

Bas ic   ques t ions   tha t  mus t  be answered a t  the   func t iona l   sys tem level 
are   the  nature   of   metabol ic   and  'communicat ional '   exchanges  that   occur   be-  
tween the   un i t s   o f   the   func t iona l   sys tem.  One of  the  primary  exchange  paths 
i s  t r anspor t   ac ross   t he   cap i l l a ry   wa l l s .   Whi l e  some of  t h e   b a s i c   ' f a c t s '   w i t h  
regard  to   gross   organ  exchange  have  been  es tabl ished  (e .g .  , Pappenheimer) , and 
the   na ture   o f   the   exchange   has   been   model led   a t   the   l eve l   o f   the   cap i l la r ies  
( S t a r l i n g ,  Krogh, Landis ,   Renkin) ,   the   actual   'proof '  a t  t he   mic roc i r cu la t ion  

level   has   been  harder  t o  come by. We w i l l  i l l u s t r a t e   t h e  problem  with  regard 
t o  one p a r t i c u l a r   a s p e c t  - f i l t r a t i o n  of water. 

In  rudimentary summary, i t  i s  be l i eved   t ha t   ma te r i a l .  - molecules  and 
l a r g e r   e n t i t i e s  - is t r anspor t ed   ac ross  membranes i n   g e n e r a l ,  and   pas t   o r  
t h r o u g h   e n d o t h e l i a l   c e l l s   i n   c a p i l l a r i e s   i n   p a r t i c u l a r .  With regard  to   mole-  
c u l e s ,  i t  i s  be l i eved   t ha t  small molecules pass with much h i g h e r   f i l t r a t i o n  
coe f f i c i en t s   t han   l a rge r   mo lecu le s .  (The logari thm of  t h e   f i l t r a t i o n   c o e f -  
f i c i e n t  i s  b e l i e v e d   t o   d r o p   l i n e a r i y   b u t   p r e c i p i t o u s l y  w i t h  i nc reas ing   l og  
of   molecular   s ize . )  Above about 40 2 molecu la r   s i ze ,  i t  i s  be l i eved   t ha t  t h e  
f i l t r a t i o n   c o e f f i c i e n t   r e m a i n s  more near ly   cons tan t   and  low. This  has  been 
explained by a 'pore_'  theory, i n  which a small   percentage  of   the  endothel ia l  
wal l   ( say  0.1%  of t h e   a r e a ,   i n   p a r t i c u l a r   a t   t h e   j u n c t i o n   b e t w e e n   c e l l s )   h a s  
'pores '   or   cracks  of   about  40 2 uni t   rad ius   o r   opening .   Calcu la t ions   and   es -  
t imates   have  typical ly   been made on   the   bas i s   o f   g ross   bu lk   mater ia l   f low 
laws ,   such   as   Poiseui l le   f low.  

The t r a n s p o r t  of l a rger   s ized   molecules  i s  cu r ren t ly   exp la ined  as  a 
ves i cu la r   t r anspor t   i n   wh ich   t he   l a rge   mo lecu le s   a r e   engu l fed   i n   t he  membrane 
wall and pass ac ross   t he   endo the l i a l   ce l l   (Bruns   and   Pa lade ,  11, ( 6 1 ) ) .   I n  
f a c t ,  Bloch (62)  has shown t h a t   l a r g e   s i z e d   p a r t i c l e s  up t o  1-2 mic ra   a l so  
pas s   t h rough   t he   endo the l i a l   ce l l .  

An ' e x p l a n a t i o n '   o f   n e t   w a t e r   f i l t r a t i o n   t h r o u g h   c a p i l l a r i e s  was pro- 
vided by S t a r l i n g ,  by the  following mechanism. E s s e n t i a l l y   a l l   i n g r e d i e n t s  
in   the   watery   envi ronment   a re   the  same on bo th   s ides   o f   t he   cap i l l a ry ,   ex -  
cept   for   the  presence  of  a h igher   concent ra t ion   of   l a rge   p ro te in   molecules   in  
the  plasma.  This would c rea te   an   inward   osmot ic   d r ive  of  water  from  the t i s -  
s u e   t o   t h e   c a p i l l a r i e s   a s  i t  t r i e d   t o   d i l u t e  t h e  plasma. However, t h e r e  i s  
an   equiva lence   be tween  hydros ta t ic   d r ive   due   to   the   p ressure   head ,   and   the  
osmotic  drive. '  Thus a t   t h e   e n t r a n c e   o f   c a p i l l a r i e s ,   w i t h   h i g h e r   h y d r o s t a t i c  
head ,   t he   wa te r   f i l t r a t ion  was ou tward   f rom  the   cap i l l a r i e s ,   bu t   a t   t he   ex i t  
of   capi l lar ies   with  higher   osmotic   head,   the   water  would  be returned  and 
' reabsorbed ' .  

The equivalence i s  confirmed i n  modern i r r e v e r s i b l e   s t a t i s t i c a l  thermo- 
dynamics by v i r t u e  of the   Onsager   re la t ions .  
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The ubiqui ty ,   the   essent ia l   requirement   for ,   and  the  complexi ty   of  water 
f i l t r a t i o n  makes i t  an   ap t   mic rovascu la r   p rob lem  to   cons ide r .  

The c u r r e n t   p h y s i o l o g i c a l   t e x t b o o k   d e s c r i p t i o n s   o f   f i l t r a t i o n  may be 
examined i n   t h e   f o l l o w i n g   r e f e r e n c e s :  

Ruch and  Fulton  (1960) 
Ponder   ( revised)  - pp.  754-756,  758-763. 
HernLndez-Pe& - pp,  878-880. 

Ruch and  Patton  (1966) 
Catchpole - pp.  621, 624-628. 

Best and  Taylor  (1961) 
Gregg - pp.  157 , 158. 

Guyton  (1966) 
pp.  434-443. 

Davson (1964) 
pp.  287-289. 

Landi  s-Pappenheimer-Renkin'  analysis  (63) 

P o i s e u i l l e   f l o w   i n  a pore:  

128 qlLl 
7r d4 

a p  = -  

q = flow  per  pore 
1 = l eng th  of flow  channel 

Suppose N pores  p e r  u n i t   c a p i l l a r y   w a l l   a r e a  

Flow a r e a  of the   ho les  = d N = fA 2 
6 

A = c a p i l l a r y  area p e r  u n i t   t i s s u e  volume ( o r  mass). 
f = f r a c t i o n  of t h e   t o t a l   c a p i l l a r y  area occupied by pores.  
Q = t o t a l   f i l t r a t i o n   f l o w  p e r  u n i t   t i s s u e  volume (= NAq) 

& p  = 32 e u.1 I 32W1 

NA d ') d2 A2 f d2 

Kf = f i l t r a t i o n   c o e f f i c i e n t  != & I  
dL fA 

K f = "  32b 1 

Renkin 's   current   data   taken  f rom sununary l e c t u r e   a t   t h e  1970  Microcircula- 
t ion  Society  meet ing.  
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He assumes  the  fol lowing  constants :  

A = 7000 cm2/100 gm. t i s s u e   ( t h e   s p e c i f i c   c a p i l l a r y  wal l  area). 
L = 1 . 3  micra 
f = 0.001 
f A / l  = 55,000 cm/100 gm. t i s s u e .  
d = 80 2 (40 r ad ius   po re ) .  
p = .01  poise  (gm/cm sec.) - w a t e r   v i s c o s i t y  

-7 c m  5 

dyne sec. 
Kf = 1.1 X 10 / 100 gm. t i s s u e .  

Accord ing   to   the   S ta r l ing   hypothes is :  _I 

Q = Kf A [ Pi - Po -ni  +no] 
pi = h y d r o s t a t i c   p r e s s u r e   I n s i d e   o f   c a p i l l a r i e s .  
po = h y d r o s t a t i c   p r e s s u r e   o u t s i d e   o f   c a p i l l a r i e s .  

Ti = co l lo id   o smot i c   p re s su re   i n s ide  of c a p i l l a r i e s .  
To = c o l l o i d   o s m o t i c   p r e s s u r e   o u t s i d e   o f   c a p i l l a r i e s .  

vi = 25 mm. Hg. (human serum). 
To = 5 mm. Hg. (uncertain!. 

(Wiederhelm  has more recent ly   proposed 9 mm. Hg.) 
ITi-TT, = 20 mm. Hg. 
po = 2 mm. Hg. 
pi ( a r t e r i a l   e n d )  = 32 mm. Hg. 
pi (venous  end) = 15 mm. Hg. 
pi -po ( a r t e r i a l )  = 30 mm. Hg. 
p. -po (venous) = 13 mm. Hg. 
n e t   p r e s s u r e   ( a r t e r i a l )  = 10 mm. Hg. (outward f i l t r a t i o n )  
1 

(venous) = -7 mm. Hg. ( inward  reabsorpt ion)  

With some uncertain  scat ter   on  the  components ,  t h i s  i s  t h e   c l a s s i c  
S t a r l i n g   f i l t r a t i o n - r e a b s o r p t i o n  model f o r   w a t e r   f i l t r a t i o n ,  and  the  Pap- 
penheimer-Renkin  pore  model. 

We wish  to  reexamine i t  i n   t h e   l i g h t   o f  two r e p e a t s  by Zweifach (64) of 
Landis'   experiment  of  occluding a c a p i l l a r y  and  not ing  the  direct ion  and mag- 
n i tude   o f  plasma e f f l u x ,  as  i n d i c a t e d  by t h e  coas t ing   of   the  r e d  c e l l s  
toward o r  away from  the  occlusion.  

F i r s t ,   wi th   regard   to   parameters   for   the   model .  

(a> C a p i l l a r y  area. We es t ima te  - f o r  muscle  - an   ave rage   cap i l l a ry  
sepa ra t ion  among p a r a l l e l   m u s c l e   f i b e r s   o f  60 micra ,   o r   about  200 c a p i l l a r i e s  
p e r  mm2. However, w e  e s t i m a t e   i n   l o n g i t u d i n a l   p a s s a  e, a length  of   about  
100 micra. Thus t h e r e  are 2000 cap i l l a ry   ' s egmen t s t f   pe r  mm3. A t  each  run,  
we es t ima te   t ha t   t he re   a r e   abou t   ano the r  200 cap i l l a ry   connec t ions   pe r   l aye r .  
With t e n   l a y e r s ,   t h i s  i s  about 2000 add i t iona l   cap i l l a ry   s egmen t s   fo r  a t o t a l  

A ' segment '   of   capi l lary i s  tha t   run   be tween  b i furca t ions .  
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o f  4000 capi l la ry   segments  p e r  mm3. (We e s t i m a t e   t h a t   t h i s  i s  for   normal  
r e s t i n g  musc le ,  a n d   t h a t   f o r   m u s c l e   a t  maximum exercise, t he re  are twice a s  
many, o r  8000 capi l la ry   segments   per  mm3. On the   other   hand,   Mart in  e t  a l .  
(65)  and  others  suggest numbers t h a t   a r e  5-10 times la rger   than   these . )  

Thus t h e   c a p i l l a r y  area,  assuming 6 micra   ave rage   cap i l l a ry ,  i s  7500 cm2/ 
100 gm. t i s s u e  a t  r e s t ,  or  15,000 cm2/100 gm. t i s s u e  a t  p e a k   a c t i v i t y .  Our 
estimate thus   agrees   wi th   Renkin ' s .  

(b)   Path  length.   Thicknesses   here  are conventional.  One  may choose 
numbers ,   for   endothe l ia l   th ickness ,   f rom  0 .2   to  2 micra.  Thus i t  i s  t h e   e f -  
fect ive  fA/1  which i s  pertinent.   Pappenheimer e t  a1.(1951)  indicates  120,000 
cm.  pe r  100 gm. t issue;  Renkin  (1970)  prefers  55,000 cm. per  100 gm. One 
n o t e s   t h a t   t h i s   c o r r e s p o n d s   t o  f = 0.1%  of  the  area.  

A t  t h i s   p o i n t ,  w e  should  note a f i r s t  criticism. Bruns  and Palade (I, 
(61 ) ) ,   a f t e r   conduc t ing   ane lec t ronmic roscop ics tudy   o f  cap i l la r ies  in   musc le ,  
conclude : 

" I so la t ed ,   pe r fused   l egs   o f   sma l l  mammals ... have  been  used i n   s t u d i e s  
of   cap i l la ry   permeabi l i ty .  To expla in   permeabi l i ty   da ta   ob ta ined  on such 
prepara t ions ,   Pappenheimer   e t  a1 ... p o s t u l   t e d  ... pores   (water - f i l l ed   chan-  
nels)   which have an   e f f ec t ive   r ad ius   o f -30  4 , an  aggregated  area  of  0.1 t o  
0.2% .. . Fol lowing   an   ear l ie r   sugges t ion   of  Chambers  and  Zweifach . .. t he  
pores  were assumed t o  be t h e   i n t e r c e l l u l a r   s p a c e s  . .. More r ecen t ly ,   Land i s  
and  PaPPenheimer.   . revised  the  effect ive  pore r a d i u s  upward t o  452, and  assumed 
tha to the   pores  are a c t u a l l y  ... t he   i n t e rce l lu l a r   spaces   because   t he   w id th  
(100A) and  the . . . ( i n t e r c e l l u l a r   s p a c e )   a r e a  . . . est imated  f rom  avai lable  
e lec t ron   micrographs  ... were found to   cor respond  to   those   expec ted   for   pores .  

II In   the  mater ia l   examined,  we did  not   f ind  pores   of   the   dimensions,   d is-  
t r i b u t i o n ,  and   loca t ion   pos tu la ted .  The f r a c t i o n a l   s u r f a c e  ... o f   i n t e r c e l -  
l u l a r   spaces  . . . ca lcu la  es a t  0.1% . . . a l l   i n t e r c e l l u l a r   s p a c e s  . . . should 
be  open t o  a gap  of -100 s . 

"Pores   pene t ra t ing  . . . the  . . . per iphery   o f   the   ce l l   should  be e a s i l y  
v i s i b l e  . . . None has  been  found. 

Thus ' po res '  , appa ren t ly  are f i c t i t i o u s   ' e f f e c t i v e '   f u n c t i o n a l   s t r u c -  
t u r e s ,   r a t h e r   t h a n   f i x e d   g e o m e t r i c   s t r u c t u r e s   ( i . e .  , w a l l s   a c t  as  i f  they  pos- 
sessed  pores) .  

( c )  Fi l t r a t ion .   Zwe i fach  (1966)  found t h a t  s e r u m  seemed t o  move o u t   o f  
t h e   c a p i l l a r i e s   o b s e r v e d   i n  85% of   the  cases .  

We thus   tu rn   to   h i s   second  round  of   s tud ies   (64) .   In   rabbi t s   ( rabbi t  
omentum) 

Ti = 19 mm. Hg. 
Kf = O.O08p/mm Hg. sec. 
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I n  a l l  of   the  capi l lar ies   observed,   whether  on t h e  a r t e r i a l   s i d e   o r  venous 
s i d e ,  he  found a n   o u t w a r d   f i l t r a t i o n  of plasma. "We have n o t ,   t o   d a t e ,  
e i t h e r   i n   t h e  omentum o f   t he   r abb i t ,   o r   i n   t he   mesen te ry   o f   t he   r a t ,   encoun t -  
e r ed   ves se l s   wh ich   cons i s t en t ly  show i n w a r d   f i l t r a t i o n . "  

We f i n d ,   a s  a summary of h i s   d a t a  

r o - p o  = 5 mm Hg. 

= .008 p 4  mm. - 19 mm. + 5 mm] = .08 m i c d s e c .  

Average 

For a r t e r i a l   c a p i l l a r i e s  

Q/A = .008 

For   venous   cap i l la r ies  

Zweifach  notes 
reg ion   in   which   the  

(We would  tend 

Q/A = 
Q/A = 
Q/A = 

Q/A = .008 

observed 9 = 0.06 micra /sec .  
A 

[30 - 19 + 51 = 0.13 micra /sec .  

[18 - 19 + 53 = 0.032 micra /sec .  

t h a t  no experimental   points   have  been  obtained  in   the 
osmotic   pressure  exceeds  the  hydrostat ic   pressure.  

to   use  a s l i g h t l y   d i f f e r e n t   s e t  of   values  

,008 [20 - 19 - 1 + 71 = 0.06 micra/sec.   average 
.008 124 - 19 - 1 + 4 = 0.10 m i c r a / s e c .   a r t e r i a l  
.OG8 p6 - 19 - 1 + 71 = 0.024 micra/sec.  venous 

The d i f f e r e n c e  i s  due t o   t h e   f a c t   t h a t  we have  chosen d i f f e r e n t   v a l u e s   f o r  
e n t r a n c e   a n d   e x i t   h y d r o s t a t i c   p r e s s u r e s   i n   c a p i l l a r i e s ,   a s  a summary of  data 
i n   t h e   l i t e r a t u r e .   N e v e r t h e l e s s   t h e   f i l t r a t i o n  i s  outward.) 

T h i s   f i l t r a t i o n   c o e f f i c i e n t  0.008 micra /sec .  m Hg i s  equa l   t o  45 x 
cm per 100 gm. 

5 
dyne sec.  

This i s  30 t imes  Renkin's  value.  

Zweifach  (1970) a l s o   s t u d i e d   t h e   c r e m a s t e r   m u s c l e   i n   t h e   r a t ,  

Kf = 0 .OO14 micra/sec.  mm Hg 
pi = 24 mm Hg. ( a r t e r i a l ) ;  = 1 6  mm Hg (venous). 

Let s examine h i s  balance 

.006 micra/sec.  (observed) = .0012 A (observed) p 4  mm. - 25 - 1 + 71 
sec nun Hg. 

on a r t e r i a l   s i d e .  
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Zweifach  points  out  that  i f   r e a b s o r p t i o n   t o o k   p l a c e ,  i t  had to   t ake  
place beyond the  pr imary  venule ,   i .e . ,  beyond 12 micra  diameter  venules. 

The f i l t r a t i o n   c o e f f i c i e n t  of  0.0014  micralsec. m. Hg. i s  about   f ive  
t imes as la rge   as   Renkin ' s   va lue .  

From t h i s   s t u d y ,  we draw the  fol lowing  conclusions:  A ' f i l t r a t i o n '   c o e f -  
f i c i e n t ,   f o r  a given  molecular   species , is   not  a cons t an t ,   bu t  may e a s i l y   v a r y  
over one or  even two decades. A near   ' cons tancy '   o f   an   e f fec t ive   pore   s ize  
cannot  be a geometric  parameter,   but i f   a n y t h i n g ,  a  dynamic parameter ,Water  
moves o u t   i n   t h e   c a p i l l a r y   b e d .   I f  i t  r e t u r n s  by t h e  S t a r l i n g  mechanism, i t  
has   to   re turn   in   the   venous   bed .   Zwei fach ' s   da ta   sugges t   tha t   the   f i l t ra t ion  
cons t an t  may i n   f a c t   i n c r e a s e  on the  venous  side. 

I f  we cons ide r   t r anspor t   o f   oxygen ,a   d i f f e ren t   ma te r i a l ,   t he re  i s  r ecen t  
evidence  (Duling,  Berne (66))  that   perhaps oxygen i s  apprec iab ly   t ranspor ted  
th rough   t he   a r t e r io l a r  bed be fo re   r each ing   cap i l l a r i e s .  While  the  conclu- 
s i o n  i s  inadequate ly   p roven ,   never the less  i t  i s  one fu r the r   i n s t ance   t ha t   sug -  
g e s t s   t h a t  t h e  s p e c i f i c  dynamic na tu re  and  locus  of  material  and  chemical 
t r a n s i t   i n   t h e   m i c r o v a s c u l a t u r e  i s  s t i l l  an open subjec t   for   s tudy .  
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V I I .  THOUGHTS CONCERNING AUTONOMIC NERVOUS 
SYSTEM  CONTROLLING  INFLUENCES 

Since   the   func t iona l   sys tem a t  the   mic roscop ic   l eve l   cons i s t s   o f   t he   ac tu -  
a t ed   o r   ac tua t ing   e l emen t   i n   t he   o rgan ,  i ts  exchanging  local  blood  supply,  and 
i ts  nerve  e lements ,  we m u s t  show concern   wi th   the   lowes t   func t iona l   l eve l   o f  
the  autonomic  nervous  system. The la teral  e x t e n t  i s  s t i l l  microscopic ,   yet  
i t  reaches   ou t   to   span  a l l  of  the  organ  systems. 

I n   f a c t  i t  is l i k e l y   t h a t   t h e   f u n c t i o n a l   u n i t  is b e s t   t o  be  defined as 
the   to ta l   o rgan   e lement   se rved  by a s ingle ,   sympathe t ic  and parasympathetic 
plexus . 

Class ica l   ana tomic  and h is tochemica l   s tud ies   have   es tab l i shed   our   genera l  
knowledge  of the  autonomic  innervation of the   var ious   per iphera l   o rgans .  The 
r ecen t   h i s to f luo romet r i c   s tud ie s   fo r   ca t echo lamine   con ta in ing   s t ruc tu res   has  
opened up areas   o f   s tudy   tha t   were   no t   poss ib le   wi th   the   convent iona l   s i lver  
s ta in ing   techniques .   S ince  1962 a g r e a t   d e a l  of new and  unusual  information 
has   accumula ted   in   th i s   h ighly   spec ia l ized   l i t e ra ture   which  is not   yet   gener-  
a l l y  a p p r e c i a t e d .  The na tu re   o f   t he   i oca l i za t ion  of sympathet ic   nerves   in  
both  the CNS and the   per iphery   has   revea led   the   s i tes   o f   ac t ion   of   the  sym- 
pa the t ic   nerve   neuro t ransmi t te r .   Severa l   unusua l  and  unorthodox  considera- 
t ions   o f   phys io logic   ac t ions   a re   p resented   be low.  The specu la t ive   na tu re   and  
the   depar ture   f rom  es tab l i shed   doc t r ine   in   the   d i scuss ion   to   fo l loware   ack-  
nowledged  by t h e   w r i t e r s ,  The purpose  of   this   exercise ,   however ,  is, l i k e  
most h i g h l y   s p e c u l a t i v e   d i s c o u r s e s ,   t o   s t i m u l a t e   t h o u g h t  and experimental  
t es t ing   o f   ideas .   Focus  of a t t e n t i o n  aimed a t  those new developments  that  
sugges t   per iphera l   au tonomic   cont ro l l ing   in f luences .  

1. The Autonomic  Ganglia 

The gang l i a  are e s sen t i a l ly   i n t e rmed ia t e   r e l ay   s t a t ions   t ha t   mon i to r   e l ec -  
t r i ca l   pu l se s   emana t ing   f rom  the   sp ina l   co rd  and are  thus  mediators  between 
impulses  from  the CNS and  per ipheral   organs.  The sympathet ic   gangl ia ,   located 
along  the  sympathet ic   chain  (para   ver tebral-gangl ia)   or   within more p e r i p h e r a l -  
ly   loca ted   s i tes   (pre   ver tebra l -gangl ia ) ,   spread   in format ion  from the   con t ro l  
ne rvous   sys t em  d i f fuse ly   t o  a number of   o rgans .   For   example ,  one p regang l ion ic  
f ibe r   t e rmina t ing   i n   t he   supe r io r   ce rv ica l   gang l ion  (SCG) makes synapt ic   con-  
tac t   wi th   approximate ly   20   sympathe t ic   gangl ion   ce l l s   which   in   tu rn   send  i m -  
pu lses   to   var ious   o rgans   such  as the   eye ,   s a l iva ry   g l ands ,   t hy ro id ,   p inea l ,  
b lood  vessels   of   the   head,   neck  and  base  of   brain.  A d i f fuse   r eac t ion   can  
t h e r e f o r e   b e   e l i c i t e d .  The gangl ion   can   se rve   to   regula te   by   repress ion   or  
inhibi t ion.   Recent   his   tof luorescence  s tudies   have  demonstrated a pathway f o r  
ganglionic  control  (Norberg  and  Sjb'qvist ,   1966).  An in t r agang l ion ic   sys t em 
o f   ad rene rg ic   t e rmina l s  w a s  described  .These were subsequent ly  shown t o  be 
axon  col la terals   f rom  postgangl ionic   processes   that   "feedback" upon the  gan- 
g l i o n   c e l l s  and  possibly  on  presynaptic  elements  (Jacobowitz and Woodward, 
1968). One can now be l i eve   t ha t   t he   sympa the t i c   neu ro t r ansmi t t e r  may i n f l u -  
ence  transmission  through  the  ganglion  (See  Fig.   1).  
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Figure 1 

Recent  pharmacologic  studies (DeGroat  and Volle ,   1966)   indicate   that   exogenous 
norepinephrine  or   epinephrine is capable  of  causing  both  depressant and f a c i l -  
i t a t i v e   a c t i o n s  on t h e   c a t  SCG. These  act ions are mediated  by  the  act ivat ion 
o f   a lpha   (dep res s ion )   o r   be t a   ( f ac i l i t a t i on )   ad renocep t ive  s i tes .  The over- 
a l l  evidence would s u g g e s t   t h a t   t h e   s y m p a t h e t i c   t r a n s m i t t e r   s e r v e s   t o   i n f l u -  
ence,   or  modulate,   transmission  through  the  ganglion. Whether f a c i l i t a t i o n  
o r   i n h i b i t i o n  results may very wel l  depend upon such   fac tors  as the amount of 
t r a n s m i t t e r   r e l e a s e d   o r   t h e   r e c e p t o r  s i t e  (p re -   o r   pos t synap t i c )  most s e n s i -  
t ive   to   norepinephr ine ,   depending  upon p reva i l i ng   cond i t ions .  A t  t h i s   l e v e l  , 
t h e n ,   t h e r e   e x i s t s   t h e   p o t e n t i a l   f o r  dynamic regulat ion,   by  mediat ion,   mainly 
by inh ib i t ion   o r   re lease   f rom  inh ib i t ion ,   o f   the   requi red   mani fo ld   o f   rhy thmic  
processes  which make  up the many biochemical  chains  in  the  organism. 

S tudy   of   the   gangl ion   of fe rs   ins ight   in to   the   p robable   func t iona l   char -  
a c t e r  of the  brain  which  in  a sense  is a c o l l e c t i o n   o f   m u l t i p l e   i n t e r r e l a t e d  
and  intercommunicating  ganglia. The gangl ia   can   thereby   be  viewed as iso- 
l a t e d   l i t t l e   b r a i n s   d i s p l a c e d   f r o m   t h e  CNS t o   t he   pe r iphe ry   (o r   conve r se ly  
as long  range  mediators   of   secretory  processes) .   This   idea is what  led Winslow 
to   sugges t   the   t e rm  sympathe t ic   gangl ia ,   fo r   there  seemed t o   b e  enough " l i t t l e  
b ra ins"   i n   t he   cha in   t o   accoun t   fo r   t he   sympa thy   o f   pa r t s  , as t h e   i n t e g r a t i o n  
of v i sua l   responses  was then   ca l l ed .  O u r  knowledge  of  the  wiring  within  the 
gang l i a  is a f i r s t   s t e p   t o   o u r   a p p r o a c h   t o   t h e   u n d e r s t a n d i n g   o f   t h e   i n f l u e n c e s  

114 



I 

of   t he   ad rene rg ic   neu rons   w i th in   t he   b ra in .  The recen t   d i sc losu re   o f  monoamin- 
e rg i c   pa ths   w i th in   t he  CNS, great ly   extended  through  the work  of  Fuxe  and 
o the r s  , has opened up new and f r u i t f u l   f i e l d s   o f   t h e   h i g h e s t   s i g n i f i c a n c e .  

2 .  Autonomic Act ion   and   In te rac t ions  a t  t h e  End Organ 

(a)  Heart. - The microanatomic  description  of  the  ganglion,  however,   does 
not  give us an i n s i g h t   i n t o   t h e   l i v i n g  dynamic moment-to-moment language  of 
the  nervous  system  which results in   l ong  term o s c i l l a t o r y   p r o p e r t i e s  upon which 
we are   focusing  a t tent ion.   Adequate   information  regarding  e lectr ical   impulse 
t r a f f i c   t o  and   f rom  gangl ia   in   the   unanes the t ized   an imal  is l ack ing ,   fo r   t ech -  
n i ca l   r ea sons .  However, i f  such   in formt ion ,   p robably   possess ing  a high f r e y  
uency o s c i l l a t o r y   c h a r a c t e r ,  were a v a i l a b l e ,   t h e r e  is some doubt  whether  this 
wou1.d r e f l e c t   t h e   a u t o n o m i c   a c t i v i t y  a t  t h e   s y n a p t i c   l e v e l   w i t h i n   t h e  end o r -  
gans.  The release  of   norepinephrine a t  sympathetic  endings may not  bear  any 
s imple   r e l a t ion   t o   t he  number o f   n e r v e   a c t i o n   p o t e n t i a l s   t r a v e l i n g  down the 
pos tgang l ion ic   f i b re s ,   bu t   i ndeed   t he   o rgan   i t s e l f  may s i g n a l   t o   t h e  numerous 
var icose  nerve  terminals   and  modulate   the  re lease of t r a n s m i t t e r .  I f  t h i s  
specula t ive   idea   were  t r u e ,  i t  would c o n s t i t u t e  a microcont ro l   o r  a f i n e  a d -  
justment  without CNS i n t e r v e n t i o n .  The manner i n  which  such  local  adjustment 
could  take  place a t  smooth  and cardiac  muscle  and glands  could  involve  an a l -  
t e r a t i o n   o f   t h e   e x t r a c e l l u l a r  m i l i e u  i n   c o n t a c t   w i t h   t h e   v a r i c o s i t y  of the 
ad rene rg ic   t e rmina l s ,   wh ich   a r e   t he   t e rmina l   s to rehouses   fo r   t he   neu ro t r ansmi t -  
t e r   no rep inephr ine .  It is proposed  that  a change i n  pH, p02 o r  pC02 created 
by  the  innervated end organ,  may inf luence   the   t e rmina l   nerve  membrane in   such  
a manner that   quanta   of   norepinephrine  can be re leased   which ,   in   tu rn ,  may a c t  
upon the   adrenoreceptor   for   the   p rescr ibed   ac t ion .   This   concept   evolved  from 
a s tudy   o f   t he   ad rene rg ic   i nne rva t ion   o f   ca lves   and   s t ee r s   i n   hea r t   f a i lu re  
(Vogel,  Jacobowitz , and Chidsey, 1969) .  A marked change in   f l uo rescence   i n -  
tensi ty   (measuring  norepinephrine  content)   in   the  adrenergic   innervat ion  of  
t h e   f a i l i n g   h e a r t ,  w a s  noted  predominant ly   in   the  terminal   var icose  f ibers   in  
c lose  approximation  to   muscle   bundles   and  not   in   f ibers   coursing  through  con-  
nec t ive   t i s sue   o r   a round  b lood   vesse ls .  This i n d i c a t e s   t h a t   f i b e r s   i n n e r v a t i n g  
the  cardiac  muscle   were  inf luenced  in  some manner  by an   a l t e r a t ion   t ak ing   p l ace  
a t  t he   r eg ion   o f   c lo se   synap t i c   a s soc ia t ion   be tween   t he   ne rve   t e rmina l   and   t he  
ca rd iac   musc le   ce l l .  This d rama t i c   e f f ec t   r e su l t i ng   f rom a s t r e s s   s i t u a t i o n  
( f a i l i n g   h e a r t )  is i n t e r p r e t e d  as a magnification  of a s u b t l e   c o n t r o l l i n g   i n -  
f luence  of a coupling  from  muscle  to  nerve  which may be a physiologic  mechanism 
whereby moment-to-moment feedback  control  can  take  place  without CNS involve-  
ment. One poss ib le   b iochemica l   explana t ion   for   ths  mechanism  of th i s   musc le-  
nerve  modulation  could  involve a m e t a b o l i t e ,   p e r h a p s   l a c t i c   a c i d ,   t h a t  is r e -  
l ea sed   i n   i nc reased   quan t i t i e s   i n   work ing   musc le s .  An increased   ac id ic   envi -  
ronment a t  the  nerve membrane can   cause   a l t e r a t ion   o f   t he   ac t ive   t r anspor t   i n -  
volved  in   the  reuptake mechanism for   norepinephrine s o  t h a t   g r e a t e r  release of 
the   neuro t ransmi t te r   ensues .  

(b) - The feedback   cont ro l  by ad rene rg ic   axon   co l l a t e ra l s   o f  sympa- 
t h e t i c   g a n g l i a   c i t e d   a b o v e   a p p e a r s   t o   b e  a gene ra l  phenomenon tha t   occurs  i n  
both  sympathet ic   (pregangl ia)   and  parasympathet ic   gangl ia   that   are   located 
wi th in   t he   pe r iphe ra l   o rgans .   (Loca l i za t ion   o f   t he   l a t t e r   gang l i a   w i th in   t he  
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o r g a n   p a r t l y   e x p l a i n s  why p a r a s y m p a t h e t i c   e f f e c t s ,   i n   c o n t r a s t   t o   t h o s e   o f   t h e  
sympathet ic ,  are o f t e n   l o c a l i z e d ,  i . e .  , are conf ined   t o  a s i n g l e   o r g a n   o r   t o  
a p a r t  of an organ . )   Recent   s tud ies   o f   the   innerva t ion  of the  gut   demonstrated 
tha t   t he   p r imary   ad rene rg ic   i nne rva t ion   o f   t he   a l imen ta ry   t r ac t  is a t  the my- 
enteric  plexus  of  Auerbach, i . e . ,  the  sympathet ic   innervat ion is n o t   t o   t h e  
smooth  muscle  of  the  gut as c l a s s i ca l ly   be l i eved ,   bu t   t o   t he   pa ra sympa the t i c  
gang l i a   s i t ua t ed   be tween   t he   musc le   l aye r s   o f   t he   en t i r e   a l imen ta ry   cana l  
(Jacobowitz , 1965). The c h o l i n e r g i c   i n n e r v a t i o n  is comparatively  dense.   This 
g e n e r a l   p i c t u r e  of the   au tonomic   innerva t ion   sugges ts   tha t   the   cont rac t ion   of  
the  gut  is due to   the   re lease   o f   ace ty lchol ine   f rom  the   endings   o f   pos tgangl i -  
on ic   f i be r s   t e rmina t ing   on  musc le  f i b e r s .  The a d r e n e r g i c   i n h i b i t o r y  mechanism 
the re fo re   t akes   p l ace   p r imar i ly  a t  the  myenter ic   gangl ia   (Fig.  2 ) .  A pharma- 
co logic   cor re la te   to   suppor t   th i s   hypothes is   has   been   repea ted ly   observed   in  
s t u d i e s   i n  which   adminis t ra t ion  of norepinephr ine   o r   ep inephr ine   to   gangl ia  
produces a b lock   in   synapt ic   t ransmiss ion .   Here   then  is the   f i r s t   demons t r a -  
t:on of sympathe t ic   cont ro l  a t  t he   o rgan   l eve l   o f   an   i n t e rmed ia t e   r e l ay   s t a t ion ,  
the  parasympathetic  ganglion. 

VO i \ M u c o s s  
J 

Figure 2 

It is  of more than  neuroanatomic  interest   that   sympathet ic   nerve  f ibers  
( in   addi tLon  to   parasympathe t ic  and s e n s o r y   f i b e r s )   e n t e r   o r g a n s   i n   p r o x i m i t y t o  
and  around  blood  vessels.  In  the  gut i t  has   been   observed   tha t   adrenerg ic   f i -  
bers   emanate   f rom  the   sur face   o f   a r te r ies   ( tun ica   advent i t ia )   wi th in   the   musc le  
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l a y e r  and the  submucosa  and terminate  a t  the  Auerbach's  plexus  ganglion ce l l s .  
It is s u g g e s t e d   t h a t   p e r i s t a l t i c   a c t i v i t y  of t h e   g u t ,   i n   a t t e m p t i n g   t o   a d -  
vance a bolus  of  food  or  feces , c r e a t e s  a p res su re  upon t h e  arteries (contain-  
ing  the  sympathet ic   nerve  plexus whose c e l l   b o d i e s  are loca ted   ou t s ide   t he   gu t ) ;  
thereby  causing a loca l   ne rve   d i scha rge ,   o r   ac t ion   po ten t i a l ,   wh ich   s e rves   t o  
inh ib i t   gangl ion   impulse   t ra f f ic   th rough  chol inerg ic   nerves ;   thus   resu l t ing   in  
r e l a x a t i o n  of the   gu t  a t  the  b o l u s  l e v e l  (See Fig.  3 ) .  

Figure 3 

Here,   the   blood  vessel  is v i sua l i zed  as a s t r a i n   g a u g e .  We are   aware   tha t  
p re s su re   app l i ed   t o   ne rves   can   cause   an   e l ec t r i c   d i scha rge .  The p r e s s u r e ,  
then,  i s  caused  by  the  bolus   of   mater ia l   t ransmit t ing  force  through  the mucosa 
and  submucosa to   the   p lexus  of nerves   sur rounding   the   vascula ture ,c rea t ing  
l o c a l   n e r v e   a c t i o n   p o t e n t i a l s , r e s u l t i n g   i n   r e l a x a t i o n  of the  gut   through  in-  
h i b i t i o n  o f  parasympathetic  nerve  transmission  through  the  ganglia.  This is  
somewhat ana logous   t o   t he   axon   r e f l ex   desc r ibed   i n   s enso ry   ne rve   r ecep to r s   o r  
sympathetic  terminals (Coon and  Rothman,  1940) i n   t h e   s k i n .  The axon  ref lex 
is a response  in   which  nerve  impulses   ini t ia ted  in   sensory  or   autonomic  nerve 
terminals   (by  injury  or   perhaps  pressure)   are   re layed  ant idromical ly  down 
other   branches  of   the   nerves .  The axon  ref lex  in   autonomic  nerves  is a n   a r e a  
of s tudy   t ha t   has   been   t o t a l ly   neg lec t ed .  It is a phenomenon thay may be  cap- 
ab le   o f   loca l   cont ro l   o f   au tonomic   func t ions   wi thout  CNS i n t e r v e n t i o n .  

The sympathetic  nerve  ending is no  longer  considered  to  be a s i n g l e   a n a -  
t omic   t e rmina l   i n   appos i t i on   w i th  a muscle  or  gland  cel1,but  rather numerous 
physiologic  endings  contained  within  an  autonomic ground plexus.  Discharge 
of norepinephrine  molecules  occurs  simultaneously  throughout  the  network of 
va r i cose   t e rmina l s   i n   r e sponse   t o  a n e r v e   a c t i o n   p o t e n t i a l   t h a t   t r a v e r s e s   t h e  
preterminal   process .   There is n o   r e a s o n   t o   b e l i e v e   t h a t   t h e   i m p u l s e   t r a f f i c  
is u n i d i r e c t i o n a l   i n   t h e   a d r e n e r g i c   n e r v e   p l e x u s .  A s t i m u l u s  , such as p res -  
sure ,may  readi ly   cause  an  impulse  discharge  a long  the  local ized  plexus  of  
nerve   t e rmina ls .  
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( c )   P i n e a l .  - Another area where   sympa the t i c   axon   r e f l ex - l ike   ac t ion  may 
be   t ak ing   p lace  is  the   eye -p inea l   g l and   ax i s .   Af t e r   h i s tochemica l   obse rva t ions  
of t he   sympa the t i c   gang l ion   ce l l s   o f   t he   supe r io r   ce rv ica l   gang l i a   o f   s eve ra l  
s p e c i e s  i t  became c l e a r   t h a t  many of  the  neurons are mul t ipo lar   wi th   axons   tha t  
b i furca te   f requent ly   ( Jacobowi tz  and Woodward , 1968) .   In   addi t ion,   previous 
s tud ies   have   demonst ra ted   tha t   there  was a s i g n i f i c a n t   i n c r e a s e   i n   t h e   n o r e p i n -  
ephr ine   con ten t   i n   t he   pos t e r io r   s egmen t   o f   t he   eyes  of a lb ino   gu inea   p igs  and 
r a b b i t s   e x p o s e d   t o   l i g h t   f o r  1 hour  (Nichols , Jacobowitz ,   and  Hottenstein,  
1967) .   This   suggested  that   l ight  may a c t   d i r e c t l y  on the   nerve   t e rmina ls   to  
cause   an   i nc rease   i n   syn thes i s   o f   cho ro ida l  and i r is  norepinephr ine .   This   fac t  
t aken   toge ther   wi th   the   mul t ipo lar   na ture  of the  neurons  of   the  superior   cer-  
v ica l   gangl ion   sugges ted  a mechanism  whereby l igh t   in format ion   could   be   t rans-  
fe r red   f rom  the   eye   to   the   p inea l   g land ,   i . e . ,  by  conduction  of  impulses  from 
adrenerg ic   nerves   wi th in   the   eye   to   the   p inea l  by way of neuronal  branches  from 
the same neuron  emanating  from  the same c e l l  body w i t h i n   t h e   s u p e r i o r   c e r v i c a l  
ganglion.  This  concept i s  diagrammatically shown i n  F ig .  4 .  

Figure 4 

Previous  s tudies   have shown t h a t   t h e  rat p inea l   g l and   exh ib i t s  a d i u r n a l   v a r i -  
a t i o n   i n  i t s  content   of   serotonin,   norepinephrine  and  the enzyme hydroxy- 
indole-0-methyl   t ransferase ((HIOMT) which is  r e spons ib l e   fo r   t he   conve r s ion )  
f o r   t h e   s y n t h e s i s  of  melatonin  and  that  each  of  these  rhythms is a f f e c t e d  by 
changes in   envi ronmenta l   l igh t ing  (Quay , 1963 ; Axelrod , Wurtman and  Snyder , 
1965; Wurtman e t  a l . ,  1967) .   In   addi t ion ,   super ior   cerv ica l   gangl ionec tomy 
abo l i shes  a l l  of  these  rhythms. It was therefore   p roposed   tha t   each  of t hese  
rhythms is maintained by neura l   i n fo rma t ion   t r ansmi t t ed   t o   t he   p inea l   by   an  
unknown pathway  from  the CNS through  the  cervical   sympathet ic   t runk and f i n a l l y  
th rough   t he   supe r io r   ce rv ica l   gang l ion .  From a s t u d y   d e s i g n e d   t o   i n v e s t i g a t e  
whether   ind iv idua l   neurons   wi th in   the   super ior   cerv ica l   gangl ion   were   capable  
of sending  axons  to   both  the  eye and p i n e a l ,  a working  hypothesis was deve l -  
oped such  that   l ight   information  could be t ransfer red   f rom  the   eye   to   the  
pineal   (Jacobowitz  , e t  a l .  , 1968) .  It is sugges ted   tha t   in format ion   about  
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l i g h t i n g  i s  mediated  by  conduction  of  impulses  from  choroidal and ir is  adren- 
e r g i c   t e r m i n a l s   t o  similar t e rmina l s  i n  the   p inea l   v ia   f ibers   emanat ing   f rom 
a system of mul t ipo la r   neu rons   w i th in   t he   supe r io r   ce rv ica l   gang l ion .  It can 
be  fur ther   suggested  that   conduct ion  of   impulses   f rom  the  eye  to   the  pineal  
takes   p lace  by ant idromic  impulses .  This i n   e f f e c t  is analogous   to  a sensory 
system as indicated  diagrammatical ly   (Fig.  5 ) .  

Figure 5 

The supe r io r   ce rv ica l   gang l ion  would be   ana lagous   to   the   dorsa l   roo t   gangl ion;  
the   adrenerg ic   nerve   t e rmina ls  would be   ana lagous   to   the   receptor   t e rmina ls  
and t h e   p i n e a l  would be   ana lagous   t o   t he   do r sa l   roo t  of t h e   s p i n a l   c o r d .  

This system  can  a lso  be viewed t o  be  analagous  to   an  axon  ref lex,  a r e -  
sponse   i n   wh ich   impu l ses   i n i t i a t ed   i n   s enso ry  and  autonomic  nerves  by a s t i m -  
u l u s  a r e   r e l ayed   an t id romica l ly  down other  branches  of  the  nerve  plexus  caus- 
ing a re f lex   response   such  as v a s o d i l a t i o n .  

The suggestion  that   autonomic  impulses  take  an  antidromic  path is admit-  
t e d l y  most  unorthodox and may appear   to   cha l lenge   es tab l i shed   pr inc ip les   under -  
ly ing   our  knowledge  of  the  nervous  system. However, no  s tudies   have  been made 
w i t h i n   t i s s u e s   t h a t   e s t a b l i s h   t h e   d i r e c t i o n   o f   i m p u l s e   t r a f f i c   i n   t h e   a u t o n o m i c  
ground  plexus of the  autonomic  nervous  system. On t h e   o t h e r  hand pharmacologic 
s t u d i e s  made wi th   i n t r aa r t e r i a l   i n j ec t ion   o f   ace ty l cho l ine   i n to   an   o rgan   have  
resu l ted   in   bo th   re lease   o f   norepinephr ine   wi th in   the   o rgan   and   an t idromic  
impulses  along  the  sympathetic  nerves  emanating  from  the  organ  (Balkely e t  a l . ,  
1963;  Ferry,  1968) , thereby   ind ica t ing   tha t   sympathe t ic   an t idromic   impulses  

are poss ib l e .  
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Character izat ion  of   catecholamine-containing  nerves  as senso ry   f i be r s  is 
not  without  precedence. Dah1 e t  a l . ,  (1963)  have shown tha t   s enso ry   ad rene rg ic  
neurons  occur commonly wi th in   wide ly   separa ted   inver tebra te   g roups .   For  exam- 
p le ,   the   t en tacular   nerve   ne t   o f   the   sea-anemones   cons is t s   o f   adrenerg ic   var i -  
cose  f ibers   and is be l ieved   to   have  a s e n s o r y   o r   p o s s i b l y  a combined sensory 
and  motor  function. 

The above   in f luence   o f   l igh t  on the   p inea l   norepinephr ine  may indeed   a f -  
fec t   the   da i ly   rhy thms  of   var ious   subs tances   in   th i s   g land .   ' h lmost  a l l  d a i l y  
rhythyms i n  mammals appear   to   be   genera ted   by   'b io logic   c locks  ' o r i g i n a t i n g  
within  the  animal .   These mechanisms ope ra t e   w i th  a per iodic i ty   approximat ing ,  
bu t   no t   equa l l ing ,  2 4  hours;   hence  they  have  been  termed  'c i rcadian ' .  Such 
rhythms a r e   o r d i n a r i l y   e n t r a i n e d  by the   ex te rna l   day-n ight   cyc le   o f   envi ron-  
menta l   l igh t ing ;   however ,   they   pers i s t  when an ima l s   a r e   b l inded   o r   a r e   kep t   i n  
continuous  darkness.  An except ion is severa l   measured   cyc les   in   the  rat  p i n e a l .  
This   appears   to  depeEd e n t i r e l y  upon the   an ima l ' s ab i l i t y   t o   pe rce ive   rhy thmic  
changes in   envi ronmenta l   l igh t ing .  A l l  c i rcadian  rhythms  s tudies  up t o   t h i s  
s t a g e  had i n  common t h e   a b i l i t y   t o   p e r s i s t   f o r  some weeks a f te r   an imals   were  
deprived of environmental   l ight ing  cues   (by  bl inding  or   being  placed  in   dark-  
ness).  These  rhythms  no  longer showed a per iod   of   p rec ise ly  2 4  h o u r s ,   b u t  
t h e y   d i d   f a l l   i n  a range  between 22 and 2 6  hours and hence  were  thought t o   b e  
regulated  by some i n t e r n a l  mechanism not  dependent  on,   but  usually  synchronized 
wi th ,   envi ronmenta l   l igh t ing ."  (Wurtman and  Axelrod,  1965). The mechanisms 
for   c i rcadian   rhy thms , however,   are s t i l l  unknown. With in   the   p inea l ,   ca te -  
cholamines   a re   o f fe red  as a possible   chemoelectr ic   escapement  mechanism. 

3 .  The Cardiovascular  System 

The autonomic  nervous  system is prominent among t h e   c o n t r o l  mechanisms 
a v a i l a b l e   t o   t h e  body for  the  modulation  of  cardiovascular  performance. The 
sympathetic  nervous  system is par t i cu la r ly   impor t an t  when the   metabol ic   re -  
quirements  of  the body n e c e s s i t a t e   l e v e l s  of c a r d i a c  work  which  approach nnx- 
imal. In   any   d i scuss ion  of the   au tonomic   innerva t ion   of   the   hear t  we l e a r n  
tha t   t he   pa ra sympa the t i c   ne rves   ca r r i ed   t o   t he   hea r t   by  way of  the  vagus,   carry 
impulses   on ly   to   the   s inoa t r ia l   and   a t r iovent r icu lar   nodes   and   to   the  a t r i a l  
myocardium ( n o t   t h e   v e n t r i c l e ) .   I n   c o n t r a s t ,   s y m p a t h e t i c   i n n e r v a t i o n  is s a i d  
t o   b e   d i s t r i b u t e d   t o  a l l  a r e a s  of t h e   c i r c u l a t i o n ,   i n c l u d i n g   t h e  myocardium 
and spec ia l i zed   conduc t ion   s t ruc tu res   o f   bo th   t he  a t r i a  and   vent r ic les   and   the  
smooth  muscle  of  the walls o f   t he ,   a r t e r io l e s .   D i scuss ion   o f   t he   i nne rva t ion  
of  the  veins is scanty  and  confusing.  

(a) Cholinergic   nerves .  - Recent  unpublished  studies of the   chol inerg ic  
inne rva t ion   o f   t he   hea r t  showed t h a t  a marked s p e c i e s   v a r i a t i o n  of t he   p re s -  
ence   o f   cho l ine rg ic   ne rves   t o   t he   ven t r i c l e s   ex i s t s .  A considerable  number of 
chol inerg ic   nerves  was noted   in   the   vent r ic les   o f   the   dog ,   p ig  and ewe whereas 
in   smal le r   an imals  , l i ke   t he  r a t ,  mouse and r abb i t ,   no   ne rves   were   p re sen t .  

T h e s e   l i k e l y   r e f e r   t o   v a r i a t i o n s   i n   s e r o t o n i n ,  5 HIOMT, and norepinephrine.  
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Demons t r a t ion   o f   cho l ine rg ic   ne rves   i n   t he   ven t r i cu la r  myocardium  would  sup- 
p o r t  and e x p l a i n  on a neuroanatomic  basis   the  observat ion  of   physiologis ts  who 
show t h a t   s t i m u l a t i o n  of the   vagi  may cause   s ign i f i can t   nega t ive   i no t rop ic   e f -  
f e c t s  on t h e   d o g   l e f t   v e n t r i c l e  (DeGeest e t  a l .  , 1965; Levy and Zieske,   1969).  
To complete   our   knowledge  of   the  chol inergic   innervat ion  to   the  hear t  i t  should 
be   no ted   t ha t   t he   a t r ioven t r i cu la r   conduc t ing   sys t em  o f   t he   hea r t   (Pu rk in j e  
f i b e r s )   w i t h i n   t h e   v e n t r i c l e  is heav i ly   i nne rva ted   w i th   cho l ine rg ic   ne rves .  
This f a c t   d o e s   n o t  seem t o   b e   g e n e r a l l y   a p p r e c i a t e d .  

(b) Adrenergic  nerves.  - Recent   s tudies   of   the   sympathet ic   innervat ion 
o f   t h e   h e a r t  show t h a t   i n   a d d i t i o n   t o   t h e   s y m p a t h e t i c   i n n e r v a t i o n   t o   t h e  myo- 
cardium,  adrenergic  nerves  were  observed i n  contac t   wi th   the   chol inerg ic   gang-  
l i o n   c e l l s   w i t h i n   t h e   h e a r t   w h i c h   a r e   i n   t h e   v i c i n i t y   o f   t h e  SA and AV nodes 
wi th in   t he   i n t e ra t r i a l   s ep tum  ( Jacobowi tz  , 1967).  Since  sympathetic  ganglion 
c e l l s  are not   normal ly   p resent  i n  t h e   h e a r t ,  i t  is reasonable   to  assume t h a t  
these  adrenergic   nerve  terminals   probably  ar ise   f rom  sympathet ic   gangl ia   out-  
s i d e   t h e   h e a r t .  Such te rmina ls   were   no t   seen   in   denerva ted   ca t   hear t s .  A s  
indicated  above , considerable  pharmacologic  evidence  indicates  that   catechol- 
amines  are   capable   of   depressing  gangl ionic   impulse  t ransmission.  . By examin- 
a t ion   o f   i n t r ace l lu l a r   e l ec t r i ca l   r e sponses   i n   s ing le   neu rons   o f   t he   pa ra sympa-  
the t ic   gangl ia   o f   the   f rog   hear t ,   Topchieva   (1966)  showed t h a t   s t i m u l a t i o n  of 
the   sympathe t ic   nerve   to   the   hear t   causes   hyperpolar iz ing   po ten t ia l s   ind ica t ive  
o f   i n h i b i t o r y   p o s t s y n a p t i c   p o t e n t i a l s .  From this   the  author   concluded 'kympa- 
t h e t i c   n e r v e   f i b e r s  as w e l l  as vagus f i b e r s  may end on neurons   i n   t he   i n t r a -  
m u r a l  gang l i a  of t he   f rog   hea r t " .  

(c )   Chromaff in   ce l l s .  

(1) Heart. - In   addi t ion  to   the  terminal   adrenergic   network  of  
nerve   f ibers   wi th in   the   gangl ia ,   in tense   g reen-ye l low  f luorescent   ce l l s   were  
seen   bo th   wi th in  and i n   t h e   v i c i n i t y  of the  gangl ia  of a l l  spec ie s   s tud ied  
(Jacobowitz ,   1967) .   These  cel ls   have  been  ident i f ied as chromaff in   ce l l s .  
They are found  most f r equen t ly   w i th in   t he   ca rd iac   gang l i a   i n   c lo se   p rox imi ty  
to   gang l ion   ce l l s ,   a l t hough   t hey  are a l s o  found outs ide  the  confines   of   the  
gangl ion  in   the  epicardium. They have   s t r ik ing   resemblence   to   chromaff in   ce l l s  
of the  adrenal   medul la .  They a re   o f t en   a s soc ia t ed   w i th   r i ch   vascu la r   ne tworks  
i n  a c h a r a c t e r i s t i c   w h o r l - l i k e   f a s h i o n .  They are a l s o   o f t e n   s e e n   w i t h i n   l a r g e  
nerve   t runks .  A network  of smooth processes was occas iona l ly   s een   t o   emana te  
from the  catecholamine  containing  cel ls .   These  processes   are   extensions of the 
c e l l s  and come in   c lose   appos i t i on   t o   gang l ion   ce l l s ,   b lood   ves se l s   and   ad ren -  
ergic   nerve  t runks.   Sympathet ic   denervat ion  does  not   appear   to  a l t e r  the  con- 
t en t   o r   i n t ens i ty   o f   f l uo rescence   o f   t he   ca t echo lamine   con ta in ing   ce l l s .  

F u r t h e r  s t u d i e s  on the   innerva t ion   of   the   chromaff in   ce l l s   o f   the   hear t  
show t h a t   t h e s e   c e l l s   r e c e i v e  a postgangl ionic   parasympathet ic   innervat ion 
f rom  the   chol inerg ic   gangl ion   ce l l s .   S ince   sympathe t ic   p regangl ionic   f ibers  
a r e   n o t  found in   t he   hea r t ,   t he   p re sence   o f   cho l ine rg ic   ( ace ty l cho l ines t e ra se -  
s t a i n i n g )   f i b e r s ,   h e r e  , i s  a re f lec t ion   of   parasympathe t ic   p regangl ionic   (vaga l )  
o r   pos tgangl ionic   f ibers .  From a phys io logic   po in t   o f   v iew,   p re-   o r   pos t -  
gangl ionic   innerva t ion   to   the   card iac   chromaff in   ce l l s   would ,   in  a l l  probabi l -  
i t y ,   s e r v e   t h e  same funct iona l   purpose .  The poss ib l e   phys io log ic   s ign i f i cance  
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Figllre 6 

of   the   chromaff in   ce l l  i s  ind ica ted   d iagrammat ica l ly   in   F ig .   6 .  The presence 
of   chromaff in   cel l   masses   in   or   near   the  gangl ion  suggests   an  inf luence  of   the 
chromaff in   ce l l s  on gangl ionic   t ransmission  (designated by an   a r row  d i rec ted  
toward t h e   g a n g l i o n   c e l l ) .  The processes  that   occasionally  emanate  from  the 
chromaff in   ce l l s  and are somet imes   s een   t o   be   i n   c lo se   r e l a t ionsh ip   t o   gang l ion  
c e l l s   s u g g e s t  a manner of   catecholamine  re lease  f rom  these  cel lular   e lements .  
The release  of   catecholamine upon gangl ion   ce l l s   should   have   the  same e f f e c t  
as tha t   sugges t ed   p rev ious ly   fo r   t he   sys t em of a d r e n e r g i c   f i b e r s   i n   c l o s e  
p rox imi ty   t o   t he   ca rd iac   gang l ion   ce l l s ,  i . e .  , depression  of   gangl ionic   t rans-  
mission. It is sugges t ed   t ha t   t he   ch romaf f in   ce l l s   ac t   t o   supp lemen t   t he   ex -  
i s t i n g   a d r e n e r g i c   i n n e r v a t i o n   t o   s u b s e r v e  a modulatory  influence on cho l ine rg ic  
transmission  through  the  ganglion. The pos tgang l ion ic   cho l ine rg ic   i nne rva t ion  
t o   t h e   c h r o m a f f i n   c e l l  seems to   be   ana logous   to   the  Renshaw ce l l   sys t em  pos tu -  
l a t e d   i n   t h e   s p i n a l   c o r d ,  i . e .  , a motor   neuron   innerva t ion   resu l t ing   in  a 
' f e edback '   i nh ib i t i on .  Such a gangl ion-chromaff in   cel l   arrangement  would sug- 
g e s t  a s e l f - c o n t r o l l i n g   s y s t e m   w i t h i n   t h e   h e a r t .  An unusual   increase   in   vaga l  
impulses   could   resu l t   in  a release  of  catecholamine  from  both  the  chromaffin 
c e l l s  and   ad rene rg ic   t e rmina l s   ( sympa the t i c   r e f l ex )   t o  dampen the   excess ive  
c h o l i n e r g i c   i n h i b i t i o n .  Such an   i n f luence  would provide   suppor t   for   the   p ro-  
posed  sympathetic  mechanism  for  vagal  escape (Campos and  Friedman,  1963). 
The loca l iza t ion   of   chromaff in   ce l l s   a round  b lood   vesse ls   sugges ts   an   in f lu-  
ence on gangl ionic   vascular   tone  which  could  thereby  affect   impulse  t ransmission.  
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I n   a d d i t i o n ,  release of   ca techolamine   in to   gangl ion   cap i l la r ies   could   p rovide  
an addi t iona l   rou te   by   which   chromaff in-ce l l   p roducts  are rnade a v a i l a b l e .  
Di rec t   re lease   o f   ca techolamines  on a t r i a l  muscle is  ques t ionable .   Pregangl i -  
on ic   vaga l   o r   sympa the t i c   i n f luence   on   ch romaf f in   ce l l s   has   no t   been   e s t ab -  
l i s h e d .  

(2)  Carot id   and  aor t ic   body.  - I n   a d d i t i o n   t o   t h e i r   l o c a t i o n  i n  
the  confines  of  ganglia,   catecholamine cel ls  are a l s o  found i n  t h e   v i c i n i t y  
o f   t he   ao r t a .  The g r e a t e s t   c o n c e n t r a t i o n s   o f   t h e s e   c e l l s  are found i n   t h e  
tun ica   adven t i t i a   be tween   t he   ao r t a   and   pu lmonary   a r t e ry   s l i gh t ly   above   t he  
level   of   the   semilunar   valves .   These masses are   o f ten   ovoid   in   shape   and  are 
arranged  in   loose  cords   surrounding small b lood   vesse ls   and   cap i l la r ies .   These  
c e l l s  are more p r o p e r l y   c a l l e d   a o r t i c   b o d i e s .  The comparable glomus c e l l s   o f  
t h e   c a r o t i d  body has   only  recent ly   been shown t o   c o n t a i n   l a r g e  amounts  of c a t -  
echolamines .   In   addi t ion ,   they   g ive  a pos i t i ve   ch romaf f in   r eac t ion  and are 
e s s e n t i a l l y   i d e n t i c a l   t o   t h e   c h r o m a f f i n   c e l l s   o f   t h e   h e a r t  and a d r e n a l  medul- 
l a .  The c a r o t i d  and a o r t i c   b o d i e s  are chemoreceptors  which  receive a r i c h  
sensory  innervat ion.   These  bodies  are s t i m u l a t e d  by anoxia,   hypercapnia and 
ac idemia   ( l ike   adrena l   medul la   chromaff in   ce l l s ) .  The response  of  the chemo- 
r ecep to r s   t o   anox ia  is of v i t a l   impor t ance   t o   t he   body ;   a f t e r   dene rva t ion   o f  
chemoreceptors ,   anoxia   causes   respiratory  depression and dea th ,   whereas   i f  
they   a re   in tac t ,anoxia   induces   re f lex   hyperpnea  and r e f l ex   ca rd iovascu la r   ex -  
c i t a t i o n .  The chemoreceptors   are   of   a lmost   negl igible   importance  in   the  con-  
t r o l  of t h e   c i r c u l a t i o n   o f   a n   i n t a c t   a n i m a l  a t  r e s t .  They become important ,  
however, i n   cond i t ions   o f   c i r cu la to ry   i n su f f i c i ency ,   anox ia ,   and  a l -  
t h o u g h   t h e i r   a c t i v i t y   d u r i n g   m u s c u l a r   e x e r c i s e   h a s   n e v e r   b e e n   d i r e c t l y   i n v e s -  
t i g a t e d ,  i t  has   been  supposed  that   the   chemical   changes  in   the  blood  such as 
occur   dur ing   heavy  exerc ise  would s t imulate   the  chemoreceptors  and  hence  the 
medullary  cardiovascular   centers  (Heymans and Nei l ,   1958) .  

The chromaff in   (or   g lomus)   ce l l s   which   cons t i tu te   the   aor t ic  and c a r o t i d  
bodies  have  recently  been shown t o   c o n t a i n   l a r g e  amounts  of  catecholamine. 
(The human c a r o t i d  body a l s o   c o n t a i n s   s e r o t o n i n   w i t h i n   t h e  glomus c e l l s ) .  
These   ce l l s   a re   the   chemoreceptor   ce l l s .  The funct ion  of .   the   catecholamines,  
i f   a n y ,   i n   t h e   i n i t i a t i o n   o f   t h e   s e n s o r y   d i s c h a r g e  is unknown. The chemo- 
receptor   (chromaff in)   cel ls   possibly  re lease  catecholamine  that   acts  on t h e  
sensory  nerve  endings  which l i e  i n   c l o s e   a p p o s i t i o n   t o   t h e   c e l l s .  Low con- 
cen t r a t ions   o f   ep inephr ine   i n fused   i n to   t he   ca ro t id  body have  been shown t o  
increase   the   sens i t iv i ty   o f   the   chemoreceptor   to   o ther  s t i m u l i  such as a c e t y l -  
chol ine .   Large   concent ra t ions   decrease   the   sens i t iv i ty   to   such  s t i m u l i .  Much 
work  needs t o  be   done   here .   Curren t ly ,   there   a re   severa l   inves t iga tors  who 
b e l i e v e   t h a t   t h e   t r a n s m i t t e r   s u b s t a n c e  is ace ty lchol ine   (Eyzagui r re  e t  a l . ,  
1965)   a l though  this  is r e f u t e d .  The presence  of  large amounts  of a c e t y l c h o l i n e  
In  sensory  nerve  endings is s t r a n g e   s i n c e  w e  a r e   p r e s e n t l y  unaware  of  the  na- 
t u r e  o f   t he   s enso ry   ne rve   t r ansmi t t e r ,   i f   any .  The c a r o t i d  body does  have a 
l a rge  number of ace ty lchol ines   t e rase-s   t a in ing   nerve   f ibers   (presumably   chol in-  
ergic)   enveloping  the  chromaff in   chemosensory  cel ls   (Biscoe and Si lver ,   1966) .  
Cu t t ing   t he   s inus   ne rve   has   no   e f f ec t  on t h e   d i s t r i b u t i o n   o f   t h e   c h o l i n e r g i c  
nerves   wi th in   the   ca t   caro t id   body,   which   ind ica tes   tha t   ace ty lchol ine  is not 
l o c a l i z e d   i n   t h e   s e n s o r y   n e r v e s .  It appears   tha t   these   chol inerg ic   nerves  are 
postgangl ionics   f rom  the  superior   cervical   gangl ion  which  contain a sma l l  
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popula t ion   of   chol inerg ic   gangl ia   ( innerva tes  sweat glands  and  blood  vessels).  
The r o l e  of   ca techolamines   and   ace ty lchol ine   in   the   in i t ia t ion   o f   sensory   d i s -  
charge  remains  obscure. A poss ib l e   un ique   r e l a t ionsh ip   sugges t s   i t s e l f .  J u s t  
as chol inerg ic   (pregangl ionic)   nerves   innerva te   adrena l   medul la   chromaff in   ce l l s ,  
chol inerg ic   (pos tgangl ionic)   nerves  may innervate  the  chemosensory  chromaffin 
ce l l s .   In   addi t ion ,   the   c lose   p roximi ty   o f   the   sensory   endings   to   the   chromaf-  
f i n   c e l l s  (shown by   e lec t ron   micrographic   s tud ies ,   Lever ,  e t  a l .  , 1959)  suggests 
tha t   ca techolamine   re lease  may a l te r   sensory   nerve   impulse   d i scharge .  The f o l -  
lowing  scheme is indica ted   (F ig .  7 ) .  

Figure 7 

(3 )  Adrenal  medulla. - ,This is analagous   to   the   loca l   ' f eedback '  
system  suggested  by N i j i m a  and Winter  (1968) in   t he   ad rena l   medu l l a  of the   rab-  
b i t  and c a t .  They  found afferent   discharges  emanat ing  f rom  nerves   innervat ing 
the   adrena l   g land .  They fur ther   p roposed   tha t   there  are chemosensit ive  recep- 
to r s   wh ich   cons t i t u t e   t he   a f f e ren t   end ings   o f  a local  feedback  loop.  Catechol- 
amines  and  acetylcholine  caused a depression  of   the  spontaneous  f i r ing  of   the 
sensory  nerve.  We would sugges t  a sys tem  in   the   adrena l   medul la   ana lagous   to  
t h a t  shown i n   F i g .  7 excep t   t ha t   t he   cho l ine rg ic   ne rve  would  be  preganglionic. 
Release  of   acetylchol ine  f rom  the  chol inergic   endings would cause   re lease  of 
catecholamine  from  the  chromaffin  cells  which would a c t  upon the  sensory  nerve 
endings  which would  modify  (depress)  neuronal  discharge  rates as suggested by 
N i j i m a  and Win te r   (1968) .   Th i s ,   i n   e f f ec t ,  would se rve  as a local   ' feedback '  
system  which  could  moderate  the  f lux of  catecholamine  secreted  from  the  adrenal 
gland . 

What b e g i n s   t o   u n f o l d   i n   s t r a t e g i c   a r e a s   o f   t h e  body  where c o n t r o l   i n f l u -  
ences   a re   impor tan t   in   main ta in ing   the  dynamic regula t ion   of   the   l iv ing   sys tem 
are   reg ions   o f   ca techolamine-conta in ing   chromaff in   ce l l s   tha t  may a c t  as 'phase 
reversors '   to   ach ieve   the   des i red   ' inh ib i t ion   o r   re lease   f rom  inh ib i t ion ,   o f  
a manifold  of  oscil latory  (or  rhythmic)  processes  which make  up the many b io -  
chemical  chains  in  the  organism'.  

(4)  Pancreas.  - Another   Place  where  cel ls   wi th   large  concentrat ions 
of   e i ther   ca techolamines   o r   se ro tonin  is found is i n   t h e  i s le t s  c e l l s  of the  
pancreas.   There is a g r e a t   s p e c i e s   v a r i a t i o n   h e r e   i n   t e r m s   o f   l o c a l i z a t i o n  
wi th in   e i ther   a lpha   (g lucagon  producing)   o r   be ta   ( insu l in   p roducing)   ce l l s   o r  
whether  the  amine is a catecholamine  or  5-hydroxytryptamine  (serotonin).  Amine 
f luorescence was observed i n   a l p h a   c e l l s   i n   t h e   d u c k ,   i n   t h e  young  pigmented 
mouse, r a b b i t ,   c a t  and  dog; i n   b e t a   c e l l s   o n l y   i n   t h e   a d u l t   g u i n e a - p i g  and 
human f e t u s ;  and i n   a l p h a  and b e t a   c e l l s   i n   t h e   p i g .  The f u n c t i o n a l   s i g n i f i -  
cance   o f   the   f luorescent   amines   p resent   in   the  is i e t   c e  11s is not known 
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(Cegrel l ,   1968) .  It w a s  suggested  that   the  amine is as soc ia t ed   w i th   t he   g ran -  
u l e s  which are regarded as the   s to rage  s i t e  f o r   i n s u l i n   i n   t h e   b e t a   c e l l s .  It 
is t empt ing   to   sugges t   tha t   the  monoamine i n   t h e   a l p h a   c e l l s  is a s soc ia t ed   w i th  
the  hormone glucagon  which is gene ra l ly   accep ted   t o  be sec re t ed  by t h i s   c e l l .  

There are a l s o   i n t r a p a n c r e a t i c   c h o l i n e r g i c   g a n g l i a  i n  the  exocrine  glandu-  
lar port ion  of   the  pancreas  (Alm e t  a l .  , 1967).   These  ganglia  contain chrom- 
a f f i n   c e l l s  similar t o   t h a t   o b s e r v e d   i n   t h e   h e a r t .   A d r e n e r g i c   n e r v e   t e r m i n a l s  
were a l so   conta ined   a round some of   the   chol inerg ic   gangl ion   ce l l s   ana logous   to  
the  arrangement   in   the  hear t   and  gut .   Here  too,   control   inf luences on gangl i -  
on ic   t ransmiss ion  is implied.   Whether  or  not  there is a cho l ine rg ic   i n f luence  
on i s l e t   c e l l   s e c r e t i o n  is unknown. 

(5) Thyroid.  - Similar  cell   systems  have  been  found  to  occur  in  the 
p a r a f o l l i c u l a r   c e l l s  of   the  thyroid  gland.  The p a r a f o l l i c u l a r   c e l l s   ( n o t   t h e  
f o l l i c u l a r   c e l l s )   i n   t h e   s h e e p   t h y r o i d   c o n t a i n   s e r o t o n i n   ( F a l c k  e t  a l .  , 1964). 
Although  no  catecholamines  or  serotonin  can  normally  be  observed  in  the mouse 
thy ro id ,   t he re  is s t rong   ev idence   t ha t  amine  mechanisms opera te  i n  the  para-  
f o l l i c u l a r   c e l l s  of  the mouse thyroid  gland  (Larson e t  a l .  , 1966). We do  not 
b e g i n   t o  know the   poss ib l e   func t ion   o f   t hese   ce l l s ;   i n f luence  on thyroid  hor-  
mone release  remains  to   be  seen.  

(6)  Ganglia.  - F i n a l l y ,   a n o t h e r   a r e a  of  most r e c e n t   i n t e r e s t  is the 
presence  of  masses  of  chromaffin  cells   in  the  sympathetic  prevertebral   ganglia 
(e   .g .  , s u p e r i o r   c e r v i c a l ,   s t e l l a t e ,   c o e l i a c  and mesenter ic ) .  It has  been dem- 
ons t r a t ed  by e l ec t ron   mic roscopy   t ha t   t he re   a r e   p regang l ion ic   synap t i c   con tac t s  
upon t h e   c h r o m a f f i n   c e l l s .  The ch romaf f in   ce l l s   i n   t u rn   synapse   w i th   dendr i t e s  
o f   t he   ad rene rg ic   neu rons .   In   add i t ion ,   t he   ch romaf f in   ce l l s   a r e  found i n   c l o s e  
p r o x i m i t y   t o   f e n e s t r a t e d   c a p i l l a r i e s   o r   i n   c l u s t e r s   n e x t   t o   t h e s e   v e s s e l s   i n  
a  manner similar t o   t h a t   s e e n   i n   t h e   a d r e n a l   m e d u l l a .  It has  been  suggested 
tha t   the   chromaff in   ce l l s   in   the   sympathe t ic   gangl ia   ac t  as i n h i b i t o r y   ' i n t e r -  
neu rons ' .   I n   add i t ion ,  a l oca l i zed   endoc r ine   e f f ec t  on t h e   e n t i r e   g a n g l i o n  
th rough   r e l ease   o f   ca t echo lamines   i n to   t he   f enes t r a t ed   cap i l l a r i e s   migh t  
s e r v e   a s   p a r t   o f  a p o r t a l   s y s t e m   ( S i e g r i s t   e t   a l . ,  1968;  Matthews  and h i s m a n ,  
1969).   This  anatomic  arrangement  of  the  chromaffin  cells   to  the  ganglia and 
the  proposed  inhibi tory  inf luence is e s s e n t i a l l y   i d e n t i c a l   t o t h o s e   d e s c r i b e d  
previous ly   in   the   parasympathe t ic   gangl ia   o f   the   hear t   ( Jacobowi tz ,   1967) .  
The anatomic  arrangement  can  be  diagrammatically  visualized  as  follows  in 
F ig .  8. 

This would serve   to   supplement   the   in t ragangl ionic   ' f eedback '   adrenerg ic  
fibers  described  previously  which  could  modulate  impulse  transmission  through 
the   gang l i a   ( J acobmi tz  and Woodward, 1968) .   Inh ib i to ry   e f f ec t s  on the   gangl ia  
can  be  demonstrated  by  st imulation  of  the  preganglionic  trunk a t  low frequency 
wh ich   t hen   f ac i l i t a t e s   t r ansmiss ion   o f  a second  volley.  The second  response 
is grea te r   because  more f i b e r s  are recru i ted   a f te r   the   second  shock .   Af te r  a 
s t r o n g e r   s t i m u l a t i o n ,   f a c i l i t a t i o n  is  reduced ,   which   ind ica tes   tha t   an   inh ib-  
i t o r y   i n f l u e n c e  becomes involved  (Dunant  and  Dolivo,  1967).  This  negative  in- 
f luence  may be  due to   bo th   t he   i n t r agang l ion ic   ad rene rg ic   ' f eedback '   f i be r s  
and chromaff in   ce l l   secre t ion   of   ca techolamine .  
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or 

Figure 8 

( d )   P e r i p h e r a l   c i r c u l a t i o n .  - An e legant   rev iew  of   cont ro l  of peripheral:  
c i r c u l a t i o n  was recent ly   publ ished by Mellander  and  Johansson  (1968). It is 
c l e a r   t h a t   t h e r e  is s t i l l  no r ea l   t heo ry   o f   c i r cu la t ion   wh ich  would  embrace a l l  
t he   r e l evan t  phenomena. There is no  ques t ion   tha t   vesse l -wal l   innerva t ion   p lays  
a n  enormous p a r t   i n   t h e   c o n t r o l   o f   p e r i p h e r a l   c i r c u l a t i o n .   I n   t h e   p a s t ,   t h e r e  

h a v e   e x i s t e d   c o n f l i c t i n g  views on the   p roblem  of   cap i l la ry   innerva t ion .  It ap- 
pears   tha t  most of t he   o lde r   l i t e r a tu re   desc r ibes   ne rves  on c a p i l l a r i e s .   T h e r e  
was a l s o  no agreement on whether  the  nerves  described  were  autonomic  or  senso- 
r y .  The absence  of  agreement on c a p i l l a r y   i n n e r v a t i o n  was perhaps  due t o   t h e  
f a c t   t h a t   t h e r e  was no  generally  agreed  view on t h e   s t r u c t u r e   o f   t h e   c a p i l l a r y  
i t s e l f .   D e s c r i p t i o n   o f  much o f   t he   cap i l l a ry   i nne rva t ion  was derived  from  ob- 
servat ions  of   "ar ter iovenous  br idges"   containing  muscle .   Current ly  i t  i s  gen- 
e ra l ly   be l i eved   t ha t   t he   musc le - f r ee  t rue  c a p i l l a r i e s  are devoid  of a nerve 
supply.   In   recent   t imes , innerva t ion   of   vesse ls   has   been   s tud ied   wi th   the  use 
of  the  catecholamine  f luorescent method. It was shown t h a t   i n  most  regions 
the re  is no ev idence   o f   any   adrenerg ic   nerve   supply   to   the   cap i l la r ies ,   even  
though  adrenergic   f ibers   occasional ly   appeared  c lose  to  small u n i d e n t i f i e d  
v e s s e l s   o f   c a p i l l a r y  s i z e  (Ehinger e t  a l .  , 1966) .   Adrenergic   nerve  f ibers  
were,  however , no ted   nex t   t o   cap i l l a r i e s   o f   t he   c i l i a ry   p rocesses   o f   t he   eye  
(Ehinger,  1966)  and in   the  exocrine  pancreas   and is le ts  of  Langerhans (Alm 
e t  a l .  , 1967) .   Using  e lectron  microscopic  methods Ruskel l   (1969)   descr ibes   in-  
ne rva t ion  of bo th   sympathe t ic   and   parasympathe t ic   t e rmina ls   to   the   cap i l la r ies  
w i th in   t he   l ac r ima l   g l and .  It is o f   i n t e r e s t   t h a t  , so  f a r ,   i n n e r v a t i o n   t o   c a p -  
i l lar ies  has   been   descr ibed   in   g landular   s t ruc tures .   Innerva t ion   to   cap i l -  
l a r i e s  is s t r ange   s ince   t he   c l a s s i c   t each ing  is that   autonomic  nerves   can  only 
innervate  muscle  (cardiac  and  smooth)  and  gland  cells. 
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One suspects  that  the autonomic nervous system is not  the  simple and 
primitive  affair of some imaginations, and i ts  subtlet ies   of  arrangement and 
function  are s t i l l  largely unfathomed. 
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V I I I .  THE CARDIOVASCULAR SYSTM 

1. In t roduc t ion  

Blood  flow,  oxygen  consumption,  and  metabolism are c l o s e l y   r e l a t e d .  It 
is u s e f u l   t o   c h a r a c t e r i z e  them as some of   the  fundamental   propert ies   of   the  
mammalian CV system. 

For  example,  because  oxygen  uptake  and  blood  flow are cor re la ted   th rough 
the  hemoglobin-carr ier ,   and  the  hematocri t  is nearly  constant  and  because 
metabol ic  power production is v e r y   c l o s e l y   t i e d   t o  oxygen  consumption  by 
v i r tue   o f   the   essent ia l   ox ida t ive   p rocess ,   metabol i sm  and   b lood   f low  should  
bea r   t he  same r e l a t i o n   t o   a n i m a l   s i z e   f o r  a l l  spec ie s  (so t h a t   t h e i r   r a t i o  
should   be   near ly   independent   o f   s ize) .  

We w i l l  a t t e m p t   t o   c h a r a c t e r i z e   ' u n i v e r s a l '   s y s t e m s   r e l a t i o n s   f o r  a l l  
(mature) mamals. By t h e i r   v e r y   g e n e r a l i t y ,   t h e y  may be  crude.   Nevertheless  , 

we w i l l  a t t empt   t o   keep  them c e n t e r e d ,   p a r t i c u l a r l y   w i t h i n   t h e   r a n g e   o f  dog 
t o  man. We want t o  assume t h a t   t h e   r e l a t i o n s   a r e  a t  l e a s t   r e a s o n a b l e   f o r  
the   s ize   range   of   shrews   to   l a rge   whales ,   o r  more r e s t r i c t i v e l y  a t  l e a s t   t h e  
s i z e   r a n g e  of ra ts  t o   c a t t l e .  

(a)  A law of  geometric  development.   Topologically,   regardless  of  the 
geometric  shape,  the body s u r f a c e  area seems t o   v a r y  as the   2 /3rds  power of 
the  body  weight  (or  volume,  assuming  that  a l l  mammals approximately show t h e  
same d e n s i t y ,   t h a t   o f  water). 

A =  ($E) 0 w2'3 

A (;) 2'3 = 9.5 2 0.8 

from  shrew ( 3 . 5 ~ s . )  t o  c a t t l e  (700 kg . ) .  

(Source:  Altman,  Dittmar  ( l) ,   p.   121.)  

A more general   argument would c o n s i d e r   r e l a t i o n s   l i k e  
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p = d e n s i t y  
W = weight 
A = s u r f a c e  area 
H . = h e i g h t  
C = some cons tan t   o f   p ropor t iona l i t y  
n = some su i t ab le   exponen t  

t o   b e   s p e c i e s   s p e c i f i c .  The p a r t i c u l a r  form  of  the l a w  should  be  character-  
i s t i c   o f  homologous geometr ic   p roper t ies .   For   example ,   the   c lass ic  Dubois 
d a t a  on humans may be  represented by 

centered on 
H = 160 cm. 
W = 50,000 gms 
A = 15,000 cm. i 

However, pe rmi t t i ng   t he   cen te red   va lue   t o   s t and ,  i t  does  not   abuse  the  re la t ion 
g r e a t l y   t o   w r i t e  

W 

The advantage is t h a t  i t  makes t he   co r re l a t ion   comple t e ly   he igh t   i n sens i t i ve .  
Then the Dubois d a t a  become 

Note t h a t   t h i s  is  l i ke   t he   r e l a t ion   g iven   i n   A l tman .  We c a n   r e s o l v e   t h e   d i f -  
ference  with  the  Altman  data  and take 

2 13 
A = (10 1)  (:) 

as a nomina l   des ign   r e l a t ion   fo r  a l l  mammals. 

(b) The ' l a w  ' of the  development of  t h e   a o r t a .  

(I) The a o r t a   s u b s t a n t i a l l y   e x t e n d s   f o r   t h e   e n t i r e   l e n g t h   o f   t h e  
trunk,  and  thus  approximately is as long as the   t runk .  As  t h e s e   r e l a t i o n s  
unfold i t  will be  not iced  that  we have  given  the  primary  development  role  to 
the   t runk  - as t h e   c a r r i e r   f o r  mesodermic organs.  The limbs , as extensions,  
p lay   secondary   ro les .  
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Lt = length  of   t runk 
= l ength   o f   the   aor ta  (Assumed. Animals ex is t ,  w i th   ao r t a s   cove r ing  

the  range of lengths  from 1 cm. t o  20  meters . )  

(2) The aor ta   deve lops   l a rge ly   wi th   geometr ic   s imi la r i ty   th rough 
a l l  mammalian s p e c i e s .  The ao r t a   t ape r s   because  i t  t ends   t o   p re se rve   t he  
same c r o s s - s e c t i o n a l  area ( e .g . ,  mean v e l o c i t y )  a t  every  branching  level .  
Thus t h e   a o r t a  may be   charac te r ized  by i ts  en t rance   d iameter ,   and   by   the   fac t  
t ha t   t he   l eng th   t o   d i ame te r   r a t io   o f   t he   ao r t a  w i l l  be   approximately  constant .  

- = (:)o 
La 

Da 

(A source of d a t a  , fo r   t he   dog ,  was P a t e 1   e t  a l .  ( 2 ) .  Thei r   average   aor ta  
was 39.5 cm. length ,   wi th  2 . 0  cm. en t rance   d iameter .   Other  arteries seem 
to   have   l eng th   t o   en t r ance   d i ame te r   r a t io s   o f   abou t   25   t o  1. A nominal  value 
of 2 1  t o  1 was s e l e c t e d   f o r   t h e   a o r t a . )  

( 3 ) T h e   a v e r a g e   a o r t i c   v e l o c i t y   i n  a r e s t i n g   i n d i v i d u a l  is constant .  It is 
a hypo thes i s   t ha t  as a n   e f f e c t   o f   t h e   ' s t r e s s f u l '   v i b r a t i o n - a c o u s t i c   c h a r a c t e r  
of the a r t e r i a l  pulse ,   the   g rowth   processes   o f   the   ce l l s   a re   so   a f fec ted  as t o  

maintain  an  approximately  constant  mean a o r t i c   v e l o c i t y .   I n   f a c t ,   t h e   v e l o c i t y  
is essent ia l ly   cons tan t   th roughout   the ,   en t i re   aor ta   and   the   main  a r t e r i a l  
branches .   (Thei r   to ta l   c ross -sec t iona l   a rea   remains   cons tan t  .) 

We m u s t  assume tha t   th i s   re la t ion   ho lds   for   the   average   b lood   f low  in   any  
behavioral   epoch.  (This period is l ikely  the  average  over   behavioral   epochs 
of   the  order  of 60 days   o r   l onge r .   Peop le   t end   t o   change   a th l e t i c   pa t t e rns  
i n  some such   spu r t s .   Females   va ry   ac t iv i ty   ove r   t he   mens t rua l   cyc le ;   a th l e t e s  
o f t e n   s e a s o n a l l y .  It seems o n l y   f a i r   t o  assume  with  such  changes  there must  
b e   a r c h i t e c t u r a l   c h a n g e s   t o  accommodate, but  nominally  keeping mean v e l o c i t y  
cons  tant .) 

Derived 

(Qb)o = blood  flow a t  r e s t  
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(c) The per fus ion  rate o f   t i s s u e  is p r o p o r t i o n a l   ( n e a r l y )   t o   t h e  mass 
(or   weight)   of   the   animal .  ( i .e . ,  i t  is the  weight  of the  animal   which  deter-  
mines t h e  minimum o r  rest blood  f law .) 

A s  sou rces   fo r   da t a  on ca rd iac   ou tpu t  and  oxygen  consumption,  Altman ( l ) ,  
White ( 3 ) ,  P a t t e r s o n  ( 4 )  , and Bartels (5) were  found. The da ta   covers   the  
range  100 gms. t o  2000  kg. ( r a t s   t o   e l e p h a n t s ) .  What is mis s ing   fo r   g rea t e r  
c e r t a i n t y  is  the   extension  of   data   to   the  shrew (5gms .) and to   l a rge   whales  
(10,000  kg.) 

The d a t a  s c a t t e r   w i t h i n  a range  of  about a f ac to r   o f  3 f o r  a l l  s p e c i e s .  
(That is  , if the  range i s  2 5 1 , the   s tandard   devia t ion  would  be about  0 . 3  , 
o r  2 5 0 . 3 .  Such  a s c a t t e r  of about  2 15% i s  not  too  bad.)   There is  some 
e v i d e n c e   t h a t   n o t   a l l   s p e c i e s   f o l l o w  one un ive r sa l  power l a w  (wi th in   the  3 t o  
1 band).  

A s  a g loba l   des ign  summary, mammals a p p e a r   t o  be  'designed '   to   run  with 
a r e s t  s ta te  blood  flow  near 

c e n t e r e d   n e a r l y   a t  W = 7 0  Kg., Qb = 6.5  1.p.m. ( i . e .  , the  human va lue ) .  The 
blood f l o w  thus   exh ib i t s   nea r ly  a un i ty  power l a w .  

(d)  Correspondingly,   the oxygen  consumption -. .. and  metabolism a t  rest m u s t  
also be   nea r ly   p ropor t iona l   t o   t he   we igh t  of the mammal. 

Based on the  same four  sources  used  for  blood  f low, we can  f ind a c o n s i s t -  
e n t   r e s u l t .  

(4 QO2). = 
0.9 5 0.15 

QO, = oxygen  consumption 

c e n t e r e d   a t   a b o u t  

w = 50 Kg. (A Q02)o = 0.25  1.p.m. 

This is a l i t t l e  higher  than  the  humn  datum. 
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The f i t   f o r  oxygen  consumption  funnels  through a d a t a  band t h a t  is broader  
than   tha t   for   b lood   f low.  Over an   apprec iab le   weight  range above 10 lbs.  , 
c o r r e l a t i o n  i s  achieved  with a 0.9 power. 

However t h i s  oxygen  consumption  relationdoes  not  seem  to  hold  below 1 l b .  ; 
smaller a n i m a l s   s e e m   t o   ' s a t u r a t e '   i n   t h e i r   q u i e s c e n t  oxygen  demand, a s   i f  
such small animals   required a minimum of  1-10  cc/min.  of  oxygenCndependent  of 
s i z e   ( f o r  mammals). 

T h i s   ' s a t u r a t i o n '  may have one  of  two causes .  It may be a mistaken  ob- 
s e r v a t i o n   i n   t h a t   t h e s e  small an ima l s   a r e   a lways   ' j i t t e ry '  - from a n x i e t y  - s o  
that   they  have  not   been  measured  in  a quiescent  s ta te .  Al t e rna te ly   t hey  may 
be ' j i t t e r y '  as a measure  of t he i r   h ighe r   t han   no rma l   me tabo l i c   ac t iv i ty   a t  
a l l   a c t i v i t y   l e v e l s .  The two ' e x p l a n a t i o n s '   a r e   n o t   n e c e s s a r i l y   t h a t   f a r  
a p a r t .  

In   any   case ,   the  scatter f o r  oxygen d a t a  is r e a l l y  much more than   fo r  
blood  flow. This does   no t   p rov ide   a s su rance   t ha t   e i t he r   s e t   o f   da t a  is b e t t e r  
than   the   o ther .  It poin ts  up t he   ex i s t ence  of a measurement  problem. 

( e )  As a t e s t   c h a r a c t e r i z a t i o n  o f   t hese   r e su l t s  up t o   t h i s   p o i n t ,  we can 
DroDose the   'Dredic t ion '  of a n   a o r t a z s < i i a t e d  wi th   we ieh t .  

I f  

0.9 
(Qb) = 6.5  1.p.m. ( 1 5 z l b s  .) 

i n  which we have  chosen  the  value 

vo = 1 7  cm./sec.  , 

we can  obtain  the  fol lowing  re la t ion  between  diameter   and  weight .   (See  Fig.) .  

While   speculat ive,  i t  represents  a sha rp  t e s t  of a primary  design  char- 
a c t e r i s t i c   o f   t h e   v a s c u l a r   s y s t e m .   I f  we can  go  from  weight  to  blood  f low 
and  from  blood  flow t o   a o r t a   s i z e   t h e n , a s  we showed before ,   the   design  of  a 
space   f i l l ing   vascular   sys tem  to   p rovide   b lood   f low  and  oxygen supply  can  be 
completed. As we sugges ted ,  i t  is o n l y   s m a l l   ' j i t t e r y '  mammals t h a t   f a l l   o u t  
of a u n i t a r y   s e r i e s .  

In   gene ra l ,  we  may surmise  from  studying  regional  blood  f lows  in  various 
organs   and   var ious   spec ies ,   tha t   the   spec i f ic  demand of   the  large  bulk  of  t is-  
s u e ,  t e n d s   t o   c l u s t e r   w i t h i n  a l imited  range,  when ope ra t ing  a t  i ts  time ave r -  
aged s t a t e  (a  range of  4 t o  1 i n   t h e   q u i e s c e n t   s t a t e ) .  The a v e r a g e   f o r   t h e  
whole  animal  clusters  even  over a  more l i m i t e d  range. 
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A o r t i c  Diameter VS. Weight f o r  Mammals 

D5 kg. 

Exceptions may b e   n o t e d   i n   t h e   h i g h   s p e c i f i c   p e r f u s i o n   o f   g l a n d u l a r  t is-  
s u e ,  the  kidney  and  the  skin.  Of course  each  organ, when n o t  a t  i ts  qu ie scen t  
s ta te ,  e x h i b i t s  a large  range  of   chaage  in   perfusion.  

I f   t h e   v a s c u l a r  bed is observed a t  t h e   l e v e l   o f   c a p i l l a r i e s ,  a l a r g e   v a r i -  
a t i o n  in t h e  number of  open capi l lar ies   can  be  noted  between  quiescence  and 
maximum d i l a t i o n .  The  number of  open capi l lar ies   can  vary  over   about  a t e n   t o  
one range   as   an   average   over   the   en t i re   body.   In   thermal ly   sens i t ive   sk in ,  
c a p i l l a r y   d i l a t i o n  is r e f l e c t e d   i n  a flow  variation  over a 200 t o  1 range,  
whereas i n   s t r i a t e d   m u s c l e   d i l a t i o n  resul ts  i n  a var ia t ion   on ly   over  a f a c t o r  
of two i n   t h e  number of  open c a p i l l a r i e s .  

Represen ta t ive   o f   t he   con t ro l   r ange   o f   t he   mic rovascu la tu re   ( a r t e r io l e s  
and s m a l l   a r t e r i e s )   t h e   b l o o d   f l o w   f o r   t h e   e n t i r e  body may be  varied  by a 
f ac to r   o f  4-5 .  Since  only a f ac to r   o f  1% may be   due   t o   p re s su re   i nc rease ,  
the   remain ing   fac tor   o f  2-3 i s  t h e   r e s i s t i v e   c o n t r o l   r a n g e .  

I f  we t a k e   t h e   r e s u l t s  on qu ie scen t  oxygen  consumption  and  blood  flow a t  
face  value,   for   which 

( ‘b’ o W 0 . 9  

6.5  1.p.m. = (150 1,s.) 

0.28 1.p.m. \ loo 
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we find '$, = 5 . 5  ( 2 1 .5 )   vo l .  % 

The implied a-v oxygen difference i s  consistent  with human data. 

In fact,  Bartels  provides  data on the uptake curve  for shrew and elephant, 
which  can be  compared w i t h  human data. 

d 
0 
3 
I 

U 

U 

Normal  Oxygen Saturation  of Blood 

(Source  Bartels (5), Ruch  and Fulton) 

13 6 



I 

A s  an   approximat ion   these   th ree   curves  are the  same. The human opera tes   wi th  
an   a -v   d i f f e rence   o f   abou t  5 v o l .  % a t  r e s t   ( i . e .  , between  90  and 40 mm Hg). 
Accord ing   t o   Ba r t e l s ,   e l ephan t s   ope ra t e   w i th   an   a -v   d i f f e rence   o f   abou t  5 
v o l .  % a t  r e s t  ( i .e .  , between  95  and 30 mm Hg).  According t o   P a t t e r s o n ,   t h e  
cow and g i ra f fe   opera te   be tween 80 mm Hg and 40 mm Hg. Using  the  e lephant   or  
human curve ,   the   a -v   d i f fe rence  would  be estimated as 4-6  vol .  %. Thus we 
have   cons i s t ency   i n   t h i s   r ange .  

On the  other   hand,   Bartels   indicates   that   the   shrew,   operat ing  between 
90  and 30 mm Hg, has   an  uptake  of   about  13 vo l .  %, i . e .  , twice as much oxygen. 
(Also  he shows a h i g h e r   c a p i l l a r y   d e n s i t y   i n  muscle f o r  small animals,   which 
t ends   t o   be   cons i s t en t   w i th   t he   obse rva t ion   o f   i nc reased   up take . )  Thus i t  is 
l i k e l y   t h a t   t h e   s u c c e s s f u l  small m a m m a l s  do i n   f a c t  unload more oxygen a t  
' r e s t '   t h a n   d o   l a r g e r  mammals , by  a fac tor   o f  two o r   s o ,   b u t   t h e y  may a l s o  

have to   have  a l a rge r   spec i f i c   me tabo l i sm  in   o rde r   t o   su rv ive .  The l i m i t i n g  
d e s i g n   f a c t o r  may b e   a n   i n c r e a s e   i n   s i z e - s p e c i f i c  work t o  pump the  blood i n  
small s i z e   a n i m a l s .  The inc reased   cap i l l a ry   dens i ty  would sugges t   an   increase  
o f   ' nu t r i en t  ' channels .  

Thus what w e  expect   in   .animal   design is  an   up take   tha t   can   vary  up t o  
15 v o l .  % a t  peak a c t i v i t y ,   f o r   a l l  mammals, and about 5 v o l .  % a t   r e s t   f o r  
mammals above 1 l b .  , r i s i n g   t o  13 v o l .  % a t   r e s t   f o r  small animals .  A s  an  ap- 
p rox inn t ion ,   t he   fo l lowing   un ive r sa l   cu rves   fo r   ac t iv i ty   can  be  proposed. 

From  a  number of  sources  of  data  on human exe rc i se  - mountain  climbing, 
performance i n   h o t   c l i m a t e s ,   p e r f o r m a n c e   i n   t h e   c o l d ,  i t  appea r s   t ha t  3 1.p.m. 
i s  the   peak   sus ta ined   aerobic   l eve l   o f  oxygen  uptake  for man. Since i t  i s  com- 
monly bel ieved  that   a thletes   can  exceed  this   consumption,   e .g . ,   consumptions 
up t o  5-6 1 . Q . m .  have  been  reported,  i t  i s  noteworthy  (Cost i l l  ( 6 ) )  t h a t   e x p e r t  
long  distance  runners  could  maintain  about 213  of t h e i r  peak  oxygen  uptake  of 

O u r  d i s c u s s i o n   i n   b o t h   t h e   s e c t i o n  on the  microvasculature  and t h i s   s e c t i o n  
on the  gross   vascular   system w i l l  be  found t o   b e  ambiguous on t h i s   v e r y   c r i t -  
i c a l   t o p i c ,  of  what  determines  the  oxygen  uptake a t   t h e   l o c a l   s i t e .  It rep-  
r e s e n t s   a n   u n r e s o l v e d   c o n f l i c t   i n   o u r   r e s p e c t i v e   p o i n t s  of  view. I n  one view, 
fol lowing Krogh  and S t a r l i n g ,   t h e r e  is a pass ive   d i f fus ion ,   geomet r i ca l ly  d e -  
termined,   f rom  the  e lementary  capi l lary  cyl inder .   In   another   view  there  is a n  
ac t ive   ' a lgor i thm' ,   depending  on the   recent   pas t   h i s tory   o f   usage   which   de te r -  
mines  the  operative s ta te  of ' tone ' of   t he   l oca l   cap i l l a ry   bed .   In   pa r t i cu la r  , 
i n   t h i s   v i e w ,   t h e   ' n u t r i e n t '   c h a n n e l s  are those   channels   tha t   a re  smaller than 
t h e  red c e l l   ( e . g .  , 2-5 p with  8 p r e d   c e l l s . ) .  Oxygen supply  is  obtained by 
' s t r i pp ing '   o r   'm i lk ing '   o f   t he  red c e l l s   t h a t  augments   the  passive  diffusion.  
Reconci l ia t ion   o r   ex tens ion   of   such   specula t ions   awai t s   cons iderably  more ex- 
per imenta l   s tudy .  We r e s e r v e   f u r t h e r  comments f o r   t h e   f u t u r e   a t   s u c h  t i m e  a s  
inves t iga t ions   have   succeeded   in   p rovid ing  more e x p e r i m e n t a l   d a t a   a t   t h e   l e v -  
e l  o f   t he   func t iona l   un i t .  A t  t h i s   p o i n t  w e  a r e   on ly   t ry ing   t o   de t e rmine  
some c h a r a c t e r i s t i c s   t h a t  seem t o  b e   n e a r l y   ' u n i v e r s a l '   i n  marmnalian t issue.  
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of  4.7 1.p.m. ( i . e . ,  3 l.p.m.3  with a low blood   l ac t i c   ac id   l eve l .  One  may 
t h e r e f o r e   a c c e p t  3 1.p.m. as the  maximum sus t a ined   ae rob ic   l eve l   o f  oxygen 
up take . 

( f )  The ope ra t ing   po in t .  The problem  that   such  physical-numerical   anal-  
y s i s  of cardiovascular  parameters  poses i s  tha t   t he   imp l i ed   cha rac t e r i za t ion  
o f   t he  dynamic  changing  cardiovascular   system  refers   to   what   the  organism  can 
d o   i n  a moderate  period  of time within  which a chemical  steady s ta te  is  achieved 
The t r a n s i e n t   r e s p o n s e   t o  a h e r c u l e a n   w e i g h t   l i f t  , o r   t o   a n  a l l  ou t  100  yard 
dash , o r   t o  a t e r r i f y i n g  stress was  no t   covered   or   envis ioned   in   the   ana lys i s .  
However, i t  also  took  an  ent i re   epoch  of   development  - say   20   years   for  men 
( o r   b i r t h   t o   a d o l e s c e n c e   i n   o t h e r   s p e c i e s )  - t o   b r i n g   t h e   s y s t e m  up t o  i t s  
a r c h i t e c t u r a l  s ta te  t h a t  i t  is capable  of  the  sustained  performance  proposed 
on a r e g u l a r   b a s i s .  Thus we r equ i r e  a c a r e f u l   s p e c i f i c a t i o n . a s   t o   t h e   ‘ o p e r -  
a t i n g   p o i n t ’  of the  system.  This   requirement  is n o t   s t r a n g e   t o   t h e  dynamic 
a n a l y s i s  of any  other  complex system. 

then  

(average) human w e  may s e l e c t  

W = 160 l b s .  

7 1.p.m. 

= 25  1.p.m. 

(4902) 0 

= 350  cc . /min. 

(“Qo2)max. 
= 3000 cc.  /min. 

Qb ” AQ02 
W - 0.044 l .p .m. / lb .  (%J0 = w = 2.2  cc.   /min.  / lb.  

= 0.16 ( Aqo2)max. 
= 19 

a r e   t h e  limits common t o  most s p e c i e s .  Between these  l imits,  t h e   r e l a t i o n  is 
approx ima te ly   l i nea r .  

We may therefore   inqoi re   what  is t h e   q u a s i - s t a t i c   o r  quasi-D.C.  operating 
point   of   the   system? We may s u r m i s e  t h a t   t h e  ‘ Q . C .  ’ o r  mean opera t ing   po in t  
i s  c e r t a i n l y   c l o s e r   t o  a da i ly   ave rage   fo r   b io log ica l   sys t ems   t han   any   sho r t e r  
per iod , since  they  obviously  go  through a d a i l y   o r   c i r c a d i a n   c y c l e   o f  rest and 
wake. ( I t  is fu r the r   c l ea r   t ha t   t he   day -ave raged   ope ra t ing   po in t  is a s ta te  
t h a t   c a n   d i f f e r  among i n d i v i d u a l s .  The a v e r a g e   a c t i v i t y  is d i f f e r e n t   f o r  a 
w e i g h t l i f t e r   o r  a marathon  runner  or s t ee l  worker  than  for a t o o l  rdom machin- 
i s t  or   housewife ;   than   for  a bus iness   execu t ive   o r   s ec re t a ry ;   t han   fo r  a monk 
o r  a conva le scen t ,   e t c . )  
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We c a n   t r y   t o   g e t  some idea   o f  haw t o  view  the  quest ion  of   the  average 
opera t ing   po in t   by   examining   var ia t ions   in   weight .   Weight   var ia t ions   re f lec t  
n e t   c a l o r i c   b a l a n c e s ,  and t h u s   n e t  oxygen  uptake. 

A l imi ted  amount  of  weight  data,   during a ' n o r m a l '   l i f e   p a t t e r n  (on a 
dozen  people  engaged i n  normal   modera te ly   sedentary   to   ac t ive   l abora tory   ac-  
t i v i t y )  showed cyc les  of approximately 20  days  and 60 days.  (Example: A f t e r  
s ix ty   days ,   t he   d i f f e rences   i n   week ly   ' ave raged  ' weight  were 1 l b . ,  1 l b .  , 
0 l b . ,  1 l b .  , 2 %  l b s . ,  5 l b s . ,  2% l b s .  , 1 l b . ,  1 l b . ,   f o r  a group  ranging  from 
135 t o  250 l b s . ,  i . e . ,  t he   c losu re  - namely t h e   d i f f e r e n c e   i n  a s u b j e c t ' s  
weight  the  beginning  and end of 60 days - was to   an   ave rage   o f  1% of  body 
weight .  A t  3500   Kca l . / l b . ,   t he   equ iva len t   da i ly   e r ro r   i n   c lo su re  would  rep- 
r e sen t   no t  much more than  100  Kcal.  /day,  comparable  to  the  'noise ' l e v e l  in 
normal   ea t ing   habi t s .  On the  other  hand,  the  weight  change  range  over  that  
per iod was as l a rge  as 7 l b s . ,  6 l b s . ,  3 l b s . ,  4 l b s . ,  6 l b s .  , 9 l b s .  , 8 l b s . ,  
4 l b s .   C lea r ly  one could   no t   cons ider   tha t   the  body mass and s i z e  was s t a b l e  
i n   a n y t h i n g  less than 60 days.  The pe r sona l i ty   t ypes   i nc luded   ve ry   r i g id ly  
con t ro l l ed   pe r sons ,  whose weight  only showed a 3 -4   l b .   va r i a t ion ,   l a rge ly  a 
3%  day  water   cycle;   and  'widely '   f luctuat ing  types who showed 7-9   lb .   var ia -  
t i o n . )  

These  periods - 20-60 days - r e p r e s e n t   t h e   f l u c t u a t i o n s   i n   ' b e h a v i o r a l '  
s t y l e   o f   l i v i n g .  We sugges t   t ha t   t he   pe r son   adap t s   t o   t he   w inds  and  storms 
that  pour  over  him.  In  doing so, the   card iovascular   sys tem m u s t  a l s o   a d a p t .  
Thus t h i s  epoch   represents   the   g rowth-adapt ive   per iod   in   the   h ie rarch ica l   reg-  
u la t ion   o f   the   card iovascular   sys tem.  

B u t  f i r s t  we m u s t  wash o r   f i l t e r   o u t   t h e   d a i l y   p a t t e r n .  The s t a r t s  and 
s t o p s   o f   a c t i v i t y  and  thus  change in   b lood   f l ow  ove r   t h i s   pe r iod   a r e   nea r ly  
automatic .  

What s o r t   o f   e r r o r s ,   a s  compared to   the   longer   behaviora l   cyc le ,   does  
t h i s   l e a v e ?  As no ted   in  body weight  changes,  we f i nd  maximum d e r i v a t i v e s  as 
la rge  as 5 lbs.130  day.  (There may occas iona l ly   be   g rea te r   changes  - dis re-  
garding  the  water   changes - bu t   i nva r i ab ly  most people w i l l  show such  peak 
changes  over a number  of  days in   any  extended few months per iod.)   This   rep-  
r e sen t s   t he   equ iva len t  of 2 600 K c a l . / d a y   a c t i v i t y .  A t  l eve l s   o f   da i ly   i n t ake  
of 2000 Kcal .   /day ,   ' e r rors  I of 600 Kca l . / day   a r e  q u i t e  apprec i ab le .  Thus  one 
may not  a p r i o r i   g u a r a n t e e  a (dynamic )   s t eady   s t a t e   ba l ance   i n  oxygen  uptake 
and  thus  in  blood flow i n   t h e   c a r d i o v a s c u l a r   s y s t e m   i n   l e s s   t h a n  60 days.  The 
r e s idua l   e r ro r s   fo r   l onge r   pe r iods   a r e   t hen  as l a rge  as minor   f luc tua t ing  'emo- 
t i o n a l '   o r   o t h e r   n o i s e   e r r o r s .  

Where does  one  operate on th i s   l onge r   t ime   s ca l e?  Is there   system  regu-  
l a t i o n ?   F o r t u n a t e l y ,  we have  located  an  answer  in some work  which  has  been 
inadequate ly   h ighl ighted .  The work  predominantly  originates  from Mayer (7) ; 
a l s o   s e e   P a r k s  (8) .  
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In ra t s ,  and also i n  m n ,  the following  steady  state  response was found. 
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These d a t a  are very   e legant   and   c lear  data on t r u e   r e g u l a t i o n  in a b io -  
l og ica l   sys t em.  Note t h e r e  is a long term regula t ion   of   weight  - i f   t h e   a n i -  
mal i s  f o r c e d   ( ' s e l f '   f o r c e d   o r   f o r c e d  by the   envi ronment )   to   be   ac t ive .  Food 
is propor t ioned   to   main ta in   tha t   weight .  The r egu la t ion   b reaks  down a t  low 
a c t i v i t y .  The system  'gain '  becomes inde termina te  a t  t h a t  low a c t i v i t y .  On 
the   o the r  hand a t  t o o   h i g h   a c t i v i t y ,   t h e   a n i m a l   ' f a t i g u e s '   o r   d e b i l i t a t e s .  
This  confirms  what we have  found in   t he rmoregu la t ion  s t u d i e s ,  sunrmarized a s  
"The  human is des igned   for   modera te   ac t iv i ty" .  The d e t a i l  we missed was t h a t  
t he re  is a broad  regulat ing  zone.  We determined,  by adding  increments  of 
act ivi ty   to   normally  sedentary  people)   the  approximate  measure  that   the  human 
is ' d e s i g n e d '   f o r l t  i s  a minimum of  about 2 hours   of   normal   walking  act ivi ty   per  
day  added t o   s e d e n t a r y   a c t i v i t y ,   o r  40 minutes  of swimming.  (These r e s u l t s  
were  hard won from a va r i e ty   o f  human experiments .) However, the Mayer data 
p o r t r a y   t h e   r e s u l t s  much more broadly .  What the   da ta   do   no t   p rovide   a re   the  
time cons tan t s   a s soc ia t ed   w i th   r each ing   t he   r egu la t ed   s t a t e   fo r   sys t ems   t ha t  
a r e   ou t s ide   t he   r egu la t ed   r ange .  

We s u b m i t   t h a t   t h i s   a c t i v i t y   r a n g e   f i t s  a l l  of  our comments with  compat- 
i b i l i t y ;  namely,  the human is designed  for  the  equivalent  of  2-10  hours  of 
added   walk ing   ac t iv i ty   per   day ,   o r  40-200 minutes  of a h e a v i e r   a c t i v i t y   l i k e  
swimming. Brouha's s t u d i e s  on d a i l y  work tasks   sugges t   in format ion   about   the  
op t ima l   s chedu l ing   o f   such   ac t iv i ty .   S ince   such   s chedu l ing  is governed  by 
parameters  which  represent  blood  flow,  then  the  average  blood  flow is f ixed  
for   the   ind iv idua l   in   tha t   t empora l   epoch .   Correspondingly   the   average  me- 
t a b o l i s m   f o r   t h a t   a c t i v i t y  is t i e d  down. 

However, t he   un ive r sa l  oxygen  uptake - blood  flow  curves m u s t  ho ld .   This  
does  not mean s o l e l y   s h o r t   t e r m   c o m p a t i b i l i t y   w i t h   t h e   d i s s o c i a t i o n   c u r v e .  
(One need on ly   specu la t e   abou t   h i s   ope ra t ing   cond i t ion   t he   f i r s t   t ime   t he  
amateur tries t o  s w i m  th ree   hour s ,   o r   run   fo r  two hours .  O r  one c a n   r e f e r   t o  
the  issue  of  the  Washington  Post  in  which a b rave   P i e r r e   Sa l inge r   t ook   o f f  a t  
the   behes t  of his  leader,   John  Kennedy,  for  the  opening of the  50-mile   hike 
program.  Recollection  has i t  tha t   he  q u i t  a f t e r  6 miles . )   In   sho r t   t e rm,  
u n l e s s   t h e   a c t i v i t y  is extremely  s t renuous,   most  human systems  can  hang on t o  
a n   a c t i v i t y   f o r  two minu tes ;   o r   i f   l e s s   s t r enuous   fo r  7 minutes.  (You cannot 
ge t   an   ou t -o f - cond i t ion   pe r son   t o  s w i m  more than 2 o r  3 l a p s ;   o r   t o   h i g h  jump, 
e t c . )  To achieve a g i v e n   o p e r a t i n g   s t a t e ,  you must  take  the  t ime  of a t r a i n -  
i ng   pe r iod   t o   bu i ld  up what  can  be b u i l t  up a t   t h e   e x i s t i n g   o p e r a t i n g   p o i n t  
of   the  system,  or   of  a per iod  of   degradat ion  to   otherwise  modify  the  operat ing 
po in t .   I f   t he   pe r son  is hundreds  of  pounds  overweight , i t  may take a long 
h e r o i c   e f f o r t   t o   t r a i n  him; i f   on ly   modera te ly   'ou t   o f   shape ' ,  i t  becomes  a 
matter  of weeks t o  months;  namely,  the  period  of  20-60  days is not   inappropr i -  
a t e .  

What has  to  happen is an  adaptive  growth  of  muscle  t issue  (or  unfortu- 
n a t e l y   o f   f a t   t i s s u e ) ;  a readapt ion  of   the  water   depots   (namely,   to  a s i g n i f -  
i can t   ex t en t  one  might  view the  body as water   and   fa t   supply   depots   €or   the  
working  sys tem) ; and an   adapt ion   in   the   vascular   sys tem s o  a s   t o   o p e r a t e  on 
the   un iversa l   curve .   This  means tha t   the   adapt ive   g rowth   a lgor i thm  inc ludes  
means f o r  moving both   the   b lood   f low  ava i lab i l i ty   and   the   oxygen   ava i lab i l i ty  
toward a co r re l a t ed   ope ra t ing   po in t .   Specu la t ive ly ,  we can   sugges t   t ha t   t he  
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e f f e c t  of e x e r c i s e  is t o   d e c r e a s e   t h e  number o f   cap i l l a ry   shun t s ;   t ha t   t he re  
is  considerable   s ignif icance  to   heat   and  temperature   s ignal ing  in   the  growth 
and  regulat ion  of   the s ta te  o f   t he   cap i l l a ry   beds ;   t ha t   t he re  i s  cons iderable  
s i g n i f i c a n c e   t o   b e   a t t a c h e d   t o   s t r e t c h   o r   v i b r a t i o n   s i g n a l s   r e l a t i v e   t o   s h i f t s  
i n  t h e   a r t e r i o l a r   c o n t r o l   l e v e l ,   o r  growth i n   t h e  a r te r ia l  t r e e .  

Above a l l ,  we be l i eve   t he   ca se   fo r   sys t em  in s t ab i l i t y   and   i nde te rmina te  
g a i n   a t   z e r o   f r e q u e n c y   i n   t h e   c a r d i o v a s c u l a r   s y s t e m  is beyond question,  and 
t h e   c a s e   f o r   h i e r a r c h i c a l   r e g u l a t i o n  of i t s  s t a t e  is a l s o  beyond doubt.  

With r e g a r d   t o   t h e  CV system,  what   this  means is: 

You cannot  stand s t i l l  for   very  long.   While   s tanding,   the   system 
i s  des igned   t o   ope ra t e   w i th  a degree  of mob i l i t y   a lmos t   a l l   t he   t ime .   I f  one 
' f r eezes '   t he   pos tu re ,  i t  is the  venous  system  which is very  soon  affected.  

You c a n n o t   l i e  s t i l l  for   long.   (Here we r e f e r   t o   t h e   c a s e  of  days 
of bed rest .) 

Consider  what i s  affected  in   case  of   prolonged bed r e s t .  We may es t ima te  
the   fo l lowing   sequence   of   e f fec ts  , 

f a t i g u e  
l a s s i t u d e  
i r r i t a b i l i t y  
d i s o r i e n t a t i o n  
boredom 
i r r e g u l a r   s l e e p  
c o n s t i p a t i o n  
d i g e s t i o n   d i f f i c u l t y  
s ores  
w a t e r   d i s t r i b u t i o n   d i s t u r b a n c e s  
muscle  atrophy 
catastrophic   pool ing  of   blood  in   dependent   veins .  

While a ' s i c k '   o r   d e b i l i t a t e d   p e r s o n  may be   w i l l i ng   t o   accep t   t he   en -  
f o r c e d   s t a t e ,  an ac t ive   hea l thy   pe r son   can   ha rd ly   t o l e ra t e  i t .  One mus t  no te  
how  many of t h e   e f f e c t s   a r e   r e l a t e d   t o   t h e   c a r d i o v a s c u l a r   s y s t e m .  

Thus the  response  of   the  cardiovascular   system,  even  of  i ts  ' h i g h '   f r e -  
quency  beat   by  beat   performance, is   re la ted,  by system  overlay upon system 
o v e r l a y ,   t o   t h e   a c t i v e  'law' frequency  behavior  and  cannot  be  successfully 
divorced  from i t .  

Therefore ,  as w e  have  a t tempted  to  stress, physiological   equi l ibr ium  does 
n o t  come i n t o   e x i s t e n c e   u n t i l  one o r  more ma jo r   behav io ra l   equ i l ib r i a   a r e  
achieved .   In   the   case   o f   the  CV s y s t e m ,   t h i s   r e f e r s   t o   t h e   ' e p i s o d e '   o f   l i f e  
wh ich   con ta ins   man ' s   ac t iv i ty   pa t t e rns .  
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. The i n t e r e s t i n g   a s p e c t  is that  even  though  one  thinks  one makes minute 
t o  minute   dec is ions   on   food ,   ac t iv i ty ,  water, e t c .  , t h e r e   r e a l l y  is a n   i n t e -  
grated  overal l   level   developing  or   being  maintained  which  one 's   apparent   con-  
sc ious   dec is ions   on ly   subserve . '  Thus t h e   b e t t e r   q u e s t i o n  one m u s t  a s k   i n  
examining  the CV system is not  what  did one do   yes te rday ,   bu t  last  season.  

Obviously  these  involve  very  subtle  and  deep  seated  mechanisms.  While 
the  convent ional  wisdom is t h a t   t h e   c e n t r a l  CV c o n t r o l  comes from t h e  CNS, 
in   par t icu lar   the   au tonomic   sys tem  as  a high  frequency  system, we sugges t  , 
q u i t e  s p e c u l a t i v e l y ,   t h a t   t h e  rhythms  and t i d e s  a r i s e  from  the wash  of the  
endocrine  systems , i n  which  the  autonomic  system is  manipulated as a low f r e -  
quency  sys  tem. 

(g) The a r t e r i a l   ' p u l s e ' .  Of course   the  CV system i s  energized , bea t  
by   bea t ,   by   t he   e j ec t ion   pu l se   o f   t he   hea r t .  A s  an  approximation,  a n e a r l y  
autonomous character   of   myocardial  t i ssue a s soc ia t ed   w i th   t he   spec ie s   de t e r -  
mines   t he   i n t r in s i c   hea r t   bea t  . Thus r e s t  flow is  nomina l ly   r e l a t ed   t o   t he  
beat   per iod by 

h~~ = b a s i c   h e a r t   b e a t   ( c h a r a c t e r i s t i c  of t he   sho r t e s t   pe r iod   au ton -  
omous t issue i n   t h e   h e a r t  - usua l ly   t he  SA node) 

bV = s t r o k e  volume  of t h e   h e a r t  

( Qb) = b a s i c   f l a w   r a t e  

Th i s   bas i c   hea r t   bea t  is approximate ly   assoc ia ted   wi th   an imal   s ize ,  as 
the  following  graph  (from  Altman  (1))  shows. 

However, then  there  are  sympathetic  and  parasympathetic  nervous  changes 
i n   h e a r t   r a t e ,  which  can  be  expressed  as 

 AT^ + A T  - h~~ = E  
P Qb 

To ge t   th i s   ou t   o f   the   rea lm  of   specula t ion   and  more in to   t he   r ea lm  o f  
'hard '   exper imenta l   da ta  , we can i l l u s t r a t e   w i t h  two r ecen t   r e f e rences .  On 
one hand, Terman and  Terman (9) i l l u s t r a t e  a remarkably  uniform  large  ampli- 
t ude   ' vo l i t i ona l '   behav io ra l   rhy thm  a t   c i r cad ian   t ime   s ca l e   i n   r a t s ;  on the  
o the r  hand Wolf (10 )   exh ib i t s   an   i nh ib i t i on  of an  autonomic  function, "an 
e x t r a o r d i n a r y   r e s t r a i n t   o f   c a r d i a c   r e a c t i v i t y , "   t h a t  was shown t o   d e v e l o p   i n  
a woman over a per iod of days.  On the  day on which   an   exper imenta l   s t ress  
was t o  be  focused , she  clamped h e r   p u l s e  a t  a remarkably   cons tan t   ra te .  
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A T  = ' p a ra sympa the t i c '   e f f ec t   (gene ra l ly  a slowing down) 

= ' s ympa the t i c '   e f f ec t   (gene ra l ly  a speeding up) 
P 

To some l imi t ed   ex ten t ,   i n   ' c lo sed   l oop '   ope ra t ion ,   t he re  is  some minor 
changes   poss ib le   in   s t roke  volume  from s y m p a t h e t i c   e f f e c t s .   I n  'open  loop' 
operat ion,   the   changes  can  be  large.  Thus mean blood  flow  occurs i n   a s s o c i a -  
t i on   w i th   changes   p redominan t ly   i n   hea r t  rate,  and t o  a lesser e x t e n t   i n   s t r o k e  
volume. 

Animal  weight-gm. 

A s  a result  o f   e x t e n s i v e   t r a i n i n g ,   t h e   h e a r t   r a t e ,   f o r   t h e  same t a s k ,  is  
d imin i shed .   Pa r t  i s  due t o   g r e a t e r   e f f i c i e n c y   o f   t h e   t a s k ,   b u t  more po in ted ly ,  
t h e   r e s t i n g   h e a r t   r a t e  is reduced. This is t h e   r e s u l t a n t  change in   deve lop -  
ment tha t   permi ts   h igher   peak  demands. 

A s  f a r  as t h e   h i g h   f r e q u e n c y   a r t e r i a l   p u l s e  is concerned,  the  approximate 
c h a r a c t e r i s t i c  of   the CV system is descr ibed  by  the  'windkessel '   character-  
i s t i c  of  Frank  (1899). 

To i l l u s t r a t e :  

A pulse  of   f low  e jected  by  the  hear t  
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Q - 1.p .m.  

t ime-sec.  

may b e   i n t e g r a t e d ,   t o   e x h i b i t   t h e   s t e p  of s t r o k e  volume tha t   has   been   in jec ted  
b y   t h e   h e a r t   i n t o   t h e   a o r t a  

BV - c c .  

t ime-sec.  
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(s ince  the  pulse   has  a f i n i t e   w i d t h ,   t h e   ' s t e p '  is a c t u a l l y  a 'ramp'  of  vol- 
ume). 

However, a c t u a l l y   t h e r e  is  a e f f l u x   o f  volume - a t  approximately a con- 
s t a n t   r a t e   b e c a u s e  of the   h igh   pressure  pump c h a r a c t e r i s t i c  of t h e   h e a r t  
th rough  the   t e rmina l   res i s t ive  bed ( e s sen t i a l ly   a s soc ia t ed   w i th   t ubes  less 
than 300 P in  diameter).   Because of the  approximate 25 t o  1 r a t i o  of length 
t o   d i a m e t e r ,   t h e   a r t e r i a l   l e n g t h s   a s s o c i a t e d   w i t h   t h e   r e s i s t i v e   l a y e r  is l e s s  
than  about 1 cm. i n   l e n g t h .  

A V  - C C .  

t ime-sec.  

The n e t  volume d i f f e r e n c e ,   s t o r e d   i n   t h e   e l a s t i c   a o r t a  and branchings,  
forms  a t r i a n g u l a r  wave of  volume 

t ime-sec.  
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The n e a r l y  
t r i a n g u l a r  wave 

constant   e las tance  (over   the  operat ing  range)   t ransformed  the 
of  volume i n t o  a wave of   p ressure  

=(%) 4v 

time 

When compared wi th   an   ac tua l   p re s su re   wave ,   excep t   fo r  some high  frequency 
d e t a i l  , t h e y   a r e   q u i t e   s i m i l a r .  

L observed 

t i m e  

Thus t h e   e s s e n t i a l   c h a r a c t e r   o f   t h e   a r t e r i a l   p u l s e  is explained  by  the 
r e s i s t i v e   c h a r a c t e r i s t i c s  of  the  microvasculature  (which is f ixed   fo r   any   sho r t  
period  of time), and t h e   e l a s t i c   c h a r a c t e r i s t i c s   o f   t h e   a r t e r i a l  tree. The n e t  
e f f e c t  i s  t h a t   t h e   d i a s t o l i c - s y s t o l i c   d i f f e r e n c e   i n   p r e s s u r e  i s  not  an  independ- 
en t   var iab le   bu t   depends  on t h e   s t r o k e  volume  and e l a s t i c   c h a r a c t e r i s t i c s  of 
t he   vascu la r   t r ee .  

With t h i s   i n t r o d u c t i o n ,  a t  the  organ  level  , w e  now propose  to  examine  the 
cardiovascular  system,  as  one demand subsys tem of  the  metabolic  system. The 
cardiovascular   system  serves  a primary  function of d i s t r i b u t i n g  oxygen,  where 
the   t e rm  ' p r imary '   s ign i f i e s   t ha t   t he   subs t ance   i n   b lood  whose supply rate by 
a r t e r i a l  blood comes c l o s e s t   t o   t h e  t issue consumption  rate i s  oxygen. The 
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many o ther   subs tances  convected by b lood   to   t i s sues   can   be   regarded   co l lec t ive ly  
under   three  headings:  fue l   supp ly ,  water supply  and  information  f lux.  

2 .   Temporal   Fract ioning  of   Cardiovascular  - Metabolic Phenomena 

A u s e f u l   p r e l u d e   t o   t h i s   d i s c u s s i o n ,  in  keeping   wi th   the   genera l  themes 
that  have  been  touched  upon, is a t empora l   c l a s s i f i ca t ion   o f   phys io log ica l  
func t ions   for   which  a metabol ic   and   an   assoc ia ted   card iovascular   subs t ra tum 
mus t  be  found. The metabol ic   events  w i l l  s e r v e  as a background  against  which 
t o   e v a l u a t e   c a r d i o v a s c u l a r  phenomena. The times chosen  ought  to  be  regarded 
i n   t h e   f o l l o w i n g   l i g h t .  Suppose  one  wishes to   g raph  a phys io log ica l  phenom- 
enon  unfolding  in   t ime.  The o r d i n a t e  w i l l  be   subd iv ided   i n to   appropr i a t e   un i t s -  
the  metr ic   of   the   process   under   s tudy.  The a b s c i s s a  w i l l  be   subdivided  into 
appropr ia te   t empora l   un i t s :   g rowth   of  a human in   years   o r   decades  , growth  of 
a ra t  i n  months,  growth  of a bac te r i a l   popu la t ion   i n   cu l tu re   i n   hour s ,   g rowth  
( and   decay)   o f   an   ac t ion   po ten t i a l   i n   f r ac t ions   o f  a mi l l i s econd ,  and S O  f o r t h ;  
ye t   the   l inear   d imens ions  of these  graphs would be  the  same. So each  time 
specif ied  below  might   be  regarded as the  temporal   uni t   of   the   major   divis ions 
o f   an   absc i s sa1   s ca l e .  

(a )   0 .1-0 .25   sec .  - Indiv idua l   motor   un i t s   re lease   energy   wi th in   th i s   t ime 
s c a l e .  It may a l s o  be  taken as the   sho r t e s t   i n t e rva l   ove r   wh ich  a behavioral  
change  could  be  detected a t  t h e   o r g a n i s m 1   l e v e l   ( e . g .  , the  change  from a re- 
l a x e d   t o   a n   a l e r t e d   p o s t u r e ,  a s t r i k e  of a piano  key, a change i n   f a c i a l   e x -  
press   ion  , and so  f o r t h ) .  

(b) 0.5-4   sec .  - Cyclic   events  of blood pumping and  breathing.  It is a l s o  
an   approximate   t rans i t   t ime  for   s ing le   red   ce l l s   th rough a c a p i l l a r y   p a t h .  

(c)   10-25  sec.  - Major   pos tura l   changes   occur   in   th i s   t ime  sca le .  It is  
also  an  approximate  t ime  constant   for   change  in   the oxygen s to re s   o f   t he  body 
when oxygen  consumption is in   the   upper   phys io logica l   range .  It is w i t h i n   t h i s  
epoch tha t   con t inu i ty   o f   f l ow  wi th in   t he   ca rd iovascu la r   sys t em i s  seen   (e .g .  , 
l e f t  and r igh t   ven t r i cu la r   ou tpu t s   a r e   equa l   and   ca rd iac   ou tpu t   equa l s  venous 
r e t u r n . )  It is the   approximate  durat ion  of  a maximal e x t e r n a l  power develop- 
ment ( e .g .  , 200  yard  dash,  which i s  an   a l l -ou t   dead   run   usua l ly   wi th   b rea th  
he ld )  . 

AS an  example,  Sargent  (11) shows d a t a  f o r  a sub jec t   we l l - t r a ined   bo th  a t  
s p r i n t i n g  and pa r t l c ipa t ion   i n   phys io log ica l   measu remen t s .  The maximum oxygen 
consumpt ion   tha t   the   subjec t   could   sus ta in  was approximately  3 .5  lpm. H i s  
maximum non-s teady s t a t e  rate of oxygen  consumption was  about  35 lpm,. and h i s  
maximum oxygen  debt was about  14 l i ters.  These   f i gu res   ex t r apo la t e   t o   an   ene rgy  
burst   of  about  25  seconds  (about a 250  yard  dash). 

(d)  100  sec. - An approximate   t ime  cons tan t   govern ing   the   increase   in  
oxygen i n t a k e  rate i n   a l l - o u t   e x e r c i s e  (11) o r   i n c r e a s e d   a c t i v i t y   ( 1 2 ) .  Meta- 
b o l i c  power decays   wi th   th i s   t ime  cons tan t  upon cessa t ion   of  a task.   Metabol ic  
power averaged   over   the   en t i re   o rganism  f luc tua tes   wi th   th i s   appropr ia te   per iod  
(13).  Red ce l l   f low  through small s i n g l e   c a p i l l a r i e s   a l s o   f l u c t u a t e s   w i t h  
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approximately  this   per iod  (14) .   There i s  ev idence   (15 )   fo r   o sc i l l a t ions   o f  
fue l   concen t r a t ions   i n   b lood   w i th   t h i s   pe r iod .  It is a p laus ib l e   app rox i -  
mation  of  the time over  which  oxygeg  balance w i l l  occu r   w i th in   func t iona l  
un i t s   i n   mic roscop ic   r eg ions .  

(e)   400  sec.  - This is an  approximation  of   the  t ime  per iod  over   which 
oxygen balance m u s t  occur  for  the  whole  organism  under  non-exertional  work 
loads.  It can  be  regarded  a lso as a n   a p p r o x i m a t e   s e t t l i n g   t i m e   f o r   c a r d i a c  
o u t p u t   a f t e r   c h a n g e s   i n   a c t i v i t y   ( 1 2 ) .  

Benzinger's  measurements  (16)  of  oxygen  consumption  and  tympanic membrane 
temperature show cor re la ted   f luc tua t ions   which   have  a period  of  approximately 
400 sec.   These  and  other   data  (6, 12)   suggest   that  400 seconds is an   approxi -  
mate s e t t l i n g   t i m e  for the   apport ioning  of   cardiac  output   between  cutaneous 
and   o ther   major   sys temic   c i rcu i t s .  A s t r i k i n g  example is  the  approximately 
7 minute   per iod   in   sk in   t empera ture   in   res t ing  human subjects   (13,   17)  , i n d i c a  
t i ng   s ign i f i can t   va r i a t ion   i n   cu t aneous   b lood   f l ow a t  th i s   pe r iod .   Cons ide r ing  
the improvement i n  the  technology  of  blood  f low  measurement  in  unanesthetized 
an imals ,   there  is a notable   pauci ty   of   temporal   data  on the  apport ioning  of  
card iac   ou tput  among the  major   beds  in   undis turbed  experimental   animals .  

( f )  1200 s e c .  - The approximate t i m e  cons t an t   fo r  C 0 2  s t o r e s   i n   t h e  body 
f l u i d s .  Probably as a concomitant is t h e   f a c t   t h a t   t h e r e  is a prominent 
o s c i l l a t i o n   i n   v e n t i l a t i o n   w i t h   t h i s   a p p r o x i m a t e   p e r i o d   ( 1 3 ,   1 8 ) .  It is a l s o  
the  time cons tan t   for   recovery  of  oxygen  consumption  and CO production  from 
maximal r a t e s   t o   s t e a d y  s ta te  va lues   o f   mi ld   exe rc i se ,   a f t e r  a 30  second  burst  
o f   a l l -ou t   exerc ise   (19) .   Behaviora l ly ,  i t  is l i k e l y   t h a t   s p o n t a n e o u s   s h i f t s  
from a f ixed  behavioral   focus on a s i n g l e   b e h a v i o r a l   m o d a l i t y   t a k e   p l a c e   i n  
t h i s   t i m e   s c a l e .   I f   t r u e ,   t h e n   s h i f t s   i n   t h e   b l o o d   d i s t r i b u t i o n   h a v e   t o   t a k e  
p l a c e   i n   t h i s   t i m e   s c a l e ,   a l s o .  

2 

Examples of   s ingular ly   focussed   ac t iv i t ies   for   which  20  minutes is a n  
approx ima te   epoch   a r e   s i t t i ng  s t i l l  a t  a lec ture ,   in tense   sexual   involvement ,  
ea t ing   t o   s a t i a t ion ,   t he   twen ty   minu te   d rama t i c   con ten t   o f  a ha l f -hour   r ad io  
o r   t e l ev i s ion   p rog ram,  one a c t   i n  a p l ay ,   and   so   fo r th .  

(g )  90 min. - Evidence is accumulat ing  for  a 90 minute   epoch  in   behavioral  
a c t i v i t y  ( 2 0 ) .  While f i r s t   d i s c o v e r e d   i n   p e n i l e   e r e c t i o n  and then as REM epochs 
i n   s l e e p ,  i t  has  been  detected  within  waking  performance. 

(h )   3%  h r s .  - In   this   epoch,   thermal   balance  occurs .   Recent   evidence  has  
been   pu t   for th   for   the   involvement   o f   cor t i so l  a t  t h i s   s ca l e   (21 ,22 ) .  The s h i f t  
be tween  'vo l i t iona l '   behaviora l   modal i t ies   o f ten   involv ing   ex tens ive   change   in  
motor   ac t iv i ty ,   occurs   approximate ly  on t h i s   t i m e   s c a l e .  A t  t h i s   epoch   i n  t i m e ,  
t he   co r t ex ,   app ra i sed  of the s ta tus  of many organ  systems , commits the  organism 
t o  a long  term  task. A typical   example is t he  commitment t o  a morning,  or 
a f te rnoon,   o r   evening  work se s s ion ;   go ing   t o   t he   t hea t e r ,   r ead ing  a book, 
p l ay ing   b r idge ,   e t c .  The operat ing  points   of   organ  constel la t ions  change.  
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(i) 24 hours - There are numerous circadian  rhythms  not   only i n  the  
chemical   const i tuency  of  body f l u i d s  , b u t  , qu i t e   obv ious ly ,   i n   behav io r  as w e l l ,  
( e .g . ,   the   per iodic   na ture   o f   ep isodes   o f   the   day ,   f i r s t -wake ,   feed ,   e l imina te ,  
motor a c t i v i t y ,   e t c . )  A s t r i k i n g   i l l u s t r a t i o n   i n   b e h a v i o r   h a s   b e e n   r e c e n t l y  
reported ( 9 ) .  

( j )  3 1/2- 7 days - Within  this  epoch water and e l e c t r o l y t e   b a l a n c e  is 
achieved.  There i s  a l s o  a b e h a v i o r a l - s o c i a l   c y c l e  a t  th i s   pe r iod ,   ou t   o f  whose 
cues  the week a r i s e s  as a tempora l   un i t .  

(k) 20-60  days - Some major  behavioral  rhythms  occur on t h i s   t i m e   s c a l e .  
The most ce r t a in   o f   t hese  is  the  menstrual   cycle .  Twenty t o   s i x t y   d a y s  is  a n  
a p p r o x i m a t e   s e t t l i n g  time for   the   cons te l la t ion   o f   responses   which  make up 
a t h l e t i c   t r a i n i n g  - changes i n   v a s c u l a r i t y ,  i n  the  res t ing  s t roke  volume-heart  
r a t e   r e l a t i o n ,  and i n  muscle mass. Adaptive  changes  of a behav io ra l   na tu re  - 
anx ie ty ,   c r ea t ive   e f fo r t :   change  of pace , e t c .   - t a k e   p l a c e   i n   t h i s   t i m e   s c a l e .  
Major a c t i v i t y   p a t t e r n   c h a n g e s  may be  noted. 

(1) One year  - Seasonal  cues  operate , l e a d i n g   t o   r i g i d l y   d e t e r m i n i s t i c  
behaviora l   cues   in  lower animals  and more s u b t l e   i n f l u e n c e s   i n  man, such as 
d i f f e rences   i n   20 -60   day   ave rage   ac t iv i ty .  

(m) 5-10  years - In  man this  period  might  be  regarded as c o n s t i t u t i n g  a 
mini-career .  The " seven   yea r   i t ch"   app l i e s   no t   on ly   t o   one ' s   cho ice  of p a r t n e r  
bu t   t o   one ' s   cho ice   o f   ma jo r   focus   i n   da i ly   ac t iv i ty .  Ten years  is a s i g n i f i c a n t  
career   segment .  

(n) 2 0  years  - A major l i f e  epoch  associated  with  the  t ransi t ion  f rom  de-  
pendency on p a r e n t s ,   t o   b e i n g  a p a r e n t ,   t o   d i s s o c i a t i n g   f r o m   o n e ' s  young  and 
a s suming   t he   r e spons ib i l i t y   fo r   one ' s   pa ren t s ,   t o   dec l ine   and   r e -e s t ab l i shmen t  
of  dependency on o t h e r s .  

(0) 50 years  - Within a couple of genera t ions   apprec iab le   change   in  body 
s i z e ,   w i t h   d i e t a r y   c h a n g e s  , have  been  noted i n   t h i s   c e n t u r y .  

Metabol ic   and  regulatory  concomitants   play  out   in   each  of   these time s c a l e s .  
Current  knowledge,  derived  largely  from  acute  experiments , focuses on those 
mechanisms  which are i n v o l v e d   i n   t h e   f i r s t  6 o r  a t  most 9 epochs   l i s ted .  The 
same may be  said  of  CV phenomena. 

3 .  Rat iona le   for   Focuss ing   In i t ia l   Discuss ion  
on the  400 Second Region of t he  C V Spectrum 

It is usua l ly   i n tu i t i ve ly   cus tomary   t o   beg in   ana lys i s  of t he   ca rd iovascu la r  
sys  tem wi th   the  400 s e c .   l e v e l .  It may be  regarded as t h e   f i r s t   i n t e g r a t i v e  
l e v e l   i n   t h e   s e n s e   t h a t  a va r i e ty   o f   ca rd iovascu la r  mechanisms ope ra t ing   on   t h i s  
o r   sho r t e r   t ime   s ca l e s   i n t e rac t   t o   e f f ec t   body-wide  oxygen balance and to   p roduce  
an  approximate 400 s e c .   l e v e l .  It may be  regarded as t h e   f i r s t   i n t e g r a t i v e   l e v e l  
i n   t h e   s e n s e   t h a t  a v a r i e t y  of ca rd iovascu la r  mechanisms ope ra t ing  on t h i s   o r  
s h o r t e r   t i m e   s c a l e s   i n t e r a c t   t o   e f f e c t  body-wide  oxygen  balance  and to   p roduce  
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an   approx ima te   400   s ec .   s e t t l i ng   t ime   i n   ca rd iac   ou tpu t   and   r eg iona l  low ad-  
justments .  A t  t h i s   t i m e   s c a l e ,   t h e   r e g u l a t i o n   o f   c a r d i a c   o u t p u t  (Q ) can  be 
regarded as the   r egu la t ion   o f  oxygen convection (Q C ), where Q =b ca rd iac  
output  and is the   concent ra t ion   of  oxygen i n   k r f e r i a l   b l o o i .  

It is d e s i r a b l e   t h a t  w e  characterize  our  400  second  fragments.   This  t ime 
s c a l e  is t o o   c o a r s e   t o  see the   p rocesses   tha t  make up t h e   i n d i v i d u a l   h e a r t   b e a t s .  
Yet w e  must  r ecogn ize   t ha t   p re s su re   and   f l ow  a re   ob ta ined   f rom  an   i n t e rmi t t en t  
pump, b e a t i n g  a t  a near   cons tan t   f requency .  It is  t h e   b e a t   t o   b e a t   v a r i a t i o n  
t h a t  we a r e   n e g l e c t i n g .   S i m i l a r l y ,  we are   neglect ing  the  epoch by  epoch  regu- 
l a t ion   by   t he   ba ro recep to r   r e f l exes .  I ts  c a r d i a c   a c t i o n   t e n d s   t o   b e   r e f l e c t e d  
in  changes,   through  the  vagus,  a t  5-15  second  epochs  (23)  and  there is a 20-60 
second  t ime  constant   in  i ts  a c t i o n s  on r e s i s t i v e   v e s s e l s   ( 2 4 ) .  

€ 

'a 

Thus 400  seconds  emerges as a n e a r   s t e a d y  s t a t e  fragment  of l i f e   i n  which 
both  the oxygen  uptake  and  blood  flow are in   acco rdance   w i th   t he   F i ck   p r inc ip l e  
throughout   the   sys tem  ( i . e . ,   no   changes   in  volume storage  of  oxygen).   Also,  a t  
the   400   second  t ime  sca le ,   anaerobic   t rans ien ts   a re   neglec ted ,   and   the  oxygen 
s u p p l y   r a t e   v i a   t h e   a r t e r i a l  stream (Qb ca) is a sustainable   excess   (>1.3)  
o v e r   t o t a l  body  oxygen  consumption. 

Now t h e r e   a r e  many body s t a t e s   poss ib l e   t ha t   can   be   demons t r a t ed  and  main- 
t a i n e d   a t   n e a r   s t e a d y  s t a t e .  We no  longer   are   ta lking  about   rapid  changes,   or  
bu r s t s ,   bu t   moda l i t i e s   o f   behav io r .  In a behaviora l   modal i ty ,  i t  is  a complex 
cons te l la t ion   o f   o rgans   and   sys tems  tha t   a re   opera ted   compat ib ly  a t  a s p e c i f i c  
operat ing  point .   For   example,  i t  is d i f f i c u l t   t o  make use  of  the  leg  muscles 
a t  a h igh   exe r t ion   l eve l  and  perform  an  intensive  mental   task;  i t  is c e r t a i n l y  
more d i f f i c u l t   t o  add a t h i r d   t a s k ,   s u c h  as ea t ing   s imul t aneous ly .  

Consider   for  a moment some of   these   p ro longed   and   sus ta inable   t ask   s ta tes  . 
One can   r e s t ,   s l eep ,   wa lk   o r   run  a t  modera t e   speeds ,   a t t end   i n t ense ly   i n  a pe r -  
cep tua l  mode, e t c .  Such s t a t e s   a r e  marked  by t h e   f a c t   t h a t   n e a r   s t e a d y  s t a t e  
blood  f low  dis t r ibut ions  can  be  achieved.  The time  averaged  metabolism  and 
blood  flow  over a number of 400 second  in te rva ls  is not   very  dissimilar from  the 
time  averaged  metabolism  over  any one  400 seconds,  as an   i r reducib le   o r   a tom-  
i s t ic   t empora l   f ragment   o f   ' normal '   to ta l  body  metabolism. 

It is u s e f u l ,   t h e r e f o r e ,   t o  s t a r t  t h e   a n a l y s i s  on the  values of some of  the 
key   sys tem  var iab les   o f   the   card iovascular   sys tem  for   such   400   second  epochs  
over  the  range of rest t o   s u s t a i n a b l e   e x e r c i s e .  

We shou ld   no te   i n   pas s ing   t ha t   exe rc i se  is  only one of  perhaps  twenty  be- 
hav io ra l   moda l i t i e s .  The cardiovascular   concomitants   of   exercise   are   prominent ,  
s u s t a i n a b l e ,  and obviously  important ,  S O  e x e r c i s e  is a log ica l   moda l i ty   t o  
c o n s i d e r   i n   t h e   p r e s e n t   c o n t e x t .  The cardiovascular   concomitants   of   other   be-  
haviora l   modal i t ies   a re   too   poor ly   def ined   to  make t h e i r   e x p l o r a t i o n   p r o f i t a b l e .  

In  accordance  with  engineering  custom, we w i l l  use V t o   deno te  volume, Q to 
denote volume flow. 
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(The ca rd iovascu la r   cyc le   a s soc ia t ed   w i th  a s ing le   f eed ing  is aper iodic ,   and  i t  
is d i f f i c u l t   t o   a s s o c i a t e  a s t e a d y  s ta te  desc r ip t ion   o f   ca rd iovascu la r   even t s  
un less   one   t rea ts  a l a r g e  number of  feedings.  The s c a l e   f o r   t h e   f e e d i n g   s t e a d y  
s t a t e   f a r   e x c e e d s  400 seconds) .  

However, we m u s t  a l so   th ink   of   the   sys tem  averaged   over   even   la rger   per iods .  
'Shor t '   t e rm  adapt ive   changes   in   the   hear t   and   vascula ture   l ike ly   ex tend   ou t  
t o  20-60 days.  Thus , i t  is  r e a l l y  3 epochs  that  m u s t  be   considered  for   the 
ca rd iovascu la r   sys t em  in   an   i n t eg ra t ive   v i ew.  The f i r s t  is the  400 second  epoch; 
the  second is the  dai1.y  epoch  of l i f e   ove r   wh ich   t he   du ty   cyc le s   o f   d i f f e ren t  
a t o m i s t i c   a c t i v i t i e s   o c c u r s   a n d   t h e   t h i r d  is the 20-60 day  epoch,  in  which  the 
system  clamps on a s ty l e   o f   l i f e   w i th   an   approx ima te ly   s ingu la r   behav io ra l   ou t -  
look  (whether   to   loaf ,  work in t ens ive ly ,   ga rden ,   b rood ,   exe rc i se   eve ry   day ,   e t c .  
In many animals , the   'behaviora l '   ou t look  is often  governed by seasonal   changes) .  

We m u s t  h igh l igh t   t he   da i ly   cyc le   because   t he   t r ans i t i on   f rom 400 seconds t o  
the  day  has  passed  over two i n t e rmed ia t e   pe r iods   wh ich   have   t o   be   s tud ied   i f  
f a i r l y   h i g h   a c c u r a c y  is to   be  achieved  in   the  system's   descr ipt ion.   For   segments  
less   than  a 1200 second  epoch  the  Fick  pr inciple   for  C02 cannot  be used with  high 
accuracy  throughout   the  ent i re  body  (chemical  equilibrium is not   insured) .   For  
segments  less  than 3 1 / 2  hours  heat  balance  cannot  be  assured  with  high  accuracy 
throughout  the  system  (thermodynamic  equilibrium i s  no t   i n su red ) .  

The e s s e n t i a l   p o i n t   b e i n g  made i s  t h a t  one i s  always  threatened,  i n  eva l -  
ua t ing   average   sys tem  parameters ,   by   the   po ten t ia l   for   e r ror   in   the   neglec t   o f  
s torage   t e rms   in   ba lance   equat ions .  

We only  anticipate  modest  coupling  between  the  achievement of CO and  thermal 
balance and  prominent   cardiovascular   concomitants .   In   other  words, t6e   card io-  
vascular   spectrum is  r e l a t i v e l y   l e s s   i n t e r e s t i n g   t o  us  in   the  per iod  range 400 
seconds   to  2 4  hours , and 2 4  hours   t o  20-60 days.  

O u r  concern is with   beginning   to   charac te r ize   the   sys tem's   per formance   in  
some de texmin i s t i c   f a sh ion .  It w i l l  be   found,   tha t   the   charac te r iza t ion  is  
confused,& a number of ways to   s tudy   t he   sys t em , b y   t h e   e f f e c t s  of body pos tu re ,  
body s i z e ,   e x e r c i s e ,   a d a p t a t i o n ,  and by' age  and  sex. We can   t ea se   t hese   e f f ec t s  
a p a r t ,   t o  some exten t ,   by   the   fo l lowing   observa t ions .  

( a )  To  some ex ten t ,   t he   e f f ec t s   o f   pos tu re   can   be   s t a t ed .   Ca rd iac   ou tpu t  
t ends   t o   be  somewhat g r e a t e r  a t  r e s t   i n  a sup ine   pos i t i on   t han  a t  r e s t   i n  a 
s i t t i n g   p o s i t i o n ,   a n d ,   i n   t u r n ,  i t  is grea te r   t han  a t  r e s t   i n  a q u i e t l y   s t a n d i n g  
p o s i t i o n .  It is d i f f i c u l t   t o   c h a r a c t e r i z e   t h e   s t a n d i n g   ' r e s t '   p o s i t i o n   i n  man 
as a ground s ta te ,   because  minimal   motions  prevent   hydrostat ical ly   dependent  
venous pool ing ,   which   has   l a rge   inverse   e f fec ts  on ca rd iac   ou tpu t .  Thus ' r e s t '  
g e n e r a l l y   r e f e r s   t o  a s t a t e  of   minimal ,   but   normal   and  real   motion  in   which 
venous  pooling is prevented.  

( b j  Roughly,   the   cardiac  output  is propor t iona l   t o   body   we igh t ;   t he   e f f ec t  
of   past   exercise   has  l i t t l e  o r  no e f f e c t  on the  nominal  cardiac  output a t  rest. 
The main e f fec t   observed  i s  tha t   ca rd i ac   ou tpu t ,   o f   cou r se ,   i nc reases   w i th  
e x e r c i s e .  The most s p e c i f i c  measure  of  the  exercise s ta te  is  oxygen  consumption. 

153 



One would the re fo re   l i ke   t o   t h ink   o f   t he   ca rd iovascu la r   r e sponse  as sampled 
f rom  an   epoch   o f   an   l i nd iv idua l ' s   l i f e   i n   wh ich   h i s   ac t iv i ty   pa t t e rn   can   be  
c h a r a c t e r i z e d .  The adapta t ion   per iod  is minimally of the   o rder   o f  months ( o f t e n  
seasona l )  , and  of ten   t i ed   to   the   emot iona l -career -medica l  s ta tus  of  the  system. 
Within  such a c h a r a c t e r i z a t i o n ,  we should   rea l ly   examine   the   card iovascular  re- 
sponse   a r ranged   over   the   day;   for  i t  is predominantly  the  day  which  represents 
t he   ca rd iovascu la r   du ty   cyc le .   ( Idea l i zed  as 8 hours of 'work' , 8 hours  of 
s l e e p ,  1 hour   o f   ea t ing ,  7 h o u r s   o f   ' r e c r e a t i o n a l '   a c t i v i t i e s ) .  However, i f  
one  examines  the  metabolic rate of  the  system  (1200-3600  cal/day), i t  is c l e a r  
t ha t   t he   da i ly   ave rage   o f   me tabo l i c   r a t e  is n e a r e r  rest  than   nea r  i t s  maximu 
oxygen  consumption ( i . e .  , n e a r e r  1/4 lpm oxygen  than  peaks a t  3 lpm oxygen). T 

1 
A somewhat s p e c u l a t i v e ,   b u t   a p t  , summary of t h e   s u s t a i n a b l e  mean o r   s t e a d y  

s t a t e   cond i t ions   o f  a man is con ta ined   i n   t he   fo l lowing   f i gu re .  It p resen t s  
the   average   ac t iv i ty   load   of  a man, expressed as a running  or   walking  veloci ty  
versus   the   t ime  over   which   tha t   ac t iv i ty   load   can   be   main ta ined .  What is a l s o  
ind ica t ed   a r e   t he  limits a t  which  aerobic   act ivi ty   can  be  maintained.   Curves 
a re   deve loped   for   th ree   ca tegor ies  of man - a t h l e t e s   i n   p e a k   c o n d i t i o n ,  men i n  
f a i r   c o n d i t i o n ,  and  people   in   poor   condi t ion.  
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Thus we may think  of  a posture-independent  cardiovascular  performance  taken a t  
a v a r i e t y  of ' s teady  s ta te '  a c t i v i t y   l e v e l s  - mininrally  20-30  minutes a t  each 
l e v e l ,   f o r  a c r u d e  charac te r iza t ion ;   o r   maximal ly   ho ld   for  3-4  hours a t  each 
l e v e l   f o r  more a c c u r a t e   c h a r a c t e r i z a t i o n .  The duty  cycle   for   the  day  can  then 
be made up from a pat terned  sequence of such  segments. The p r a c t i c a l   d i f f i c u l t y  
of  running 24 hour  experiments  leads  one  to  such  sampling. The ava i l ab le   ex -  
pe r imen ta l   ev idence   i n   ac t iv i ty   has   been   u sua l ly   ga the red   f rom  sub jec t s   do ing  
s u s t a i n a b l e   e x e r c i s e  on a t r eadmi l l   o r   b i cyc le   e rgomete r .  It i s  with in   the  time 
range  of some such  maintained  s teady s ta te  a c t i v i t y   t h a t  we are a t t e m p t i n g   t o  
view 400 second  fragments  of CV performance. 

4 .  Some Elementary  Parameters  in  the  Cardiovascular  System. 

Because   o f   the   in te rmi t ten t   na ture   o f   the   hear t  pump, the   card iac   ou tput  is  
-descr ibed  by  the  kinematic   re la t ion.  

Qb = fAV 

Q = b lood   f l ow  f rom  the   hea r t   t o   t he   a r t e r i a l   sys t em  ( ca rd iac   ou tpu t  - c c /  
min.) 

f = hea r t   r a t e   (bea t s   pe r   minu te )  

V = s t r o k e  volume (cc   per   bea t )  

o r   a l t e r n a t e l y ,  by   t he   r ec ip roca l   r e l a t ionsh ip  

4 V  = TQ b 

The F i c k   p r i n c i p l e  - a k i n e m t i c   r e l a t i o n  - i n   s t e a d y   s t a t e   g i v e s  

Q,AC = AQ, 
2 

AQO2 = oxygen  consumption  (cc/min) 

4 C  = change i n  oxygen  concent ra t ion   be tween  near ly   sa tura ted   a r te r ia l  
blood  and mixed  venous  blood  (cc O2 per   cc   b lood)  

Because of the  chemical  nature of the   metabol ic   p rocess ,   equiva len t   to   an  
oxidat ion  of  a l i m i t e d  range   of   fue ls ,   as   an   approxdmtion ,   the   average   hea t  
of  combustion i s  nea r ly   cons t an t ,  S O  t h a t  

M = 4.8 AQ, 
= oxygen  consumption  (Ipm) 

2 
AQ02 

M = metabolism  (Kcal/min) 

4.8  = average  heat  of  combustion  (Kcal/l  0 2 )  
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Because  of   the  near   constant   nature   of   the  a r te r ia l  p re s su re   a r i s ing   f rom 
a pu l sa t i l e   sou rce   (bu t   f eed ing   i nco  a l a r g e   e l a s t i c   c a p a c i t a n c e ) ,  a nominal 
per iphera l   res i s tance   can   be   def ined .  

p re s su re   d rop   f rom  a r t e r i a l   t o   venous   sys t em (mmHg) 

per iphera 1 r e s  is tance ( d g /  lpm/min . ) 
5 .  The Range of  Values  of  the  Elementary  Parameters  in  Rest and Exerc i se .  

The fo l lowing   f igures   f rom  Ast rand   e t  a l .  (25 )   i l l u s t r a t e   exe rc i se -dependen t  
changes i n   c a r d i a c   o u t p u t  , s t roke   vo lume ,   hea r t   r a t e ,  and a r t e r io -venous  oxygen 
c o n c e n t r a t i o n   d i f f e r e n c e .  The studies  were  performed on a b icyc le   e rgometer .  
The rest  values of s t r o k e  volume  and card iac   ou tput   deserve  comment. The 
e a r l i e r  work  of  Bevegard,  Holmgren  and  Jonsson  (26) showed d i f f e r e n c e s   i n   t h e s e  
v a r i a b l e s   b e t w e e n   t h e   q u i e t   s i t t i n g  and qu ie t   sup ine   pos tu res .  The d i f f e r e n c e s  
a re   exp l i cab le   i n   t e rms   o f   t he   adve r se   e f f ec t  of pooling  of  blood  in  dependent 
veins  on card iac   ou tput .   Wi th  movement, however,  even a t  very   l igh t   work   loads ,  
s t r o k e  volume  and ca rd iac   ou tpu t   i nc rease ,  s o  t h a t   t h e r e  is an   a lmos t   d i scon t in -  
uous jump i n   t h e  two v a r i a b l e s   w i t h   t h e   f i r s t   i n c r e m e n t   i n  oxygen  consumption 
above   t he   r e s t   va lue .   Wi th   fu r the r   i nc reases   i n  work  load  and  oxygen  consump- 
t i on   ca rd iac   ou tpu t  rises cont lnuous ly   bu t   s t roke  volume does s o  o n l y   s l i g h t l y .  

". -~ 

maximal work= 0 = 

Cardiac  output  versus oxygen consumption a t  d i f f e r e n t  w o r k   r a t e s   i n  male  and 
female  subjects  (25) .  
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Hear t   r a t e s   ( l ower )   and   r e l a t ive   s t roke  volumes (as % of   each  individual ' s  
value a t  h i s  maximum oxygen consumption)   versus   re la t ive oxygen consumption 
i n   t h e  same group of  s u b j e c t s  as before   (25) .  

A broader summary of  a considerable  amount of l i t e r a t u r e  is shown i n   t h e  
fo l lowing   f igures  : 
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Across a 4 month epoch of phys ica l   t ra in ing   (c ross -count ry   running)  , Ekblom, 
e t  a l .  (27)  found  the  following  changes  within a group  of 8 s u b j e c t s  a t  given 
r a t e s   o f  oxygen consumption  (see  the  following  f igures) - d e c r e a s e d   h e a r t   r a t e  
(though  not a t   r e s t )  , decreased   card iac   ou tput   ( though  no t   a t   res t ) ,  and i n -  
creased  ar ter io-venous oxygen c o n c e n t r a t i o n   d i f f e r e n c e .  Oxygen consumption - 
s p e c i f i c   s t r o k e  volume was unal te red   except  a t  t he  maximum r a t e  of  oxygen  con- 
sumption,   where  the  value  af ter   t ra ining  exceeded  that   before .  It is i n t e r e s t i n g  
t o   n o t e   t h a t  work  load-specif ic  oxygen  consumption  changed l i t t l e   a f t e r   t r a i n i n g  
except   possibly  in   the  mid-range (900 kilopound-meter/min). A subsequent ly  
reported  study  by  Douglas  and  Becklake  (28) on four  hockey  players  immediately 
be fo re   t he i r   s easona l   hockey   t r a in ing  commenced, and a f t e r   f o u r  months of 
t r a i n i n g ,  showed similar f ind ings ,   a l though  the   work- load   spec i f ic   hear t   ra tes  
were more g r e a t l y   r e d u c e d   a f t e r   t r a i n i n g   t h a n   i n   t h e  Ekblom study,  and  the  work- 
load   spec i f i c  oxygen  consumption was not   observed   to   be   a l te red .   ( I t   should   be  
n o t e d   t h a t   i n   n e i t h e r   s t u d y   d i d   t h e   s u b j e c t s   t r a i n   w i t h   t h e   b i c y c l e   e r g o m e t e r  on 
which  the  measurements  were made. Thus  , t he   ques t ion  of   whether   specif ic  
t r a in ing   can   apprec i ab ly  improve e f f i c i e n c y  was not   d i rec t ly   answered  by e i t h e r  
s tudy  . ) 

From t h e s e   f i g u r e s ,  we can   conclude   tha t   wi th   t ra in ing ,   the   card iovascular  
system  undergoes  'adaptive'  changes  which  enable i t  t o   f u n c t i o n  a t  lower  oxygen- 
consumpt ion   spec i f i c   hea r t   r a t e s , .   c a rd i ac   ou tpu t s ,   and  mixed venous  oxygen  con- 
c e n t r a t i o n s .  The l a s t - n a m e d   a d a p t a t i o n   s i g n i f i e s   a n   a l t e r e d   d i s t r i b u t i o n   o f  
card iac   ou tput   in   favor   o f   exerc is ing   ske le ta l   musc le ,   because   the   observed  
concentrat ions  of  oxygen in   a r t e r i a l   b lood   were   unchanged .  A t  res t  and a t  peak 
aerobical ly   maintainable   blood  f low,   however ,   cardiovascular   funct ioning was 
l i t t l e   a l t e r e d .  
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The fol lowing  der ived  f igure i l lustrates  what   appears   to   be one  of the  most 
noteworthy  changes  due t o   t r a i n i n g .  The s i g n i f i c a n t   a - v   d i f f e r e n c e  , as a 
function  of  blood  f low , i n d i c a t e s   t h a t   t h e r e  is an   apprec iab le   change   in   the  
up take   cha rac t e r i s t i c   i n   t he   l oca l   vascu la r   beds ,   p re sumab ly   i n   t he   ske l e t a l  
muscle  bed. 
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A-V Dif fe rence   v s .  Blood  Flow as a Funct ion  of   Training.  

From o t h e r  d a t a  comparing  groups  of  well  (and  presumkbly  longer)  trained 
a th le tes   wi th   g roups   o f   sedentary   ind iv idua ls   ( for   example ,   see   (26)  ) t he  
r e s t ing   va lues  of h e a r t   r a t e   a r e   l o w e r   i n   t r a i n e d   t h a n   i n   s e d e n t a r y   s u b j e c t s .  
When such  changes  occur   in   res t ing  performnce i t  is  no t   c l ea r   whe the r   r e s t ing  
cardiac  output  changes as w e l l .   I n   t h e  two groups  s tudied by Bevegard e t  a l . ,  
mean res t ing   card iac   ou tput   appeared  t o  be  somewhat h i g h e r   i n   t h e   a t h l e t e s   t h a n  
in   t he   non-a th l e t e s ,   bu t   t he   obse rva t ion  is of   doub t fu l   s ign i f i cance .  About 
h a l f  of t h e   s u b j e c t s   i n   t h e  Ekblom s t u d y  showed lower  cardiac  outputs  a t  r e s t  
a f t e r   t r a i n i n g   t h a n   b e f o r e .  It w i l l  r e q u i r e   f u r t h e r   l o n g i t u d i n a l   s t u d y  of i n d i -  
v i d u a l s   t o   c l a r i f y   t h i s   p o i n t .  

If t h e  Ekblom curves  are   used  as  a r e f e r e n c e ,  one may argue as follows: 
An a t h l e t e ' s   c u r r e n t  CV s t a t u s  is ach ieved   by   da i ly   sweep ing   h i s   hea r t   r a t e  
over  the  range  of  rest ,  50-70 bpm, t o  peaks  of  150-180 bpm. However, h i s  
a v e r a g e   c a l o r i e i n t a k e ,  and t h u s ,   h i s  oxygen uptake,  w . i l 1  only be a moderate 
amount g r e a t e r   ( i f  a t  a l l )   t h a n   t h e  same weight   non-a th le te .  The non-a th l e t e  
w i l l  sweep h i s   hea r t   r a t e   ove r   t he   r ange   o f   r e s t  70-90 bpm t o  peaks  of  80.-120 
bpm. I f   t hese   ope ra t ing   po in t s   a r e   l oca t ed  on the Ekblom curves,  one can 'guess '  
t h a t   p r a c t i c a l l y  no  change in   ave rage   da i ly   ca rd iac   ou tpu t   t akes   p l ace .  Thus , 
again  f rom  the  curves ,   there  is e s s e n t i a l l y   n o   d i f f e r e n c e   i n   t h e   a v e r a g e   a - v  
d i f f e r e n c e   f o r   t h e   d a i l y   a v e r a g e .  It remains  near 5 vol.%  uptake.  
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What then   appears   to   be   the   d i f fe rence  i n  s ta tus  between  the  non-athlete 
and a t h l e t e ?  It seems p l a u s i b l e   t h a t   t h e   a t h l e t e ' s   r e s t i n g   c a r d i a c   o u t p u t  i s  
somewhat less than  the  non-athlete  I s .  However, th i s   s imply  means t h a t   h i s   d a i l y  
average i s  higher ,   because  he w i l l  l i ke ly   exe rc i se   t ha t   day   (hav ing   l i ke ly  
exerc ised   the   p rev ious  20-60  days) .   Because   o f   tha t   exerc ise ,   he   has   rese t  
t he   ope ra t ing   po in t  of h i s   s k e l e t a l  muscle  microvasculature.  A t  r e s t ,   t h e  
a t h l e t e  may o p e r a t e   w i t h   g r e a t e r   p e r i p h e r a l   r e s i s t a n c e   ( a s  i f  t h e   a r t e r i a l a r  
l e v e l  i s  ope ra t ing  a t  a somewhat more c o n s t r i c t e d   s t a t e )  , but  a t  h i s   ' peak '  
sus t a ined   ope ra t ing   r ange ,   he   l i ke ly  jams h i s   h e a r t   r a t e  up t o  180-200 bpm. 
I n   f a c t ,  one  might   suggest   that   the   reason  for   the  interminable   pract ice  is t o  
be   ab le   t o   ach ieve   t he   capab i l i t y   fo r   i nc reased   up take   a t   l imi t ing   hea r t   r a t e .  
Except   poss ib ly   for   events   longer   than  3 hours ,   the   a th le te   opera tes   anaero-  
b ica l ly   dur ing   h i s   peak   per formances .  

T h u s ,  a t  moderate   aerobic   uptake  ra tes   associated  with  cardiac  output ,   the  
increased   up take   o f   the   a th le te   for   the  same blood  f low  possibly  represents 
a l s o  a more c o n s t r i c t e d   s t a t e  of t h e   c a p i l l a r y   b e d s   ( i . e .  , a n   i n c r e a s e   i n   t h e i r  
' n u t r i e n t '   c a p a b i l i t y ) .   T h e s e  seem t o  be   p laus ib le   conjec tures ,   wor thy  of 
fu r the r   exp lo ra t ion .   Thus ,  i t  i s  on ly   t o   abou t   t h i s  vague  degree of c l a r i t y  
we have   been   ab le   to   v i sua l ize  how t he   ope ra t ing   s t a t e   o f   t he  CV system is 
adapt ive ly   modi f ied .  From a systems  point of view, on one  hand we seem t o   b e  
confronted  with  local   t i ssue  laws.  A t  r e s t   t h e r e  i s  a spec i f ic   l imi ted   range  
of t issue  perfusion  (Overlooking  the  except ions  of   glands,   skin,  and kidney, 
comparative d a t a  i n  (30) , and Goldman suggest  a range  of 35-130 m1/100 gm./ 
min. f o r  most t i s s u e .  The ca rd iac   ou tpu t   t hey   r epor t  is somewhat lower,  about 
18 ml/100 gm. /min.) ;  and correspondingly a spec i f i c   l imi t ed   r ange  of oxygen 
uptake.   Since  the mammalian system  operates   with a f a i r l y   c o n s t a n t   h i g h  
a r t e r i a l   s u p p l y   p r e s s u r e ,   t h e   t i s s u e  'laws' have   to   represent   bo th   the   longer  
t e rm  adap t ive   s t a tus  of the   loca l   vascular   bed ,   and   the   opera t iona l   s ta te   o f  
the  bed.  Then, beyond these   ' l aws '   a re   the  s t a t u s  of two loca l   beds ,  one wi th  
a schedule of wide   per fus ion   ra tes   ( th rough  exerc ise)  , and  the  other  with a 
l imited  schedule.   Their  performance is  h a r d l y   d i s t i n g u i s h a b l e  a t  r e s t .  The 
' e n g i n e e r i n g '   s y s t e m s   c h a r a c t e r i s t i c   t h a t   s e e m   t o   a r i s e  , is  a modera te   d i f fe r -  
ence  in  uptake a t   h i g h e r   p e r f u s i o n   r a t e s .  The cha rac t e r i za t ion   ' eng inee r ing '  
i s  appended,  because  the  change  in  operating  status of the two beds  seems t o  
r e s i d e  i n  some complex ' f i ne   t un ing '  of the  system,  which  our  present  knowledge 
does  not  permit us to   focus  on.  

A recent,   very  comprehensive  and somewhat i l l u m i n a t i n g   s t u d y  by S a l t i n   e t  
a l .  ( 2 9 )  documented t h e   c a r d i o r e s p i r a t o r y   a d a p t a t i o n s   t o  a 3 week period of  bed- 
r e s t ,   f o l lowed  by a 2 month per iod   of   phys ica l   t ra in ing   ( running   and   peda l l ing) .  
During  the 3 week bed-res t   per iod   the   f ive   subjec ts   never   were   permi t ted   to  
b e a r   t h e i r  own weight   in   the   upr ight   pos ture ;  maximal  oxygen consumption  de- 
c l ined  28% from 3 . 4  t o  2 . 4  lpm, the   range   in   the   dec l ine   be ing  20-46%.  When 
the   sub jec t s   were   t e s t ed  a t  submaximal  loads  immediately a f t e r   t h e   b e d - r e s t  
p e r i o d ,   t h e i r   l o a d   s p e c i f i c  oxygen  consumptions  were  unchanged,  however.  During 
bed- re s t ,   hea r t   r a t e   du r ing   s l eep   (p re sumab ly   basa l )   i nc reased  a t  a mean r a t e  
of approximately 0 . 4  beat/min/day.  There was a concomi tan t   dec l ine   i n   hea r t  
volume of  about l1%, w i t h   t h e   l a r g e s t   d e c l i n e   o c c u r r i n g   i n   t h e  two s u b j e c t s  who 
were p rev ious ly   a th l e t i ca l ly   t r a ined .   Res t ing   ca rd iac   ou tpu t   unde rwen t  a small 
decrease   dur ing   the   bed- res t   per iod ,   bu t   the   decrease  w a s  n o t   s t a t i s t i c a l l y  
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s i g n i f i c a n t ;   a l s o ,  i t  should  be  noted  that  mean r e s t ing   ca rd iac   ou tpu t   had  
undergone a fu r the r   appa ren t   dec l ine  by the end  of t he  5 3 - 5 5  d a y   t r a i n i n g  
period.  These small changes   a re   o f   doubt fu l   s ign i f icance   because  of t he  
unce r t a in ty   abou t  small d i f f e rences   i n   t he   ex t en t   t o   wh ich   t he   sub jec t s   were  
a t  ease  with  these  measurements  throughout  the 2 1/2 month s tudy.  

A l l  f i v e   s u b j e c t s  showed a decrease   in  maximal ca rd iac   ou tpu t  a t  t h e  end 
of  the  period of bed - re s t ;   t he  mean decrease  being 26%. By the  end  of the 
subsequent   t ra ining  per iod , t he   t h ree   p rev ious ly   s eden ta ry   sub jec t s  showed a 
mean 16% i n c r e a s e   i n  maximal card iac   ou tput   over   the   cont ro l   (pre-bed   res t )  
pe r iod ;  two previous ly   t ra ined   subjec ts   showed,   respec t ive ly  a 0 and 7% inc rease  
ove r   t he   con t ro l   pe r iod .   In   add i t ion   t o   t he   dec reases   i n  rnaximal ca rd iac   ou t -  
p u t   a t   t h e  end of t he   bed - re s t   pe r jod , the re  was a dec rease   i n   ( i n t e rmed ia t e )  work 
load-spec i f ic   card iac   ou tput .  Comparable d e c r e a s e s   w i t h   r e s p e c t   t o   c o n t r o l  
per iod   were   observed   dur ing   bo th   upr ight   ( t readmi l l )   and   supine   (b icyc le   e rgo-  
meter )   exerc ise ;   thus ,  more is  involved   in   the   decrease   than   the   theore t ica lQ 
a d v e r s e   e f f e c t s  of t he   up r igh t   pos tu re  on venous  re turn.  

How a r e  heart  a n d   v a s c u l a r   c h a r a c t e r i s t i c s   t o   b e   r e l a t e d ?   C o n s i d e r   t h e s e  
observat ions j u s t  r e f e renced   t oge the r   w i th   t he   f ac t   t ha t  oxygen  consumption- 
s p e c i f i c   h e a r t   r a t e s   w e r e   h i g h e r   t h a n   c o n t r o l   v a l u e s   a f t e r   b e d - r e s t ,   a n d   l o w e r  
t h a n   c o n t r o l   v a l u e s   a f t e r   t h e   t r a i n i n g   p e r i o d .  It i s  e v i d e n t   t h a t   b e d - r e s t  
resul ted  in   cardiovascular   changes  that   reduced  s t roke volume. Thus , as the 
au tho r s   po in t   ou t ,  it i s  no t   poss ib l e   t o   d i s t i ngu i sh   f rom  the i r   da t a   be tween  
a primary  myocardial  change  and a pr imary  vascular   change.  They c h o s e   t o   c a l l  
the   vascular   change   in   ques t ion  a d e f e c t   i n   t h e   c o n t r o l  of  venous capac i t ance ;  
we s h a l l ,  as discussed la te r ,  def ine   the   parameter   in   ques t ion  as vascu la r  
(pr imari ly   venous)   unstressed volume. The control   of   venous  capaci tance  (or  
vascular   uns t ressed  volume) i s  mediated by the  sympathetic  nervous  system,  changes 
in   th i s   parameter   a re   mani fes ted   by   changes   in   b lood   vo lume-spec i f ic  mean systemic 
p r e s s u r e ,  as defined by  Guyton  and h is   co l leagues  (31).  One would expect ,   were 
there   inadequate   cont ro l  of venous capac i tance   (vascular   uns t ressed  volume) , bu t  
normal   myocard ia l   func t ion ,   tha t   work   load-spec i f ic   cen t ra l  venous p re s su res  would 
n o t   d i f f e r   f r o m   t h e   c o n t r o l   t o   t h e   p o s t   b e d - r e s t   t o   t h e   p o s t   t r a i n i n g   s t a t e s .   I f ,  
on the  other   hand,   this   vascular   parameter   were  normally  control led , but  myocardial  
func t ion   no t ,   t hen  one  would e x p e c t   t o   s e e   i n c r e a s e s   i n   w o r k   l o a d - s p e c i f i c   c e n t r a l  
venous   p ressure   in   the   pos t   bed- res t   s ta te .   Unfor tuna te ly ,   bu t   unders tandably ,  
c e n t r a l  venous  pressures  were  not  measured, and t h e   h e a r t  volume measurements  could 
be made only a t  r e s t .  It is t empt ing   to   guess   tha t   the   p r imary   defec t   in   the   pos t  
b e d - r e s t   s t a t e  i s  an   a t t enua ted   o r   i l l - coord ina ted   co r t i ca l ly   d r iven   en t r a inmen t  
of   sympathet ical ly   mediated  effects  on both   the  myocardium  and the   uns t ressed   vo l -  
ume of t h e   v e i n s .  The presumed i n t e r a c t i n g   e f f e c t s   o f   t h e s e  two sympathetic 
n e u r a l   e f f e c t s  w i l l  be   discussed  subsequent ly .  

Two o the r   a spec t s  of vascular   funct ioning  deserve comment. The t o t a l   p e r i -  
phera l   res i s tance   changes   wi th   exerc ise   were   no t   s ign i f icant ly   a f fec ted  by 
e i t h e r   b e d - r e s t   o r   t r a i n i n g ,   I n  two subjects,   however,   immediately  post-bed- 
rest e x e r c i s e   i n   t h e   u p r i g h t   p o s t u r e   l e d   t o  a p r o g r e s s i v e   f a l l   i n   a r t e r i a l   b l o o d  
pressure  and  fa int ing.   Presumably  the  vasodi la ta t ion  or   hyperemia,  of e x e r c i s e  
developed  normally,   but  with  impaired  myocardial   and/or  venous  capacitance/un- 

unstressed volume a d j u s t m e n t s ,   c a r d i a c   o u t p u t   f a i l e d   t o   r i s e   i n   t h e   n o r m a l  
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d i s p r o p o r t i o n   t o   t h e   f a l l i n g   p e r i p h e r a l   r e s i s t a n c e ;   t h e   n o m 1   d i s p r o p o r t i o n  
br ings  about   the  mild  hypertension of e x e r c i s e .  The second  noteworthy  vascular 
phenomenon was a small increase   in   work- load   spec i f ic   a r te r io-venous  oxygen  con- 
c e n t r a t i o n   d i f f e r e n c e .  The c o n t r o l  A-V oxygen concen t r a t ion   d i f f e rences  a t  
maximum e x e r c i s e  were h i g h e r   i n   t h e  two p r e v i o u s l y   a t h l e t i c a l l y   t r a i n e d   s u b j e c t s  
t h a n   i n   t h e   s e d e n t a r y   s u b j e c t s ,   b u t   n e i t h e r   g r o u p  showed s igni f icant   changes  
a f t e r   b e d - r e s t ;   t h e   s e d e n t a r y   s u b j e c t s   d e v e l o p e d   t h e   a b i l i t y   t o   i n c r e a s e   t h e  
maximum a r t e r io -venous  .O concen t r a t ion   d i f f e rence   du r ing   t he   t r a in ing   pe r iod  
from a c o n t r o l  mean of 1% v o l . %   t o  a p o s t - t r a i n i n g  mean of 1 7 .  (The same magni- 
tude  change we showed be fo re . )   S ince   t he re   were   on ly   s l i gh t  work load - spec i f i c  
changes i n  a r te r ia l  oxygen content ,   the   increased  A-V 0 concen t r a t ion   d i f f e rence  
s i g n i f i e s  lower mixed venous  oxygen concen t r a t ions  , which i n   t u r n '   s i g n i f i e s   i n -  
creased oxygen e x t r a c t i o n  by s k e l e t a l   m u s c l e   a n d / o r   a n   a l t e r e d   d i s t r i b u t i o n   o f  
card iac   ou tput   in   favor   o f   musc le .   Ser ia l   b iops ies   o f   quadr iceps   musc le   th rough-  
o u t   t h e   s t u d y   f a i l e d   t o   r e v e a l   s i g n i f i c a n t   s t r u c t u r a l   c h a n g e s   i n   v a s c u l a r   a r c h i -  
t e c t u r e .  However, s i n c e  i t  is a r e l a t i v e l y  small change i n  oxygen e x t r a c t i o n  
a t  i ssue ,   the   sys tems  or   s t ruc tura l   concomi tan ts  would be most d i f f i c u l t  t o  
document. 

2 

Noteworthy  changes  occurred  in  ventilatory  parameters  throughout  the  study. 
The resu l tan ts   o f   vent i la t ion ,   which   were   the  oxygen  consumption spec i f i c   va lues  
o f   a r t e r i a l  pC02 and p02 , did   no t   d i f fe r   be tween  cont ro l  , bed r e s t   o r   t r a i n i n g .  
A r t e r i a l  pC0 p02 , and pH d ropped   s l i gh t ly  as oxygen  consumption  rose.  Although 
the   vent i la t lbn-dependent   composi t ion   o f   a r te r ia l   b lood  w a s  unaffected by bed- 
r e s t   o r   t r a i n i n g ,   t h e   c h a r a c t e r  of v e n t i l a t i o n  changed  considerably.   After 
b e d - r e s t ,  t i d a l  volume increased l i t t l e  wi th   i nc reas ing  work load,  and t h e   i n -  
c r ease   i n   r e sp i r a to ry   minu te  volume w a s  b rought   about   a lmost   a l toge ther  by 
inc reased   ven t i l a t ion   r a t e ,   wh ich   r eached   t he   appa ren t  maximum of 50 brea ths   per  
minute (bpm) a t  o n l y   s l i g h t l y   o v e r  2 lpm 0 consumption a f t e r   bed - re s t ,   whereas '  
50 bpm was reached a t  3 lpm in   t he   con t ro l   pe r iod ,   and  a t  4 lpm a f t e r   t r a i n i n g .  
Di f fus ing   capac i ty   (carbon monoxide) was unal tered by bed- re s t   o r   t r a in ing ,  
a l though  there  was ev idence   for   smal le r  work l o a d - s p e c i f i c   a l v e o l a r - a r t e r i a l  
p02 di f fe rences ,   and   thus  more u n i f o r m   v e n t i l a t i o n   p e r f u s i o n   r a t i o s ,   a f t e r  
t r a i n i n g   t h a n   i n   e i t h e r   t h e   c o n t r o l   o r   b e d - r e s t   s t a t e s .  

2 

It is i n t e r e s t i n g   t o   c o n t r a s t   t h e   a l t e r e d   v e n t i l a t o r y   p a t t e r n   a f t e r   b e d - r e s t  
with what we t e n t a t i v e l y  presume to  be  an  impaired  or  dyscoordinated  sympathetic 
s t imu la t ion   o f   t he  myocardium  and  capacitance  vessels.   While  there is abundant 
evidence  and  general   agreement  that   the  sympathetic  nervous  system is a c t i v a t e d  
d u r i n g   e x e r c i s e ,  i t s  o r i g i n s   a r e   o b s c u r e .  It cannot   be  ascr ibed  s imply  to   the 
baroreceptor   ref lexes ,   s ince  exercise   a lmost   a lways  resul ts   in   moderated  e leva-  
t ions   in   a r te r ia l   p ressure ,   whereas   any   s imple   theory   based  on baroreceptor   re -  
f l e x e s  would r e q u i r e  a f a l l   i n   p r e s s u r e .  Nor can i t  be   a sc r ibed   t o   t he  known 
chemoreceptors, a l l  of  which a r e   i n   t h e   a r t e r i a l   s t r e a m ,   s i n c e   a r t e r i a l  pC02 
need  not  (and i n   t h e   S a l t i n   s t u d y ,   d i d   n o t )   r i s e   w i t h   e x e r c i s e ,   a n d   t h e   s l i g h t  
f a l l s   i n   a r t e r i a l  p02 were  too small t o   be   an   e f f ec t ive   chemorecep to r  s t i m u l u s .  
For   the same reasons,  a r t e r i a l  chemoreceptor  drive on v e n t i l a t i o n  is s i n g u l a r l y  
unconvincing.   Yet   large  changes  occur   in   both  vent i la t ion and sympathetic 
s t i m u l a t i o n  of t he   ca rd iovascu la r   sys t em  in   exe rc i se .  

It is as tempting  in  1970 as i t  has   been   for   the   pas t   ha l f -century   o r  more 
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t o   s p e c u l a t e  on a chemoreceptor  which  monitors  the mixed  venous stream, bu t   no  
such  receptor  has  ever  been  found  which is capable   of   act ivat ing  such  large 
changes i n   c a r d i o v a s c u l a r  - respi i -a tory  funct ion  (see,   for   example  (32) . )   In  
t h e   r e s p i r a t i o n   l i t e r a t u r e   t h e r e  is the  suggestion  of  Dejours  (33)  about  "fore- 
b ra in   d r ive l '  on v e n t i l a t i o n ,  which w e  may t r a n s l a t e  and  expand t o   c a l l  a ca rd io -  
pulmonary  control  algorithm,  which we would p o s t u l a t e   t o   b e   a n   i n e s c a p a b l e  
neurophysiological   concomitant   of   vol i t ional  movement. There i s ,  on the 
v a s c u l a r   s i d e  a t  l e a s t ,  some sk impy   ev idence   fo r   t h i s   a l r eady   i n   Orv i l l e   Smi th ' s  
obse rva t ion   i n  monkeys t h a t   e l e c t r i c a l   s t i m u l a t i o n   i n   t h e   m o t o r   c o r t e x   ( a r e a   4 ) ,  
which was c a p a b l e   o f   e l i c i t i n g   d i s c r e t e c o o r d i n a t e d  arm movements, a l s o   e l i c i t e d  
decreases   in   vascular   res i s tance , . in   the   s t imula ted   l imb ( ?  via   sympathet ic  
cho l ine rg ic   vasod i l a to r s )   bu t   no t   i n   t he   con t r a l a t e ra l   l imb ,   wh ich   pe r s i s t ed  
a f t e r   t h e  movements (and their   local   metabol ic   concomitants)   were  blocked by 
curare   (34)  . 

A n o t h e r   i l l u s t r a t i v e  example is  the work o f   Mi l l e r ,  who was a b l e   t o   s e l e c t  
an  autonomically  mediated  vasomotor  response - v a s o d i l a t a t i o n   i n  one of a t e s t  
r a b b i t  I s  two e a r s  - by  appropriate   condi t ionir lg(35) .  The impl i ca t ion   o f   Mi l l e r ' s  
achievement i s  t w o - f o l d .   F i r s t  , l ike   Smith 's   work,  i t  shows that  autonomic 
vasomotor   in f luences   can   be   sharp ly   loca l ized   and   need   no t   be   d i f fuse .   Secondly ,  
i t  shows that   autonomical ly   mediated  effects   can  be  " learned".  It is  to   be   ex -  
pected  that  a cons iderable   increase  w i l l  t ake   p l ace   i n   r epor t s  of   such   e f fec ts .  
(see  for  example (10)). The assumption seems t o  us  p l aus ib l e   and   ce r t a in ly   de -  
s e rv ing   o f   c lo se   expe r imen ta l   s c ru t iny   t ha t   t he   con t ro l   s t ruc tu re   fo r   vo l i t i ona l  
movement inc ludes   a lgo r i thms   fo r   t he   ac t iva t ion   o f   bo th   ven t i l a to ry   con t ro l  
mechanisms  and the   card iovascular   sympathe t ic   nerves  , which  govern  not  only  the 
pa t te rn ing   of   hear t   ra te   ( in   conjunct ion   wi th   the   vagus)   bu t   a l so   changes   in  
r e s i s t a n c e  and unstressed volumes i n   t h e   v a s c u l a r   t r e e ,   a n d   t h e  pumping charac-  
t e r i s t i c s  of t he   hea r t .  A co ro l l a ry   o f   t h i s   gene ra l   no t ion  is  t h a t   t r a i n i n g  
and de - t r a in ing   e f f ec t s   a r e   pa r t ly   r e f l ec t ed   i n   t he   coo rd ina t ion   and   dyscoord in -  
a t ion ,   r e spec t ive ly ,   o f   t hese   vege ta t ive   func t ions ;   i n   o the r  words , the complex 
fac tory   a lgor i thms a d m i t  t o   t r a i n i n g  and   de- t ra in ing .  

The e d i t o r i a l   p r e l u d e  by Asmussen (36) t o  a r ecen t  symposium on the   phys i -  
ology  of  muscular  exercise  speaks  of  the "work f a c t o r ' '  - that   undefined  but 
l a rge  s t i m u l u s  to   the   card iovascular ,   vent i la tory ,   and   thermo-regula tory   sys tems 
in   exercise .   That   choice  of   terms is  s t r o n g l y   s u g g e s t i v e  of a chemical,   thermal,  
o r   mechanica l   fac tor  - perhaps  too  s t rongly s o .  We would sugges t   t ha t  , j u s t  as 
the CNS has   an  a lgori thm  for   voluntary  muscle   co-ordinat ion i n  va r ious   pa t t e rns  
of movement, s o  i t  has   assoc ia ted   a lgor i thms  for   coord ina t ing   the   ' ' vege ta t ive"  
func t ions   which   suppor t   vo l i t iona l  movements. Is t h i s  a use fu l  more o r  less new 
i d e a ,   o r  i s  i t  only a verbal  smokescreen  which w i l l  obscu re   r a the r   t han   c l a r i fy?  
It depends upon whether   this   not ion  provokes new experimental   approaches ; un- 
f o r t u n a t e l y ,   s i n c e  i t  is  a problem in   h ighe r   ne rvous   ac t iv i ty  and o rgan iza t ion  
i t  may b e   t o o   s u b t l e   a n   i d e a   t o   t e s t  a t  p re sen t   by   d i r ec t   ope ra t iona l  means. 
(For  example, we have   a l r eady   imp l i ed   t ha t   bo th   exe rc i se ,   emot iona l   s t a t e ,  
learned  behavior , and  behavioral   complexes  changes  the  microvascular  state.  
It is  no t   w i th in   t he   s t a t e   o f   t he  a r t  t o   pu r sue   t h i s   ques t ion   expe r imen ta l ly . )  
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6. An Engineer ing  Defini t ion  of  Systems Relations  Governing  Cardiac  Output. 

Systems re la t ions ,   which   can  ar ise  from e i t h e r   t h e o r y   o r  phenomenology, 
w i l l  i n e v i t a b l y   i n c l u d e  a number of empirical   parameters,   and these have t o   b e  
accounted  for .  That account ing is o r  w i l l  be   in   terms  of  mechanisms ope ra t ing  
a t  a h i e r a r c h i c a l l y   l o w e r   l e v e l   t h a n   t h e   l e v e l   o f   f u n c t i o n   d e s c r i b e d   b y   t h e  
systems  re la t ions.   For   example,  a parameter commonly used i n   t h e   p h y s i o l o g i c a l  
l i t e r a tu re  f o r   t h e   i n t a c t   h e a r t  is " c o n t r a c t i l i t y " ;   u n f o r t u n a t e l y ,  i t  has many 
meanings,  but  one i n  common u s e  is to   denote   (connote  is  perhaps  the more 
accura te   t e rm)   the   pos i t ion   o f  a c u r v e   i n   t h e   e n d - d i a s t o l i c   v e n t r i c u l a r  volume - 
ex te rna l   ven t r i cu la r   work   p l ane .  An i n c r e a s i n g   c o n t r a c t i l i t y  is shown i n   t h e  
fo l lowing   f igure .  One of   the  commonly accepted  tasks  of  cardiac  physiology is 
t o  come to   an  understanding  of   the  underlying  myocardial  mechanisms  which account 
fo r   t he   t r ans i t i on   be tween   t he   cu rves   i n   t he   f i gu re .  
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L e f t   v e n t r i c u l a r   s t r o k e   w o r k   ( f o r   d e f i n i t i o n ,  see t ex t )   ve r sus  l e f t  
v e n t r i c u l a r   e n d - d i a s t o l i c   p r e s s u r e   ( s o l i d   l i n e s )  or  v e r s u s   l e f t  a t r i a l  
pressure   (dashed   l ines) .  The p a i r   o f   l i n e s   l a b e l l e d  "C" was t a k e n   i n  
t h e   c o n t r o l  s t a t e ,  and t h e   p a i r   l a b e l l e d  "NE" w a s  t aken   dur ing   an   in -  
fusion  of   norepinephrine-  (39)  . 
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In   genera l   t e rms ,  i t  w i l l  be  our  epistemology  to  choose a h i e r a r c h i c a l   l e v e l  
of   phys io logica l   func t ion ,  t o  no te   k inemat ic   re la t ions   ob ta in ing  a t  t h a t   l e v e l ,  
t o   fo rmula t e   sys t ems   r e l a t ions  and the i r   concomi tan t   parameters ,  and t h e n   u t i l i z e  
the  parameters as t h e   t r a n s i t i o n s   t o   t h e   u n d e r l y i n g  mechanisms ope ra t ing  a t  a 
l o w e r   h i e r a r c h i c a l   l e v e l .  The art i n   t h i s   s c i e n c e  l ies  i n   t h e   c h o i c e   o f   p a r a -  
maters. Where they are vague   and   wi thout   an   expl ic i t   met r ic ,   redundant ,   o r  
u l t ima te ly   no t   sub jec t   t o   i ndependen t   de r iva t ion ,   ' p roo f  ' ,  the  system  equations 
i n  which  they  ar ise   are   poorly  chosen.  

( a )  An eng inee r ing   de f in i t i on   o f   ca rd i ac   func t ion .   Le t  us  t u r n   t o   c o n s i d e r  
t h e   h e a r t ,  as both a s p e c i f i c  example  of  the  above  points  and a beginning  of  our 
discussion  of   cardiovascular   system. The h i s t o r y  of cardiac  physiology is c l o s e l y  
related  to   the  development   of   skeletal   muscle   physiology,   for   there   has   been a 
cont inuing   a t tempt   s ince   the   tu rn  of t he   cen tu ry   t o   desc r ibe   ca rd iac   func t ion  
i n  terms  which a r e   ( o r   w e r e )   i n   u s e   i n   t h e   d e s c r i p t i o n  of the  mechanics  and 
ene rge t i c s   o f   ske l e t a l   musc le .  

Otto  Frank was one  of t h e   p i o n e e r s   i n   t h i s   e f f o r t .  He succeeded  in  the 
1890's i n  showing t h a t   t h e   f r o g ' s  myocardium displayed a r e l a t ion   be tween   f i b re  
length and i sometr ic   t ens ion   which   qua l i ta t ive ly   resembled   tha t  of s k e l e t a l  
muscle,  which  had  been shown e a r l i e r   i n   t h e  19 th   Century.   Representat ive modern 
d a t a  (37 )  using  papi l lary  muscle   instead o f  t he   who le   ven t r i c l e ,   a r e  as shown i n  
the   next  two f i g u r e s .  A s imilar ly   shaped  curve exists f o r   s k e l e t a l   m u s c l e ,  a l -  
though  the  peak  developed  tension is  approx ima te ly   tw ice   t ha t   i n   pap i l l a ry  
musc le ,   per   un i t   a rea .  

Ef fec t   o f   l ength  on r e s t i n g   t e n s i o n  (RT) and tension  developed  during  con- 
t r a c t i o n  (TT) in   ca t   pap i l l a ry   (myoca rd ia l )   musc le  (A) and f r o g   s a r t o r i u s  
( s k e l e t a l )  muscle ( B ) .  The h e a v i e r   l i n e s ,   l a b e l l e d  AT, p l o t   t h e   d i f f e r e n c e  
between TT and RT, and r ep resen t   t he  amount of   t ens ion   (ac t ive   t ens ion)   de-  
veloped upon s t i m u l a t i o n  of the  muscle ( 3 7 ) .  
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P l o t  of ac t ive   t ens ion   (open   c i r c l e s ;   r i gh t  hand o r d i n a t e   s c a l e )   v e r s u s  
sarcomere  length  in   the  cat   papi l lary  muscle .  The s o l i d   c i r c l e s  show the 
r e l a t i o n   b e t w e e n   l e f t   v e n t r i c u l a r   e n d - d i a s t o l i c   p r e s s u r e  and  sarcomere 
length   in   the   dog   hear t .  Note tha t   the   peak   in   ac t ive   t ens ion   occurs  a t  
the  sarcomere  length  which  approximately  coincides  with  the  upper l i m i t  
of p h y s i o l o g i c a l   l e f t   v e n t r i c u l a r   e n d - d i a s t o l i c   p r e s s u r e  ( 3 7 ) .  

167 



J u s t  p r i o r   t o  World War I, S t a r l i n g   a n d   h i s   p u p i l s   r e - i n v e s t i g a t e d   t h e  
phenomena Frank   had   e luc ida ted ,   bu t  made several   modif icat ions  which  gave  their  
f i n d i n g s   a n   a p p a r e n t   a p p l i c a b i l i t y   t o  many c l in i ca l   p rob lems .  They s t u d i e d   t h e  
mammalian hea r t   unde r   s imu la t ed   work ing   cond i t ions ,   r a the r   t han   l imi t ing   t he i r  
a t t e n t i o n   l a r g e l y   t o   i s o v o l u m i c   f u n c t i o n  as Frank  had  done. They  showed t h a t  
the  energy  produced  in  contraction  (which  could  be  judged by the  product  of 
cardiac  output   and  developed  pressure)  was i n   p r o p o r t i o n   t o   t h e  volume of   the  
h e a r t  a t  t he  time each   cont rac t ion   ( sys to le )   began .   This  volume is commonly 
c a l l e d   e n d - d i a s t o l i c  volume (EDV). Since EDV changes i n   t h e  same d i r e c t i o n  as 
myocard ia l   f ib re   l ength ,   S ta r l ing   p roposed   what  came t o  be known as S t a r l i n g ' s  
Law of   the  Heart: "The l a w  o f   t he   hea r t  is t he re fo re   t he  same as tha t   o f   ske l e -  
t a l  muscle ,   namely  that   the   mechanical   energy  set   f ree  on passage  from  the 
r e s t i n g   t o   t h e   c o n t r a c t e d  s t a t e  depends  on  the  area  of  'chemically  active s u r -  
faces  ' , i . e .  on the   l ength  of the  muscle   f ibre .   This   s imple  formula  serves   to  
' expla in '   the   whole   behaviour   o f   the   i so la ted  mammalian hear t ." .   (38)  

S t a r l i n g ' s  work was formulated  into a view  of   the  regulat ion  of   cardiac 
output  (Q ), which  pers is ted  unt i l   mid-century.   That   view  regarded  the  hear t  
as i f  i t  were  an  energized  turnst i le ,   which  accepted  incoming venous  blood a t  
t h e   p r e v a i l i n g  Q and  ra ised i t  t o   t h e   p r e v a i l i n g   r e g u l a t e d   a r t e r i a l   p r e s s u r e .  
As the  work  invotved was p r o p o r t i o n a l   ' t o  Qb, the   hear t   au tomat ica l ly   increased  
or   decreased i t s  EDV in   keeping  with  the  energy  required.   This   view  placed  the 
emphasis on vascu la r  phenomena as the  determinants   of  Q 

b 

b '  

I n   t h e   m i d - f i f t i e s ,  two concurren t   l ines  of i n v e s t i g a t i o n  made i t  appa ren t  
t h a t   t h e  Law of the   Hear t  would  have to   be   modi f ied .  One l i n e  was a group of 
s tud ies   on   card iac   d imens ions   in   in tac t   an imals   and  man i n   t h e   r e s t - e x e r c i s e  
t r ans i t i on ;   t hese   s tud ie s   i n   gene ra l   f a i l ed   t o   r evea l   t he   expec ted   d imens iona l  
changes. More r ecen t  work  showing the   card iac   d imens iona l   changes   in   exerc ise  
was noted   in   the   p rev ious   sec t ion .  The o t h e r   l i n e  was s t u d i e s  on neural   and 
humoral  influences on the  isolated  hear t ,   which  were  pioneered by  Sarnoff  and 
h i s   pup i l s   ( c f   (39 ) ) .  

S a r n o f f ' s   s t u d i e s   d i f f e r e d   f r o m   S t a r l i n g ' s  in tha t ,   whereas   the   l a t te r   had  
s tudied   the   hear t   (and   lungs)   a l toge ther   i so la ted   f rom  sys temic   in f luences   and  
had  had independent  control  over Q , Sarnoff   cont r ived   to   moni tor   card iac  
func t ion   in   in tac t   ( though  anes thepized   and   ex tens ive ly   opera ted  upon) dogs. In 
S tar l ing ' s   exper iments  , the   hear t   and  lungs  remained  in  s i t u ,  but  blood was 
pumped f rom  the   hear t   th rough  an   ex t ra -corporea l   shunt   in to  a r e s e r v o i r  whose 
height   above  the  r ight  a t r i u m  provided  the  experimenter  with  independent  control 
over Q ; t he   r e s t   o f   t he  dog received no a r t e r i a l   b l o o d  and was thus  dead  and 
withouk  inf luence on the   hear t .   Sarnoff   a l lowed  the   moni tored   hear t   to   per fuse  
the  body,  and  varied Q by  hemorrhage o r   t r a n s f u s i o n ,   a n d   a l s o   e i t h e r   r e f l e x  
or   d i rec t ly   cont ro l led   (or   a t tempted   to   cont ro l )   au tonomic   o r   hormonal   in f luences  
on t h e   h e a r t .  H i s  s t u d i e s  showed t h a t   t h e r e  was not  a unique  relation  between 
EDV and the   ex te rna l  work of   the  hear t .   Sarnoff ' s   work,   which is summarized i n  
h i s   c o n t r i b u t i o n   t o   t h e  Handbook of  Physiology,  and  the work  of o the r s  may be 
summarized  by s t a t i n g   t h a t   t h e   d e s c r i p t i o n  of ca rd iac   func t ion   r equ i r e s  a t  least  
a 7 - space,  whose axes   a re :  

b 
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1. Externa l  work 
2 .  EDV 
3 .  Card iac   sympa the t i c   ( acce le ra to r )   ne rve   f i r i ng   r a t e  
4 .  Heart r a t e   ( f )  
5. Catecholamine  concentration i n   c o r o n a r y   a r t e r i a l   b l o o d  
6 .  Vagal   (parasympathe t ic )   nerve   f i r ing   ra te  
7 .  A o r t i c   ( e j e c t i o n )   p r e s s u r e   ( a l s o  known as a f t e r l o a d )  

The above l i s t  is orde red   acco rd ing   t o   ou r   guess   a s   t o   t he   r e l a t ive   quan t i t a t ive  
importance  of  factors 3-7 in   inf luencing  the  two-dimensional  "Law" o f   S t a r l i ng .  

Guyton, i n   fo rmula t ing  a scheme  of Qb regu la t ion  (31)  which w i l l  be  discussed 
i n  some d e t a i l  below,   has   extrapolated a d i f f e r e n t   f u n c t i o n a l   d e s c r i p t i o n   o f   t h e  
h e a r t  from t h i s   l i t e r a t u r e .  He chooses a Q - r i g h t   a t r i a l   p r e s s u r e  (RAP) r e -  
la t ion  as   the  ' 'basic"   two-dimensional  law. b H i s  r e l a t i o n  is shown i n   t h e  
fo l lowing   f igure .  

Cardiac  funct ion  curves   plot ted on the   assumpt ion   of   cons tan t   res i s t ive  
load   ( so l id   l ine)   o r   cons tan t   p ressure   load   (dashed   l ine) .  The d i scuss ion  
h e r e   t r e a t s   t h e   c o n s t a n t   r e s i s t i v e   l o a d   c a s e  ( 3 1 ) .  
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The RAP is a t ransmura l   p ressure   across   the  w a l l  o f   t he   r i gh t  a t r i u m .  The j u s t i -  
f i c a t i o n   f o r   s h i f t i n g  from EDV - a v e n t r i c u l a r   v a l u e  - t o  a t ransmural  a t r i a l  
pres.sure l ies in   Sa rnof f ' s   and   o the r s  ' subsequent   (c f .  (40))  demonstrat ions  that  
t h e   d i a s t o l i c   p r e s s u r e  - volume r e l a t i o n  is an   i nva r i an t   and   t ha t   t he  a t r i u m  
and v e n t r i c l e   c o n s t i t u t e  a common chamber d u r i n g   d i a s t o l e .  The constancy  of  the 
a t r i a l  p r e s s u r e - v e n t r i c u l a r   e n d - d i a s t o l i c  volume r e l a t i o n  presumes a normal 
a t r i o - v e n t r i c u l a r   v a l v e   a n d  a normal  pericardium, s o  t h a t   t h e s e   q u e s t i o n s  mus t  
be  re-opened when t h e r e  are pa thologies   involv ing   those   s t ruc tures .  

The choice Of t h e   r i g h t  a t r i a l  p re s su re  as the   va r i ab le   u sed   t o   desc r ibe   t he  
in t ac t   hea r t   s t ems   f rom  Sa rnof f ' s  work s h o w i n g   c l e a r l y   t h a t ,   i n   t h e   n o r m a l   h e a r t ,  
t h e   r i g h t  i s  t h e   l i m i t i n g   v e n t r i c l e   i n   r e s p e c t   t o   t h e   p e r f o r m a n c e   o f   e x t e r n a l  
work. Under a g iven   se t   o f   sys temic   in f luences  , the  approximate  peak  work  of  the 
l e f t   v e n t r i c l e  is 8-10 t imes   tha t   o f   the   r igh t .  The mean a f t e r l o a d s  on the two 
v e n t r i c l e s   d i f f e r  (L/R = approx. 5) and i t  is  Guyton 's   es t imate   that   the   peak 
f lows   rea l izable  by  each  ventr ic le  are approximately  equal .  The i s s u e  is f u r t h e r  
i n f luenced ,   however ,   by   t he   f ac t   t ha t   l e f t  a t r i a l  p re s su re  (LAP) may make a 
s i g n i f i c a n t   c o n t r i b u t i o n   t o   t h e   a f t e r l o a d  on t h e   r i g h t   v e n t r i c l e ,  S O  t h a t  as Q 
is increased toward the maximum, the Qb f o r   t h e   r i g h t  may reasonably  be  ex- 

pected  to   drop  below  the Q f o r   t h e   l e f t .  The p o i n t  is an  important one i n  

i n   t h a t  Qb > Q, is a r a p i d l y   l e t h a l   c o n d i t i o n .  

b 
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Guyton 's   descr ipt ion (31)  t r e a t s   t h e   v a r i a b l e s  3-7  in   the   above  l i s t  as 
parameters on the RAP-Qb r e l a t i o n .  An example is the   in f luence  of t h e   c a r d i a c  
sympathetic  nerves, .  shown in   the   fo l lowing   f igure .  

Effects   of   changes  in   sympathet ic  
or   parasympathe t ic   s t imula t ion  on 
the   ca rd iac   func t ion   cu rve  ( 3 1 ) .  

RIGHT ATRIAL PRESSURE (rnrnitp) 
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A use fu l   s imp l i f i ca t ion   o f   t hese   mu l t id imens iona l   r e l a t ions  is poss ib l e .  
Note that   the   curves   have similar shapes,  and  they  approximately  obey  the  follow- 
ing   empi r i ca l  rules  

1. Qb = 0 when RAP = 0 

2 .  Q, = = x  a t  RAP = 8 

3 .  Qb = 0.4 max a t  RAP = 4 

4 .  The curve is concave upwards in   the  range 0 RAJ? < 4 ,  and  concave 
downwards i n   t h e   r a n g e  4 RAP e 8. 

It is t he re fo re   conven ien t   t o   co in  a descr ip t ive   parameter ,   which  we can c a l l  
condi t ional   peak  f low (CPF),  and w r i t e  down the   fo l lowing   empir ica l   re la t ions  
which D .  A .  Gall has   der ived:  

= CPFL y (1.4 + 1.2  y - 1 .6  y ) 
2 2 

= CPFR x (1.4 + 1 . 2 ~  - 1. 6xL) 
z 

= Qb f o r   t h e   i n t a c t   h e a r t  
t 

where y = 
LAP - IPP - 2 

16 

RAP - IPP 

and IPP = i n t r ap leu ra l   p re s su re ,   wh ich  is normally  about 4 d g  below  atmospheric 
i n   t he   c losed -ches t  dog o r  man. The d i f f e r e n c e s  in y and x d e s c r i b e   t h e   d i f f e r -  
en t   d i a s to l i c   capac i t ances   o f   t he  two v e n t r i c l e s .  

This manner of expressing  the  funct ion  of   the  hear t   has   both  advantages and 
d i f f i c u l t i e s .  The chief   advantage is to  have  reduced  the pumping a c t i o n  of t h e  
i n t a c t   h e a r t   t o  a s ingle   empir ica l   parameter ,  CPF, which  has   expl ic i t  dilmensions 
(f low).  The in f luence   o f   va r i ab le s  3-7 on CPF can,  in t u r n ,  be  described in a 
s e r i e s   o f  two d imens iona l   re la t ions .  The second  advantage is that, i n  theory,  a 
s i n g l e  measurement of Q a t  RAP > I?P + 8 would provide a desc r ip t ion   o f   t he  
whole  curve. The asserk ion   has   on ly   re t rospec t ive   exper imenta l   va l ida t ion ,   and  
points  up t h e   c h i e f   d i f f i c u l t y   w i t h   t h i s   v i e w  as of   this   wri t ing.   Guyton 's  
c u r v e s   a f t e r  a l l  come u l t i m t e l y  from  the  large I ~ S S  of   da t a   co l l ec t ed  by  Sarnoff 
i n  a t e c h n i c a l l y   d i f f i c u l t   e x p e r i m e n t a l   p r e p a r a t i o n  in which  control  was l imi t ed .  
The d a t a  were  smoothed  and f i l t e r e d   f o r  che  purposes  of  Guyton's  modelling. Then 
we h a v e   f u r t h e r   f i l t e r e d  by  imposing a s ing le   shape .  Whether the   resu l t ing   v iew,  
based on the   s ing le   parameter ,  CPF, has   heur i s t ic   va lue   remains   to   be '   seen .  
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AS a prel iminary t es t ,  t he   nex t   t h ree   f i gu res  show data  from two rela- 
t ive ly   recent   sources ,   which   were   suf f ic ien t ly   comple te   to   be  examined 
aga ins t   t he   no t ion   o f   t he   s ing le   pa rame te r  model.  Sagawa's  (41)  and  Herndon 
and  Sagawa's ( 4 2 )  d a t a  on l e f t  a-nd r igh t   hear t   func t ion   conform  reasonably  
we l l   t o   t he   s ing le   pa rame te r  model as long as sys t emic   a r t e r i a l   p re s su res   were  
he ld   wi th in   the   phys io logica l   range .  An e a r l i e r   p a p e r  by  Stone e t  a l .  (43) 
shows a much less s t e e p   s l o p e   t h a n  Sagawa found f o r   t h e   l e f t   h e a r t ;   a l s o  
the re  is an   unexp la ined   l e f tward   sh i f t   i n   t he   cu rve   a f t e r   embo l i za t ion  of the 
coronary  vascular  bed by   i n j ec t ions  of 10-36 mg of  microspheres. However, 
between 10 and  36 mg of  microspheres,   the  conditional  peak  f low  declined  from 
3 . 5   t o  2 lpm, i n d i c a t i n g   t h a t   t h e   s i n g l e   p a r a m e t e r   s e r v e s   t o   d e s c r i b e  a range 
of   sub-normal   cardiac  funct ion.  We have   been   s t ruck   by   the   fac t   tha t ,   desp i te  
much animal   experimentat ion,   there  is such a very   l imi ted  amount of   useful  
d a t a   a v a i l a b l e .  A much more ex tens ive  amount of   data  is a v a i l a b l e   t h a t   s e r v e s  
t o   i n d i c a t e   q u a l i t a t i v e l y  how f a c t o r s  3-7 on the  above list inf luence   card iac  
func t ion ,   bu t   the   quant i f ica t ion   of   these   has   been  sparse. 

0 5 10 15 20 25 

RAP (mmHg)  

Cardiac  output (CO), i n   r e l a t i o n   t o   c o n d i t i o n a l   p e a k  flow (CPF) versus 
r i g h t  a t r i a l  p re s su re  (RAP) a t  d i f f e r e n t  mean a r t e r i a l  blood  pressures 
(MAP). Data  taken  from  (42). 
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Cardiac  output ( C O ) ,  i n   r e l a t i o n  to condi t ional   peak f low (CPF) versus 
left  a t r i a l   p r e s s u r e  a t  d i f f e r e n t  mean a r t e r i a l  blood  pressures (MAP) , (41,). 
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Cardiac  output (CO), i n   r e l a t i o n   t o   c o n d i t i o n a l   p e a k  flow (CPF) versus 
l e f t  a t r i a l  p re s su re  (LAP) b e f o r e   ( c o n t r o l )  and a f t e r   embo l i za t ion  of the 
c o r o n a r y   a r t e r i a l   t r e e   w i t h   1 0 - 3 6  mg of microspheres  (43).  
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The poin t   o f   ga in ing  a parameter   descr ipt ive  of   cardiac  funct ion  f rom a 
s i n g l e  measurement o r  s e t  of  measurements is important , fo r   t he   v i ew  tha t  we 
have  been l e f t  by  Sarnoff is almost  impossiblycumbersome when one s e e k s   t o  
q u a n t i f y   c a r d i a c   f u n c t i o n   i n  one o r   a n o t h e r   p h y s i o l o g i c a l   s t a t e .  The v e n t r i c -  
lar func t ion   curve  (VFC) occupies a un ique   pos i t i on   i n   t he  end d i a s t o l i c   v e n -  
t r i c u l a r   p r e s s u r e  - e x t e r n a l  work pe r   s t roke   p l ane ,   and  is constructed  out   of  
many p a i r s  of  measurements  which  of  necessity  have  to  be  collected  over a 
period  of many b e a t s   u n d e r   d i f f i c u l t   t o   m a i n t a i n   c o n d i t i o n s   o f   s t a t i o n a r i t y .  
Sarnoff  used a p a r a m e t e r ,   c o n t r a c t i l i t y ,   t o   g i v e   q u a l i t a t i v e   i n d i c a t i o n  of t he  
pos i t ion   o f   the  VFC i n   t h e   p l a n e .   ' m e n ,  f rom  any  given  end  diastol ic   pressure 
o r   f i b e r   l e n g t h ,   t h e   v e n t r i c l e   p r o d u c e s  more e x t e r n a l   s t r o k e  work  and more ex- 
t e r n a l   s t r o k e   p a r e r   ( s t r o k e  work pe r   sys to l i c   s econd)   an   i nc rease   i n   ven t r i cu -  
l a r   c o n t r a c t i l i t y  is s a i d  to   have  taken  place,   and  vice  versa .  I '  ((39) , p. 4 9 0 ) .  
This is a c l a s s i c a l l y  bad coining  of a p h y s i o l o g i c a l   p a r a m e t e r ,   f o r ,   a t   t h e  
very least ,  i t  lacks   expl ic i t   d imens ions .  The usage   of   the   t e rm  cont rac t i l i ty  
is fu r the r   compl i ca t ed   by   mu l t ip l e   de f in i t i ons  , a p p l i e d   t o   s k e l e t a l   m u s c l e ,  
and t o   t h e  smooth  muscle   of   var ious  viscera ,   including  blood  vessels .  

Within  the  past   half-dozen  years  , a q u i t e   d i f f e r e n t   a p p r o a c h   t o   d e s c r i b i n g  
the   hear t   has   been   launched ,   which   has   comnded  wide   a t ten t ion .  It r ep resen t s  
an   a t t empt   t o   s t r i ke   an   ana logy   be tween   ca rd iac  and s k e l e t a l  muscle a t  the 
leve l   o f  a r e l a t i o n  which  has come t o   b e   a c c e p t e d ,   t o g e t h e r   w i t h   t h e   l e n g t h  
t e n s i o n   r e l a t i o n   a l r e a d y   n o t e d ,  as a basic   mechanical   property  of   muscle .   This  
is t he   fo rce -ve loc i ty   r e l a t ion ,   wh ich   fo r   ske l e t a l   musc le  is as shown i n   t h e  
fo l lowing   f igure .  Such data  are  obtained  from  measurements on i s o t o n i c  

Force -ve loc i ty   r e l a t ion   fo r   f rog   s a r to r ius   musc le ,   s t imu la t ed   t e t an ica l ly  a t  
ooc (45) . 
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shor ten ing   ve loc i ty   under  a wide  range  of  loads. It is  a c h a r a c t e r i s t i c  which 
can  be shown fo r   s ing le   ske l e t a l   musc le   f i b re s ,   l a rge   ske l e t a l   musc le   masses ,  
and  papillary  muscle,   which is a readi ly   access ib le   p iece   o f  myocardium t h a t  
h a s   p a r a l l e l   f i b r e s .  A s t a t e m e n t   e q u i v a l e n t   t o   t h e   f o r c e - v e l o c i t y   r e l a t i o n  is 
t h a t ,   o v e r  a wide  range  of  loads,  power development is approximately  constant .  
S ince   the   dura t ion   of  a s i n g l e   c o n t r a c t i o n  is approximate ly   cons tan t ,   o r ,  more 
commonly, when t h e   r e l a t i o n  is worked ou t   du r ing   t e t an ic   s t imu la t ion ,   t h i s   r e -  
l a t i o n   s i g n i f i e s   t h a t   m u s c l e   r e l e a s e s  more useful   energy as i t s  load  increases .  
I n   f a c t ,  i t  r e l e a s e s  more t o t a l   e n e r g y  as load   increases ,  as Fenn's   heat  
measurements f i r s t  showed i n  1923 (44) .  The Fenn e f f e c t  is one  of t h e   r e m r k -  
ab le   p roper t fes   o f   musc le .  

One of   the   re la t ive ly   shor t - l ived   t r iumphs   of   ske le ta l   musc le   phys io logy  
was  the  following  l ine  of  reasoning,  which  implanted  the  force-velocity  re- 
l a t i o n  as a fundamental  property  of  muscle. A .  v.  H i l l  (45) noted  from  the 
h e a t   e v o l u t i o n  by ske le ta l   musc le   tha t   the   "ex t ra"   energy   assoc ia ted   wi th   in -  
creasing  loads was a l inear   funct ion  of   tension  development:  

Rate  of  "extra  energy" = b (Po - P) 

where P is i somet r i c   t ens ion   ( an   i n i t i a l   l eng th - spec i f i c   musc le   cha rac t e r i s -  
t i c )  0 

P is  developed  tension 
b is a c o e f f i c i e n t  

where v = v e l o c i t y  

Therefore ,  

t he   equa t ion   fo r  a rec tangular   hyperbola ,  whose asymptotes   are  

p = - a a n a v = - b  

Thus, i t  appeared   poss ib le   to   ob ta in  'a ' , a thermal  constant,   from  mechanical 
measurements .   That   apparent   ab i l i ty   to   re la te   thermal  and  mechanical  events 
gave a s p e c i a l   s i g n i f i c a n c e   t o   t h e   f o r c e   v e l o c i t y   r e l a t i o n   i n   m u s c l e   p h y s i o l -  
ogy .   A l so ,   fo r   t he   ske l e t a l   musc le ,   t he   coe f f i c i en t s  of the   equat ion   apply   to  
muscle  from a wide  range  of  species.   In  recent  years,   however,  i t  has become 
e v i d e n t   t h a t   t h e   h e a t   m e a s u r e m e n t s   w e r e   i n   e r r o r ,   t o   t h e   e x t e n t   t h a t   t h e  
ident i ty   of   the   thermal   and  mechanical   propert ies   has   been  lost  ( 4 6 ) .  Neverthe- 
less ,   the   a t tempt   has   been made t o   t r y   t o  compute  myocardial   force-velocity 
re la t ions   f rom data  on s i n g l e   b e a t s   o f   t h e   i n t a c t   h e a r t ,   a n d ,   t o g e t h e r   w i t h  a 
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geometr ical  model o f   t he   hea r t ,   t o   u se   t hese  as a n   a l t e r n a t i v e   t o   t h e  VFC as 
a d e s c r i p t i o n   o f   " t h e   c o n t r a c t i l e   s t a t e " ,   o r   t h e  pumping c a p a b i l i t y  of the 
h e a r t .  

The assumptions  and  measurements  required  to  arrive a t  a f o r c e - v e l o c i t y  
r e l a t i o n   f o r   t h e   h e a r t   a r e   d e t a i l e d   i n  a r ecen t  monograph  by Braunwald, Ross 
and  Sonnenblick ( 4 0 ) .  Such curves  can  be  computed  and  they s h i f t   a b o u t   i n  
keeping  with a p r i o r i   q u a l i t a t i v e   e x p e c t a t i o n   i n   r e s p o n s e   t o   v a r i o u s   i n o t r o p i c  
i n t e r v e n t i o n s .   F a c t o r s   w h i c h ,   i n   S a r n o f f ' s   d e f i n i t i o n  would inc rease   con t r ac -  
t i l i t y ,   e f f e c t   a n   i n c r e a s e   i n   b o t h  v and Po, whereas  changes i n   f i b r e  
length   in f luence   on ly  P . m a X  

0 

The experimental   procedure  in   determining  these  curves  and t h e   i n t e r p r e -  
t a t i o n   a p p l i e d   t o  them are   based  on a i d e a l i z e d  model of  muscle  which  presumes 
a m a s s - l e s s   c o n t r a c t i l e   e l e m e n t   a c t i n g   i n   s e r i e s   w i t h  a m a s s - l e s s   e l a s t i c  
element.  The con t r ac t i l e   e l emen t  i s  assumed t o   b e   f r e e l y   e x t e n s i b l e  a t  r e s t ,  
and   i nex tens ib l e   du r ing   s t imu la t ion .  A second  e las t ic   e lement  1s presumed t o  
be   pa ra l l e l   w i th   t he   con t r ac t i l e   e l emen t  (CE) a n d   t h e   s e r i e s   e l a s t i c   e l e m e n t  
(SE). The p a r a l l e l   e l a s t i c   e l e m e n t  (PE) a c c o u n t s   f o r   t h e   e x t e n s i b i l i t y  
charac te r i s t ics   o f   the   musc le  a t  r e s t .   T h i s  model was deve loped   fo r   ske l e t a l  
muscle  by H i l l  i n  1938 ( 4 5 )  , and is presumed a p p l i c a b l e   t o  myocardium. In the 
c a l c u l a t i o n  of the  force-veloci ty   curve,  i t  is the   ve loc i ty  of shor ten ing   of  
the   cont rac t i le   e lement   which  is sought.   Thus,   the  experiments m u s t  be  done 
under  circumstances  in which  che t ens ion   i n   t he  SE balances  the  load, p .  s o  
t ha t   t he  SE i s  ne i the r   l eng then ing   no r   sho r t en ing ,  and that   theobserved  veloc-  
i t y  o f   con t r ac t ion  i s  t h e   v e l o c i t y  of shor ten ing   of   the  CE. In Hil l ' s  termin- 
ology,  st imulation  of  the  muscle  produces a cha rac t e r i s t i c   t ime   cour se  of 
tension  development  by  the CE.  That   tension is  c a l l e d   t h e   a c t i v e   s t a t e ,  which 
has  some charac te r i s t ic   t ime  course .   In   th i s   v iew,   one   can   observe   the   t ime 
course of t h e   a c t i v e   s t a t e  by forc ing   the  SE i n t o   r a p i d   e q u i l i b r i u m   w i t h   t h e  
load. One means of fo rc ing   t h i s   r ap id   equ i l ib r ium  has   been   t o   qu ick ly   s t r e t ch  
the  muscle j u s t  a f t e r  i t s  s t i m u l a t i o n ,   a d j u s t i n g   t h e   s t r e t c h   t o   b r i n g   t h e  
tension  in   the  muscle  as near  as poss ib l e   t o   t he   va lue   t he   musc le  would deve l -  
op spontaneously by a sho r t en ing  of the CE and a lengthening of t h e  SE. I f  
t he  SE can   be   forced   to   equi l ibra t ion   wi th   the  CE,  then  the  t ime  course  of 
t h e   a c t i v e   s t a t e  i s  r evea led   e i the r  by the  t ime  course of i some t r i c   t ens ion  
( v e l o c i t y   e q u a l l i n g   z e r o )  , b y   v e l o c i t y - t e n s i o n   p a i r s ,   o r  by  maximal v e l o c i t y  
a t  zero  load.  Thus t h e   p o s i t i o n  of the CE force-CE  ve loc i ty   curve   ind ica tes  
a c t i v e   s t a t e   i n t e n s i t y .   T h e r e  w i l l  be a s u r f a c e  i n  fo rce -ve loc i ty - t ime   space  
which   revea ls   the   t ime  course   o f   ac t ive   s ta te ,   which   might   be   rephrased   to   be  
ca l l ed   t he  maximal c o n t r a c t i l e   p o t e n t i a l   o f   t h e   f i b r e .  

The d i f f i c u l t y   i n   a p p l y i n g   t h i s   l i n e  of reasoning   to  myocardium is  t h a t  i t  
is  no t   poss ib l e   t o   t e t an ize   ca rd iac   musc le .   In   ske l e t a l   musc le ,  one can   repe t -  
i t i v e l y   s t i m u l a t e   ( t e t a n i z e )  and   presumably   b r ing   ac t ive   s ta te  up t o  some S U S -  

t a i n e d   i n t e n s i t y  and then  have  t ime  to  make the CE force-CE  velocity  measure- 
men t s   w i thou t   t he   p rob lem  o f   t ime   va r i ac ions   i n   ac t ive   s t a t e   i n t ens i ty .  
During a s ing le   tw i t ch   ( s ay  200 msec i n  myocardium) the   ac t ive   s t a t e   changes  
r ap id ly   i n   t ime  and  thus  the  problem  of   equi l ibrat ing  the SE and  making the  
v e l o c i t y  measurement  becomes  troublesome. The p r o b a b i l i t y  is h igh   t ha t   fo rce -  
veloci ty   curves  computed  from data  on m u l t i p l e   c o n t r a c t i o n s   r e p r e s e n t   m u l t i p l e  
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a c t i v e  s t a t e  i n t e n s i t i e s   s l u r r e d   o v e r .  

It may be  objected,   too,   that   the   whole  conceptual   approach of t h e   a c t i v e  
s t a t e  of an  hypothet ical   "pure"  CE and  the  simple  lumped-parameter  mechanical 
model has   been  too  far   superseded  by knowledge  of  muscle  ultrastructure  and 
more recent   theories   of   muscle   contract ion  mechanisms.  We hazard  the comment 
t h a t  i t  is odd t o  see myocardium  coming to   be   descr ibed   in   t e rms  of H i l l ' s  
1938 model j u s t  as t h a t  model w a s  being  supplanted by the much more n e a r l y  
isomorphic   views  which  are   der ivat ive  f rom  the  Huxley  s l iding  f i lament  model 
( c f .  (47)). 

F i n a l l y ,   t h e r e  is  the  problem  for  those  working a t  the   o rgan   leve l   tha t  
t he   hypo the t i ca l   fo rce -ve loc i ty   cu rves   a r e   t oo   r emote  from the  functioning  of 
t h e   i n t a c t   h e a r t   t o   b e  of much use   i n   desc r ib ing   t he   hea r t  as a pump. 

For   those  reasons,  we have   provis iona l ly   e lec ted   to   use   condi t iona l   peak  
flow as a pump parameter ,   recognizing  that ,   whi le  i t  is  not   yet   obviously 
accounted  for   in   terms  of   the  underlying  myocardial   muscle   mechanics ,  i t  has 
some promise   o f   s t imula t ing   quant i ta t ive   exper imenta l   t es t ing   o f   the   hear t ,  
and   of   charac te r iz ing   the   hear t   in   usefu l   t e rms   for  a v a s c u l a r   c i r c u i t   a n a l y -  
s is  , t o  which we  now t u r n .  

(b) The v a s c u l a r   c i r c u i t  - an  engineering  view. 

The vascu la r   c i r cu i t   p re sen t s   an   unusua l   hydrau l i c   condu i t .   The re  is a 
low c a p a c i t a n c e   a r t e r i a l   t r e e   t e r m i n a t i n g   i n   h i g h   r e s i s t a n c e   v e s s e l s  known as 
a r t e r i o l e s  (15-35y d iame te r ) .  Beyond t h e   a r t e r i o l e s  i s  the   cap i l l a ry   ne twork ,  
the one po r t ion  of t he   vascu la r   c i r cu i t   t ha t   pe rmi t s  rad ia l  a s   w e l l  as a x i a l  
flow. The ' t y p i c a l '   c a p i l l a r y  is about 5 ~1 in   d iameter ,  and perhaps  100-150 
~1 long. Beyond t h e   c a p i l l a r i e s   a r e  low resis tance  high  capaci tance  venules  
and ve ins .  The overal l   d imensions  of   the   vascular   t ree   are   such  that  i t s  un- 
s t r e s s e d  volume is approximately  85% of the  blood  volume. The overa l l   capac-  
i t a n c e   o f   t h e   v a s c u l a r   t r e e ,   a t  volumes greater   than  the  unstressed  volume,  is 
s a i d  t o   b e   i n   t h e   v i c i n i t y  of  100 m l  per mmHg f o r  men ( c f .  (31). 

Which of   these   parameters   a re   sys tem  var iab les?   In   the   shor t   t ime  sca le  
( e . g . ,  400 sec ) ,b lood  volume  and a l l  the   capac i tances   appear   to   be   cons tan ts ,  

w i t h   a r t e r i o l a r ,   v e n u l a r  and  venous res i s tances   var iab le .   Also ,   an   impor tan t  
var iab le   appears   to   be   the   uns t ressed  volume o f   t he   c i r cu i t ,   t he   ma jo r   f r ac t ion  
of  which  resides on the  venous s i d e .  

One can  wri te   compliance  equat ions  for   the  major   segments   of   the   c i rcui t ,  
of  the  form: 

where   the   subscr ip t  ' i f  r e f e r s   t o   t h e   s e g m e n t   i n   q u e s t i o n ,  C is its capaci tance 
( i . e .  , i t s  compliance) , P i s  i t s  transmural  pressure  and V is i t s  unstressed 
volume,  and  corresponding res 1s tancc  Zquations , 0 
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where   the   subscr ip t  i-1 refers   to   the   next   ups t ream  (an tegrade   to   the   d i rec-  
t i o n  of  flow)  segment , and Qi is the  flow  through  the  segment. 

A p l a u s i b l e   s e t  of  parameter  values  for  major  segments  in man, in   accord-  
ance  with  Guyton's  modelling,  might  be: 

Segment C - l/mmHg 

s y s t e m i c   a r t e r i e s  .002 

sys t emic   cap i l l a r i e s   . 005  

systemic  veins   .06 

pulmonary a r t e r i e s  .001 

pulmonary  ve  ins . 0 12 

R - mmHg/lpm V - l i t e r s  
0 

16 

4 

0.2 

3.2 

r igh t   a t r ium  and   g rea t  
veins  of  thorax .02 

Blood  volume = 5 l i t e r s  

Overa l l   capac i tance  = 100 ml/mmHg 

. 5  

.15 

2 .o  

.4 

.65 

.48 

This s i m p l i f i e d  model  of the  physics  of   f low  through  the  vascular   c i rcui t  
has   the   p roper t ies   o f   the   vascular   sys tem  tha t  Guyton  and h is   co l leagues   have  
emphasized  in   their  scheme  of sho r t - t e rm  ca rd iac   ou tpu t   r egu la t ion .  This 
scheme is extensively  developed  in   Guyton 's  monograph,  "Cardiac  Output  and i t s  
Regulation' '  (31). 

Dis regard ing   the   ques t ion   of   spec i f ic   numer ica l   va lues ,   the   p resent   v iew 
d i f f e r s  from the one pu t   fo r th  by  Guyton i n   s e v e r a l   r e s p e c t s .   F i r s t ,   c a r d i a c  
funct ion is  descr ibed by US wi th  a s ing le   pa rame te r   fo r   each   ven t r i c l e ,   cond i -  
t i o n a l  peak  flow,  whereas Guyton has no e x p l i c i t   p a r a m e t e r   t o   d e s c r i b e   t h e  
inf luences of such   fac tors  as the  autonomic  nerves,   blood  catecholamines,  
r a t e ,  and   a f te r load  on the  pumping a b i l i t y  of   the  hear t .   Second,  we t r e a t   t h e  
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uns t ressed  volume of the  venous  tree as one  of the  important  variable  parameters 
by  which  the  cardiovascular  sys tem is  forced,  whereas  Guyton  chooses a v i r t u a l  
p re s su re ,   t he  mean sys temic   p ressure ,   to   be   th   var iab le   parameter   represent -  
ing  the same in f luences  on t h e   v a s c u l a r   t r e e .  The mean systemic  pressure 
is the   equi l ibr ium  pressure  a t  z e r o   f l o w   i n   t h e   v a s c u l a r   t r e e .   I n   g e n e r a l ,  
pressures  make poor  choices as system  psrameters ; i n   t h i s   i n s t a n c e  , mean 
systemic  pressure  changes  can  arise  from  blood volume  changes,  vascular  capac- 
i tance  changes , or   uns t r e s sed  volume  changes. The l a t t e r  two a r i s e  from 
changes i n  autonomic  (sympathetic)  nervous  activity  or  from  changes  in  compres- 
s i v e   e f f e c t s  of ske le ta l   musc le   in   which   por t ions  of t he   vascu la r   t r ee  are 
imbedded. I n   c o n t r a s t   t o   t h e s e   r a p i d l y  (10-100 sec)   changing   in f luences ,  
physiological   b lood volume  changes  occur  slowly  over a period of  days , 
a l t h o u g h , p a t h o l o g i c a l l y   o r   e x p e r i m e n t a l l y ,   b h o d  volume  can  be  changed wi th  
a r b i t r a r y   r a p i d i t y .  The d i f f i c u l t y   w i t h  venous  capacitance  and  unstressed 
volume as system  parameters is t h a t   t h e y   a r e   e f f e c t i v e l y   u n m e a s u r a b l e   d i r e c t l y  
and  the  better  views we have  of them have come from  Guyton's  measurements 
of mean systemic  pressure a t  constant  blood  volume.  However,  unstressed  vol- 
ume changes  can  be  inferred  f rom  control led  s tudies  on perfused  vascular   beds,  
an  excellent  example  of  which is  the  study  of  Mellander ( 4 8 ) .  

'i 

The r e su l t i ng   phys i ca l -phys io log ica1  model  has  superimposed upon it two 
major   regulatory  mechanisms,   the  baroreceptor   ref lexes   and  the  metabol ic   auto-  
r e g u l a t i o n  of v a s c u l a r   r e s i s t a n c e .  Each deserves comment. 

The b a r o r e c e p t o r   r e f l e x e s   i n f l u e n c e   a r t e r i o l a r   r e s i s t a n c e   ( c a l l e d   s y s t e m i c  
ar ter ia l  r e s i s t a n c e   i n   t h e   t a b l e )   i n   s u c h  a way t h a t   a r t e r i a l   p r e s s u r e  is he ld  
r e l a t ive ly   cons t an t .   The re   a r e   fou r   ma jo r   g roup ings   o f   s t r e t ch   r ecep to r s  in 
the  ar ter ia l  t r e e :  

(1) R i g h t   c a r o t i d   s i n u s  
(2) L e f t   c a r o t i d   s i n u s  
(3) Aor t i c   a r ch  
( 4 )  O r i g i n   o f   r i g h t   s u b c l a v i a n   a r t e r y  

1. The two parameters   are   re la ted  by 

('b - '0) = bpms 

Vb = blood  volume \ /  

Vo = uns t r e s s t ed  volume 

= compl iance   o f   the   to ta l   vascular   t ree  
av 
QQms 

= mean systemic  pressure 

We might   incl ine  to   regard Vo and d~ as spec ie s  and  weight  specific..  dv) 
I n   t h a t   c a s e   t h e   r e g u l a t i o n  of  blood  volume Vb, or  excess  blood volume V b o  -V 

and  of mean systemic  pressure become equ iva len t   phys io log ica l   ques t ions .  

I 
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Afferent   nerves   f rom  each   receptor   s i te   synapse   ex tens ive ly   in   the   b ra ins tem 
and  inf luence : (a )   sympathe t ic   nerve   impulse   t ra f f ic   to   bo th   hear t  and  system- 
i c  blood  vessels  and ( b )  vaga l   ne rve   impu l se   t r a f f i c   t o   t he   hea r t .  The ca rd iac  
inf luences   a re   such   tha t ,  as p res su re  a t  t h e   r e c e p t o r   s i t e   f a l l s ,   h e a r t   r a t e   i n -  
creases   and  condi t ional   peak  f low  increases   (over  and   above   the   e f fec ts   a t t r ib -  
u tab le   to   the   ra te   changes   (49)  ). The blood  vessel   changes  are   such  that ,  
as pressure  a t  t h e   r e c e p t o r   s i t e   f a l l s  , a r t e r i o l a r   r e s i s t a n c e   r i s e s .   O t h e r  
blood  vessel   influences - capac i t ance   o r   uns t r e s sed  volume  changes - have  been 
hard  to  document.  There is ev idence   (50 ,51)   for   baroreceptor   re f lex   in f luences  
on venous  capaci tance  or   unstressed volume but  i t  is c l e a r ,  as w e l l ,   t h a t   t h e  
b a r o r e c e p t o r   r e f l e x e s   h a v e   l i t t l e   o r  no a b i l i t y   t o   r a i s e   c a r d i a c   o u t p u t  above 
the  normal   metabol ism-specif ic   level   (cf . (23)) .   Therefore ,  it would appear 
t ha t ,   i f   t he re   a r e   app rec i ab le   sys t em-wide   i n f luences   o f   t he   ba ro recep to r   r e -  
f lexes  on  venous  capacitance  or  unstressed  volume, i t  m u s t  be o f f s e t  by  con- 
comitant  venous  resistance  changes s o  t h a t   c a r d i a c   o u t p u t  is l i t t l e   i n f l u e n c e d .  
A t  the  same time;  however, i t  does   appea r   t ha t   ba ro recep to r   r e f l exes   ac t   t o  
minimize  the  reduction  in  cardiac  output  with  hemorrhage. Thus , when ca rd iac  
o u t p u t   f a l l s  be-low a metabolism - s p e c i f i c   l e v e l ,   t h e   q u a l i t a t i v e   c h a r a c t e r  of 
t he   ba ro recep to r   r e f l exes  seems t o  change S O  as   t o   i nc lude   s ign i f i can t   f l ow 
e f f e c t s   ( 2 3 ) .  

The a r t e r i a l   p re s su re   r egu la t ion   a f fo rded   by   t he   ba ro recep to r   r e f l exes   has  
been   the   subjec t  of a number  of experimental   analyses  which  follow  l inear  or 
e lementary   noni inear   cont ro l   theory   (24 ,   52-54) ,   a l though one  of t h e   f i r s t  
s t u d i e s  of t h e   r e f l e x  by Koch in  1931 (55), a f t e r  its d iscovery  by Her ing   in  
1927,involved a seemingly   unwi t t ing   quant i ta t ive   ana lys i s  of the open  loop 
c a r o t i d   s i n u s   r e f l e x .  Koch i s o l a t e d  one c a r o t i d   s i n u s  f r o m   t h e   a r t e r i a l   t r e e  
and sub jec t ed  i t  to   con t ro l l ed   hydros t a t i c   p re s su res   wh i l e   no t ing   t he   con-  
comi tan t   sys t emic   a r t e r i a l   p re s su res .  The o t h e r   s i n u s  was acutely  denervated 
and  both  vagi  were  cut, S O  as t o   d e a f f e r e n t   t h e  two o t h e r   b a r o r e c e p t o r   s i t e s .  
The r e su l t s   e s t ab l i shed   an  open  loop  gain  of  the  reflex  change  of  systematic 
pressure  per   uni t   change of c a r o t i d   s i n u s   p r e s s u r e  of  1-3 in   t he   r eg ion  of 
phys io logica l   b lood   pressures .  Howeyer, t he   s ign i f i cance  of t h i s   f i n d i n g  went . 
un in te rp re t edun t i l   Sche r  and  Young's e s s e n t i a l l y   r e p e t i t i v e   s t u d i e s   i n  
1963 (52) .  It is seemingly  only  an  his tor ical   coincidence  that  Koch (1931) 
c a r r i e d   o u t   h i s   e x t e n s i v e   s t u d i e s  on the  open  loop  ref lex  approximately  coinci-  
dent   wi th   the   publ ica t ion  of  Minorsky's  and  Nyquist's  pioneering  works on 
s t a b i l i t y  of   t echnologica l   cont ro l   sys   t ens   based  on open  loop  performance. 
Even wi th   t he   ana lys i s  borrowed  from l inea r   con t ro l   t heo ry ,   however ,   t he   i n t e r -  
p r e t a t i o n  of  experiments  on  the  open  loop  sys tem is not   s t ra ightforward  because 
the   i n t e rac t ions   be tween   t he   fou r   ba ro recep t ive   s i t e s   a r e   no t   c l ea r .  Sagawa and 
Watanabe  (56)  and  Stegemann  (53)  have  examined  the in t e rac t ions   be tween   l e f t  
and r i g h t   c a r o t i d   s i n u s   r e f l e x   a c t i o n s  and  found  them  approximately  additive 
(Stegemann  drew a d i f f e ren t   conc lus ion  from h i s   d a t a ,   b u t   g i v e n  i ts  s c a t t e r  
one is h a r d   p u t   t o   a r g u e   t h a t   t h e r e  is o ther   than   an   approximate ly   addi t ive  
i n t e r a c t i o n ) .  No one  has  succeeded  in  gaining  experimental   control  over  the 

!ihe 

1 
Others  might  regard  this as addi t iona l   re inforcement  of the  concept of the 

technologica l   ' agenda   of   h i s   to ry ' .  
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pressures  a t  a l l  f o u r   s i t e s ,   b e c a u s e   t h e   a o r t i c   a r c h   a n d ,   t o  a l e s s e r   e x t e n t ,  
the   o r ig in   o f   the   r igh t   subc lav ian   a re   major   condui t s .   Cont ro l  of the  
pressure r equ i r e s   ex t ens ive   i n t e r f e rence   w i th   ca rd iovascu la r   func t ion .  A 
r ecen t  example  of  work on t h e   a o r t i c   a r c h   b a r o r e c e p t o r  is the  work  of  Allison 
e t  a l .  (57) who found  an  open  loop  gain in  the  change  of mean a r te r ia l  p res su re  
p e r   u n i t   c h a n g e   i n   a o r t i c   a r c h   p r e s s u r e  of 0.5 or   less .   Thus,   not   only  the 
i n t e r a c t i o n s  among t h e s e   p a r t s  of t he   ba ro recep to r   r e f l ex   sys t em,   bu t   a l so  
t h e   s t r e n g t h   o f   t h e i r  combined con t r ibu t ion   t o   b lood   p re s su re   r egu la t ion  is 
unmeasured . 

Four   nonl inear i t ies   in   the   caro t id   s inus   re f lex   deserve   ment ion .  The f i r s t  
is s a t u r a t i o n a l  and  occurs on e i t h e r   s i d e  of  an  operating  range of about 60 
t o  160 rmnHg. The second is t h a t   t h e  open  loop  gain is cardiac  output-depen- 
d e n t ;   t h e   r e f l e x   a f f e c t s   p r i n c i p a l l y   a r t e r i o l a r   r e s i s t a n c e   i n  a manner  which 
i s ,  to   f i r s t   app rox ima t ion ,   i ndependen t  of card iac   ou tput .   Thus ,   the   s t rength  
of the   in f luence   o f   caro t id   s inus   p ressure  on systemic  pressure is  p ropor t iona l  
t o  card iac   ou tput .  The t h i r d  is t h a t   t h e   r e f l e x  is dynamically  asymmetrical 
( 2 4 ) ,  i n   t h a t   s y s t e m i c   p r e s s u r e   f a l l s  more rap id ly   fo l lowing  a s inus   p re s su re  
inc rease   t han  i t  r i s e s   fo l lowing  a s inus   p ressure   decrease .  The fourth,   and 
perhaps  most   interest ing,  i s  t h a t   t h e   g a i n  o f  t h e   r e f l e x  is  i n v e r s e l y   r e l a t e d  
to   the  high  f requency  content  of c a r o t i d   s i n u s   p r e s s u r e .  The data of Ead,  
Green  and Neil   (58) sha.7 t h i s   p r o p e r t y  - although  those  authors  did  not  per- 
ce ive  i t  - wi th   no rma l ly   pu l sa t i l e   ca ro t id  s i c u s  p re s su re .  The  chan.ge i n  mean 
sys t emic   p re s su re   pe r   un i t   change   i n   ca ro t id   s inus   p re s su re  1.7as l a rge r   t han  
wi th   nonpu l sa t i l e   ca ro t id   s inus   p re s su re .   Lev i son  e t  a l .  (24 )  showed t h a t ,  
dur ing  1 a . 7  f r e q u e n c y   s i n u s o i d a l   v a r i a t i o n s   i n   c a r o t i d   s i n u s   p r e s s u r e ,   i f  a 
high  frequency low amplitude  pressure  variation  were  superimposed,  systemic 
pressure  not   only  sought  a lcn7er mean l e v e l ,   b u t   a l s o  showed approximately 
h a l f   t h e  1017 f requency  gain  that   prevai led  without   the  superimposed  high  f re-  
quency   pressure   var ia t ion .  An i n t e r e s t i n g   i m p l i c a t i o n  of t h i s   f o u r t h  non- 
l i n e a r i t y  is  tha t   the   dec l ine   in   pu lse   p ressure   tha t   accompanies   hemorrhage  
may a c t ,   t o  some e x t e n t  a t  l e a s t ,   t o   i n c r e a s e   t h e   r e f l e x   g a i n  and o f f s e t   t h e  
d r o p   i n   g a i n   w i t h   f a l l i n g   c a r d i a c   o u t p u t .  

There is  a n  immense l i t e r a t u r e  on the   ba ro recep to r   r e f l exes ,  most  of  which 
concerns  short  term (1-3 hours)   experiments .  An interest ing  long-term  change 
i n   b a r o r e c e p t o r s  i s  t h e i r   a p p a r e n t   a d a p t a t i o n   t o   s u s t a i n e d   h y p e r t e n s i o n .   A f t e r  
a r e l a t i v e l y  few days   o f   hyper tens ion ,   the   sens i t iv i ty   range  of the  barorecep-  
t o r   s h i f t s ,  f rom  being  approximately  centered  in   the  QhySiOlOgiCal   pressure 
r ange ,   t o   be ing   approx ima te ly   cen te red   i n   t he  net7 pa thologica l   p ressure   range  
(59). The  mechanism  of t h i s   s h i f t   i n   t h e   o p e r a t i n g   r a n g e  of the   baroreceptors  
is unknown. Its implicat ion,   however ,  is tha t   l ong- t e rm  p re s su re   r egu la t ion  
must  be  found among o the r  mechanisms. 

The metabol ic   ' au toregula t ion '   o f   vascular   res i s tance  is a prominent 
c h a r a c t e r i s   t i c   o f   t h e   f o l l a h ~ g   v a s c u l a r   b e d s  : ske le t a l   musc le ,  myocardium, 
and b r a i n .   I n   t h e   b r a i n ,   v a s c u l a r   r e s i s t a n c e  is i n v e r s e l y   r e l a t e d   t o   t h e  pC0 
of   cerebral   b lood  (60) .  Thus i f   c e r e b r a l   f l o w   f a l l s  below some ce reb ra l  
metabolism - s p e c i f i c   l e v e l ,   t h e   p r e v a i l i n g  pC0 in   t he   f l u ids   su r round ing   ce re -  
b r a l   a r t e r i o l e s  r ; l i l l  r i s e ,  v7ith r e s u l t i n g   v a s o d l l a t a t i o n   r e s i s t a n c e   f a l l ,  and 
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compensatory  f low  increase.   In  skeletal   muscle and  myocardium, t h e   e f f e c t s  
of  C02 a r e   n o t   s u f f i c i e n t l y   s t r o n g   t o   a c c o u n t   f o r   t h e   t e n d e n c y   o f   t h e s e  two 
vascu la r   beds   t o   va ry   t he i r   r e s i s t ance  as t h e i r   m e t a b o l i c   r a t e  - blood  flow 
re la t ion   changes .  The c lass ica l   t e rminology,   based  on s t u d i e s  of  vasomotion 
i n   s k e l e t a l   m u s c l e ,  i s  t h a t   t h e   f a l l   i n   r e s i s t a n c e  (and  subsequent  increase 
in  flow)  which  accompanies a r te r ia l  occlusion is  c a l l e d  a reactive  hyperemia; 
t h e   f a l l   i n   r e s i s t a n c e  which  accompanies   an  increase  in   the  t issue IS metabol- 
i c   r a t e   g i v e s  rise to   the   so-ca l led   ac t ive   hyperemia .   These   responses   were  
d i scove red   i n   t he  1880's  by  Gaskel l ,   working  in  Carl Ludwig's  laboratory,   but 
t o  date  no  adequate mechanism for  ei ther  response  has  been  documented.  These 
responses  appear  to  be  altogether  independent  of  the  autonomic  nervous  system 
and s o  are   cal led  " local" ,   ' lmetabol ic" ,   or   "auto"  regulatory.   There  are   no 
known pharmacological  blockers  of  the  response.  Whatever  the  mechanism, 
t h e r e  is some int imate   re la t ion  between  vascular   res is tance  and  metabol ic  
a c t i v i t y  of  muscle  such  that  as m e t a b o l i c   a c t i v i t y   i n c r e a s e s ,   v a s c u l a r  re- 
s i s t a n c e   f a l l s .  It is  a vasomotor  response  of  fundamental  significance, 
which   insures   tha t   the   loca l  oxygen cos t   o f   cen t ra l ly   d r iven   exerc ise   be   met .  
I n   t h e  myocardium a seemingly  analogous  mechanism  insures  that  coronary  blood 
flow  convects  an oxygen supply   adequate   to  meet the  energy  cost   of   maintain-  
i ng   t he   ca rd iac   ou tpu t ,   wh i l e  a t  t h e  same time hold ing  tissue p0 ' s  a t  accept- 
a b l e  mean l e v e l s .  An impor tan t   po in t   about   the   regula t ion   of   vasomot ion   in  
s k e l e t a l  muscle is t h a t  , where  sympathet ic   vasoconstr ic t ion  and  metabol ical ly  
induced   vasodi la ta t ion  may conf l i c t ,   t he   me tabo l i c   vasod i l a t a t ion   has   p r io r -  
i t y  (61,62). Thus i t  appears   to   be  t r u e  tha t   i n   exe rc i se ,   t he   s imu l t aneous  
sympathe t ic   s t imula t ion  (a concomitant   of   the   central  'command a l g o r i t h m '   i n  
e x e r c i s e )  and me tabo l i ca l ly   i nduced   vasod i l a t a t ions   i n t e rac t   t o   r educe   ove r -  
a l l  v a s c u l a r   r e s i s t a n c e   i n   s k e l e t a l   m u s c l e ,   w h i l e  a t  t h e  same time  reducing 
uns t ressed  volume.  These  two e f f e c t s   f a c i l i t a t e  venous r e t u r n ,  and t h u s   a r e  
of  major  importance i n   e l e v a t i n g   c a r d i a c   o u t p u t  from i t s  r e s t i n g   v a l u e   t o  
values  3-5 f o l d   g r e a t e r   i n   e x e r c i s e .  The me tabo l i c   vasod i l a t a t ion  may be 
thought  of as providing a f o l l o w e r   c h a r a c t e r i s t i c   i n   c a r d i a c   o u t p u t   r e g u l a -  
t i o n ,   f o r  i t  lags  in  time  behind  the  onset  of  increased  metabolism. When 
t h e   c e n t r a l  'command a lgor i thm'   coord ina tes   p roper ly ,   the   sympathe t ica l ly  med- 
ia ted e f f e c t s   i n   v a s c u l a r   u n s t r e s s e d  volume  and conditional  peak  f low  can 
serve   to   p rovide   an t ic ipa tory   increases   in   card iac   ou tput ,   which   toge ther  w i t h  
a poss ib le   sympathe t ica l ly   media ted   vasodi la ta t ion   in   soon- to-be-ac t ive  
musc les   and   cons t r ic t ion   in   gu t   and   k idney   can   se rve   to   p rovide   an t ic ipa tory  
r ed i s t r ibu t ion   o f   t he   i nc reased   ca rd iac   ou tpu t .  The fo r tu i tous   obse rva t ion  
o f   S a l t i n  e t  a l .  (29) t h a t   s e v e r a l   o f   t h e i r   s u b j e c t s  became hypotensive  and 
f a in t ed   du r ing   pos t   bed - re s t   exe rc i se   sugges t s   t ha t   t he   fo l lower   cha rac t e r -  
i s t ic   ou t ran   the   normal ly   an t ic ipa tory   ad jus tments   which  depend on the  
c e n t r a l  'command a lgo r i thm ' .  

2 

The chemical  (or  thermal)  coupling  between  muscle  activity  and  vascular re- 
s i s tance   has   been  a subjec t   o f  much s t u d y   f o r  many years .   Recent ly ,   Skinner  
and h i s   a s soc ia t e s   (63 ,  6 4 )  have   i nves t iga t ed   t he   e f f ec t s  of s e l e c t i v e  
changes i n  oxygen tens ion ,   po tass ium  concent ra t ion ,   and   osmola l i ty   in   a r te r ia l  
b lood   per fus ing   the   can ine   g rac i l i s  muscle .  They  showed tha t ,   whi le   reduc-  
t i o n s   i n  a r te r ia l  po would r e su l t  i n  a r e s i s t a n c e   f a l l ,  i t  was  p o s s i b l e   t o  
e l i c i t   o n l y  a minor  &action  of  the  maximal  response  observed when the  grac-  
C1I.s w a s  caused t o   d o  work. S i m i l a r  results were observed  with  increases   in  
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a r t e r i a l   po ta s s ium  concen t r a t ion   t ha t   were   chosen   t o  mimic the  small inc reases  
in  potassium  concentration  observed  in  venous  blood  draining  the  working 
g rac i l i s   musc le .  However, when t h e r e  was both a r e d u c t i o n   i n  arterial  p02 
and a rise i n   a r t e r i a l   p o t a s s i u m   c o n c e n t r a t i o n ,   n e a r  maximal r e d u c t i o n s   i n  
res is tance  were  observed ( 6 3 ) .  More r e c e n t l y  (64 )  , Skinner  has  added a t h i r d  
f a c t o r ,  a small increase   in   b lood   osmola l i ty ,   which   a l so   occurs   in   venous  
blood  from  working  muscle,  and  has shotm t h a t  it too   in te rac ts   wi th   hypoxia  
and  hyperkalemia  to  produce  changes in   res is tance  of   comparable   magni tude  and 
time course  to   those  observed  af ter   the   onset   of   muscle   work.  A f o u r t h   f a c t o r ,  
which  ought t o   b e  examined c r i t i c a l l y  and q u a n t i t a t i v e l y ,  is the   vasod i l a to ry  
e f f e c t  of  temperature. It may well' tu rn   ou t   tha t   the   hyperemia   o f   exerc ise ,  
which is such a la rge   and   impor tan t   fea ture   o f   shor t - te rm  card iovascular   reg-  
u l a t i o n ,  is t h e   r e s u l t a n t  of a number  of i n t e r a c t i n g   b u t   i n d i v i d u a l l y  small 
changes in   t he   compos i t ion '   o f   i n t e r s t i t i a l   f l u id   and   p l a sma   l oca l ly   i n   exe r -  
c i s i n g   s k e l e t a l   m u s c l e .  The   problem  of   quant i ta t ing   the   ro le   o f   these   var ious  
candidate-hyperemic  factors  is complicated  by  the  presence  in  muscle  of a 
v a r i a b l e  number  of d i r e c t   a - v   s h u n t s  , or  thoroughfare  channels , which i n   e f f e c t  
contaminate   the   venous   b lood   wi th   a r te r ia l   b lood   and  s o  lead   to   an   underes t imate  
of   the  composi t ional   changes  local ly   in   the  region  of   the  vasomotor   ( largely 
a r t e r io l a r )   changes .   Sk inne r   e t  a l .  do no t  comment on t h i s  problem,  but it 
is  f u n d a m e n t a l   t o   t h e   a t t e m p t   t o   q u a n t i t a t e   t h e   r o l e   o f   v a r i o u s   l o c a l l y   p r o -  
duces  hyperemic  factors.  It is ax iomat i c   t ha t   on ly   ves se l s  small enought  not 
t o   have   vasa   vaso ra   a r e   sub jec t   t o   ac t ive   o r   me tabo l i c   vasod i l a t a t ion .   La rge r  
ves se l s  , which  possess   vasa  vasora,   have  ar ter ia l   b lood  convect ing  through 
t h e i r  walls and a r e   e f f e c t i v e l y   i s o l a t e d  from  the  chemical  consequences  of 
a c t i v i t y  changes i n   t h e   s u r r o u n d i n g   t i s s u e s .  That is t h e  minimum v e s s e l  
s i z e   f o r   all nourishment   via   vasa  vasora? Our guess is 200 l~l, b u t   t h e   p o i n t  
ought t o   b e  documented. 

There is an   in te res t ing   d i f fe rence   in   vasomotor   responses   be tween  " red"  
and  "white"  muscles , the   "red"  being  those  r ich  in   myoglobin  and  other   i ron 
containing  respiratory  pigments  and  which are primarily  involved  in  long  main- 
t a ined   con t r ac t ions   a s soc ia t ed   w i th   t he   ho ld ing   o f  a g i v e n   p o s t u r e   a g a i n s t  
g r a v i t y .  The  "white"  muscles , on the   o the r  hand  develop  tension  for   short  
per iods   o f   t ime  in   assoc ia t ion   wi th   qu ick  movements.  Folkow  and Hal icka (65) 
s tudied  blood  f low,   oxygen  consumption,   and  average  capi l lary  f i l t ra t ion 
coe f f i c i en t s   ( an   approx ima te   i nd ica t ion   o f   t he  number of  open c a p i l l a r i e s )   i n  
two kinds  of  muscle. Compared with  white  muscle,   red  muscle showed approxi- 
mately two fold  higher   res t ing  blood  f lows  and  double   the maxima of  blood 
f l o w   a n d   c a p i l l a r y   f i l t r a t i o n   c o e f f i c i e n t   d u r i n g  muscle a c t i v i t y .  Both  kinds 
of   musc le   in te r fe red   wi th   b lood   f low  dur ing   te tan ic   s t imula t ion ,  by  mechanic- 
a l  compressive  effects  on the  enclosed  vasculature .   Blood  f low  to   red  muscle  
supplied  oxygen a t  r a t e s   i n   excess   o f   t he  oxygen  consumption rate; on the 
o ther   hand ,   whi te   musc le   sh i f ted   to   anaerobic   metabol i sm a t  low s t i m u l a t i o n  
r a t e s  and   cou ld   no t   func t ion   o the r   t han   anae rob ica l ly   du r ing   t e t an ic  s t imu la -  
t i o n .  Red muscle t7as less s u s c e p t i b l e   t o   v a s o c o n s t r i c t o r   e f f e c t s   o f  sympa- ' 

t h e t i c   n e r v e   s t i m u l a t i o n ;   t h e  maximal e f f e c t   i n   r e d   m u s c l e  was a 1.5 f o l d   i n -  
c rease   above   res t ing   res i s tance ,   whereas   the  maximal e f f e c t   i n   w h i t e   m u s c l e  
was a 6 fo ld   i nc rease .  Thus ske le ta l   musc le   cannot   be   regarded  as uniform i n  
r e sponse   t o   vasoac t ive  s t i m u l i ,  f o r   t h e r e   a r e  some muscles  which a r e   p r i m a r i l y  
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red ,  some which are p r imar i ly   wh i t e ,  and many which a re   mix tures  of the  two 
k inds   o f   f ib res .   These   in te res t ing   d i f fe rences   in   the   microvascula ture  of 
the  two kinds  of  muscle  suggest a poss ib ly   usefu l   exper imenta l   p repara t ion  
for   long  term  changes  in   muscle   vascular i ty .  Red muscles became whi t e ,  and 
v i ce   ve r sa ,  when their   respect ive  motor   nerves   were  reversed by s e c t i o n i n g  and 
appropriate  surgical  anastomosis  (66,  67).   If   there  proved  to  be a l a r g e   i n -  
crease  in   vascular i ty   in   the  white-becoming-red  muscle ,   and a la rge   decrease  
in   the   Oppos i te   case ,  i t  might   tu rn   ou t   to   be  a convenient  model  system  for 
s tudy  of  long  term  vascularity  changes.  

Another  important  feature of skeletal   muscle 's   vasomotion is the  inter.-  
act ion  between  exercise   hyperemia  and  Sympathet ic   vasoconstr ic t ion.  The 
s tud ie s   o f  Remensnyder e t  a l .  (61)  and  of  Kjellmer  (62) show t h a t  when sym- 
pathe t ic   vasocons t r ic tor   f ib res   were   s t imula ted   dur ing   exerc ise ,   musc le   b lood  
flow was reduced  only  t ransient ly .   Thus,   locai   ' fol lower '   response of a c t i v e  
hyperemia  can  over-ride an i n a p p r o p r i a t e   c e n t r a l l y   c o n t r o l l e d  command f o r  con- 
s t r i c t i o n .  A noteworthy  aspect  of  Kjellmer 's  work (62),  however, was t h a t  
t h e   r e d u c t i o n   i n   v a s c u l a r  volume ef fec ted   by   sympathe t ic   s t imula t ion  was not 
impa i red   du r ing   exe rc l se .   S imi l a r ly ,   an   ea r l i e r   s tudy  by  Lewis  and  Mellander 
(68)  had shown t h a t ,   w h i l e   a r t e r i o l a r   c o n s t r i c t i v e   e f f e c t s  of  Sympathetic 
st imulation  disappeared  within  20-30  minutes  during  hypotensive  perfusion, 
t h e   s y m p a t h e t i c a l l y   e f f e c t e d   r e d u c t i o n   i n  venous  volume pe r s i s t ed .   Th i s   r e -  
d u c t i o n ' i n   v a s c u l a r  volume is a lmos t   a l t oge the r  a venous  phenomenon,  and 
c o n t r i b u t e s ,  as shown  by Guyton 's   s tudies  on the   p ressure- f low  re la t ions  of 
t he   who le   vascu la r   t r ee   (31 ) ,   s ign i f i can t ly   t o   t he   r i s e   i n   ca rd iac   ou tpu t   i n  
e x e r c i s e .  

Thus t h e r e   a r e   t h r e e   m a j o r   r e g u l a t o r y   c h a r a c t e r i s t i c s   o f   t h e   v a s c u l a r   t r e e .  
They are: 

(1) Sympa the t i ca l ly   med ia t ed   a r t e r io l a r   cons t r i c t ion  
(2) Me tabo l i ca l ly   dependen t   a r t e r io l a r  and (?) v e n u l a r   d i l a t a t i o n  
(3)  Sympathetically  mediated  reduction  in  venous volume 

These may be  thought  of as being  Superimposed upon t h e   b a s i c   p h y s i o ~ o g i c a ~ ~ y  
adap t ive   phys i ca l   p rope r t i e s   o f   t he   vascu la r   t r ee .  The basic   physical   proper-  
t i e s ,  which  have  already  been  considered,  can  be  summarized as a low capaci-  
t a n c e   a r t e r i a l  tree t e r m i n a t i n g   i n  a h igh   r e s i s t ance   t ha t  is followed  by a 
high  capaci tance,  low r e s i s t a n c e  venous t r e e   t h a t   e m p t i e s   i n t o   t h e   r i g h t  
a t r i u m .  Under a wide   va r i e ty   o f   cond i t ions ,   r i gh t  a t r i a l  pressure  is w i t h i n  
1-2 cm H2 0 of  atmospheric, s p  the   out le t .   of   the   venous  t ree  may appropr i -  
a t e l y  be said to  be  grounded. 

Guyton  and his   col leagues  have  devoted much expe r tmen ta l   e f fo r t  toward 
working  out   isovolumic  out le t   pressure-f low  re la t ions  in   the  vascular   t ree .  
The empir ica l  results are as shown i n   t h e   n e x t   f i g u r e .  It is e s s e n t i a l   t o  

A ma jo r   i s sue   i n  CV system  modelling may be   conta ined   in   the   ques t ion ,  
'mat determines  the  grounding  of  the  outlet  of the  venous  tree?" 
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have a c l e a r  view  of hm.7 these  data have  been  obtained. 
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Systemic  vascular  funct€m curves €n apinal.1.y anes the t ized   dogs   in fused ,  a t  
a cons tan t  rate,  wi th   ep inephr ine .  The three  curves   were  determined  af ter  
blood  volume  changes  indicated.   The  ra t ionale   for   total   spinal   anesthesia  
p lus   ep inephr ine   in fus ion  .was to  block  autonomically  mediated  changes in 
vascular   parameters   in   response   to   hemorrhage   or   t ransfus ion   and   to   var i -  
a t ions   i n   ca rd iac   ou tpu t   (venous   r e tu rn ) .   ( 31 )  - 
Guyton 'S technique  (cf  . (31) )was a b i t  cumbersome, but  i t  amounted t o   t h e  

in t e rpos i t i on   o f  a se rvo-con t ro l l ed  pump between  the  r ight  a t r i u m  and  pulmon- 
a r y   a r t e r y .  Ve m i g h t   n o t e   p a r e n t h e t i c a l l y   t h a t   t h e   e s s e n t i a l s  of the   exper i -  
ment a r e   r e p e a t e d   d a i l y   i n  most  major  medical  centers when c a r d i a c   p a t i e n t s  
undergo  open-heart  surgery  using  cardio-pulmonary  bypass  with a servo-con- 
t rol led  mechanical  pump and  oxygenator .   In   e i ther   case,   there  is  independent 
con t ro l   ove r   t he  venous o u t l e t   p r e s s u r e ,   w h i l e   t h e   s e r v o - c o n t r o l l e d  pump 
del ivers   blood  to   the  pulmonary  ar tery  ( in   Guyton 's   design)   or   to   the  system- 
i c   a r t e r i a l   t r e e   ( i n   t o t a l   c a r d i o - p u l m o n a r y   b y p a s s ) i n  rates e q u a l   t o   t h e   r e t u r n  
of venous  blood t o   t h e  pump (venous r e t u r n ) .  It is  now a p a r t  of everyday 
experience  that   venous  return  plateaus  below a s l igh t ly   suba tmospher i c   ou t l e t  
p ressure  , ( i .e.  a s u c t i o n ) ,   a n d   f a l l s   q u i t e   p r e c i p i t o u s l y   w i t h  sinal1 inc reases  
i n   o u t l e t   p r e s s u r e  above  atmospheric, as the  f igure  shows. The plateau  oc-  
curs  as the   th in-wal led   g rea t   ve ins   a l te rna te ly   co l lapse   and   open ,   and  do n o t  
t r ansmi t   t he   suc t ion   back   i n to   t he   vascu la r   t r ee .  The pressure  a t  zero  f low 
has  had a v a r i e t y  of names as i t  has  cycled  four   t imes  in   the last century  
between  discovery and ob l iv ion   i n   t he   hands ,   success ive ly ,   o f   t he  Weber broth- 
ers ¶ E r n e s t   S t a r l i n g ,   I s a a c   S t a r r  and  most r ecen t ly ,   Ar thu r  Guyton.  Both  the 
o r i g i n a l  and   cur ren t  term is "mean systemic  pressure".  This pressure  may,be 
viewed as a r i s i n g  from the  interaction  between  the  blood  volume,  the  unstressed 
volume  of  the  vascular tree, and the   ove ra l l   c apac i t ance  of t h e   t r e e  a t  volumes 
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in   excess   o f   the   uns t ressed   vo lume.   F igures   representa t ive   o f   ex is t ing   condi -  
t ions  might  be  blood volume  of 5000 cc ,   an   uns t ressed  volume  of 4200 cc ,   an  
overa l l   capac i tance   o f  100 cc/mmHg, and a mean systemic  pressure  of  8 nrmHg. 
It i s  impor t an t   t o   no te   t ha t   t he   va lues   o f   uns t r e s sed  volume  and ove ra l l   vas -  
cu la r   capac i t ance  (which are ex t r apo la t ions  (31) of  c a n i n e   d a t a   t o  humans) come 
from  measurements  of  blood  volume  and  of mean sys temic   p ressure .  The physio- 
l o g i c a l   s i g n i f i c a n c e   o f  mean systemic  pressure l ies  o n l y   i n  its u t i l i t y   a s  an 
i n d i r e c t  measure  of  unstressed  volume  and  vascular  capacitance.   In  the  view 
being  advanced  here,  Guyton  has  obscured  the volume  and capaci tance issues by 
regard ing  mean sys temic   p ressure  as a parameter   of   the   operat ing  cardiovascular  
system.  There i s ,  as S t a r l i n g   p o i n t e d   o u t   i n   h i s  Arris and  Gale  lecture (69 ) ,  
some l o c u s   i n   t h e  venous tree of   the   opera t ing   card iovascular   sys  tem upon 
which  the mean sys temic   p ressure  is found. One can go f u r t h e r  and  compute the  
res i s tance   to   f low  be tween  tha t   locus   and   the   r igh t   a t r ium.   But   the   locus  upon 
which  the mean systemic  pressure  exis ts   under   Ron-zero  f low  condi t ions,  and 
the   r e s i s t ance   t o   f l ow  be tween   t ha t   l ocus  and the   r igh t   a t r ium  have  no s p e c i a l  
p h y s i c a l   o r   p h y s i o ~ o g i c a ~   s i g n i f i c a n c e ,  and t o   o f f e r   t h a t   r e s i s t a n c e   a s  a theory 
f o r   t h e  s Lope of  the  curve  in  the  venous  return  f igure,   as  Guyton  does , only 
obscures 

The 
a t i o n s .  

the  issue. 

s lope   o f   t he   cu rve   i n   t ha t   f i gu re  arises from  the  fol lowing  consider  
The blood  volume, Vb is  d i s t r i b u t e d  as follows : 

Vb = v + vpv + Vsa + vsv + Vra 
pa Eq. 1 

where a s i g n i f i e s   a r t e r y ;  c y  capi l la ry ;   v ,   ve in ;   p ,   pu lmonary ;  s ,  systemic.  
Thus, we are appor t ion ing   t he   sys t em  in to   t he   fo l lowing  lumps:  pulmonary 
a r t e r y ,  pulmonary ve in   (here   t aken  t o  inc lude  pulmonary c a p i l l a r i e s  and l e f t  
a t r ium)  , systemic arteries , s y s t e m i c   c a p i l l a r i e s ,   s y s t e m i c   v e i n s ,  and r i g h t  
a t r i u m  (he re   t aken   t o   i nc lude   t he   g rea t   ve ins   w i th in   t he   t ho rax ) .  Eq.  1 can 
be  expanded  to: 

+ 
where C 
t i v e   t o  

'b = vpao + + vpvo + 'pv  ('pv - P P I  + Vsao 
Eq. 1' 

'sa'sa + 'sco + cscpsc + 'svo + csvpsv + 'rao + Cra (PI, -PPI 

s i g n i f i e s   c a p a c i t a n c e ;   I P P ,   i n t r a p l e u r a l   p r e s s u r e ;   P ,   p r e s s u r e  rela- 
a tmospher ic .   For   each   b lood   pressure ,   o ther   than   r igh t  a t r i a l ,  w e  

can   subs t i t u t e   t he   p roduc t   o f   f l ow,  Q i  and   the   to ta l   downst ream  res i s tance ,  
f r o m   t h e   p o i n t   i n   q u e s t i o n   t o   t h e   o u t l e t  (which has a pressure  P f o r   t h e  
pulmonary  bed , and P for   the   sys temic)   s ince   the   f lows  through'gach lump 
are a l l  e q u a l   t o  one  another   and  to   cardiac  output   or   venous  re turn.   Thus,  ra 

v b = v  + 
Pa0 

+ Q R  + C  
P QV 

" csc ra 
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where Rssv is the   r e s i s t ance   a f fo rded   by   t he  small sys temic   ve ins   o r   venules ,  

and Rslv is t he   r e s i s t ance   a f fo rded   by   t he   sys t emic   l a rge   ve ins .  

Solv ing   for  Q ,  

- unstressed volumes -(Cpa + cpv - Cra ) (Ppv -w1 
L -(Cra + ‘sa + ‘sc + ‘sv) ’ra + ‘ra’pv 1 Eq. 3 Q =  

Thus  the   s lope   o f   the   re la t ion   depends  upon the   r e s i s t ances   a round   t he   c i r -  
cu i t ,   each   sys temic   res i s tance   be ing   weighted  by the   t o t a l   ups t r eam  capac i -  
t ance .  Changes in   unstressed  volume,   on  the  other  hand have a n e g a t i v e   i n f l w  
ence on the   ze ro   f l ow  p re s su re   i n t e rcep t   o f   t he   cu rve ,   bu t   no t  i t s  s l o p e ;  
changes i n  blood volume have a p o s i t i v e   e f f e c t  on the   zero   f low  pressure  
i n t e r c e p t ,   b u t   n o t  i t s  s l o p e .  Of course ,   the   asser t ions   tha t   ne i ther   b lood  
volume nor   unstressed volume changes  inf luence  the  s lope  presumes  that   these 
volume changes  can  occur  without some concomitant  influence  in  any of the 
r e s i s t a n c e s .   I n   t h e  l i m i t ,  o f   course ,  it is impossible   to   have  the dimen- 
s iona l   changes   i n   t he   vascu la r   t r ee   t ha t  a change i n  blood volume  would nec- 
e s s i t a t e   w i t h o u t  some a t t endan t   r e s i s t ance   change .  However, t o  a f i r s t  
approximation, it appears  from  Guyton’s  experimental  work  (cf. 31)) t h a t  
blood volume or   uns t ressed  volume changes  occur  with  minimal  influence on the 
r e s i s t a n c e s   a r o u n d   t h e   c i r c u i t .  Eq. 3 ,  then   s tands  as a more appropr i a t e  
desc r ip t ion   o f   t he   ou t l e t   p re s su re - f low of the   vascu la r   t r ee   t han  is the 
t rea tment   o f fe red  by Guyton ( c f .  3 1 ) ) ,  which c a r r i e s  mean sys temic   p ressure  as a 
sys  t e m  parameter.  

One of   the   fea tures   o f   the   vascular   t ree   tha t  Eq. 3 s e r v e s   t o  empha- 
s i z e ,  as d i d  Guyton’s   analysis  (31) and  Grodin’s   ear l ier  one (70) is the 
major  role  which th: venous t ree   p lays   in   forc ing   f low  changes .   (For   th i s  
d i s c u s s i o n ,  i t  su f f i ces   t o   no te   t ha t   t he   no rma l   i n t ac t   sys t em will operate  
w i t h   r i g h t  a t r i a l  pressure  of  approximately  zero  and a l e f t  a t r i a l  pressure 
(P i n  E q .  3 )  of  about 5 d g .  If these   va lues   a re  assumed f o r   t h e  moment, 
wepxre   spa red   t he   necess i ty   o f   hav ing   t o   dea l   w i th   t he   r i gh t   and   l e f t   hea r t  
equa t ions   t o   so lve   fo r   ca rd iac   ou tpu t . )  It is moderately  wel l  documented t h a t  
t h e  venous t ree   undergoes   sympathe t ica l ly   media ted   changes   in   the   t rans i t ion  
from r e s t   t o   e x e r c i s e .  The ques t ion  is whether  these  changes are p r i m a r i l y  
ones in   uns t r e s sed  volume or   in   capac i tance .   Capac i tance   has   been   the  t r ad i -  
t i o n a l  term (cf .   (71) ) ;   the   t e rm  uns t ressed  volume is h e r e   o f f e r e d   f o r   t h e  
f i r s t  t i m e ,  i n s o f a r  as w e  are aware, e x p l i c i t l y  as a major  vascular  parametel: 
In   eva lua t ing   t hese  two poss ib le   parameters ,  we ought to   cons ider   the   k ind  
of  evidence  that  is a v a i l a b l e   f o r  some kind  of  change in   t he   ve ins   du r ing  
e x e r c i s e .  The recent   review by  Shepherd ( 7 1 )  su rveys   t he   l i t e r a tu re   and  
p o i n t s   o u t   t h a t  two  methods  have  been  used to   s tudy  vasomotor  phenomena: 
measurement  of  pressure  changes  in a segment  of  vein  in  which  both  inflow  and 
outflow  have  been  arrested;  measurement  of volume changes i n  a limb i n  
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response  to   varying  venous  pressures .   Both methods show q u a l i t a t i v e l y   t h a t  
in   exercise   something  happens to t he   ve ins   t ha t   cou ld   be   desc r ibed   e i the r  as 
a decreased   capac i tance   o r  a decreased  unstressed volume. We judge  the  para- 
meter   unstressed volume t o   b e   p r e f e r a b l e   f o r   s e v e r a l   r e a s o n s .   F i r s t   o f  a l l ,  
i n   t h e   a r e f l e x   s y s t e m ,  as Guyton has shown (cf.(31)) , .mean sys temic   p ressure ,  
a n d   t h u s   c a r d i a c   o u t p u t ,   f a l l s   t o   z e r o   w i t h   t h e   l o s s   o f   o n l y   a b o u t  15% of  the 
blood  volume.  With  ref lexes i n t a c t  , thus making possible  venous  changes  of 
one   k ind   or   the   o ther ,  a 25% b lood   l o s s   ( i . e . ,  w e l l  i n   e x c e s s   o f   t h e   i n i t i a l  
unstressed volume) diminishes  cardiac  output  but  does  not  reduce i t  t o   z e r o .  
How d i d  compensation  occur-? It could  not  occur  purely  through a capaci tance 
change,  because  once  the  system is b led  down t o  below i ts  i n i t i a l   u n s t r e s s e d  
volume,  no  amount  of  change i n   t h e   e x t e n s i b i l i t y   o f   t h e  w a l l  w i l l  b r i n g   t h e  
numerator i n  Eq. 3 t o   p o s i t i v e   v a l u e s ,   o r ,   t o   p u t  i t  in   o the r   t e rms ,   no  
amount of   change   in   the   ex tens ib i l i ty   charac te r i s t ics   o f   venous  walls w i l l  
s u f f i c e   e v e n   p a r t l y   t o   r e s t o r e   i n t r a v a s c u l a r   p r e s s u r e s   i n   u n d e r f i l l e d   v e s s e l s .  
Another   d i f f icu l ty   wi th   capac i tance  as a parameter,  is t h a t  i t  is not  a t   a l l  
c lear   tha t   sympathe t ic   s t imula t ion   reduces   uascular   capac i tance ,   where   capac-  
i t a n c e  is def ined   r igorous ly  as the  slope  (dvhdp)  of  the  pressure-volume 
curve.   With  sympathet ic   s t imulat ion,   the   s lopes  of   var ious  vascular   pressure-  
volume curves   change   e r ra t ica l ly  (50) , whereas   p ressure-spec i f ic  volumes 
seeming ly   i nva r i ab ly   f a l l .   Fo r   t hese   r easons ,  we adopt   the  var ious un- 
s t r e s s e d  volumes o f   t he   a rb i t r a r i l y   s egmen ted   vascu la r   t r ee  as a s e t  of 
parameters   which  are   par t  of t h e   c a u s a l i t y   i n   t h e   r e g u l a t i o n  of ca rd iac   ou t -  
pu t .  

The expl ic i t   model l ing   o f   card iac   ou tput   begins ,   then ,   wi th  Eq. 3 ,  o r  
a s e t  of  underlying ohmic and  pressure,   volume,   capaci tance  re la t ions  for  
each  segment,   together  with two s impl i f ied   one-parameter   vent r icu lar  models , 
as we have  advocated  ear l ier .   These may be  regarded  col lect ively as the  un- 
regulated  system,  awai t ing  causal   l inks  between  system  var iables  - pres su res  
and  flow  (and their   consequences)  - and  system  parameters. The parameters 
t h a t   a r e   s u b j e c t   t o   m a j o r   p h y s i o l o g i c a l   v a r i a t i o n   a r e ,   i n  one s e n s e ,   r e l a t i v e  
l y  few: the  conditional  peak  f lows  of  each  ventricle  (which  in  the  normal 
system would  change near ly   toge ther   and  s o  might as a f i r s t   approximat ion   be  
t r e a t e d  as one) , the   unstressed volume of  the  systemic vein's , the   systemic 
a r t e r i o l a r   r e s i s t a n c e ,   p e r h a p s   a s   w e l l   t h e   r e s i s t a n c e   i n   t h e  small systemic 
veins  (which may show a me tabo l i ca l ly   l i nked   vasod i l a t a t ion ) ,   t he  pulmonary 
r e s i s t a n c e ,  and  blood  volume. To d a t e ,  one  of us  (JU),   together   with Dr. 
Donald A .  Gall and M r .  Gary Barr have  developed a s t e a d y - s t a t e ,   a l g e b r a i c  
model for   the  unregulated  system. With t h e   e x t e n s i v e   h y b r i d   f a c i l i t i e s   s o o n  
t o   b e   a v a i l a b l e   t o  two of US a t  t he   Un ive r s i ty  of   Southern  Cal i fornia ,  we 
hope to   i nco rpora t e   t he  two major   control   loops  of   the  metabol ic   vasodi la-  
t a t i o n  and   t he   ba ro recep to r   r e f l exes ,   and   a l so   t o   beg in   exp lo ra t ion  of plausi-  
b l e   s t r u c t u r e s   f o r   o u r   p o s t u l a t e d   e x e r c i s e   c o n t r o l   a l g o r i t h m .  

A t  a more fundamental   level , however , i t  is  e v i d e n t   t h a t  we have no 
theory  with  which  to  account  for  the  various  dimensions  of  the  vascular  tree,  
nor   the   mater ia l   p roper t ies   o f  its walls. The b e s t  we have a t  p re sen t   a r e  
some semiquant i ta t ive ,   modera te ly   wel l  documented ideas   fo r   t he   bas i s  of 
physiological   changes  in   these  dimensions  and material proper t ies   about  a 
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cen t r a l   ope ra t ing   po in t .   Fo r   t h i s   r ea son ,  w e  have   r e fe r r ed   t o   t he   a fo rego ing  
d i s c u s s i o n  as 'engineering'  views of the  cardiovascular  system. 

(c) A pre l imina ry  ~~~ synthes is   o f   the   ' engineer ing '  views of c a r d i a c  
and  vascular   funct ions.-   Consider   the  system's   response  to   moderate   levels   of  
exerc ise ,   in   which   the   card iac   ou tput   might  rise about 2-112 fo ld  , wi th  a 
modest r i s e   i n  a r te r ia l  pressure ,   and  l i t t l e  o r  no  change i n   h e a r t  volume. 
The following  parameter  changes w i l l  acceptably  wel l   s imulate   these  changes:  
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With these   pa rame te r   a l t e r a t ions ,   t he   p r inc ipa l   sys t em  va r i ab le s  
undergo  the  following  changes, as computed wi th   ou r   s t eady- s t a t e   a lgeb ra i c  
mode 1. 
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The following two computer   ' f igures '  show the   ca rd iac  and vascu la r   func t ion  
curves  computed,  respectively,   from  the  ' ' rest"  and  "exercise"  parameters.  
The  computed curves  conform  to  those  presented by  Guyton i n   h i s   s y n t h e s i s  of 
the  system (31), b u t   h e r e   a r e   e x p l i c a b l e   i n  terms of a phys ica l  model with 
the  parameters w e  have  discussed  above. 

It r e m a i n s   f o r   t h e   f u t u r e   t o   o v e r l a y   b a r o r e c e p t o r   r e f l e x   c h a r a c t e r i s t i c s  
and  metabol ic   hyperemic  effects  on t h i s  model ,   and  then  to   infer  a s t r u c t u r e  
f o r   t h e   e x e r c i s e   a l g o r i t h m   t h a t  w i l l  fo rce   the   regula ted  model in to   an   oper -  
a t i o n   t h a t  s i m u l a t e s  t h e  real system. 
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(d)  Some c los ing   thought fabout   descr ib ing   the  CV system.- For   the  develop-  
ment t h a t  we have   ou t l i ned   he re ,  i t  has n o t   b e e n   p o s s i b l e   t o   a r r i v e  a t  a com- 
p le te   concurrence   in   op in ion  as to   the   bes t   choice   o f   card iovascular   sys tems 
parameters  and  systems  relations - any more than i t  has among o t h e r   s t u d e n t s  
of   the  cardiovascular   system. The d i f f i cu l ty   w i th   t he   pa rame te r s   such  as un- 
s t r e s s e d   v a s c u l a r  volumes , condi t ional   peak  f laws , o r   p r e s s u r e s   t h a t   o b t a i n  
under   zero  f low  condi t ions is  t h a t   t h e y  are no t   fu l ly   ope ra t iona l   pa rame te r s ,  
b u t   a r e ,   i n  a s e n s e ,   f i c t i t i o u s   o n e s .  They can  only  be  defined  under an ex- 
t reme  condi t ion,  and  have t o   b e   l i n e a r l y   i n t e r p o l a t e d   b a c k   t o   o p e r a t i n g   c o n d i -  
t ions   compat ib le   wi th   the   p reserva t ion   of   the   sys tem.  

To accomplish one very  minimal  task and l ay  a foundat ion   for   fu ture   work ,  
i t  i s  des i r ab le   t o   p ropose  a new n o t a t i o n   f o r   c a r d i o v a s c u l a r ,  and probably 
o ther   b io logica l   sys tems ' parameters , i n   o rde r   t o   cap tu re   t he i r   obv ious   adap-  
t i ve   cha rac t e r .   Three  components  of a system's  parameter  suggest  themselves , 
denoted by the   fo l lowing   subscr ip ts :  00, t o   deno te   gene t i ca l ly   de t e rmined ,  
s p e c i e s   s p e c i f i c   v a l u e s ;  0 ,  t o   d e n o t e   a n   e p i g e n e t i c a l l y   a r r i v e d  a t  s ta tus  , as 
a r e s u l t  of  long  term  adaptive  changes; 1, to   deno te   sho r t   t e rm  inc remen t s .  
Dynamic equat ions would usua l ly   r e f e r   t o   changes   i n   t he  "1" components. 

It has   been   the   convent ion   in   descr ip t ions   o f   the   card iovascular   sys tem 
t o   b e g i n ,   i n   t h e  "1" t ime   s ca l e ,   w i th   p re s su re - f low  r e l a t ions ,   t he   conse rva t ion  
of  blood in   the   segments  of t he   vascu la r   t r ee ,  and S O  f o r t h ,  j u s t  as we have 
done i n   t h e   p r e v i o u s   s e c t i o n .  It is  probably t r u e  tha t   th i s   approach  w i l l ,  
one way o r  another ,   inevi tab ly   requi re   ex t reme-s ta te   parameters .  The a l t e r -  
n a t i v e  is  to   beg in   w i th   t he  00 t ime  sca le  and to   wr i te   the   apparent   a lgor i thms 
of  development. Examples of  the  form  these  algorithms  might  take  stem  from 
the  fol lowing  considerat ions.   There is an   apparent  t i s sue  demand for   b lood:  
approximately 500 t o  1000 ml/kg/min.   (set t ing  as ide  second-round  considerat ion 
of d i f f e r e n c e s   i n   v a r i o u s   a c t i v i t y  s ta tes ,  and s p e c i f i c  t issue excep t ions .  One 
should  note  however,   that  as a r e s u l t  of t he   body ' s   ac t ive   con t ro l ,  i t  averages 
more nea r ly  a demand of 100 ml/kg/min. a t  r e s t , ' o r  300 ml/kg/min. a t  peak 
a c t i v i t y ) .   T h e r e  i s  an  apparent  blood volume l a w ,  approximately 70 ml/kg. 
A r t e r i e s  and ve ins   a r e  made of ma te r i a l s   w i th  a g i v e n   s e t  of e l a s t i c - p l a s t i c  
p rope r t i e s ,   wh ich   s e t   uppe r  limits for   p ressures   compat ib le   wi th   sus ta ined  
v e s s e l  wall  i n t e g r i t y .  O u t  of t hese   cons ide ra t ions ,   p lus  maybe o t h e r s ,  we can 
dimly see emerging  the  constraints  on vascu la r   a r ch i t ec tu re .   S imi l a r   cons ide r -  
a t ions  might   lead  to  a developmental   v iew  of   cardiac  s t ructure  and range  of 
func t ion .  

This  view may be c r i t i c i z e d  as a romantic   a t tempt   to   second-guess   the  logic  
of   an unknown o r   non-ex i s t en t   des igne r .   I f  one takes  the view tha t   the   capac-  
i t y  f o r   s e l f - o r g a n i z a t i o n  is  a fundamen ta l   b io log ica l   a t t r i bu te ,   t ha t  i t  follows 
l a w f u l  r e l a t i o n s  , and tha t   t hose   l awfu l   r e l a t ions  are n o t   o v e r l y   l a r g e   i n  
number, then a t a s k  is  def ined   to  model t h a t   p r o c e s s .  The parameters  of  the 
models I equat ions w i l l  hopeful ly   be more sa t i s f ac to ry   t han   t he   ex t r eme   s t a t e  
ones we have   d i scussed   ear l ie r .   That  i s ,  however, a t a s k   f o r   t h e   f u t u r e .  

7 .  A Prel iminary V i e w  of t he   Mic roc i r cu la t ion   i n   Ske le t a l   Musc le .  

While   the  survey  of   Iberal l  (72)  provides   an  average view  of  the  microcir- 

192 



culat ion,   the   s tudies   of   Smaje,   Zweifach and I n t a g l i e t t a  on  the  microvascula-  
t u r e  of   the  rat  cremaster  muscle  (73)  perhaps  offers some more d e t a i l s   o f   t h e  
v a s c u l a r  bed in   ske l e t a l   musc le s .   Cap i l l a r i e s   were   no ted   t o   be   o r i en ted  
p a r a l l e l   t o   m u s c l e   f i b r e s ,  and were 600 _+ 200  plong. About every  200 b,  a 
shor t   c ross   connec t ion  was  n o t e d   t o   a n   a d j a c e n t   c a p i l l a r y .   I n t e r c a p i l l a r y  
d i s t a n c e  was 34 2 2 b ,  muscle   cel ls   being  20-25 p i n   d i ame te r .  The c a p i l l a r y  
d e n s i t y  was 1300/mm2. The in t e rna l   d i ame te r  was l e a s t  a t  t h e   a r t e r i o l a r  end 
o f   t h e   c a p i l l a r y ,  and w a s  about 2 b smaller   than  the  7 .5  p, erythrocyte   diameter ,  
thus   s t rengthening  Wiedeman's (74)   observa t ion   in   the   ba t   wing   tha t   e ry throcyte  
diameter   exceeded  capi l lary  diameter .  A t  the   venular   end,   capi l lary  diameters  
were  about 1 l a rge r   t han  a t  t h e   a r t e r i o l a r   e n d .  Red c e l l   v e l o c i t y  w a s  about 
700 b / s e c .  Thus t h e   a v e r a g e   t r a n s i t  t i m e  f o r   a n   e r y t h r o c y t e  was about 0 . 9  s e c .  

It is impor t an t   t o   no te   t ha t   t he   c ros s   b ranch ing   f rom  cap i l l a ry   t o   cap i l l a ry  
occurred  between  capi l lar ies   suppl ied  by  the same a r t e r i o l a r   s o u r c e  and a t  
essent ia l ly   equa l   d i s tances   f rom  tha t   source .   There  i s  no th ing   t o   sugges t   t ha t  
a g iven   cap i l la ry   might  a t  i t s  a r t e r i o l a r   e n d ,   r e c e i v e   b l o o d  from o r   con t r ibu te  
b lood   t o ,   ano the r   cap i l l a ry   nea r  i t s  venular  end. Nor w a s  there   ev idence   for  
o the r   t han   cocur ren t   f l ow  in   ad j acen t   cap i l l a r i e s .   Th i s  work  confirms  the 
geometry  that  Krogh  assumed many years  ago upon which  he  and  Erlang  modelled 
oxygen t r a n s f e r  from  blood t o   t i s s u e   c e l l s  ( 7 5 ) .  

Recent s t u d i e s  by Honig, e t  a l .  (76)  on microvascular   func t ion   in  rat 
g rac i l i s   musc le  i s  in   e s sen t i a l   ag reemen t   w i th   t he  work  of  Smaje, e t  a l . ,  a l -  
t hough   t hey   r epor t ed   s eve ra l   quan t i t a t ive   d i f f e rences .  Most c a p i l l a r i e s  were 
400-500  b long  with  cross  branches.   Although  this  muscle  has  an  appreciable 
t h i r d  dimens ion , unl ike   the   c remas ter ,   the   au thors  d i d  no t   i nves t iga t e   t he  
p o s s i b i l i t y  of three  dimensional  symmetry i n   c a p i l l a r y   d i s t r i b u t i o n .  The cap- 
i l l a r y   d e n s i t y   r e p o r t e d  w a s  cons ide rab ly   l e s s   t han   t ha t   r epor t ed   i n   c r emas te r :  
250/mm2 vs 1300. Asphyxia   increase   cap i l la ry   dens i ty  2 . 6  f o l d .  They a l s o  
showed c y c l i c   f l u c t u a t i o n s  , with 2 - 4  minu te   pe r iod ,   i n   cap i l l a ry   dens i ty .  The 
ave rage   cap i l l a ry   dens i ty  w a s  unaffected by dene rva t ion ,   add ing   suppor t   t o   t he  
p r e v a i l i n g   n o t i o n   t h a t   c a p i l l a r y  f low is under   loca l ,   metabol ic   cont ro l .  

Another  noteworthy  feature of t he   r ecen t  work  by  Zweifach  and h i s   c o l l a b o r -  
a t o r s  is t h e i r   a t t e m p t  a t  ref inement   of   the   Star l ing  hypothesis  of t r a n s c a p i l -  
l a ry   f lu id   exchange .   Thei r  work shows about a 10 cm H20  pressure  drop  from 
t h e   a r t e r i o l a r   t o   t h e   v e n u l a r  end  of t h e   c a p i l l a r y .  It a l s o   c o n t r i b u t e s  some 
fur ther   in format ion   about   the   ba lance  of forces   between  average  capi l lary  hy-  
d r o s t a t i c   p r e s s u r e ,  and col loid  osmotic   pressure of   plasma.   Final ly ,   they 
showed,  as  Wiederhelm had e a r l i e r  (77)  , t h a t   t h e r e  w a s  s i g n i f i c a n t   f l u i d   e x -  
change   occur r ing   in   th5   pos t -capi l la ry   venule .   Indeed ,   in   the i r   ca lcu la t ions ,  
t he re  w a s  about 250  cm o f   c a p i l l a r y  w a l l  per   cc   of   muscle ,   p lus   an  addi t ional  
270 cm of venular  w a l l  per  cc of  muscle,  which  also  permits  fluid  exchange , 
al though  they  have  not   quant i ta ted i t  w i t h   a n   e x p l i c i t   f i l t r a t i o n   c o e f f i c i e n t  
as they   have   the   cap i l la r ies   themselves .  

2 

Thus the   s tudy   by   Smaje ,   e t  a l .  , provides   one  addi t ional   a t tempt  a t  a 
quant i ta t ive   v iew  of   the   a rch i tec ture ,   d imens ions ,  and f lu id   permeabi l i ty  
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c h a r a c t e r i s t i c s   o f  a par t icu lar   musc le   bed .  It happens , of   course ,   to   be  a 
ve ry   t h in   shee t  of  muscle - e s s e n t i a l l y  a two-dimensional  system. It leaves 
open   the   na ture   o f   the   c ross   connec t ions   be tween  ad jacent   cap i l la r ies   in   the  
much more common case  of   three-dimensional   muscle   capi l lary  beds.  The work 
by Smaje , e t  a l .  , n i c e l y  complements the 1967 review  by  Fors  ter   (78) on oxy- 
gen  exchange  between  capillaries and muscle c e l l s ,  a t  which time t h e   c r i t i c a l  
dimensions and r ed   ce l l   t r ans i t   t imes   i n   func t ion ing   musc le   were  s t i l l  un- 
c e r t a i n   b e c a u s e   o f   t h e   p o s s i b i l i t y   o f   a n t e - m o r t e m   o r   f i x a t i o n   a r t e f a c t s .  A t  
t h i s   t ime ,  one  can  only  hope  that   the  improvements  in  technology  in  micro- 
v a s c u l a r   r e s e a r c h ,   p l u s   a t t e n t i o n   t o   i m p o r t a n t   q u a n t i t a t i v e   d e t a i l s ,  w i l l  pro- 
vide a b e t t e r  documented  model  of r e s p i r a t o r y   g a s ,   w a t e r ,  and solute   exchange 
a t  the  microvascular  level,   which w i l l  supplement  the  views  that we have 
today   o f   t hese   cha rac t e r i s t i c s   i n   ove ra l l   vascu la r   beds   (79 ) .  

Two specific  examples  of  very  recent  work w i l l  s e r v e   t o   i l l u s t r a t e   f u t u r e  
problems.  Berne  and h is   co l leagues   repor ted  a t  the 1970 FASEB meet ing   tha t  
they  had  found  oxygen  tensions i n   a r t e r i o l e s   f a r  below  simultaneous a r t e r i a l  
levels  (80).  These  measurements  were made wi th   the  Whelan  oxygen mic roe lec t -  
rode.   These  observations  were  completely  unexpected,  since i t  has  always  been 
regarded as axiomatic   that   t ransfers   between  blood and t i s sues   occu r   i n   any  
quan t i ty   on ly  when t h e r e  is but  a s i n g l e   e n d o t h e l i a l   l a y e r   s e p a r a t i n g   b l o o d  
and t issue.   This   axiom i s  doub t l e s s   t rue   fo r   wa te r   and   wa te r   so lub le   so lu t e s .  
In   r e t rospec t ,   pe rhaps  i t  is not  so  s u r p r i s i n g   t h a t  a l i p id   so lub le   subs t ance  
l i k e  oxygen  might d i f f u s e   r e a d i l y   a c r o s s  a m u l t i c e l l u l a r   a r t e r i o l a r  wal l .  I n  
any   case ,  i t  becomes a more d i f f i c u l t  problem t o   a s s e s s   t h e   r e l a t i v e  amounts 
of  oxygen  exchange  between  the  red c e l l  and the   ske l e t a l   musc le  , as the  red 
c e l l  makes i t s  passage  through  the  microvasculature.  Whether  the  major  ex- 
change   takes   p lace   in   the   cap i l la ry ,   o r  i s  f ac i l i t a t ed   by   t he   mechan ica l   de -  
format ions   which   resu l t   f rom  s ing le   f i l e   f low  of   e ry throcytes  down a c a p i l l a r y  
o f   l e s s - than   e ry th rocy te   d i ame te r ,   o r   whe the r   t he   a r t e r io l e s   con t r ibu te   s ign i -  
f i can t ly   t o   t i s sue   oxygena t ion  now r e q u i r e s   f u r t h e r   s t u d y .  

F i n a l l y ,  Cardon e t  a l .  , (14) have  measured  I 'spontaneous"  fluctuations  in 
e ry th rocy te   f l ow  in   t he   t h in   l aye r  of s k e l e t a l   m u s c l e   t h a t   l i e s   b e n e a t h   t h e  
skin  in   the  dorsum of the  mouse. Marked v a r i a t i o n s   i n   e r y t h r o c y t e   f l o w ,   w i t h  
three   d i scern ib le ,   super imposed   per iods  of 3 0 ,  100 and 320 seconds  were  ob- 
se rved;   these   t empora l   pa t te rns   were   a l te red  by  hypoxia. It is puzz l ing   t ha t  
these   inves t iga t ions   observed   no   cor responding   d imens iona l   changes   in   cap i l la ry  
d i a m e t e r ,   i n   p r e c a p i l l a r y   s p h i n c t e r i c   a c t i v i t y   o r   i n   a r t e r i o l a r   d i a m e t e r .   T h e s e  
obse rva t ions   l eave   en t i r e ly  open the   ques t ion  of t he   ga t ing  mechanism. It is  
tempt ing   to   specula te   tha t   these   "spontaneous"   f luc tua t ions   in   e ry throcyte   f low 
i n   s i n g l e   c a p i l l a r i e s   a r e   t h e   s u b s t r a t u m  of the   'kpontaneous"   f luc tua t ions   in  
whole-body  oxygen  consumption  (18). 
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I X .  A PHYSICAL VIEW OF  METABOLIC  SYSTEMS - 
THE BIOCHEMICAL  TRANSITION  FROM ORGAN SYSTEMS TO THE 

HIGHER CENTRAL  NERVOUS SYSTEM 

1. General   Pr inciples   of   Metabol ic   Systems 

(a )   In t roduct ion .  - The cha rac t e r i za t ion   o f   l i v ing   sys t ems   has  become 
the   ou t s t and ing   s c i en t i f i c   cha l l enge   o f   t he   s econd   ha l f   o f   t he   twen t i e th   cen -  
t u r y .   O r g a n i z a t i o n   o f   m a t t e r   i n t o   h i e r a r c h i c a l ,   g r o w i n g ,   s e l f - r e p l i c a t i n g  
sys tems  in t r igues   ph i losophers ,   chemis ts ,   phys ic i s t s ,   engineers ,   mathemat i -  
c i a n s  and b i o l o g i s t s ,   a l l   o f  whom have  brought  to  bear  their   methods,   con- 
c e p t s  and  viewpoints.  But i n   s p i t e   o f   t h e   m u l t i p l e   a p p r o a c h e s   t o   t h e   p r o b l e m  
o f   t h e   c h a r a c t e r i z a t i o n  of l i v ing   sys t ems ,   t he   susp ic ion   r ema ins   t ha t   t he  es- 
sence   has   been   los t ,   o r   missed .  The g r e a t   v a r i e t y  and r i c h   d e t a i l   o f   s p e c i a l -  
i za t ion  among l iv ing   forms   present  a confused  landscape,  and  only a few, 
gene ra l   p r inc ip l e s   conce rn ing  i t s  o r i g i n s  and  nature  have so f a r  emerged. 
These  few p r inc ip l e s   i nc lude   t he   fo l lowing :  

(1) Some neo-Darwinian view o f   t h e   o r i g i n   o f   t h e   s p e c i e s  - i nc lud -  
i n g  random v a r i a t i o n ,   g e n e t i c   d r i f t ,   c o m p e t i t i o n   a n d   s e l e c t i o n :  

( 2 )  A neo-Mendelian view o f   u n i t ,   d i s c r e t e ,   g e n e t i c   t r a n s m i s s i o n  
o f   i n h e r i t e d   c h a r a c t e r i s t i c s :  

(3) Recogn i t ion   o f   t he   nuc le i c   ac id ,   po lymer i c   bas i s   o f   cod ing   o f  
the  genotype: 

( 4 )  Recognition  of  the c e l l  a s   t h e   m i n i m a l   u n i t   w i t h   a l l   t h e   a t -  
t r i b u t e s   t h a t   d e f i n e  a sys t em  a s   ' l i v ing '   ( a l though   he re  some doubt exis ts  a s  
t o  whether  the  organelle,   such  as  the  mitochondrion, was a pr imordia l ,   inde-  
pendent c e l l )  : 

(5) Recogni t ion of c a t a l y s i s  by f u n c t i o n a l   p r o t e i n s   a s   t h e   b a s i s  
of   ex t remely   versa t i le   chemica l   p rocess ing   under   condi t ions   o f   l imi ted  terres- 
t r i a l   p r e s s u r e s  and  temperatures;  

(6)  Apprec ia t ion   t ha t   t he   b iosphe re  i s  a de l i ca t e   sys t em  sp read   a s  
a t h in   venee r   on   ea r th ,   sus t a ined  by mass  and  energy  t ransfers   involving  the 
sun,  microorganisms,  plants  and  animals:  

(7 )  Knowledge tha t   the   s torage   forms   of   the   Gibbs   f ree   energy   used  
in   t he   suppor t   o f   syn thes i s ,   s ec re t ion ,   r epa i r ,   ma in tenance   and   mo t ion   i n   b io -  
l og ica l   sys t ems   a r e  few i n  number,  and  adenosine  triphosphate (ATP) i s  t h e  
a rche type   of   these  compounds: 

(8)  Conviction  that   biological  systems do no t   d i sobey   t he  known 
laws  of  thermodynamics,   or  physics  and  chemistry  generally.  

198 



IC 

Although  each item on  the  above l i s t  could  be made the   sub jec t   o f   an  
animated  debate among b i o l o g i s t s ,   p r o b a b l y   a l l  would a g r e e   t h a t   a n  awkward 
incomple teness   haunts   th i s  l i s t .  The rud imen t s   o f   r e l i ab le   r ep l i ca t ion   w i th in  
a wide  var ie ty   of   environmental   changes s t i l l  e lude   u s .  The phys ica l   p r in -  
c ip l e s   beh ind   s t ab i l i t y ,   i n fo rma t ion   f l ow,   l ow-e r ro r   cod ing   and   t he   ex t r ac t ion  
of o r d e r   ( c o n s i s t i n g   o f   g e o m e t r i c a l   f o r m s   i n   s p a c e   a n d   f u n c t i o n   i n  time) from 
chaos   a r e   no t   spec i f i ed .  The i s s u e  i s  n o t  so much whether a v i t a l i s t i c   p r i n -  
c i p l e  exis ts ,  as   whether  modern physics  i s  comple te   to   the   po in t   o f   p rovid ing  
t h e   b a s i s   f o r   t h e   d e s c r i p t i o n   o f   l i f e .   I n  what  follows i t  i s  assumed t h a t   t o  
e x p l a i n  l i f e  something new  may have t o  be  added t o   t h e   a p p l i c a t i o n   o f   p h y s i c s ,  
a s  was t h e   c a s e  when s ta t i s t ica l   mechanics   fo l lowed  c lass ica l   thermodynamics ,  
b u t   t h a t  a  new p h y s i c s   ( i n   t h e   s e n s e   t h a t  quantum  mechanics  and  relativity 
were new compared t o  Newtonian  physics) i s  not   going  to   be  required.  

To set t h e   s c e n e   f o r   t h e   p r e l i m i n a r y   d e s c r i p t i o n   t h a t   f o l l o w s ,   s e v e r a l  
o f   t h e   g u i d e l i n e s  employed  should  be made e x p l i c i t .  To begin,  i t  i s  recog- 
n i zed   t ha t   t he   des ign   o f   b io log ica l   sys t ems  i s  g iven   u s  by i l l u s t r a t i o n   a f t e r  
i l l u s t r a t i o n ,  and  our   task i s  t o   g u e s s   t h e   b l u e p r i n t .  We a r e   n o t   f r e e   t o   i n -  
v e n t   l i f e   a s  i t  might  have  been  designed.  Therefore, w e  must s t a r t  by con- 
s i d e r i n g   t h e   d e t a i l s   o f   l i v i n g   s y s t e m s   a s   r e v e a l e d  by b io log ica l   s tudy .  We 
are   aware ,   however ,   tha t   cer ta in   s impl i fy ing   genera l iza t ions  may have  been 
missed   by   b io logis t s ,   and   tha t  i t  i s  bo th   des i r ab le   and   necessa ry   i n   t he  
q u e s t   t o  see the  landscape  whole,   to  stand  back  from i t  and  observe  the  gross  
f e a t u r e s  - the  mountain  ranges  and  valleys - no t   j u s t   t he   pebb les  and g r a i n s  
of   sand mined  from expe r imen ta l   l abo ra to r i e s .  

The thermodynamic questions  are  maj0.r   ones  to  be  answered.  For  example , 
over  what time p e r i o d ,   a n d   i n  what  manner i s  c losu re   ach ieved   w i th   r e spec t   t o  
t h e   f i r s t  law of  thermodynamics  applied t o  open  systems  exchanging  both  matter 
and  energy  with  surrounding , environmenta 1 systems ? In   the  answers  w e  hope 
t o   f i n d   t h e   p h y s i c a l   c o n s t r a i n t s  on the   behavior   o f  man - neglect ing  such po- 
e t i c  d e t a i l s   a s   t h a t  some  men  may f a l l   i n   l o v e   o n l y   w i t h  women wi th   r ed   ha i r .  
( Impor t an t   a s   t h i s   l oca l   behav io r  i s  i n   t h e   l i f e   o f  a p a r t i c u l a r   i n d i v i d u a l ,  
the  machinery  of   l i fe   and  the  advance  in   numbers   of   the   species   does  not   in-  
vo lve   r edness   o f   ha i r   a s  a g e n e r a l   p r i n c i p l e  - though  assor t ive   mat ing  - of 
which   the   p reference   for   red   ha i r  i s  merely  an  example - may i t s e l f  have 
p o w e r f u l   g l o b a l   e f f e c t s   f o r  a s p e c i e s . )  

L iv ing   sys tems  a re   sys tems,   and   they   a re   h ie rarch ica l .  The level  i n   t h e  
h i e r a r c h y   a t  which  the  main,  thermodynamic  features  clearly  emerge i s  higher  
than  the  molecular  and w e  s h a l l   a t t e m p t   t o   i d e n t i f y   t h a t  level  i n   t h i s   a n a l -  
y s i s .  However, s i n c e  few b e l i e v e   t h a t  complex  form  and  function  originated 
de  novo, we s t a r t ,   a s  i s  customary,   with a c o n s i d e r a t i o n  o f  the  lower levels 
of   l iv ing   sys tems.  The main h i e r a r c h i e s   o f   l i f e   a r e   g i v e n  below i n  Table 1. 
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Table 1 

Hierarch ies   o f   L iv ing  Forms i n  Ascending  Order  of 
Complexity  of  Structure  and  Function 

1. Inorganic   mater ia  1s 
2 .  Organic monomers (pur ines ,   pyr imidines ,  amino a c i d s ,   f a t t y   a c i d s ,  

3 .  Nucle ic   ac id   po lymers   as   car r ie rs   o f   in format ion  
4 .  Pro te in   po lymers   a s   ca r r i e r s   o f   con t ro l   and   func t ion ,   and   t o  some 

5 .   Vi ruses   (nuc le ic   ac id-pro te in   sys tems)  
6.  Biochemical  chains - multienzyme  sequences 
7 .  Organe l l e s   a s   func t iona l   un i t s   fo r   ene rgy   t r app ing   and   conve r s ion ,  

sugars)  

ex ten t   in format ion   (e .g .  , immunological   react ions)  

and un i t   p rocess ing  

a .  
b.  

d .  
e .  
f .  
g .  
h .  
i .  
j. 
k. 

C.  

Membranes 
Mitochondria   and  chloroplasts  
Ribosomes 
Lysosomes 
Vacuo l e  s 
Golg i   appara t i  
Nuclei 
Nucleoli  
Centrosomes 
Kinetosomes  (basal  bodies) 
P i n o c y t o t i c   v e s i c l e s  

8 .  
9 .  

10.  
11. 
12. 
13.  
14. 
15. 
16.  
17.  

Cells-microorganisms 
Slime  molds - c e l l u l a r   a g g r e g a t e s  
Simple  mult i -cel lular   animals   and  plants  
Tissues  and  organs  of  complex  animals 
Organ  systems i n   p l a n t s  and  animals 
Complex animals   and  plants  
Species of higher  animals  and  plants 
Ecosystems 
Social   systems 
T e r r e s t r i a l   b i o s p h e r e  

In   t he   above   t ab l e ,  items 1 and 2 a r e   s t u d i e d  by t h o s e   i n t e r e s t e d   i n  
chemical   evolut ion.  Items 2-5 a re   s tud ied   main ly  by molecu la r   b io log i s t s .  
Items 3-7 a r e   o f   i n t e r e s t   t o   b i o p h y s i c i s t s ;  items 8 and 9 a r e   t h e  domain of 
t h e   c e l l u l a r   b i o l o g i s t ;  items 10-14 i n t e r e s t  t h e  animal o r  p l a n t   p h y s i o l o g i s t .  
Items 15-17 c o n s t i t u t e   t h e  now popular   f ie ld   of   ecology.  

I n   t h e   p r e s e n t   a n a l y s i s   t h e  levels o f   g rea t e s t   impor t ance   a r e  6-12. How- 
ever, some cons idera t ion   mus t   a l so  be given  to   macromolecular   levels   (3-5) .  
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(b)  Macromolecular  biology. - The t h e o r e t i c a l   a s p e c t s   o f  t h e  evo lu t ion  
of  biological  macromolecules  have  been  developed by numerous men, most re- 
cently  Manfred  Eigen, whose ideas   a re   paraphrased   here .  

Subce l lu la r   b io logy  i s  cha rac t e r i zed  by coupled  catalyt ic   chains   and 
feedback a t   t h e   l o w e s t  level o f   s t a b l e   f u n c t i o n .  Because of   feedback,   ef-  
f e c t s   a r e   n o t  sums of   independent   causes   and  both  proteins   and  nucleic   acids  
a r e   n e c e s s a r y   s i m u l t a n e o u s l y   f o r   m a t t e r   t o   r e p l i c a t e .  (The 'chicken  or  egg'  
ques t ion  i s  not  meaningful when a p p l i e d   t o   t h e   o r i g i n   o f   b i o l o g i c a l  macro- 
molecules ,   because   they   a re   par t   o f  a feedback  system  and  have  not  evolved 
separa te ly   and   independent ly . )   Repl ica t ion  i s  a sys t em  a t t r i bu te   and   no t  a 
m o l e c u l a r   a t t r i b u t e .  The p r o c e s s e s   i n v o l v e d   a t   t h i s  low l e v e l   i n   b i o l o g y   a r e  
no t  random,   and   computa t ions   on   the   p robabi l i ty   o f   o r ig in   o f   l i fe   based   on   an  
assumption  of   randomness  are   both  naive  and  fa l lacious.   Self-repl icat ion i s  
a non-random, cyberne t ic   p rocess   requi r ing   bo th   p ro te ins   and   nuc le ic   ac ids   for  
i t  t o  exis t  a t   a l l .  The evolu t ionary   ques t ion   of   impor tance ,   then ,  i s  how d i d  
the   cyberne t ic   sys tem  of   coupled   nuc le ic   ac id-pro te in   po lymers   a r i se ,   and  what 
pr inc ip les   gu ided  i t s  e v o l u t i o n ?  

The complementar i ty   of   nucleic   acids ,  which i s  i n h e r e n t   i n   t h e i r   s t r u c -  
t u r e  w i l l  l e a d   t o   r e p l i c a t i o n   i n  t h e  a b s e n c e   o f   p r o t e i n s ,   b u t   t h e   e r r o r   r a t e  
i s  very  high,  and t h e   r e p l i c a t i o n   r a t e  i s  very low. In   the  presence  of   pro-  
t e i n   c a t a l y s t s ,  however, t h e  e r r o r   r a t e  i s  low and   t he   r ep l i ca t ion   r a t e   can  
be  very  high. The f u n c t i o n a l   a t t r i b u t e s   o f   p r o t e i n s   t h a t   c a u s e   t h e s e   e f f e c t s  
r e s i d e   a t   t h e   t e r t i a r y  level o f   s t r u c t u r e ,   t h a t  i s ,  i n   t h e   f o l d i n g  of p a r t i a l -  
l y   he l i ca l ,   cova len t   s equences   o f  amino a c i d s .  

The smallest   proteins   have  about  100  amino ac ids   i n   t he   p r imary   cova len t  
sequence,  and there  a re   twen ty   d i f f e ren t  common amino a c i d s   a v a i l a b l e   i n   n a -  
t u r e .  The number of   poss ib le   p r imary   cha ins   in   p ro te ins  i s  t h e r e f o r e  2O1Oo 
(approximately Of t h i s  overwhelmingly  large number of   possible   pro-  
t e i n s ,   o n l y  a small  number a c t u a l l y   e x i s t ,  and  of  these so fa r   on ly   th ree   have  
been   ana lyzed   comple te ly   for   the i r   t e r t ia ry  s t ruc tu re  by X-ray c rys t a l log raphy  
(myoglobin,  hemoglobin  and  chymotrypsin).  Ribonuclease i s  a f o u r t h   p r o t e i n  
whose s t r u c t u r e - f u n c t i o n   r e l a t i o n s h i p  i s  wel l   understood.  

(c) Quaternary   p ro te in   s t ruc ture   and   reac t ion   cont ro l .  - A t  t he   qua te r -  
na ry   l eve l   o f   p ro t e in   s t~ ruc tu re ,   t he   fo lded   cha ins   spon taneous ly   aggrega te ,  
and  several   energy minima appear.   Conformational  changes  from  one  to  the  other 
then become p o s s i b l e ,  w i t h  func t iona l   conve r s ion   a s  a r e su l t .   Theor i e s   o f  
func t iona l   conve r s ions   o f   p ro t e ins ,   t ha t  i s  'conformational   act ivat ion ' ,   have 
been  advanced by Koshland  and Monod,  among o thers .   Three  mechanisms  have  been 
p r o p o s e d   t o   e x p l a i n   t h e   f u n c t i o n a l   c h a n g e s   i n   s t a t e   o f   s i n g l e   p r o t e i n s :  

(1)  Induced f i t  (Koshland). - I n   t h i s  v i e w  small   molecules   or   large 
i n   t h e   p r o x i m i t y   o f  a pro te in   induce  by chemi 'cal   f0rces .a   change  in   the  con-  
fo rma t ion   o f   t he   p ro t e in   t ha t   t hen   r eac t s   w i th  them.  

(2) A l los t e r i sm (Monod). - I n   t h i s  view the  binding  of  a small  
molecule a t  a s i te  on a large  one  causes  a conformat iona l   change   tha t   a f fec ts  
a n   a c t i v e  s i t e  elsewhere  on  the  large  molecule,   changing i t s  c a t a l y t i c   p r o p e r -  
t i e s  a t   t h a t  remote s i te .  
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(3)  A l l  or   none.  - I n   t h i s  v i e w  p r o t e i n s   a c t   a s   l o g i c a l   s w i t c h e s ,  
and a r e   e i t h e r   i n   a n   a c t i v e   s t a t e ,   o r   i n   a n   i n a c t i v e   s t a t e ,  and a r e   i n t e r -  
converted  perhaps by the   ac t ion   o f   ano the r   ca t a lys t   ( e .g .  , t h e   a c t i v a t i o n   o f  
phosphorylase  through i t s  conversion  from  phosphorylase b to   phosphorylase 
a by a n  enzyme). 

I n   a l l   t h e  above  cases t h e  per formance   of   the   func t iona l   p ro te in  i s  
ampl i f ie r - l ike ,   wi th   smal l   molecules   p rovid ing  a g r id -con t ro l   ove r   t he   t u rn -  
over number o f   t h e   c a t a l y t i c   p r o t e i n s .  Marked ampl i f i ca t ion   o f  a chemical 
signal  can  thus  occur.   Since  the  above mechanisms a r e   n o t   i n   a n y   s e n s e  mu- 
t u a l l y   e x c l u s i v e ,   a l l  may e x i s t .  The important   point  i s ,  fo r   p re sen t   pu rposes ,  
t h a t   t h e   d e g r e e   o f   f u n c t i o n   a s s o c i a t e d   w i t h   a t   l e a s t  some p ro te ins   can  be 
v a r i e d   i n   e i t h e r  a cont inuous  or   an  a l l -or-none  fashion.  A l l  t h r e e  mechanisms 
provide a bas i s   fo r   pos i t i ve   o r   nega t ive   pa rame t r i c   f eedback   i n   b iochemica l  
chains,   or  coupling  between them. The e f f ec t s   a r e   pa rame t r i c   because   t hey  
a f f e c t   c h e m i c a l   a f f i n i t i e s   i n   c a t a l y z e d   r e a c t i o n s .  From s u c h  feedback  chains ,  
and   t he   ampl i f i ca t ion   cha rac t e r i s t i c   p rov ided  by confo rma t iona l   ac t iva t ion   o f  
c a t a l y s t s ,   b i o c t i e m i c a l   c o n t r o l   c i r c u i t s   c a n   a r i s e ,   a n d   t h e s e  may be c h a r a c t e r -  
i z e d  by o s c i l l a t i o n s .  

From these   cons ide ra t ions  i t  a p p e a r s   t h a t   p r o t e i n s  a t  t he   l eve l   o f  ter-  
t i a r y  and  quaternary  s t ructure   have two impor t an t   p rope r t i e s :   a )   func t ion  
( e .g . ,   c a t a lys i s )   and   b )   con t ro l .  They do not   have  complementar i ty   or   repl i -  
c a t i o n .  Such f ea tu res   a r e   found   on ly   i n   nuc le i c   ac ids .  Once t h e r e  i s  one 
p r o t e i n ,  t h e  chance  for  the  appearance  of  another  of  the same amino a c i d  se- 
quence i s  zero.  To c r e a t e   a n o t h e r   s i m i l a r   p r o t e i n  i t  i s  therefore   necessary  
t o  have   an   i n s t ruc t ion .  

- 

The elemental ,   minimal   aggregate   of   s t ructure   and  funct ion  underlying 
l i f e   t h u s   c a n  be summarized a s   fo l lows :  

(1) Ins t ruc t ions   (codes)  l i e  i n   t h e   r e l a t i v e l y  s i m p l e ,  comple- 
mentary  nucleic   acid  polymers .  

(2)  The i n s t r u c t i o n s   a r e   t r a n s l a t e d   i n t o   p r i m a r y  amino a c i d   s e -  
quences  of   proteins .  

(3)  Primary amino acid  sequences  lead  spontaneously  to   secondary,  
t e r t i a r y  and   qua ternary   s t ruc ture   o f   p ro te ins .  

( 4 )  From t e r t i a r y  and   qua te rna ry   p ro t e in   s t ruc tu re   a r i s e   l a rge r  
s c a l e   s t r u c t u r e ,   f u n c t i o n   a n d   c o n t r o l   i n   c h a i n s ,   f e e d b a c k   l o o p s ,   a n d   o r g a n -  
e l l e s .  

(5) From chains   and   loops   a r i se   h igher   l eve l   p rocesses   such   as  
r e s p i r a t i o n ,   r e p l i c a t i o n ,  and   o the r   sys t em  behav io r   cha rac t e r i s t i c   o f   l i f e ,  
i nc lud ing   adap ta t ion  and h e r e d i t a r y   e v o l u t i o n .  

(d)  Evolution. - To desc r ibe   t he   evo lu t ion   o r   adap ta t ion   o f   t he   nuc le i c  
acid-protein  system, some f u n c t i o n ,   p o s s i b l y  new t o  thermodynamics, may be 
involved .   In   E igen ' s  v i e w ,  i t  i s  a 'va lue '   func t ion .  What seems t o  be  needed 
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i s  a v a r i a n t   o f   c y b e r n e t i c s   o r  game theory  based on k i n e t i c s ,   i r r e v e r s i b l e  
thermodynamics  and  f luctuations.  A binary  information  theory  (communication 
theory,   coding  theory)  i s  not   appropr ia te   to   the   p roblem  of   the   adapta t ion  
or   evolu t ion   of   nuc le ic   ac id-pro te in   sys tems.  The i s s u e s   a r e   n o t   b i n a r y ,  
n o t   ' a l l   o r   n o n e ' .   I n s t e a d   t h e y   h a v e   t o   d o   w i t h  a 'value'   based  on  the  ap- 
p e a r a n c e   o r   s t a b i l i z a t i o n   o f  a f u n c t i o n   i n   t h e   f a c e  of f luc tua t ions   and  se- 
l e c t i o n   f o r c e s .  The s e l e c t i o n   p r i n c i p l e ,   a t   t h e   p r i m o r d i a l  level, i s  ampl i f i -  
ca t ion   based   on   speed   of   reac t ion ;   tha t  i s ,  the  biochemical   chain  that  pro.- 
duces  the most func t iona l   p ro t e ins ,   w i th   t he   l a rges t   t u rnove r  number, u l t i -  
mately  dominates   the  populat ion  of   chains   in  a reac t ion   mix ture .  The value 
func t ion  may have  the  nature  of one o r  more weighted  biochemical   propert ies .  1 
The 'negent ropy '   o f   Br i l lou in   perhaps   overemphas izes   o rder   in   the   phys ica l  
dimensions  of  phase  space. The v a l u e   f u n c t i o n   i n   b i o l o g y  may have t o  empha- 
s i z e   o r d e r   i n  some ' i n fo rma t ion   space ' .   S t ab i l i za t ion   a t   t h i s   l owes t   l eve l  
of   processing i s  achieved by feedback  loops,  and  once a loop i s  formed, a l l  
i t s  members a re   p re se rved   i n   t he   f ace   o f   f l uc tua t ions   o f   t he   env i ronmen t   o f  
the  system. 

The above  pr inciples   of   macromolecular   act ion  and  evolut ion were r ecen t -  
l y   v a l i d a t e d   i n  a b r i l l i a n t   e x p e r i m e n t  by Spiegelman. He demonstrated  that  
a v i r u s   p l a c e d   i n  a s y n t h e t i c  medium r e p l i c a t e d   i n  a ve ry   sho r t  t i m e  forms 
t h a t   w e r e   o p t i m a l   f o r   f a s t   p r o c e s s i n g   o f   t h e   n u t r i e n t s   i n   t h e   a r t i f i c i a l  me-  
dium. The r e p l i c a t i n g  v i rus  was t h e n   d i s c o v e r e d   t o   h a v e   l o s t   a l l   i n f e c t i v i t y  
f o r   t h e   b a c t e r i a l   c e l l s  which or iginal ly   provided  the  necessary  environment  
f o r   r e p l i c a t i o n .   I n   b r i e f ,   t h e   v i r u s  had 'adapted '   or   evolved  to  a new o p t i -  
mal  performance  characterized by the   va lue   ev ident ly   p laced  on f a s t   p roces -  
s ing .  

I n  summary, many o f   t he   a t t r i bu te s   so   s t r i k ing   abou t   l i v ing   sys t ems ,   i n -  
c l u d i n g   t h e i r   r e p l i c a b i l i t y   a n d   a d a p t a b i l i t y   a r e   f o u n d   a t   s u b c e l l u l a r   l e v e l s  
of   o rganiza t ion .  A t  t h e s e   l e v e l s   a l r e a d y   t h e   p r o p e r t i e s   o f   c o n t r o i ,  communi- 
c a t i o n ,   s t a b i l i t y ,  and   adap t ive   behav io r   a r e   t o  be found. An e s s e n t i a l   f e a -  
tu re   o f   the   o rganiza t ion   of   mat te r   bes towing   these   p roper t ies  on biochemical 
cha ins  i s  ampl i f ica t ion ,   pos i t ive   and   nega t ive   feedback ,   and   coupl ing  among 
r e a c t i o n   c h a i n s .   T h i s   l a t t e r   f e a t u r e  w i l l  be d e s c r i b e d   i n  more de t a i l   be low.  

(e)  Metabolic  systems. - Metabolic  systems  are composed both  of  bio- 
c h e m i c a l   c h a i n s   o f   c a t a l y s t s   w i t h   t h e i r   a s s o c i a t e d   n u c l e i c   a c i d s ,   a n d   o f  mem- 
brane  t ransport   systems.  

Metabol ic   cha ins   involve   t en   to   100   s teps ,   each  s t e p  ca t a lyzed .  The 
chain may or  may not  have  feedback  or  feedforward,  but i t  always  has  coupling 

nodes   to   o ther   b iochemica l   p rocesses   a t   one   o r  more points .   Feedback,  
feedforward ,   o r   coupl ing   e f fec ts   a re   exer ted   th rough  severa l  mechanisms: 1) 
through  the amount o f   a c t i v e   c a t a l y s t   a t  a r a t e - l i m i t i n g   s t e p ;  2)  through  the 

A p o t e n t i a l   i n t r o d u c t o r y   t h e o r y   t o  a 'va lue '   func t ion  was c a s t   i n   t h e   i n -  
t roduc to ry   Sec t ion  I ,  i n   t h e  form  of   summat iona l   invar ian ts   o f   the   s ta t i s t i -  
cal   mechanical   ensemble  that  a set of  organized ce l l s  i n   a n   o r g a n i s m   a r e  mem- 
b e r s   o f .  
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conformation  of a g i v e n   c a t a l y s t   a t  a r a t e - l i m i t i n g   s t e p   o r ;  3) through  the 
s u p p l y   o f   s u b s t r a t e   t o  a s t e p   i n   t h e   c h a i n .  

( f )   Con t ro l .  - A t  l e a s t   o n e   k i n e t i c a l l y   i r r e v e r s i b l e   s t e p  i s  u s u a l l y  
p r e s e n t   i n  a cha in ,   w i th  a d i f f e r e n t  pa thway   i nvo lv ing   d i f f e ren t   ca t a lys t s  
for   the  forward  and backward  pathways.  Other  steps i n   t h e   m e t a b o l i c   c h a i n s  
a r e   k i n e t i c a l l y   r e v e r s i b l e  and  the  forward  and  backward  pathways  are  the 
same. Control  i s  t h e r e f o r e   e x e r c i s e d   e i t h e r   a t   r a t e - l i m i t i n g   s t e p s ,   o r   a t  
k i n e t i c a l l y   i r r e v e r s i b l e   s t e p s .  An impor tan t   fea ture   o f   metabol ic   cha ins  i s  
t h a t  a given  chain may be   sub jec t ed   t o   ve ry   d i f f e ren t   pa rame t r i c   i n f luences ,  
depending upon which enzyme i n   t h e   c h a i n  i s  r a t e - l i m i t i n g .   I n   d i f f e r e n t  
ce l l s ,  t h e   r a t e - l i m i t i n g   s t e p   o f  a chain may occur a t   d i f f e r e n t   p o i n t s   i n  
what  otherwise would  be the  same cha in .   Opera t iona l ly ,   t he   e f f ec t  i s  pro- 
found  and   the   metabol ic   charac te r i s t ics   o f   the  two c e l l   t y p e s  may be r a t h e r  
d i f f e r e n t .  

The c o n t r o l  mechanisms t h a t   v a r y   t h e  amount of  a g i v e n   c a t a l y s t   a t  a 
r a t e - l i m i t i n g  s t e p  must a f f ec t   nuc le i c   ac id -dependen t   p ro t e in   syn thes i s .  To 
do so,  c h e m i c a l   s i g n a l s   a c t   e i t h e r   a s   i n d u c e r s   ( d e r e p r e s s o r s )   o r   r e p r e s s o r s ,  
and may be m e t a b o l i t e s   ( i . e .  , s u b s t r a t e s   o r   p r o d u c t s   o f   r e a c t i o n   c h a i n s )   o r  
hormones. I n   a n y   c a s e ,   t h e   a c t i v i t y   o f   t h e  genome i s  a l t e r e d ,  and   t he   r a t e  
o f , s y n t h e s i s   o f   t h e   c a t a l y s t   f o r  t h e  r a t e - l i m i t i n g   s t e p   i n  a metabol ic   chain 
i s  changed.  Another  control  mechanism  involves  conformational  activation  of 
a c a t a l y s t   a t  a r a t e - l i m i t i n g  s t e p ,  and   the   chemica l   agents   respons ib le   for  
such   ac t iva t ion   a re   o f   th ree   types :  1) m e t a b o l i t e s   ( s u b s t r a t e s ,   p r o d u c t s ,  
cofac tors   inc luding   such   ions   as   po tass ium,  magnesium, calcium,  and  such 
energy   sources   as  ATP); 2 )  hormones;  and 3)  spec ia l   s igna l   molecules   such  a s  
c y c l i c   a d e n y l i c   a c i d   ( c y c l i c  AMP) t h a t   a c t   a s   i n t r a c e l l u l a r   m e s s e n g e r s .  Hor- 
mones a r e   c h e m i c a l   a g e n t s   t h a t   a f f e c t   p r o c e s s   r a t e s  by a c t i n g   a s   s i g n a l  mole- 
cu les   t ransfer red   be tween ce l l s ,  without  themselves  being a subs t r a t e ,   p ro -  
duc t   o r   co fac to r   o f   t he   p rocess   w i th in   ce l l s .  

Cont ro l   o f   the   ac t ion   of  a metabol ic   chain  achieved  through  var ia t ions 
i n   s u p p l y   o f   s u b s t r a t e   t o  a s tep   in   the   cha in   involves   o r thodox mass a c t i o n  
e f f e c t s .   S h a r i n g  of a common r e a c t a n t  by  two o r  more chains  i s  t h e  most com- 
mon bas i s   o f   coup l ing   i n   t he   me tabo l i c   sys t em,   and   t he   e f f ec t s   a r e   aga in   t hose  
of  mass a c t i o n .   I f   f o r  example a chain  produces ATP, bu t   ano the r   r eac t ion  
(ATP-ase) i s  present ,   the   ac t ion   of   th i s   second  enzyme,outs ide   the   cha in ,   can  
a f f e c t   t h e   r a t e   o f   t h e   p r o c e s s i n g   i n   t h e  whole  chain  because i n  t h e  main path 
i n   t h e   c h a i n  A T P  levels a re   gove rn ing   a t   one   s t ep .   Th i s  example  merely il- 
l u s t r a t e s  a common type of coupling among metabol ic   processes .  The coupling 
e f f e c t s   c a n   s h i f t   t h e   r a t e - l i m i t i n g   p o i n t   i n  a cha in ,   and   thus   c rea te  mass 
a c t i o n   e f f e c t s   a t   b r a n c h   p o i n t s   i n   c h a i n s   t h a t   r e r o u t e   m o l e c u l a r   t r a f f i c  
through  the  f reeway  pat tern  of   the  metabol ic   chains .   Extremely  wel l  known 
examples   o f   cha in   i n t e rac t ion   i nc lude   t he   Pas t eu r   and   Crab t r ee   e f f ec t s .   I n  
the  former,  the  consumption  of  oxygen by the   e lec t ron   t ranspor t   cha in   p ro-  
d u c e s   e f f e c t s   t h a t   i n h i b i t   t h e   p r o d u c t i o n   o f   e n e r g y   t h r o u g h   g l y c o l y s i s ;   i n  
t h e   l a t t e r   t h e   r e v e r s e  i s  t r u e ,  a n d   a c t i v a t i o n   o f   g l y c o l y s i s   i n h i b i t s   r e s p i r a -  
t i o n .  
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(g)  Occurrence  of  chains. - Cer ta in   me tabo l i c   cha ins   a r e   ub iqu i tous  
( g l y c o l y s i s ,   p h o t o s y n t h e s i s ,   f a t t y   a c i d   o x i d a t i o n ,   t r i c a r b o x y l i c   a c i d   c y c l e -  
e l e c t r o n   t r a n s p o r t )   w h e r e a s   o t h e r s   a r e   s p e c i a l i z e d   a n d   o c c u r   o n l y   i n   c e r t a i n  
cel ls  (e .g .  , c o r t i c o s t e r o i d o   g e n e s i s   i n   t h e   a d r e n a l   g l a n d ) .   N u c l e i c   a c i d -  
p r o t e i n   i n t e r a c t i o n s ,   a s   p r e v i o u s l y   s t a t e d ,   u n d e r l i e   a l l   l i v i n g   s y s t e m s   a s  
f a r   a s  w e  know. The main  emphasis i n   t h e   p r e s e n t   a n a l y s i s   s h a l l   c o n c e r n  
t h o s e   c h a i n s   t h a t   a r e   u b i q u i t o u s ,   a n d   a l l   o f   t h e s e   a p p e a r   t o   b e   i n v o l v e d   w i t h  
b i o e n e r g e t i c s .  They provide   for   the   p roduct ion   and   s torage   o f   Gibbs  free en- 
e rgy   i n   l i v ing   sys t ems .   A l though   t hese   cha ins   a r e   r ega rded   a s   ub iqu i tous ,  i t  
must  be  pointed  out  that  i n   f a c t   s e v e r a l   d i f f e r e n t   s o l u t i o n s  have  evolved  for 
the   energy   t rapping ,   p roduct ion   and   s torage   p rocesses   requi red   for   l i fe .   For  
example, ATP product ion i s  c a r r i e d   o u t  by microbia l   p r imi t ives   th rough  th io-  
es ter  p r o d u c t i o n   ( l a c t y l   g l u t a t h i o n e ) ;  i t  i s  ca r r i ed   ou t   by   mic rob ia l   spec ia l -  
i s t s  us ing   amino   ac ids ,   pu r ines ,   cho l ine ,   c r ea t in ine ,   and   unusua l   suga r s   a s  
carbon  and  energy  sources.  It  i s  c a r r i e d   o u t  by me tabo l i c   gene ra l i s t s ,   wh ich  
a r e   t h e   o r g a n i s m s   o f   i n t e r e s t   i n   t h i s   a n a l y s i s ,   t h r o u g h   t h e   p r o c e s s e s   o f   g l y -  
co lys i s ,   the   Krebs   cyc le   wi th   ox ida t ive   phosphoryla t ion   (mi tochondr ia1   e lec-  
t r o n   t r a n s p o r t )   o r  by photophosphorylation  (photosynthesis).  The fol lowing 
f i g u r e   r e l a t e s   t h e s e   m e t a b o l i c   c h a i n   p r o c e s s e s   i n  a composite  animal c e l l .  
These are   the  chains   responsible   for   the  major   thermodynamic  engine  character-  
i s t i c s  o f   an ima l   sys t ems   gene ra l ly .   P l an t   sys t ems   d i f f e r   on ly   i n   hav ing   an  
accessory  means of trapping  energy  through  photosynthesis.   Otherwise  the 
metabol ic   machinery  within  the c e l l s  i s  s i m i l a r   t o   t h a t  found in   an ima l s ,   and  
i s  shown i n   t h e   f i g u r e .  
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Bioenerget ics   of  a Composite  Animal Cel l ,  Showing Fea tu res  
P r e s e n t   i n   L i v e r ,  Muscle  and F a t  

Only  major  metabolic  chains  are shown. Con t ro l   po in t s   a r e   i nd ica t ed  by 
a s t e r i s k s .  These a r e   p o i n t s  of a c t i o n  of insu l in ,   g rowth  hormone, epinephrine,  
glucagon  or   cor t isol .   Abbreviat ions  used  are:  

ATP = adenosine  tryphosphate;  
NAD = nicot inamide   adenine   d inuc leo t ide ;  
FAD = f l av in   aden ine   d inuc leo t ide ;  
G6P = glucose-6-phosphate; 

AcCoA = acetyl-coenzyme A; 
FFA = f r e e   f a t t y   a c i d s .  
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(h) Membrane t r anspor t s   and   ga t ing .  - A second  component of metabol ic  
systems i s  membrane t r a n s p o r t .  It can   be   s een   f rom  the   f i gu re   t ha t   subs t r a t e s  
must cross  the  phase  boundary  between c e l l  environment  and c e l l  i n t e r i o r .  
Cont ro l   by   ga t ing  i s  poss ib le   a t   the   boundary ,   and   does   indeed   occur .  The 
opera t ion   of   the   t ranspor t   sys tem  a t   the   boundary   has   p rofound  e f fec ts   th rough 
mass ac t ion   on   t he   subs t r a t e   l oad ing   o f   t he   me tabo l i c   cha ins   w i th in   t he  ce l l .  
Thus t r a n s p o r t   p r o c e s s e s   n o t   o n l y   p r o v i d e   s e l e c t i v i t y ,   b u t   t h e y   c a n   s h i f t   t h e  
operat ion  f rom  one  chain  to   another ,   depending  on  which  substrate  i s  admit ted.  
An i n t e r e s t i n g   f e a t u r e   o f   t r a n s p o r t  phenomena i s  tha t   they   involve   the   coup-  
l i n g  between a s c a l a r   e x e r g o n i c   p r o c e s s   t o  a vec to r i a l   endogon ic   t r anspor t  
which i s  enzyme or   car r ied-media ted .  

An apprec iab le  amount o f   c o n t r o l   i n   b i o l o g i c a l   s y s t e m s  i s  e x e r t e d   a t   t h e  
level o f   t r a n s p o r t   t h r o u g h   t h e   l i m i t i n g   c e l l u l a r  membrane. 

( i )   Overa l l   metabol ic   per formance-metabol ic   s ta tes .  - The o v e r a l l   p e r -  
formance  of   metabol ic   -systems  def ines   the  physical   chemical   s ta te   of   the  l i v -  
ing  system. I t  de te rmines   t he   pa r t i cu la r ,   g ros s  mode o f   ac t ion   o f   t he   b io -  
l og ica l   sys t em,   i nc lud ing   t he rmogenes i s ,   mo t ion ,   r ep l i ca t ion ,   s ec re t ion ,  re -  
pa i r ,   g rowth ,   d i f f e ren t i a t ion ,   me tamorphos i s ,   f l ower ing ,  e t c .  The e x t e n t   t o  
which i t  might   determine  the  behavioral   s ta te  of ind iv idua l   h igher   an imals  
with  e laborate   nervous  systems i s  g i v e n   c o n s i d e r a t i o n   a t   a n o t h e r   p o i n t   i n  
t h i s   r e p o r t .  The number o f   d i s t i n c t   m e t a b o l i c   s t a t e s   t h a t   a r e   r e c u r r e n t  i s  
apparent ly   no t   h igh .  Below, an  a t tempt  i s  made t o   r e l a t e   m e t a b o l i c   s t a t e s   t o  
behaviora l  modes, bu t  i t  must   be  admit ted  that   behavioral  modes a r e  somewhat 
anthropomorphical ly   def ined.  

Table 2 

Recurrent   Metabol ic   States  

1. Metabol ic   S ta tes   in   Deciduous   P lan ts  

a.   Seasonal  growth 
b . Sea sona 1 f lowering 
c .  Seasonal   absciss ion  and dormancy 
d.   Circadian  photosynthesis  and other  rhythms 

I n   t h e   h i g h e r   p l a n t s  a behaviora l  mode i s  apparent ly  synonomous 
wi th  a me tabo l i c   s t a t e ,   and  i s  environmentally  cued. 

2 .  Recurrent  Behavioral  Modes o f   I n s e c t s  

a .   Foraging ,   food   ga ther ing   ( inc luding   r i tua ls   o r   dances)  
b.  Defense 
c .  Mat ing   (of ten   spec ia l ized   wi th in  a few i n d i v i d u a l s )  
d .   Bui lding 
e .  'Res t ing '   ( inc luding   repa i r ,   anabol i sm,   d iges t ing)  
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How many d i s t i n c t   m e t a b o l i c   s t a t e s   u n d e r l i e   t h e s e   b e h a v i o r a l  modes i s  
not   c lear .   Foraging ,   defense   and   bu i ld ing   a l l   involve   energy   expendi -  
t u re   t h rough   mQt i l i t y ,   and  may r ep resen t   on ly   one   me tabo l i c   s t a t e .  
Res t ing   and   mat ing   c lear ly   d i f fe r   f rom  each   o ther   and   f rom  the   a fore-  
ment ioned   s ta tes ,   and   ' r es t ing '  may i n v o l v e   a t   l e a s t   t h r e e   d i f f e r e n t  
me tabo l i c   s t a t e s ,   a s   i nd ica t ed   pa ren the t i ca l ly   above .   Thus ,   f i ve   be -  
h a v i o r a l  modes may be   a s soc ia t ed   w i th   a s  many metabol ic   s ta tes ,   though 
the  correspondence i s  no t  1:l. 

3 .  Recurrent   Metabol ic   States   for   Adult  Mammals 

a .   S l e e p - r e s t   ( b a s a l   m e t a b o l i c   r a t e )  
b . Thermogenesis 
c .   D iges t ing  
d .   E x e r c i s e   ( e n e r g e t i c   s k e l e t a l   m o t i o n   o f   a l l   k i n d s   r e g a r d l e s s  

o f   ob jec t ive )  
e.  Anabolism: r e p a i r   o r   r e c u p e r a t i o n   a f t e r   d i s e a s e   o r   i n j u r y ,  

musc le   hyper t ropy   a f te r   chronic   exerc ise  (may be  more than 
one s t a t e )  

f .   F a t t e n i n g  
g .   Fas t ing  

The number of  behavioral  modes i s  obviously much h igher   than   the   l imi ted  
number o f   b ioene rge t i c   s t a t e s   above .  Thus t h e r e  i s  n o t  a 1:l c o r r e s -  
pondence  between  metabolic , b ioene rge t i c   s t a t e s   and   behav io ra l  modes. 
However, t h e   m e t a b o l i c   s t a t e s   l i s t e d   a b o v e  may i n   f a c t   e a c h  be a con- 
s t e l l a t i o n   o f   s i m p l e r   s t a t e s .   I n  t h e  p r e s e n t   a n a l y s i s   c o n s t e l l a t i o n s  
w i l l  be  emphasized. 

( j )   S t a t e   t r a n s i t i o n s .  - S p e c i f i c a t i o n   o f   d i s t i n c t   c o n s t e l l a t i o n s   o f  
metabol ic   processing - t he   me tabo l i c   s t a t e s  - r a i s e s   t h e   q u e s t i o n   a b o u t  t h e  
p r o b a b i l i t i e s   o f   t r a n s i t i o n   f r o m  one t o   a n o t h e r .  Is the  ensemble  of  these 
processes   e rgodic?  I s  the   t ra jec tory   th rough  the   phase   space   o f   metabol ic  
s t a t e s   t h a t  of a Markovian  process,  determined by the   p re sen t   and   r ecen t   pas t ,  
o r   a re   the   p robabi l i t i es   to   be   descr ibed   o therwise?   Whatever   the   answers   to  
t hese   ques t ions ,   t he   t r ans i t i on   f rom  one   me tabo l i c   s t a t e   t o   ano the r   r equ i r e s  
s i g n a l s   f o r   i n i t i a t i o n .  I t  i s  therefore   necessary ,  when dea l ing   wi th   b io-  
l o g i c a l   s y s t e m s ,   t o   d i s t i n g u i s h  power f luxes   f rom  informat iona l   f luxes .  I t  
i s  a l so   impor t an t   t o  know whether   or   not  a con t inuous   i n fo rma t iona l   f l ux  i s  
r equ i r ed   t o   ho ld  a metabol ic   sys tem  in  a g i v e n   s t a t e ,   o r   w h e t h e r   t h e   i n f o r -  
mational  f lux  need  only  be a t r a n s i e n t ,   r e q u i r e d   t o   d i s p l a c e   t h e   m e t a b o l i c  
sys tem  to  a new, s t a b l e   o p e r a t i n g   p o i n t   t h a t  i t  c a n   s u s t a i n   a f t e r   t h e   c e s s a -  
t i on   o f   t he   i n fo rma t iona l   f l ux .  

A 'message'   within  the  metabolic  system i s  def ined   as   having   been   re -  
ceived when a s u b s t a n t i a l   c h a n g e   i n  mass  flow  across membranes o r   i n  biochem- 
i c a l   c h a i n s   h a s   o c c u r r e d ,   o r  a subs t an t i a l   ene rgy   t r ansduc t ion   appea r s ,   a s  
i s  involved   in   the   convers ion   of  A T P  t o  muscle  cont rac t ion .   Messages   a re  
c a r r i e d   u l t i m a t e l y  by chemicals   (substrates ,   drugs,   hormones,   ions  and o t h e r  

2 08 



metabo l i t e s ) ,   o r   by   t he   neu ro t r ansmi t t e r s ,   no rep inephr ine   and   ace ty l cho l ine .  
These  chemical   s ignals  may b e   c r e a t e d   a n d   d i s t r i b u t e d   l o c a l l y ,   a s   i n   t h e   c a s e  
of neu ro t r ansmi t t e r s ,   p ros t ag land ins ,   and   ka l l ec re ins ,   o r   t hey  may b e   d i s -  
t r i b u t e d   g e n e r a l l y ,   a s   i n   t h e   c a s e  of hormones,  through a  common, hydraul ic ,  
convect ion  channel   such a s  c e r e b r a l   s p i n a l   f l u i d ,   s a p ,   b l o o d ,  hemolymph. The 
d i s t r i b u t i o n   t a k e s  hormones t o  many reg ions  of the  l iving  systems  where  the 
s igna l   molecule  i s  ' r e c o g n i z e d '   a t   s p e c i a l i z e d   t a r g e t   a r e a s  on c e l l  s u r f a c e s  
o r   i n t e r i o r s .  

(k)   Chemical   s ignals .  - The number of   metabol i tes   tha t  may a f f e c t   b i o -  
chemica l   cha ins   o r   the  genome i s  unknown, b u t   i n  mammalian c e l l s  t h e  number 
i s  probably   no t  less than   100 .   These   subs t ances   ac t   a s   i n t r ace l lu l a r  commu- 
n i c a t i o n   a g e n t s .  The number of  systemic hormones that   carry  messages  between 
c e l l s  i s  a b o u t   f o r t y   f o r  mammals, n i n e   f o r   i n s e c t s   a n d  s ix  f o r   p l a n t s .  The 
number o f   c l a s ses   o f   l oca l   ho rmona l   s igna l s  i s  not  known, but  i s  apparent ly  
smal l ,   and   inc ludes   h i s tamine ,   ka l l ic re ins   and   pros tag landins .  

To t h e  above l i s t  of  chemical  signals  might  be  added  the  pheromones  that 
a re   chemica ls   t ransmi t ted   f rom  one   l iv ing   ind iv idua l   to   another   th rough  the  
a i r   o r   w a t e r  medium between,  which, when d e t e c t e d ,   a f f e c t   t h e   b e h a v i o r  and 
m e t a b o l i c   s t a t e   o f   t h e   r e c i p i e n t .  The number of  pheromones i s  n o t  known even 
approximate ly ,   bu t   for   any   g iven   spec ies  i t  i s  apparent ly   small   (only  one) .  

I n  summary, w e  recognize  perhaps 200 chemica l   s igna l s   t ha t  may  command 
changes i n  ene rgy   t r ansduc t ion   o r  mass  flow i n  a mammalian system,  and  these 
represent   about   an   equal  number o f   i n t r a c e l l u l a r   m e t a b o l i t e s  and e x t r a c e l l u l a r  
hormonal  messengers.   In  the  present  analysis,   only  the  hormonal  messengers 
a re   cons idered ,   because   the  level of   func t ion  of i n t e r e s t   i n v o l v e s   t h a t   o f  
mult iple   organs  connected by communication l i nks   i nvo lv ing   on ly   ne rves  and 
hormones. A t  the   mult i -organ leve l  of   func t ion ,   the   p rocesses   under ly ing  
b ioene rge t i c s   i nvo lve   ve ry  few s i g n a l s .  The  two neuro t r ansmi t t e r s   accoun t  
f o r   t h e   i n f l u e n c e   o f   n e r v e s  on  organs  and  their   secretory  supply.  The number 
of  hormones a f f e c t i n g   b i o e n e r g e t i c s   i n   t h e  mammal i s  o n l y   s i x :   i n s u l i n ,   g l u -  
cagon,  growth hormone , epinephr ine ,   thyro id  hormone ( a c t u a l l y  two)  and glu-  
cocor t ico ids   (ac tua l ly   two) .   Adjus tments   o f   water   and   minera l   ba lance   in -  
volve  four   addi   t iona 1 hormones ( a n t i d i u r e t i c  hormone, t h y r o c a l c i t o n i n  , para - 
thyro id  hormone and   a ldos t e rone ) .  The minera ls  whose levels a r e   c o n t r o l l e d  
by these   agents   a re   sodium  ion ,   po tass ium  ion ,   ca lc ium  ion ,   and   phosphate  
i o n .  

(1) Convergence  of  chemical  signals.  - The re la t ionship   be tween a  com- 
municat ion  f lux  received  and a power f lux   ach ieved  by a r e c i p i e n t  c e l l  de- 
f ines   me tabo l i c  command ' languages ' .  The l a r g e  number of   possible   chemical  
s igna l s   cou ld  be   t aken   t o   imp ly   t ha t   fo r   each   t he re  i s  a s p e c i f i c   r e c e p t o r  
( a s  i s  probably   t rue)  , and f o r   e a c h   r e c e p t o r   t h e r e  i s  a d i s t i n c t   f u n c t i o n .  
The l a t t e r   a s s u m p t i o n  i s  p robab ly   no t   t rue ,   fo r   t he  many chemical  symbols 
a p p a r e n t l y   c o n v e r g e   a t   t h e   c e l l u l a r  level to   on ly  a few i n t r a c e l l u l a r   l a n -  
guages. A t r a n s l a t i o n   o c c u r s ,   a s   h a s   b e e n   d i s c o v e r e d   i n   t h e   s p e c i a l   c a s e   o f  
c y c l i c  AMP. 
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I t  i s  now recogn ized   t ha t   cyc l i c  AMP i s  a n   i n t e r m e d i a t e   i n   t h e   a c t i o n  of 
a l a r g e  number of  hormones.   Examples  include  the  activation  of  phosphorylase 
i n   l i v e r  and  muscle by e p i n e p h r i n e ,   o r   i n  liver by glucagon;   s t imulat ion of 
c o r t i c o s t e r o i d o g e n e s i s  by ACTH; r e l e a s e   o f  some p i t u i t a r y  hormones  by  hypo- 
tha l amic   r e l eas ing   f ac to r s ;   ad jus tmen t   o f   t he   pe rmeab i l i t y   o f   r ena l   t ubu la r  
membranes by a n t i d i u r e t i c  hormone; a c t i o n  of i n s u l i n  on  glucose  or  amino a c i d  
u p t a k e   i n  muscle; s c t i o n  of i n s u l i n ,   a n t i d i u r e t i c  hormone, ACTH, growth  hor- 
mone or   ep inephr ine  on the   ho rmona l ly   s ens i t i ve   l i pase   o f   t he   f a t  c e l l ,  e t c .  
Apparen t ly ,   i n   t he   cou r se   o f   evo lu t ion   me tabo l i c   mach ine ry   i n   t he   ce l l   i n t e r -  
i o r  became r e s p o n s i v e   a t  numerous p o i n t s   t o   c y c l i c  AMP. The s p e c i f i c i t y   o f  
a c t i o n  o f  t he  hormones t h a t   c o u r s e   b e t w e e n   c e l l s   a p p e a r s   t o   o c c u r   a t   c e l l   s u r -  
f aces ,   where   t he   a r r iva l   o f  a hormone molecule i s  t r a n s l a t e d   t h r o u g h   t h e   c e l l  
membrane i n t o  a flow of c y c l i c  AMP a t  some region  of  t h e  c e l l  i n t e r i o r .   C y c l i c  
AMP has  thus  been  cal led "a deputy hormone". 

The m u l t i p l i c i t y   o f   a c t i o n s   o f   c y c l i c  AMP w i t h i n   c e l l s   d o e s   n o t   f u l l y  
descr ibe   the   impor tance   o f   th i s  compound. The same substance  has  been  found 
t o  be the   o rgan iz ing   s igna l   fo r   agg rega t ions   o f  amoebas in   the   s l ime  mold ,   and  
i n   t h a t   c a s e  i t  i s  no t   mere ly   an   i n t r ace l lu l a r   agen t ,   bu t   i n s t ead  i t  i s  re- 
leased by pacemaker c e l l s  and d i f fuses   th rough a p o p u l a t i o n   o f   c e l l s  who o r -  
i en t   t hemse lves   i n  a d i f f u s i o n   g r a d i e n t   o f   t h i s   s u b s t a n c e .   D i f f e r e n t i a t i o n  
occur s .   In  t h i s  r o l e ,   c y c l i c  AMP a p p e a r s   a s  a hormone i t s e l f   o f   t h e  pheromone 
t y p e .   I n   a l l   c a s e s   c y c l i c  AMP provides  commands 'understood'  by an   as tonish-  
i ng ly   l a rge   va r i e ty   o f   ce l l s   and   p rocesses .  

(m) Summary of  Section 1. - The e s sen t i a l   f ea tu re s   o f   me tabo l i c   sys t ems  
underlying  bioenerget ics   that   appear   f rom t h i s  a n a l y s i s   a r e   r e l a t i v e l y   f e w .  
They a r e  summarized  below: 

The energy-producing  systems al l   involve  mult i -enzyme  chains   numbering 
f rom  ten   to  100 s t eps .   These   cha ins   i nc lude   g lyco lys i s ,   t he   t r i ca rboxy l i c  
acid-electron  t ransport   system  and  photophosphorylat ion.  

Metabol ic   cha ins   a re   regula ted  by adjustments   of   the  amount o r   a c t i v i t y  
of  enzymes a t   r a t e - l i m i t i n g   o r   u n i d i r e c t i o n a l  s teps .  

Control  of enzymes i s  achieved by a d j u s t i n g   t h e   r a t e s   o f   t h e i r   s y n t h e s i s  
through  the  nucleic   acid-protein  synthesis   machinery,   or   through  conformation-  
a l   a c t i v a t i o n   o f   t h e  enzyme by hormones o r   m e t a b o l i t e s .  

Me tabo l i c   cha ins   a r e   t i gh t ly   coup led   t o   co fac to r   r eac t ions   t ha t   dona te  
or   rece ive   p ro tons   and   e lec t rons   o r   phosphate   g roups .  

Metabol ic   chains   are   weakly  coupled  to   each  other   through  shared  react-  
an t s   i n   me tabo l i c   poo l s .  

Metabolic  chains may have  feedback  or  feedforward  loops,  

The flow  of mass through a metabol ic   channel   can  be  adjusted by changes 
i n  enzyme performance a t   c o n t r o l l a b l e  steps w i t h i n   t h e   c h a i n ,   o r  by ga t ing   t he  
p re sen ta t ion  of s u b s t r a t e s   t o  t h e  f i r s t   s t e p   i n   t h e   c h a i n   t h r o u g h   s e l e c t i v e ,  
membrane t r a n s p o r t s .  
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Hormones carry  messages  between ce l l s ,  and a f f e c t   b o t h   t r a n s p o r t s   a n d  
cha ins .  

The number of  hormones involved i n   b i o e n e r g e t i c   p r o c e s s e s  i s  small,  and 
t h e i r  messages   a re   t rans la ted   in to   an   even   smal le r  number o f   i n t r a c e l l u l a r  
languages, of which c y c l i c  AMP flow i s  the   a rche type .  

In   p l an t s ,   me tabo l i c   s t a t e s   and   behav io ra l  modes a r e  synonomous; i n   i n -  
sects,  t h e  number of   metabol ic   s ta tes   and   behaviora l  modes are the  same, but  
t h e r e  i s  not  a 1:l. correspondence; i n  animals   the number of   behaviora l  modes 
i s  much l a rge r   t han   t he  number o f   b ioene rge t i c ,   me tabo l i c   s t a t e s .  

2 .  Life  Without Nervous  Systems 

The p reced ing   s ec t ion   dea l t   w i th   gene ra l   a spec t s   o f   ce l lu l a r   me tabo l i sm.  
A s  a foundat ion   for   the   in te rpre ta t ion   o f   an imal  (human) behavior we  now re- 
view more pa r t i cu la r ly   s eve ra l   fo rms   o f   l i f e   i n   wh ich   r epe t i t i ve   me tabo l i c  
performance i s  achieved   wi thout   the   in te rvent ion   of  a nervous  system.  These 
forms   revea l   var ie t ies   o f   per iodic ,   metabol ic   per formance   ach ieved  by the  f low 
of   chemical   s ignals .  

(a)  Microorganisms  and c e l l   c y c l e   b i o c h e m i s t r y .  - The simplest  form  of 
l i f e  known i s  the  pleuropneumonia--0).  Some of  these  organ- 
isms a re   on ly  0 .1  micra in   d iameter   (on ly  10% of  t h e  diameter of  the  average 
bacterium). The mass  range  between  these  organisms  and a large  protozoan  such 
a s   a n  amoeba i s  1 0 9 .   I n   f a c t ,  a s ing le   a tom i s  a s   c l o s e   t o  PPLO a s  PPLO i s  t o  
an amoeba i n   s i z e .  PPLO meets a l l  t h e  cond i t ions  of l i f e :  i t  grows  and re- 
produces i n  a medium f r e e   o f   o t h e r   c e l l s .  The metabolic  machinery  consists  of 
a subse t   o f   t he   u sua l   an ima l   ce l l   pa r t s :  a f l e x i b l e  membrane 100 2 t h i c k ,  
c o n t a i n ' n g   c h o l e s t e r o l   e s t e r s ;  enzymes (about   for ty) ;  DNA (molecular  weight 
45 x 10 . Since i t  t akes  a s t r i p  of DNA of  molecular  weight  about 1 x I O 6  t o  
regula te   the   synthes is   o f   one  enzyme, i t  a p p e a r s   t h a t   a l m o s t   a l l   t h e   a v a i l a b l e  
DNA i n   t h e   c e l l  i s  invo lved   i n   syn thes i s   o f  i t s  enzymes.) PPLO organisms  de- 
r i v e   t h e i r   f r e e   e n e r g y   f r o m   g l y c o l y s i s  by the   usua l   pa th ,   ye t   they   conta in  
al together   only  twelve  hundred  large  molecules .  The me tabo l i c   s t a t e s  open t o  
PPLO appea r   t o  be  two: r e s t ,  and  growth  with  repl icat ion.   Unfortunately,   the  
cue ing   fo r   t he   t r ans i t i on ,   and   t he   na tu re   o f   t he   s t eady- s t a t e   ava i l ab le   t o  
t h i s   o rgan i sm  ( i f   any )  i s  unknown. The re fo re ,   t o  examine ce l l  cyc le  biochem- 
i s t r y  i t  has   been  necessary  to   s tudy  larger   s ingle-cel l   organisms  such  as   bac-  
t e r i a ,   o r   a n i m a l  ce l l s  sepa ra t ed   and   p l aced   i n   cu l tu re .  The following  conclu- 
sions  have emerged  from  such  studies. 

?I 

(b)  Cell-cycle  biochemistry.  - The r e p l i c a t i o n   o f   a n   a n i m a l   c e l l   i n   t h e  
con t ro l l ed -and-cons tan t   env i ronmen t   o f   ce l l   cu l tu re  i s  a cyc l i c   p rocess .  The 
cyc l ing  i s  programmed f r o m   t h e   c e l l ' s  own genet ic   system,  but   the   cycl ing  can 
be c o n t r o l l e d  by environmental  changes i f  these a r e   p r e s e n t .  The r e su l t  i s  
t h a t   i n   t h e i r  no rma l   s e t t i ng ,  some c e l l s   r e p l i c a t e   e v e r y   t e n   t o   t w e l v e   h o u r s ,  
and some , never.  

2 11 



The cyc le   begins   wi th  a qu iescent   in te rphase .   This   phase  i s  followed by 
DNA syn thes i s   and   h i s tone   syn thes i s ,   t hen  by RNA and   p ro te in   syn thes i s ,   t hen  
by mi tos i s ,   and  a r e t u r n   t o   i n t e r p h a s e .   P o p u l a t i o n s  of s i m i l a r  ce l l s  i n   c u l - '  
t u r e  d o   n o t ,   i n   g e n e r a l ,   c a r r y   o u t   t h e s e   p r o c e s s e s   s y n c h r o n o u s l y .  The same 
ce l l s  i n   t h e i r   n a t u r a l   s t a t e   ( n o t   i n   c u l t u r e )   a r e   u s u a l l y   c o n s i d e r e d  t o  be 
more d i f f e r e n t i a t e d ,  a n d   n o t   a s   l i k e l y   t o  show the  cycle,   presumably  because 
the i r   env i ronmen t   p rov ides   i nh ib i t i ng   s igna l s .  How i n t e r p h a s e  i s  terminated 
i n  a cons tan t   envi ronment ,   and   rep l ica t ion   in i t ia ted ,  i s  unknown. The c e l l u -  
l a r  mach ine ry   appea r s   t o   be   i nhe ren t ly   uns t ab le   i n   t he   i n t e rphase ,   and   t he  
l eng th   o f   i n t e rphase  i s  exceedingly   var iab le   even   for  cel ls  of   the  same type 
i n  a constant  environment.  It i s  hypothesized  that  cel ls  must  accumulate  an 
' i n i t i a t o r '   t h a t  i s  p r o d u c e d   s t e a d i l y ,   u n t i l  a t h re sho ld  i s  reached,  and DNA 
r e p l i c a t i o n  i s  t r i g g e r e d .  DNA r e p l i c a t i o n  i s  an  energy-consuming  process. 
Thus t h e   c e l l   c y c l e  i s  p o s t u l a t e d   t o  be a r e l a x a t i o n   o s c i l l a t i o n  w i t h  escape- 
ment .   After  ce l l  d iv i s ion   t he   daugh te r  ce l l s  begin  to   reaccumulate   the DNA 
r e p l i c a t i o n   i n i t i a t o r .  I t  i s  impor tan t   to   no te   tha t   under   the   condi t ions  of 
c o n s t a n t   e n v i r o n m e n t ,   t h e   o n l y   s t a b l e   s t a t e   a v a i l a b l e   t o   c e l l s   i n   c u l t u r e  i s  
t h a t   o f   c y c l i c a i   r e p l i c a t i o n   o f   t h e   r e l a x a t i o n   o s c i l l a t o r   ( l i m i t   c y c l e )   t y p e .  

The d e m o n s t r a t i o n   t h a t   t h e   b a s i c   c e l l   r e p l i c a t i o n   c y c l e   h a s   t h e   c h a r a c -  
t e r i s t i c s   o f  a l i m i t  c y c l e   o s c i l l a t i o n  when the  c e l l  i s  i n  a constant   environ-  
ment suppor ts   the   p rovis iona l   genera l iza t ion   tha t   metabol ic   sys tems may be 
o n l y   m a r g i n a l l y   s t a b l e ,   o r   s t a b l e   o n l y   i n   t h e  l i m i t  cycle   condi t ion  of   Poin-  
care ,   because   nonconserva t ive ,   nonl inear   p rocess   cons te l la t ions   a re   involved .  
The i n t e r n a l   i n h i b i t i o n s   t h a t  come f rom  r ep res so r s   o f   gene t i c   ac t iv i ty   a r e  
n e c e s s a r y   f o r   t h e   l i m i t - c y c l e   s t a b i l i t y   o f   t h e  c e l l ,  a s  may be  judged  from 
t h e  c a t a s t r o p h i c   d e s t r u c t i o n   o f   c e l l s   t h a t   o c c u r s   a f t e r  v i r u s  i n f e c t i o n ,  
which r e s u l t s   i n   t h e   i n t r o d u c t i o n   o f   u n r e s t r a i n e d   n u c l e i c   a c i d   a n d   p r o t e i n  
s y n t h e s i s .  The v i rus  i s  r e p l i c a t e d ,   b u t   t h e  c e l l  d i e s .  From the  frame  of 
r e fe rence  of  t h e   v i r u s   p a r t i c l e  a d i f f e r e n t   c y c l e  of i n f e c t i o n ,   r e p l i c a t i o n ,  
ce l l   rup ture ,   d i sgorgement   o f   ampl i f ied  members o f   v i ruses ,   r e in fec t ion   o f  
new c e l l s ,  now emerges. Here aga in   t he   ove ra l l   p rocess   has   l imi t - cyc le   cha r -  
a c t e r i s t i c s ,   b u t   w i t h   r e s p e c t   t o  t h e  p r o c e s s   o f   v i r u s   r e p l i c a t i o n   i n  t h i s  
c a s e ,   n o t   w i t h   r e s p e c t   t o   c e l l   r e p l i c a t i o n .  

The poss ib le   genera l   conc lus ion   f rom  these   p r imi t ive   sys tems  in   cu l ture  
i s  t h a t  many b i o l o g i c a l   p r o c e s s e s   a t   t h e   p r i m i t i v e   l e v e l  may have o s c i l l a t o r y ,  
l i m i t - c y c l e   c h a r a c t e r i s t i c s ,   a n d  when two processes   a re   mutua l ly   exc lus ive  
( s u c h   a s   v i r u s   r e p l i c a t i o n   a n d   c e l l   r e p l i c a t i o n )   t h e   p r o c e s s ' w i t h   t h e   l e s s e r  
i n h i b i t i o n  w i l l  dominate. Cell  r e p l i c a t i o n  i s  r e p r e s s e d ,   v i r u s   r e p l i c a t i o n  i s  
uncon t ro l l ed .  Thus , v i r u s e s   i n v a d e   a n d   d e s t r o y   c e l l s   a n d   t h e i r   l i f e   c y c l e  
supe r sedes   t ha t   o f   t he   ce l l   cyc le   b iochemis t ry .  

( c )   Me tabo l i c   s t eady- s t a t e s   i n   non- rep l i ca t ing ,  nZma-1 ce l l s , .  - B. Chance 
" "" ~- ~- ~~ 

has   demons t r a t ed   t ha t   no rma l   ce l l s   have   a t   l ea s t  some o s c i l l a t o r y ,   s t e a d y -  
s t a t e   p rocesses .   Osc i l l a to ry   behav io r   has   a l so   been   no ted   i n   s ing le   neu rons ,  
and  other  single-cell   organisms  have  been shown to   have   c i r cad ian   rhy thms   i n  
luminescence   o r   photosynthe t ic   capac i ty ,   e tc .  Goodwin has   sought   for   the   bu lk  
thermodynamic p r o p e r t i e s  of biochemical   osci l la tors ,   and  has   proposed a theo- 
r e t i c a l   a c c o u n t  of t h e s e .  The i n h i b i t o r y   e f f e c t s   o f   g e n e   r e p r e s s i o n   a r e  
viewed a s   a n  example  of s t rong  coupl ing  between  osci l la tory  systems,   whereas  
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weak coupl ing  occurs  when systems  share  a common poo l   o f   me tabo l i t e s ,   a s  i s  
extremely common. Whether o r   n o t  cel ls  have a number o f   p o s s i b l e   o s c i l l a t o r y  
s t e a d y   s t a t e s ,   o r   o n l y  a few i s  s t i l l  an   open   ques t ion ,   bu t   in   any   case   the  
t r ans i t i on   f rom  one   such   s t a t e   t o   ano the r   can   be   b rough t   abou t  by environ- 
mental  changes i n   n u t r i e n t s ,   o r  by o ther   chemica l   agents ,   as   p rev ious ly   des-  
c r ibed .   Accord ing   to  Goodwin, e i the r   en t r a inmen t   o r   subha rmon ic   o sc i l l a t ion  
o c c u r s   t o   s h i f t   t h e   e n s e m b l e   o f   n o n l i n e a r   o s c i l l a t o r s   t o  new s t e a d y - s t a t e   f r e -  
quencies .  He r a i s e s   t h e   q u e s t i o n   o f   w h e t h e r   o r   n o t  ce l l s  s h i f t e d   t o  new 
s t e a d y   s t a t e s   a r e   s t a b l e   i n   t h o s e   s t a t e s   a f t e r   c e s s a t i o n   o f   t h e   e n v i r o n m e n ' t a l  
s t imulus.  A s  w i l l  be  mentioned  below, i n   p l a n t . c e l l s   t h e  answer  appears  to  be 
nega t ive .  

(d)  Metabolic  systems i n   p l a n t s .  - Plant   phys io logy   provides   sharp   in -  
s igh t   in to   metabol ic   sys tems  and   the i r   in te rac t ion   wi th   the   envi ronment ,   be-  
cause   p l an t s   a r e   r e l a t ive ly   s imp le   ( f ew  o rgans ,   no   ne rvous   sys t ems ,  few hor- 
mones)  and  because  changes i n   s t a t e   a r e   c l e a r l y  cued by the  environment,   as 
can be seen   in   seasonal   g rowth ,   f lower ing   and   absc iss ion   wi th  dormancy. Be- 
fore   cons ider ing   seasonal   per iodic i ty   in   the   metabol ic   per formance   of   p lan ts ,  
however, i t  i s  impor t an t   t o   de t a i l   t he   c i r cad ian   rhy thms   obse rved   i n   t hem,  
many of  which  are  endogenous,   and  are  therefore not cued by the  environment,  
but   only  entrained by geophysical  variables  with  24-hour  rhythms. 

( e )  Endogenous c i r c a d i a n   r h y t h m s   i n   p l a n t s .  - I n  1729  de  Mairan d i s -  
covered  that   rhythmic  leaf  movement i n   p l a n t s   p e r s i s t e d   i n  a darkened room 
f o r  many days  before  subsiding.  Since  then many endogenous  rhythms i n   p l a n t s  
have  been  discovered  with  per iods  c lose  to ,   but   not   exact ly   equal   to  24 hours.  
The free-running  per iods  range  f rom  21  to  28 hours.  A l l  of  them a r e   e n t r a i n e d  
t o  precise 24-hour  rhythms  under  natural   conditions,   and  almost a l l  of them 
show damping  under  constant  environmental   conditions.   That i s ,  the  rhythm 
subsides  when t h e   p l a n t  i s  p u t   i n t o  a constant  environment.  Not a l l   p l a n t s  
s tudied  have  c i rcadian  rhythms.  Sometimes the  rhythm w i l l  be   discovered  in  
one  of a p a i r   o f   c l o s e l y   r e l a t e d   s p e c i e s ,   b u t  w i l l  not  be p r e s e n t   i n   t h e   o t h e r .  
In  the  Bryophyta  group,  no  circadian  rhythms a t   a l l  have  been  discovered. 
Therefore ,   rhythms  with  this   per iod  are   not   universal ,   though  they  are   very 
common. 

Circadian  rhythms i n   p l a n t s  may be  entrained by geophys ica l   var ia t ions  
i n   l i g h t ,   t e m p e r a t u r e ,   o r   t h e   p a r t i a l   p r e s s u r e   o f   o x y g e n .  The e f f e c t s  may be 
a p h a s e   s h i f t   o r  a change i n   s t e a d y - s t a t e   p e r i o d .   I n   g e n e r a l ,   a n   e n t r a i n e d  
o s c i l l a t o r y   s y s t e m   r e t u r n s   t o  i t s  i n i t i a l   v a l u e   i m m e d i a t e l y   a f t e r   t h e   o r g a n i s m  
i s  r e t u r n e d   t o  a uniform  environment   (contrary  to   the  expectat ions  of  Goodwin). 
However, i n  one  case  an  entrained  rhythm was found t o   p e r s i s t   f o r   s e v e r a l   d a y s  
a f t e r   r e t u r n  of the  organism  (Hydrodictyon)  to a uniform  environment. 

Ent ra inment   o f ten   mani fes t s   i t se l f   th rough  f requency   demul t ip l ica t ion  so 
t h a t  a subharmonic   osc i l la t ion   occurs .  

A l l  c i rcadian   rhy thms,   f ree- running   or   en t ra ined ,   requi re   energy   inputs  
s i n c e   a l l   n a t u r a l   s y s t e m s   a r e   l o s s y .   I n   t h e   a b s e n c e   o f   o x y g e n ,   o r   a t  low 
tempera tures ,   p lan t   rhy thms  a re   abol i shed .  Even b r i g h t   l i g h t  may a b o l i s h   t h e  
o s c i l l a t i o n s ,   t h o u g h   t h e  mechanism i s  no t  known. Apparent ly   b r ight   l igh t  
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dr ives   the   rhy thms t o  some s p e c i f i c   p h a s e   i n   t h e   c y c l e s ,   a n d   h o l d s  them t h e r e .  

When a spec ie s   r evea l s   mu l t ip l e   endogenous   c i r cad ian   rhy thms ,   t he i r  
p h a s e   r e l a t i o n s  may bear   on   the   hea l th  of the  organism. The phase   r e l a t ions  
o f   f r e e - r u n n i n g   c y c l e s   a r e   a l t e r e d  by entrainment   f rom  an  environmental   s ig-  
n a l .  Even b r i e f   env i ronmen ta l   changes   a f f ec t   t he   phase   r e l a t ionsh ips .  The 
phase   e f f ec t s   have   sugges t ed   t ha t   t he   cyc le s   a r e   r e l axa t ion   o sc i l l a to r s ,   w i th  
pulsed  energy  inputs   provided  through  escapements ,   and  an  energy  independent  
recovery i n   a n o t h e r   p o r t i o n   o f   t h e   c y c l e .  Though i t  i s  n o t   i n c o n s i s t e n t   w i t h  
t h i s  view, i t  i s  i n t e r e s t i n g   t h a t   t h e   p a r t s   o f   t h e   c y c l e s   o v e r  which  low  temp- 
e ra ture   o r   anaerobic   condi t ions   can   be   appl ied   wi thout   de lay ing   the   phase   a re  
qu i t e   d i f f e ren t ,   a l t hough   bo th   t ypes   o f   t r ea tmen t   migh t   be   expec ted   t o   have  
common e f f e c t s   i n   r e d u c i n g   e n e r g y   i n p u t s .  The pathways by which  they  do so 
a r e   d i f f e r e n t  . 

In   an imals ,   the   c i rcadian   rhy thms may a r i s e  from a few s p e c i a l i z e d  ce l l s ,  
a s  i s  c l e a r l y   t h e   c a s e   i n   t h e   c o c k r o a c h ,   b u t   i n   a t   l e a s t  some m u l t i - c e l l u l a r  
p l an t s   each  c e l l  has i t s  own rhythm. The loca t ion   of   the   rhy thm  wi th in   the  
c e l l  has  not  been  achieved.  Enucleated c e l l s  s t i l l  have  the  rhythm i n   t h e i r  
cytoplasms,  but i f   t h e   n u c l e u s   o f  a c e l l  en t ra ined   to   one   rhy thm i s  t r a n s -  
p l an ted   t o   an   enuc lea t ed  c e l l  e n t r a i n e d   t o  a d i f f e ren t   rhy thm,   t he   nuc lea r  
rhythm i s  imposed when the   hybr id  c e l l  i s  p l aced   i n   un i fo rm  cond i t ions .  The 
b a s i c   o s c i l l a t o r y   s y s t e m  i s  a p p a r e n t l y   n o t   i n   t h e   n u c l e u s ,   b u t  some e n t r a i n i n g  
inf luence   can   be   t ransmi t ted   v ia   the   nuc leus .   Never the less ,   phase   sh i f t ing  
by l i gh t   can  be  achieved  whether   or   not   the   nucleus i s  p r e s e n t ,  so the   nuc leus  
i s  n o t   o b l i g a t o r y   i n   t h e   c o u p l i n g   t o   t h e   e n v i r o n m e n t a l   s t i m u l u s .  

A t  the   p resent  time i t  appea r s   t ha t  many, b u t   n o t   a l l  c e l l s ,  have  an os-  
c i l l a to ry   chemica l   sys t em  wi th  a per iod  between  21  and  28  hours ,   located  in  
t h e   c y t o p l a s m   o r   i n   t h e   o r g a n e l l e s ,   b u t   n o t   i n   t h e   n u c l e u s .   T h i s   o s c i l l a t i o n  
f u r t h e r   s u p p o r t s   t h e   n o t i o n   t h a t   m e t a b o l i c   s t e a d y   s t a t e s   a r e   o f t e n   o s c i l l a t o r y  
a n d   n o t   s t a t i c   a t   t h e   l o w e r  levels  of   o rganiza t ion .  The na tu re   o f   pe r iod ic  
changes a t   h i g h e r  levels  o f   o rgan iza t ion  i s  considered  below. 

( f )   Seasona l   pe r iod ic i ty   i n   me tabo l i c   pe r fo rmance   o f   p l an t s .  - I n   t h e  
round  of a year   the  deciduous  plants  show seasonal  growth,  f lowering  and  ab- 
s c i s s i o n .  These  changes in   me tabo l i c   s t a t e   a r e   cued   f l om  the   env i ronmen t ,   and  
i n v o l v e   s e v e r a l  hormones w i t h i n   t h e   p l a n t .  The hormones known t o  be  involved 
a r e  : g i b e r e l l i n s ,   a u x i n s ,   f l o r i g e n ,   c y t o k i n i n s ,   a b s c i s s i c   a c i d   a n d   e t h y l e n e .  
These  hormones  account for  geotropism,  phototropism,  growth,  f lowering,  and 
the   d ropping   of   l eaves .  The s t ronges t   env i ronmen t   t r i gge r ing   s igna l   fo r   t hese  
p rocesses   a r e   day   l eng th ,   and   t h i s   s igna l  i s  t r a n s l a t e d   i n t o  hormonal r e l e a s e  
by  means of  the  pigment  phytochrome. Some s p e c i e s   o f   p l a n t   r e q u i r e   c h i l l i n g  
t o  overcome seed dormancy  and to   ach ieve   normal   g rowth   ra tes .   Therefore ,  
changes i n   t e m p e r a t u r e   a r e   a l s o   t r i g g e r i n g   s i g n a l s .  I t  i s  remarkable   that  
some p l a n t s  w i l l  show s lowed  growth   for   as   long   as   t en   years  i f  t h e y   a r e   k e p t  
i n  a  warm greenhouse,  but when they  are   pulsed  with  cold,   normal   growth i s  
resumed. 
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P l a n t  hormones a r e  most e f f e c t i v e   i n   t h e   r e g i o n s  where  they  are  produced, 
b u t   t h e y   d o   t r a v e l   t o   r e m o t e   p a r t s   o f   t h e   p l a n t s   a s  w e l l ,  probably  via   the 
plasmodesmata.   Plasmodesmata  are  cytoplasmic  bridges  between cel ls  t h a t   a l -  
low for  passage  of  substances  and e lec t r ic  currents  from  one c e l l  t o   a n o t h e r  
a t   t h e i r   j u n c t i o n s .  

The t r i g g e r i n g   o f   g r e a t   s h i f t s   i n   t h e   m e t a b o l i s m  of p lan t   o rgans  by 
changes i n  t empera tu re   o r   t he   l eng th   o f   t he   day   a s   de t ec t ed  by a pigment, 
and   t ransduced   in to   hormonal   f low  wi th in   the   p lan t ,   favors   an   epochal  view 
of   metabol i sm,   wi th   hormones   ac t ing   as   swi tch ing   s igna ls .   In   th i s  view, the  
p l a n t  moves from  one s t a t e   t o   a n o t h e r ,   b u t  i t  i s  not  clear tha t   any   of   the  
s t a t e s  i s  a s teady   s ta te .   Annual   p lan ts   go   th rough  one   t ra jec tory   f rom  seed  
germina t ion   to   seed   product ion   and   dea th   in   one   year .  The l i f e   c y c l e   t h e n  i s  
a succession of ind iv idua l   forms ,  none of which  has   any  s teady  s ta te   avai lable  
t o  i t  on  the time s c a l e   o f  a yea r .  On t h e  time s c a l e   o f  a day,  however,  the 
metabolic  system  even  of  the  annual  plants may be  considered  stable.   These 
f a c t s   i n d i c a t e   t h e   u s e f u l n e s s   o f   a t t a c h i n g   t o   e a c h   b i o l o g i c a l   p r o c e s s   o f   i n -  
terest  a spec i f i ca t ion   o f   t he   t ime  domain a p p r o p r i a t e   t o  i t ,  and t o   i n d i c a t e  
t h i s  domain a s  a p e r i o d   i n   t h e   c a s e   o f   r e p e t i t i v e  phenomena. 

A s t r i k i n g   f e a t u r e  of the  coupling  between  plant  metabolic  processes  and 
the  environment i s  that  the  environmental   changes  often  need  be  present  only 
a s h o r t   t i m e ,   t o   a c t   a s   t r i g g e r ,   t o  commit the  metabol ic   system  to  a substan- 
t i a l ,   o f t e n   r e l a t i v e l y   p e r s i s t e n t   s h i f t   i n   s t a t e .  Thus i t  may be  concluded 
p rov i s iona l ly   t ha t   p l an t s   have   quas i - s t ab le   me tabo l i c   s t a t e s   i n   wh ich   t hey  
may remain   wi th   margina l   s tab i l i ty ,   un t i l   the   next   envi ronmenta l   t r igger   d i s -  
t u r b s   t h e   s t a b i l i t y ,   c a u s e s  a hormonal   f low  that   d isplaces   the  operat ing 
p o i n t s  of the   metabol ic   cha ins   wi th in   the   p lan t   o rgans   in   such  a way t h a t  a 
new reg ime  of   marg ina l   s tab i l i ty   emerges .  The number of   poss ib le   margina l ly  
s t a b l e   s t a t e s   f o r   p l a n t s  i s  not   h igh ,   as   ind ica ted   p rev ious ly .   Al though  hor -  
mones a p p e a r   t o   a c t   t o   e x p r e s s   t h e   t r i g g e r i n g   s i g n a l   a s  a change i n   o p e r a t i n g  
point   of   the   metabol ic   systems,  so t h e   t r a n s i t i o n   t o  a new s t a t e   o c c u r s ,  some 
of   the hormones such   a s   cy tok in ins ,   a r e   c l ea r ly   no t   t r i gge r s ,   and   t hese   appea r  
t o  be  needed  continuously  for bud formation. The c y t o k i n i n s   a r e   p a r t  of t r a n s -  
f e r  RNA, even i n   c a l f :   l i v e r ,  where  they  a lso  occur .  I t  i s  n o t   c e r t a i n   t h a t  
t h e i r   a c t i o n   a s  hormones i s  r e l a t e d   t o   t h e i r   a p p e a r a n c e   i n   s o l u b l e  RNA. 

From the  above  discussion i t  w i l l  be   no ted   tha t   there   appears   to   be  a 
d i screpancy   be tween  the   t rans i t ion   o f  a plant   f rom one margina l ly   s tab le   meta-  
b o l i c   s t a t e  t o  another   on   the   seasonal   t ime  sca le ,  compared t o   t h e   t r a n s i t i o n  
f rom  one   c i rcadian   rhy thmic   s ta te   to   another  by entrainment  from  the  geophys- 
ica l   envi ronment  of the   p lan t .   In   the   former   case ,   envi ronmenta l   s igna ls  may 
a c t   a s   t r i g g e r s ,   w h e r e a s   i n   t h e   l a t t e r   c a s e   t h e y  must  be present   cont inuous ly  
t o   h o l d   t h e   p l a n t   i n   t h e  new s t a t e .  It i s  a s   i f   i n   t h e   c i r c a d i a n  domain only 
one   marg ina l ly   s t ab le   s t a t e   ex i s t s ,   whereas   i n   l onge r   t ime   domains   s eve ra l  
m a r g i n a l l y   s t a b l e   s t a t e s   e x i s t .  However, these  conclusions  cannot  be made 
w i t h   c e r t a i n t y   o n   t h e   b a s i s  of the   p resent   ev idence .  

(g) Hormones and time domains. - The hormones of complex p l a n t s   a c t   i n  
more than  one t i m e  domain,  and  have more than  one  effect .   For  example , auxins ,  
g i b e r e l l i n s ,  a n d   e t h y l e n e   a l l   a f f e c t   p r o t e i n   s y n t h e s i s .  Auxins  increase  r ibo-  



soma1 RNA a f t e r  a l ag ,   bu t  may s t imula te   g rowth   wi thout  a l a g ,   t h u s   o p e r a t i n g  
i n  two time domains .   Gibere l l ins   cause   an   increase   in   de   novo  synthes is   o f  
a amylase,   through  an  increase  in  a s p e c i f i c  mRNA. The hormone a c t s   d i r e c t l y  
on  nucleic   (even  on  isolated  nuclei)   and a l a g  i s  involved. Only  one time do- 
main i s  involved ,   perhaps ,   bu t   the   e f fec ts   a re   mul t ip le .   F lower ing   s ta r t s ,   and  
peroxidase i s  i n h i b i t e d .  

The peroxidases   o f   p lan ts   inh ib i t   p lan t   g rowth .   S ince   auxins ,   cy toki -  
n ins   and   e thy lene   a l so   a f f ec t   t he  levels o f   pe rox idase ,   a s   does   l i gh t   o r  
wounding, i t  can   be   seen   tha t   ex tens ive   convergence   occurs   a t   metabol ic   con-  
t r o l   p o i n t s   i n   p l a n t s ,   o f  which  peroxidase i s  one. No fewer  than  four   c las-  
ses of  chemicals  and  one  or more p h y s i c a l   s t i m u l i   a f f e c t   t h e  same enzymatic 
a c t i v i t y .  It  i s  n o t  known whether a c y c l i c  AMP i s  involved   in   the   convergence  
o f   s i g n a l s   w i t h i n   p l a n t  ce l l s ,  but i n  any   ca se ,   wha teve r   t he   i n t r ace l lu l a r  
s i g n a l   t r a f f i c ,   c o n v e r g e n c e  i s  seen i n   p l a n t   c e l l s   a s   i n   a n i m a l  ce l l s .  That 
i s ,  a t   t h e  ce l l  boundary a t r ans l a t ion   o f   env i ronmen ta l   s igna l s   occu r s  so 
tha t   t he   messages   ca r r i ed   i n to   t he  c e l l  i n t e r i o r   a r e  conveyed by r e l a t i v e l y  
few languages. 

(h)   General   pr inciples   of   f requency  demu~lt- ipl icat ion  and  f requency 
m u l t i p l i c a t i o n   i n   n o n l i n e a r  sy_s_temL - The fact   that   hormones-have-effects  on 
p rocesses   t ha t   occu r   i n   mu l t ip l e  time domains  does not  mean t h a t  t h e  pe r iods  
of   these  processes  w i l l  appear i n   t h e   p a t t e r n   o f  hormone levels. Ensembles 
o f   non l inea r   o sc i l l a to r s   can  be coupled to   g ive   f requency   demul t ip l ica t ion   (a  
good  example i s  h e a r t   b l o c k ,   i n  which   case   the   a t r ia l -vent r icu lar   node  re- 
sponds to   every   second  or   th i rd   cyc le   o f   the   s ino-a t r ia l   node)   o r   f requency  
mul t ip l ica t ion   (as   occurs   in   any   unsymmetr ic   de tec tor   ne twork) .  
Thus, i t  i s  imposs ib l e   i n   ensembles   o f   non l inea r   o sc i l l a to r s   t o   e s t ab l i sh  
c h a i n s   o f   c a u s a l i t y   s o l e l y  by matching  f requencies .  A spectroscopic   approach 
to  such  ensembles  can  onzy  define  the time domain i n  which   la rge   sca le  power 
f luxes   occur ,   bu t  i t  cannot   es tabl ish  which  communicat ion  f luxes  were  respon-  
s i b l e   f o r   i n i t i a t i n g   t h e  power f l u x e s .  The poss ib i l i t y   o f   f r equency  demul- 
t ip l ica t ion   or   f requency   mul t ip l ica t ion   ru les   ou t   the   un ique   ass ignment   o f  
causali ty  through  frequency  matching.  Nevertheless,  a spectroscopic   approach 
to   b ioosc i l l a to r s   he lps   t o   desc r ibe   p l an t   p rocesses   and   t o   de t e rmine   whe the r  
o r   no t   t he   r eg imes   o f   s t ab i l i t y   o f   chemica l   o sc i l l a to r s   cons i s t   o f   s eve ra l  
d i s c r e t e  modes, o r   i n s t e a d ,  of many c o n s t e l l a t i o n s   o f   p e r i o d s   o f   t h e   s e p a r a t e  
o s c i l l a t o r s .  

(i) Summary of  Section 2 .  - From the   foregoing   d i scuss ion   severa l   con-  
c l u s i o n s  emerge : 

Periodic  performance  of  metabolic  systems  appears a t   t h e   l o w e s t   l e v e l   o f  
o r g a n i z a t i o n   t h a t   m e e t s   t h e   c r i t e r i a  of l i f e .  A t  t h a t   l e v e l   t h e   c y c l e  i s  t h e  
cyc le   o f  c e l l  r ep l i ca t ion   i n   cons t an t   env i ronmen t .  

Per iodic   func t ion   of   l a rger   sca le   metabol ic   sys tems  can  be s e e n   i n  t h e  
c i rcadian  and  seasonal   rhythms  of   plants .   These  per iodic   funct ions,   as   in  
the  case  of  the  lower  organisms , occur   w i thou t   t he   i n t e rven t ion  of  nervous 
systems.   Chemical   s ignals   are   involved,   and  in   the  case  of   plants  hormones 
have  evolved  to  achieve  communication among c e l l s  and  organs.  



Circadian  rhythms i n  p l a n t s   a r e   h i g h l y  damped, a r e   e a s i l y   e n t r a i n e d  by 
environmental   s t imuli ,   and  do  not   pers is t   a t   the   entrained  rhythms  once  the 
env i ronmen ta l   o sc i l l a to r  i s  removed. 

S e a s o n a l   c y c l e s   i n   p l a n t s  may requi re   pu lsed ,   t r igger ing   s igna ls   f rom 
the   env i ronmen t   t ha t   r ecu r   pe r iod ica l ly   ove r  a year ,   bu t   they  do n o t   r e q u i r e  
cont inuously  act ing  s t imuli   f rom  the  environment .  

P l a n t s  have about s ix  c lasses   o f   hormones ,   tha t   ach ieve   regula t ion   of  
growth,  f lowering,  leaf-dropping  and dormancy, a s  w e l l  as   geotropism  and pho- 
totropism.  Some of   these  hormones a re   cont inuous ly   ac t ive ,   and  some appear 
t o   a c t   a s   t r i g g e r i n g   s i g n a l s .  

The s tudy   of   p lan t  hormones r e v e a l s   t h a t  a s i n g l e  hormone can   a f f ec t   p ro -  
c e s s e s   o c c u r r i n g   i n   m u l t i p l e  t i m e  domains. 

Because  ensembles  of  coupled,  nonlinear  oscil lators show both  frequency 
demul t ip l ica t ion   and   f requency   mul t ip l ica t ion ,   as   wel l   as  t h e  possible   adop-  
t ion   o f   an   in te rmedia te   f requency   shared  by no i n d i v i d u a l   o s c i l l a t o r ,  i t  r e -  
q u i r e s   g r e a t   c a u t i o n   t o   u s e  a spec t roscop ic   app roach   t o   r e l a t e   o sc i l l a t ing  
i n f o r m a t i o n a l   f l u x e s   t o   o s c i l l a t i n g  power f l u x e s   i n   l i v i n g   s y s t e m s .  

3 .  Time Domain o f   Ce l lu l a r   P rocesses  

Chemical  processing by ce l l s  i s  v e r y   r a p i d .   I n d i v i d u a l   r e a c t i o n s   a t   s i n -  
g l e   s t e p s   i n   m e t a b o l i c   c h a i n s   o c c u r   i n   t h e  t i m e  domain of  10'' seconds. A t  
t h e   l e v e l   o f   i n d i v i d u a l  ce l l s  s u c h  a s  E .  co l i   g rowing   i n   an  optimum, uniform 
medium w i t h  a c e l l  cycle   per iod  of  20 minutes ,   the   cha in   p rocess   ra te   for   the  
var ious  important   molecular   species   have been  found t o  be a s  shown i n  Table  3.  

Table 3 

No. of  Molecules % of   Tota l  
C hemi ca 1 N o .  of  Molecules Synthesized  per Biosynthet ic  
Component p e r  E.  Col i  Cel l  Second Energy  Required 

DNA 4 
RNA 15 ,000 
P r o t e i n  1,700,000 
Lipids  15 , 000,000 
Polysaccharides  39,000 

0.0033 
13 

1,400 
1 2  ,500 

33 

2.5 
3 . 1  

88 .O 
3 .7  
2.7 

It can  be  seen  that  t h e  cel lular   chemical   machinery i s  capable  of  almost 
f a n t a s t i c   r a t e s  of s y n t h e s i s .   I n   t h e   l a s t   s t a g e   o f   c o n s t r u c t i o n   o f   e a c h   p r o -  
t e i n   a t   l e a s t  100  covalent  peptide  bonds  must  be  formed a t   t he   r i bosome .  
Since 1,400 protein  molecules   are   synthesized  per   second,   the  r ibosomes  a lone 
must   be  carrying  out   pept ide bond formation a t   t h e   r a t e   o f   1 4 0 , 0 0 0   r e a c t i o n s  
p e r  second,  minimally. The coord ina t ion   o f   ac t iv i ty  of metabol ic   chains  
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t h e r e f o r e   o c c u r s   i n  a time domain ranging  from  nanoseconds  to no  more than 
minutes   during  the c e l l  r e p l i c a t i o n   c y c l e .  Of c o u r s e ,   i n  mammalian t i s s u e s  
and  organs, i t  i s  p o s s i b l e   t h a t   s p e c i a l i z e d  c e l l  a c t i v i t i e s   r e q u i r e   t h e   o p e r -  
a t i o n  and  adjustment   of   biochemical   chains   in   longer   t ime  domains.   In   fact ,  
however ,   those  chain  adjustments   that   can  be made wi thou t   r equ i r ing   de  novo 
synthes is   o f  enzymes  seem a lways   t o   occu r   i n  a mat ter   of   seconds  or   minutes .  

Adjustments  of  the  actions  of  metabolic  chains  through enzyme s y n t h e s i s  
i n  mammalian c e l l s  i s  much slower  than  the  process  described  above. It ap- 
pea r s   t ha t   de  novo syn thes i s   o f   an  enzyme r e q u i r e s  a time lag  of   about   one  to  
four   hours   f rom  rece ip t   o f   the   t r igger ing   s igna l   to   f i r s t   appearance   o f   in -  
c reased   ra tes   o f   p ro te in   synthes is .   For   example ,   induct ion   of   synthes is   o f  
a l a n i n e  amino t r a n s f e r a s e  by c o r t i s o l   i n   l i v e r   l e a d s   t o  a f i r s t   d e t e c t a b l e  
i n c r e a s e   i n   e n z y m a t i c   a c t i v i t y   f o u r   h o u r s   a f t e r   t h e   t r e a t m e n t   w i t h   t h e   h o r -  
mone. S i m i l a r l y ,   i n c r e a s e s   i n  oxygen  consumption  provoked by thyroid hormones 
f i r s t   appea r   on ly   hour s   o r   days   a f t e r   i n i t i a t ion   o f   t he   ho rmona l   s igna l   ( an  
i n c r e a s e   i n   l e v e l s   o f   f r e e   t h y r o x i n ) ,   a n d   t h e   e f f e c t s  pers i s t  f o r   s i m i l a r  
t imes   a f te r   wi thdrawal  o f  t h e   s i g n a l .  The l o n g e s t   l a g s   o r   d e l a y s   i n   c h e m i c a l  
processes   a f fec ted  by hormones the re fo re   appea r   t o   be   i n   t he  domain  of  hours 
t o  one  day. 

Many chemical   processes   that   occur   over  a per iod  of   hours   appear   to  be 
'locked  on' by a hormonal t r a n s i e n t ,   w h i c h ,   a f t e r  a l a g ,   s t a r t s  up a p l a n t  
process   tha t  may then  re lax  only  s lowly  over  a period  of many h o u r s ,   a f t e r  
the   t r igger ing   hormonal   s igna l  i s  r e l eased .   In   o the r   ca ses ,   t he   p rocess  i s  
more t i gh t ly   coup led   t o  t h e  immediate  level of t he  hormone,  and t h e  r e l a x a t i o n  
of a hormonal ly-s t imulated  process   fol lows  the  re laxat ion  of   the  concentrat ion 
of   the  hormone i t s e l f .   I n  s u c h  cases ,   t he  hormone i s  needed  cont inuously  for  
the   p rocess   to   occur .  An example of such a case  i s  t h e   s t i m u l a t i o n   o f   c o r t i s o l  
s e c r e t i o n  by the   ad rena l   w i th   co r t i co t rop in .  

(a )   Permiss ive   ac t ion  of hormones~. - The specif icat ion  of   the  t ime  do-  
main i n  which a hormone may a c t  i s  made e x t r e m e l y   d i f f i c u l t  by the  'permissive '  
na ture   o f   the   ac t ion   of  some hormones.  For  example,  thyroid hormones a f f e c t  
t h e   s e n s i t i v i t y   o f  many p rocesses   t o   ca t echo lamines .   S imi l a r ly ,   co r t i so l   a f -  
f ec t s   t he   r e spons iveness   o f   t he   ho rmona l ly - sens i t i ve   l i pase   o f   f a t   ce l l s   t o  
t h e  act ion  of   other   agents   such  as   epinephrine  or   growth hormone. I n   t h e s e  
cases  a sus ta ined   presence   o f  one hormone i s  necessa ry   t o  set  the  parameters  
of   the  kinet ic   systems  involved so a s   t o  make t r a n s i e n t   r e s p o n s e s   t o   o t h e r  
hormones poss ib l e .  The hormones r e q u i r e d   i n  a sus t a ined  way may have  no d i -  
r e c t   e f f e c t   a l o n e  on the  processes .   Thus,   the  t i m e  domain i n  which  they  act  
on  those  processes i s  e s s e n t i a l l y   i n f i n i t e ,  and  the  process  change  occurs  only 
i n   t h e  time domain character is t ic   of   the   second  hormonal   system  that   produces 
t h e   t r a n s i e n t s .  Hormones t h a t  have   pe rmis s ive   e f f ec t s   w i th   r e spec t   t o  some 
processes ,  may p rov ide   t he   t r ans i en t   s igna l s   t o   o the r   p rocesses  when t h e i r  
levels   change.  

It  i s  no t   ye t   c l ea r   whe the r   o r   no t   t he   pe rmis s ive   ac t ion   o f  hormones i s  
a dose-dependent  action,  or  merely a t h r e s h o l d   e f f e c t .   T e n t a t i v e l y  i t  appears  
t o  be  the  la t ter .   This   arra 'ngement  means t h a t  a given hormone s u c h   a s   c o r t i s o l  
can   suppor t   t he   l i po ly t i c   ac t ion  of e p i n e p h r i n e   i n  a s teady way w h i l e  changes 
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i n   t h e  p l a sma   concen t r a t ion   o f   co r t i so l  may be  the  proximate  cause  of  changes 
i n   o t h e r   p r o c e s s e s .  

Because  of t he   mu l t ip l i c i ty   o f   l oose   coup l ings  among metabol ic   cha ins ,  
many indi rec t   e f fec ts   o f   hormonal   ac t ion   a re   poss ib le   and   a re   observed .  It 
i s  bel ieved by many, f o r   e x a m p l e ,   t h a t   a n   i n c r e a s e   i n   t h e  level o f   f r e e   f a t t y  
ac ids   in   b lood   decreases   hepa t ic   g lycolys is   and   increases   hepa t ic   g luconeo-  
g e n e s i s .   I f   i n d e e d ,   f r e e   f a t t y   a c i d s  do   con t ro l   t he   ope ra t ion   o f   t hese  two 
g r e a t   m e t a b o l i c   c h a i n s   i n   t h e   l i v e r ,   t h e n   a n   i n d i r e c t   e f f e c t   o n   t h o s e   c h a i n s  
may be  expected  f rom  the  act ions  of   insul in ,   epinephrine,   the   sympathet ic  
nervous  system,  growth  hormone,  thyroid hormone, g lucocor t i co ids  and  even 
a n t i d i u r e t i c  hormone, a l l   o f  which a f f e c t   t h e   r a t e   o f   s e c r e t i o n   o f   f r e e   f a t t y  
ac ids   i n to   b lood   f rom  f a t .  The time domains i n  w h i c h   t h e   e f f e c t s   l i e  w i l l  
depend both upon the  primary  hormonal  action,  and  the  secondary  action  of 
f r e e   f a t t y   a c i d s  on  the  hepat ic   processes .   In   such  networks  of   coupled  meta-  
b o l i c   a c t i o n s ,  a spec t roscopic   approach   of fe rs  l i t t l e  hope o f   e s t ab l i sh ing  
c a u s a l i t i e s ,   a s   p r e v i o u s l y   p o i n t e d   o u t .  What the  spectroscopic   approach  can 
do i s  t o   i d e n t i f y   p e r i o d i c  power f l u x e s ,   i f   t h e y   a r e   p r e s e n t ,   a n d   t h e r e f o r e  
t o   l a u n c h   t h e   q u e s t   f o r   t h e   i n f o r m a t i o n a l   f l u x   i n i t i a t i n g   o r   s u s t a i n i n g   t h e  
power f l u x .  The information  f lux  need  not  be p e r i o d i c ,   e v e n   i f   t h e  power 
f l u x  i s  s t a b i l i z e d   i n  a l i m i t  cyc l e  mode. 

4 .  The St ruc tura l   Level   Def in ing  a Metabol ic   S ta te  

Up to   t h i s   po in t   t h i s   d i scuss ion   has   emphas ized   t he   me tabo l i c   cha ins  and 
membrane t r anspor t   sys t ems   t ha t   unde r l i e   b ioene rge t i c s .  However, c e l l u l a r  
systems  of   chains   and  t ransports  do no t   r ep resen t   t he   l owes t   l eve l  of s t r u c -  
t u r e  a t  which   the   metabol ic   s ta te  i s  def ined.  The reason  they do not i s  t h a t  
s u b s t r a t e   s u p p l i e d   t o   c e l l s ,   o r   t h e   d e l i v e r y   o f  hormones t o  them, a s  well a s  
the  removal of the i r   secre tory   o r   metabol ic   p roducts   requi res   the   p resence   o f  
a convec t ion   sys tem  c lose   to   the   ce l l .   Therefore ,   the   min imal   s t ruc tura l   un i t  
determining a m e t a b o l i c   s t a t e  i s  a c l u s t e r   o f   c e l l s  w i t h  t h e   c i r c u l a t o r y  
( e . g . ,   c a p i l l a r y )  and  lymphat ic   hydraul ic   connect ions  to  them  and the   r eg iona l  
nerve  supply.   In   the  case  of   cardiac  muscle   there  i s  a c a p i l l a r y   f o r   e a c h  
muscle ce l l .  In   t he   ca se   o f   ske l e t a l   musc le ,   t he  number of  open c a p i l l a r i e s  
i s  v a r i a b l e .   I n   t h e   e x t r e m e   t h e   r a t i o   o f   c a p i l l a r i e s   t o   a c t i v e   c e l l s  may be 
a s   l a r g e   a s  2:l. Genera l ly ,   however ,   the   ra t io  i s  sma l l e r   t han   t h i s .   A l t e r -  
a t i o n s   i n   t h a t   r a t i o  which are   achieved by ad jus tmen t s   o f   t he   c i r cu la t ion  
c l e a r l y  have  profound  effects on metabolic  systems  through  delivery  of  sub- 
s t ra tes   o r   removal   o f   p roducts ,   as  well  as  through  the  conveyance  of  signal 
molecules   to   and  f rom  regions  of   act ive  metabol ism.  Both the   i n fo rma t iona l  
f luxes  and  the power f luxes   a re   dependent  upon t h e   c i r c u l a t i o n   i n  most ca ses .  
I n  some cases   the   in format iona l   f luxes   a re   de te rmined  by nerves ,   and  the 
n e u r o t r a n s m i t t e r s   r e l e a s e d   a t   t h e   s u r f a c e s   o f   a c t i v e   c e l l s .   I n  no i n s t a n c e  
i s  the   in format iona l   f lux   th rough  nerves   thought   to   be  t h e  only means of i n -  
f l uenc ing  a metabolic  system. 

I n   t h e   c a s e   o f   t h e   l i v e r ,   t h e   m i n i m a l   s t r u c t u r a l   u n i t  would  be the   l obu le .  
The f u n c t i o n a l   u n i t   o f   t h e  l iver ,  p o r t r a y e d   e a r l i e r ,   h a s   a l l   t h e   c o n t r o l   f e a -  
t u r e s  found i n   t h e  whole l iver ,  and  any u n i t   l e s s   t h a n   t h i s   l a c k s  one or   an-  
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o the r   o f   t he   impor t an t   i n f luences   t o   wh ich   t he  l iver may be  subjected.   In  
the  case  of   the   kidney,   the  minima1 me tabo l i c   un i t  i s  the  whole  nephron. 

It can  be  seen  that  a f u l l   d e s c r i p t i o n  of t h e   m e t a b o l i c   s t a t e   o f   a n   a n i -  
mal   requi res  a descr ip t ion   of   reg iona l   b lood   f lows ,   nerve   t ra f f ic ,   hormonal  
s u p p l y   a n d   s u b s t r a t e   s u p p l y   i n   a r t e r i a l   b l o o d .  A reg ion   of   ac t ive   metabol i sm 
whose c i r c u l a t i o n  i s  i n t e r r u p t e d   n o t   o n l y   c e a s e s   t o   c a r r y   o u t   t h e   a c t i v e   m e t a -  
bo l i sm,   bu t   a l so   ceases   to   have   an   in f luence  on t h e   g e n e r a l   m e t a b o l i c   s t a t e  
of  the  animal.  Thus the   coupl ing   be tween  metabol ic   cha ins ,   ce l l  membrane 
t r a n s p o r t s  and the   mic roc i r cu la t ion  i s  v e r y   t i g h t .  The t i g h t n e s s   o f   t h i s  
coupling  can  be  noted i n  a h ighly   f low  regula ted   o rgan   such   as   the   b ra in .  

The b ra in   o f  man consumes  about 20 wa t t s   o f  power (0.3 k i l o c a l o r i e s /  
minute)   which  represents   about  25% of   t he   basa l   me tabo l i c   r a t e .   Th i s  power 
requirement i s  met by a blood  flow  of  about 40-50 m1/100 gm brain/minute.  
The e x t r a c t i o n   o f  oxygen  from t h e   a r t e r i a l   b l o o d  i s  approximately 1 m l  of 
oxygen removed from  each 14 m l  o f   b lood   de l ivered .  The oxygen  consumption 
of   the   b ra in  i s  q u i t e   s t e a d y   a t  3 m l  02/100 gm brain/minute .  The s u b s t r a t e  
f o r  power p r o d u c t i o n   i n   t h e   b r a i n  i s  exclusively  glucose  under  normal  condi- 
t ions .   Nine ty- f ive  p e r  cent   of   the   glucose i s  oxidized  to   carbon  dioxide  and 
wa te r ,   bu t   f i ve   pe r   cen t   p roduces   l ac t a t e ,  a r e s u l t   t h a t   s u g g e s t s   t h a t   t h e  
b r a i n  i s  always  s l ight ly   hypoxic .  The l ac t a t e   be ing   p roduced   ac id i f i e s   t he  
ce reb ra l   b lood .   Regu la t ion   o f   t he   r e s i s t ance   ves se l s   i n   t he   b ra in  i s  accom- 
p l i shed  by carbon  dioxide,   which i s  the  product   of   aerobic   metabol ism  of   glu-  
cose,  and by lactate   (hydrogen  ion  concentrat ion)   which i s  the  product   of  
anaerobic  metabolism  of  glucose.   Increased C02  o r  J@ both   a re   powerfu l   d i -  
l a t o r s   o f   c e r e b r a l   r e s i s t a n c e   v e s s e l s .  The sequence   of   metabol ic   events   in  
t h e   b r a i n  i s  g iven   i n   one   desc r ip t ion   a s   fo l lows :  

I f  blood  f low  to  a reg ion   of   the   b ra in  i s  s lowed  or   s tops,   the   neurons 
and   t he   g l i a l  ce l l s  r a p i d l y  u s e  up the  avai lable   oxygen. '  The metabolism  of 
g lucose   sh i f t s   w i th in   f i ve   s econds   t o   t he   anae rob ic  mode and lac ta te   p roduc-  
t i o n   i n c r e a s e s .  Hydrogen ion   concent ra t ion   increases   and   the   sphinc ters   d i -  
l a t e  so that   b lood  f low i s  resumed. The c a p i l l a r i e s   o f   t h e   c e r e b r a l   c i r c u l a -  
t ion   appear   to   have  a per iodic   funct ion  with  an  opening  and  c losing  cycle   of  
20  seconds.   Autoregulat ion  of   cerebral   b lood  f low i s  prominent. The flow 
r a t e  i s  independent   o f   the   p ressure   d rop   across   the   b ra in .   I f   b lood   pressure  
i s  ra i sed   and   f low  begins   to   increase ,   t i s sue   oxygen   tens ion   increases ,   and  
the  anaerobic  metabolism  of  glucose i s  decreased  and  lactate   product ion  drops.  
The c e r e b r a l  vessels then   cons t r ic t ,   res i s tance   increases   and   f low i s  reduced 
back t o  normal i n   t h e   f a c e   o f   a n   i n c r e a s e d   p r e s s u r e   d i f f e r e n c e .  The autoregu- 
la t ion  of   cerebral   b lood  f low  depends upon the   Crab t r ee   e f f ec t   (dec reased  
oxygen supply  causes   increased  anaerobic   metabol ism  of   glucose)   and  the  Pas-  
t e u r   e f f e c t   ( i n c r e a s e d  oxygen supp ly   i nh ib i t s   g lyco lys i s ) .   These  two e f f e c t s  
are  mediated by the   l eve l s   o f  ADP and A T P  wi th in   neurons .   In   the   absence   o f  
oxygen, ATP l e v e l s   f a l l ,  ADP l e v e l s  r i s e ,  r e s p i r a t i o n  i s  inh ib i ted   and   g ly-  

The t o t a l   r o l e   o f   t h e   g l i a l  ce l l s  in   med ia t ing   d i f fus ion   and   t r anspor t  
from c a p i l l a r i e s   t o   n e u r o n s   i n   t h e  CNS i s  no t   adequa te ly   de f ined .   I l l u s -  
t r a t i n g ,   g l i a  i s  s e n s i t i v e   t o  CO2, p o s s i b l y   a s  a response   to  pH changes. 
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c o l y s i s  i s  f a c i l i t a t e d .   I n   n o   o t h e r   t i s s u e  i s  the  coupling  between  metabolic 
pe r fo rmance   and   t he   mic roc i r cu la t ion   a s   t i gh t   a s  i t  i s  i n   t h e   b r a i n .  The 
coupling i s  achieved  without   the  intervent ion  of   the  autonomic  nervous  system, 
but   depends   en t i re ly  upon me tabo l i t e s .  

5 .  Bioenerge t ics   in   Animals   a t   the   Organ   Sys tem  Level  

B ioene rge t i c s   i n   an ima l s   i nvo lves   fou r t een   ma jo r   p rocesses   i n   t h ree  
major  organs. The o rgans   a r e  l iver (and t o  a much lesser ex ten t ,   k idney) ,  
muscle  and f a t .  The f o u r t e e n   p r o c e s s e s   a r e   l i s t e d  below i n  Table 4 .  

Table 4 

Bioenergetic  Processes 

Ci rcu la t ion-coupled   t ranspor t   p rocesses   across  c e l l  membranes 

1. Glucose  uptake 
2 .  Fa t ty   ac id   up take  
3 .  Amino ac id   up takes  
4 .  Glucose  re lease 
5.  F a t t y   a c i d   r e l e a s e  
6 .  Amino a c i d   r e l e a s e  

Metabol ic   cha in   p rocesses   wi th in   ce l l s  

7 .  Glycogen  synthesis 
8 .  Glycogenolysis 
9 .  F a t   s y n t h e s i s  

10. L ipo lys i s  
11. P r o t e i n  breakdown (p ro te in   syn thes i s   goes  on independently of 

bioenergetic  requirements  of  the  whole  animal  and i s  n o t   l i s t e d  
h e r e   a s  a separa te   p rocess)  

12.   Gluconeogenesis   (glucose  synthesis   f rom  cer ta in  amino a c i d s ,  
l a c t a t e ,   c i t r a t e   o r   g l y c e r o l )  

13.   Oxidative  phosphorylation by mitochondria 
14. G l u c o s e   u t i l i z a t i o n   v i a   g l y c o l y s i s  

(a)   Substrate   loading  of   metabol ic   systems.  - A l l  of   the   fourteen  pro-  
cesses l i s t e d   i n   T a b l e  4 can  be  driven  on a thermodynamic b a s i s  by s u b s t r a t e  
loading   ( the  law of  mass a c t i o n ) ,   u n t i l  a r a t e - l i m i t i n g   s t e p  i s  sa tura ted   and  
the   p rocess   ve loc i ty  becomes maximum and  constant .  Such performance may be 
l i k e n e d   t o   t h a t   o f  a f r e e w a y   s y s t e m   w i t h o u t   t r a f f i c   l i g h t s :   t h e   t r a f f i c   e b b s  
and  flows a t   d i f f e r e n t  times of the  day  depending  on  the  ra te  of p r e s e n t a t i o n  
of   automobiles   in   the  on  and  off  ramps of the  freeway  system. A s u b s t a n t i a l  
amount o f   m e t a b o l i c   f o l l o w i n g   a c t i o n   o c c u r s   i n   t h i s  manner. Nevertheless ,  a 
t r a f f i c   l i g h t ,   l a n e   c o n t r o l   i n v o l v i n g   n e u r a l  and  hormonal  signals  has  evolved 
that   opt imizes   the  performance  of   the  system beyond  what  could  be  achieved by 
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mass a c t i o n   e f f e c t s   a l o n e .   F o r   t h e   p r o c e s s e s   o f   b i o e n e r g e t i c s ,   i n  mammals, 
s ix  hormones appear   to   be  involved.  One of   these  i s  a hormone o f   ' f ea s t ing '  
and  adjusts   the  metabol ic   system when subs t ra te   supply   th rough  the   gas t ro-  
i n t e s t i n a l   t r a c t  i s  p l e n t i f u l .   T h a t  hormone i s  insu l in .   F ive   o f   the   hor -  
mones a r e  hormones  of  'famine'. They ad jus t   the   metabol ic   sys tem  dur ing  
pe r iods   o f   acu te   o r   p ro longed   f a s t ing .  A l l  s ix  of   the  hormones  have  slow 
a c t i o n s   ( i n   t h e  time domain  of   hours   or   days)   exer ted  through  effects  on en- 
zyme synthes is .   Four   o f   the  s ix  h a v e   a d d i t i o n a l ,   i m p o r t a n t   a c t i o n s   i n   t h e  
shor te r   t ime domain of   seconds  to   minutes   ( insul in ,   g lucagon,   epinephrine 
and  growth  hormone).  Table 5 ,  below, l i s t s  the   metabol ic   p rocesses   in   musc le  
(M) ,  f a t  (F) o r   l i v e r  (L) a f f e c t e d   i n   t h e   s h o r t  time domain by t h e  four  hor- 
mones j u s t   r e f e r r e d   t o ,  and in   t he   l ong   t ime  domain by g lucocor t ico ids   and  
thyroid  hormones. The long  time domain e f f e c t s   o f   t h e   f o u r  hormones with 
f a s t e r   a c t i o n s   . a s  wel l  a r e   n o t   l i s t e d .  Each process  i s  preceded by a c a p i t a l  
l e t t e r   d e s i g n a t i n g   t h e   o r g a n   i n   w h i c h   t h e   e f f e c t   o c c u r s ,   a n d  a number des ig -  
na t ing   the   p rocess  shown i n  Table 4 t h a t  i s  prominent ly   a f fec ted .  

Table 5 

Bioenergetic  Processes  Affected by  Hormones 

Hormone Ce l lu l a r   P rocess  

I n s u l i n  
Glucagon 
Epinephrine 
Growth Hormone 

Glucocort icoids  

Thyroid Hormones 

M 1 ,  F l y  M3 
M 1 1 ,  H12, H 8 ,  H4,  F10 
H8, M8, F10 
M3, F10 (and   p ro te in   syn thes i s  

F10, M 1 1 ,  H12,  and i n h i b i t s  
M 1 ,  F l y  and s t ab i l i ze s   l y sosomal  
membranes 
M13 a n d   i n c r e a s e s   s e n s i t i v i t y   t o  
neuro t ransmi t te rs   and   ep inephr ine  

i s  s t imu la t ed )  

The e f f e c t s  of t h e  va r ious  hormones  on b ioenerge t ic   p rocesses  
can be t r a n s l a t e d   i n t o  words i n   t h e  form  of t h e  fol lowing commands: 

I n s u l i n :  "The supply  of  glucose i s  p l e n t i f u l ,   t a k e  

Glucagon: "The supply  of  glucose i s  running  low;  the 
i t  u p ,  burn i t ,  and s t o r e   t h e   e x c e s s   a s   f a t . "  

l iver   should   add  some from  the  glycogen  s tores  
to   t he   b lood .  

t h e   f a t  cel ls  shou ld   add   f a t ty   ac ids   t o   b lood   fo r  
f u e l .  I' 

s t i l l  running  too low;  do  what  growth hormone and 
glucagon  have commanded, but do i t  more and f a s t e r . "  

C o r t i s o l :  "We have a p rob lem  he re ;   i n   sp i t e   o f   t he   bes t  
e f f o r t s   t o   d a t e   t h e   b i o e n e r g e t i c   s u b s t r a t e s   a r e  s t i l l  
t o o   s c a r c e ;   t e a r  down t h e  muscles  and u s e  the amino 
a c i d s   o f   t h e   p r o t e i n s   a s   f u e l  t o  make blood  sugar   for  
t h e   b r a i n .  'I 

Growth Hormone: "The supply  of  glucose i s  running low; 

Epinephrine: "The supply   o f   b ioenerge t ic   subs t ra tes  i s  
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The somewhat whimsica l   p resenta t ion   above   cap tures   the   sense  of t h e  
metabol ic  commands given  through  the  hormonal  system  to  the  three  chief 
me tabo l i c   o rgans   du r ing   f eas t ing ,   o r   du r ing  a progress ive ly  severe famine. 
T h i s   l i s t i n g   o f  commands and  responsive  processes   completes   the  descr ipt ion 
of the  metabolic  machinery  and i t s  cont ro l   a r rangements .  The f i n a l   s e c t i o n  
w i l l  be  devoEed t o  some g e n e r a l  comments about   the   overa l l   per formance  of 
t he   b ioene rge t i c   sys t ems   i n   an ima l s .  

6 .  Concluding Comments About Bioenergetic  Systems  of  Animals 

From  a p h y s i c a l   p o i n t   o f  view, c e r t a i n   q u e s t i o n s   a r i s e   c o n c e r n i n g   t h e  
ope ra t ion   o f   t he   h i e ra rch ica l   b ioene rge t i c  mechanisms  described  above i n   t h i s  
r e p o r t .  Those q u e s t i o n s   c o n c e r n   t h e   d e g r e e   o f   s t a b i l i t y   o f   t h e   b i o e n e r g e t i c  
sys tem  and   the   form  of   tha t   s tab i l i ty ,   the  number of   ' languages '   used  for  
metabol ic  commands, and  the  re la t ionship  between  intake  regulat ion  and  meta-  
b o l i c   f o l l o w e r   a c t i o n .  Each o f   t h e   q u e s t i o n s  w i l l  be   cons ide red   he re   i n   t u rn .  

( a )   S t a b i l i t y .  - A s  descr ibed   above ,   the   b ioenerge t ic   sys tems  involve  
biochemical   chains ,  membrane t r a n s p o r t s  and the   mic roc i r cu la t ion .   S igna l s  
a r e   t r ansmi t t ed  i n  the  form o f  metabol i tes ,  hormones or  nerve  impulses  and 
t r a n s m i t t e r s .  The coupl ing  between  the  microcirculat ion  and  the  metabol iz ing 
c e l l s  i s  c l o s e .  The ac t ions   o f   chemica l   s igna l s  on the   metabol ic   sys tems  in -  
volve  lags  and  delays,   feedback  and  feedforward,  numerous  parametric  adjust-  
ments,  and a l a r g e  number o f   r eac t ions   w i th   h igh ly   non l inea r   k ine t i c s .  It i s  
obvious  that   the   bioenerget ic   systems  of   animals   are   open  nonconservat ive 
systems.  Furthermore,  i t  has   been   c l ea r ly   e s t ab l i shed   t ha t   a l t hough  many of 
t h e   r e a c t i o n s   i n   t h e   m e t a b o l i c   c h a i n s   o p e r a t e   n e a r   e q u i l i b r i u m ,   k e y ,   c o n t r o l -  
l i n g   p r o c e s s e s   ( i n c l u d i n g   s t r u c t u r e s )   a n d   r e a c t i o n s   o p e r a t e   a t   p o i n t s   q u i t e  
f a r  removed  from equi l ibr ium.  To a l l  o f   t hese   p rope r t i e s   can  be  added  the 
obvious   one   tha t   metabol ic   sys tems  a re   in   fac t   s tab le .   Organisms may l i ve  a s  
l o n g   a s  a c e n t u r y   o r  more. 

Some gene ra l i za t ions   abou t   t he   s t ab i l i t y   o f   non l inea r   sys t ems   can  be 
made. S t r u c t u r a l   s t a b i l i t y  i s  the   p roper ty   o f  a phys ica l   sys tem,   l inear   o r  
n o n l i n e a r ,   s u c h   t h a t   t h e   q u a l i t a t i v e   n a t u r e   o f  i t s  operation  remains  un- 
changed i f  pa rame te r s   o f   t he   sys t em  a re   sub jec t   t o   sma l l   va r i a t ions .  Many 
a s p e c t s   o f   b i o l o g i c a l   s y s t e m s   c l e a r l y   l a c k   s t r u c t u r a l   s t a b i l i t y .  The nerve 
impulse i s  a p a r t i c u l a r l y  w e l l  known example,   as  i s  t h e  autonomous  pacemaker 
o f   t h e   h e a r t .   I n   b o t h   t h e s e   c a s e s  a ve ry   s l i gh t   change   i n   t he   conduc tance  
parameters   of   the  c e l l  membranes  (which are   vol tage-dependent  terms) l e a d s   t o  
explosive  changes i n   t h e   p h y s i c a l   p r o p e r t i e s   o f   t h e  membrane. The perform- 
ance i s  t h a t   o f  a r e l axa t ion   o sc i l l a to r   w i th   an   e scapemen t ,   and   s t ruc tu ra l  
s t a b i l i t y  i s  n o t   p r e s e n t .  I t  i s  more d i f f i c u l t   t o   j u d g e   w h e t h e r   o r   n o t  meta- 
bo l i c   sys t ems   have   s t ruc tu ra l   s t ab i l i t y .  With r e s p e c t   t o  some parameters i t  
seems l i k e l y   t h a t   s t r u c t u r a l   s t a b i l i t y  i s  present.   For  example,  i n  a model 
o f   c o r t i c o s t e r o i d o g e n e s i s ,  i t  was demonstrated  that  some of   the  parameters  
can be var ied  plus-or   minus 100% around  the i r   nominal ly  
a f f e c t i n g   t h e   s t a b i l i t y   o f   t h e   o v e r a l l   k i n e t i c   n e t w o r k .  
v a r i a t i o n   i n   o t h e r   p a r a m e t e r s   l e a d s   t o   t h e   d i s p l a c e m e n t  
t o   a n   e x t r e m e   p o s i t i o n   o f  maximal o r  minimal  function. 

norma 1 va lues  w i  thou t 

of  the  whole  network 
Overa l l   then  i t  i s  

I n   c o n t r a s t ,  a s l i g h t  
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un l ike ly   t ha t   me tabo l i c   sys t ems   have   s t ruc tu ra l   s t ab i l i t y .   The re fo re  w e  must 
s e e k   e l s e w h e r e   f o r   t h e   o r i g i n   o f   t h e i r   d y n a m i c   s t a b i l i t y .  

Since  nonl inear   systems may have   mu l t ip l e   equ i l ib r ium '   po in t s   ava i l ab le  
t o  them,   t he   ques t ion   a r i s e s   a s   t o   whe the r   o r   no t   t hey   can   be   d i sp l aced   f rom 
one   equ i l ib r ium  ope ra t ing   po in t   t o   ano the r .   S ince   me tabo l i c   sys t ems   a r e  sus- 
t a ined   bu t   d i s s ipa t ive   open   sys t ems ,   r e s t ing   equ i l ib r i a   a r e   no t   r eached   du r -  
i n g   l i f e .   I n s t e a d ,   s t a b i l i t y  i s  c h a r a c t e r i z e d   a s  a non l inea r  dynamic (e .g . ,  
f l u c t u a t i n g )   s t e a d y   s t a t e .  

From t h e  work of Poincare  and  Liapunov, i t  i s  known t h a t   t h e   s t a b i l i t y  
regime of such a system i s  no t   w i th   r ega rd   t o  a p o i n t   i n  a phase  plane of d i s -  
p l acemen t   ve r sus   ve loc i ty ,   bu t   r a the r  w i t h  regard   to   the   na ture   o f   the   pos-  
s i b l e   t r a j e c t o r i e s   o f   t h e   s y s t e m   i n   t h a t   p h a s e   p l a n e .   F i r s t ,  a t r a j e c t o r y  
can   decay   asymptot ica l ly   to  a p o i n t .   T h i s   c o n s t i t u t e s   r e s t i n g   e q u i l i b r i u m ,  
which w e  h a v e   i n d i c a t e d   d o e s   n o t   r e p r e s e n t   t h e   l i v i n g   s t a t e .   S e c o n d ,   i f  a 
t r a j e c t o r y  i s  no t   c lo sed   i n   t he   phase   p l ane ,   and  i t  and a l l  i t s  neighboring 
t r a j e c t o r i e s   c o n v e r g e   t o  a l i m i t i n g   t r a j e c t o r y ,   t h e   m o t i o n  i s  s a i d   t o  be 
a s y m p t o t i c a l l y   s t a b l e .   F u r t h e r   i f   t h e   t r a j e c t o r y  i s  c losed   and   representa t ive  
o f   a s y m p t o t i c   s t a b i l i t y ,   t h e n   t h e   c l o s e d   t r a j e c t o r y  i s  known a s  a l i m i t  
cyc le .  2 

X ( a   ve loc i ty )  X~ X 

1 More p rope r ly  

2~ l i m i t  cyc l e  
l i t y   h a s   t o  do 

I placement) 
x -  

a r e s t i n g   p o i n t   i n  a t r a j e c t o r y  
the  phase  plane 

X 

a s y m p t o t i c   s t a b i l i t y  

X 

a s y m p t o t i c   o r b i t a l  
s t a b i l i t y  

(a l i m i t  cyc l e )  

t hese  shou1.d be  regarded as s i n g u l a r   p o i n t s  o f  the  motion. 

is e s s e n t i a l l y   a s y m p t o t i c a l l y   o r b i t a l l y   s t a b l e .   O r b i t a l   s t a b i -  
with  neighboring  t ra jector   les   being  non-divergent  . 
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Can we  f i nd   ev idence   o f  limit c y c l e s   i n   l i v i n g   s y s t e m s ?  The answer i s  
c lear ly   yes ,   and   examples   have   a l ready   been   presented   f rom c e l l  c y c l e  biochem- 
i s t r y .   I n   t h e   a d u l t  mammal, w e  do   no t   ye t  know wi th   ce r t a in ty   whe the r   t he  
ch ie f   me tabo l i c   va r i ab le s   i n   b lood   (g lucose ,  amino a c i d s ,   f a t t y   a c i d s ,   l a c -  
t a t e )  show p e r s i s t e n t   o s c i l l a t o r y   p e r f o r m a n c e .  However, a s   d e s c r i b e d   f o r   t h e  
b r a i n   c e l l - c a p i l l a r y   m e t a b o l i c   u n i t ,   o s c i l l a t o r y   b e h a v i o r   h a s   b e e n   r e p o r t e d  
i n  b lood   va r i ab le s .  Much more experimental  work i s  needed  to   determine 
whe the r   o r   no t  l i m i t  c y c l e   o s c i l l a t i o n s   t r u l y   c h a r a c t e r i z e   t h e   s t a b i l i t y  re- 
gime of   metabol ic   systems  general ly ,   but   the   conclusion seems a lmost   ines-  
capable   tha t   such  a c h a r a c t e r i z a t i o n  w i l l  emerge. 

Assuming f o r   t h e  moment that   metabol ic   systems  have l i m i t  c y c l e   s t a b i l i t y ,  
t h e   q u e s t i o n   t h e n   a r i s e s   a s   t o   w h e t h e r   t h e  whole  animal  has a s t a b i l i t y  r e -  
gime c h a r a c t e r i z e d  by a s i n g l e  l i m i t  c y c l e ,   o r  by a c o n s t e l l a t i o n  of s e p a r a t e  
l i m i t  cyc l e s   fo r   each   p rocess .   Accord ing   t o   t he   ana lys i s   p re sen ted   he re ,   t he  
number o f   d i s t i n c t l y   d i f f e r e n t   m e t a b o l i c   s t a t e s   t h a t   c a n  be   d i scerned   a t   h igh  
levels  o f   o rgan iza t ion   appea r s   t o   be  few. I n   t h e   c a s e   o f   t h e  PPLO only two 
such  s ta tes   have  been  discovered (rest and  grow-divide); i n   t h e   c a s e   o f   t h e  
h ighe r   p l an t s ,   i n sec t s   and   an ima l s   t he  number o f   s t a t e s   a p p e a r s   t o  l i e  some- 
where  between s i x   a n d  twelve. We a r e  tempted t o   a s s o c i a t e   t h e s e   s t a t e s   w i t h  
s i n g u l a r   s t a t e s   o f   t h e   s y s t e m .  Under these   c i rcumstances ,  i t  appea r s   t ha t   t he  
s t ab i l i t y   r eg ime   fo r   me tabo l i c   sys t ems   cons i s t s  of a few c o n s t e l l a t i o n s   o f  
s t a b l e   o r b i t s   o f   c o u p l e d ,   n o n l i n e a r ,   l i m i t - c y c l e   p r o c e s s   o s c i l l a t o r s .   I n   t h i s  
view, hormones may be   descr ibed   as   communica t ions   s igna ls   tha t   t ransduce   in -  
t e r n a l  and   ex terna l   envi ronmenta l   in f luences   in to   changed   opera t ing   po in ts   o f  
t h e   i n v o l v e d   o s c i l l a t o r s ,  so t h a t  a new s t a b l e   c o n s t e l l a t i o n  i s  reached. What 
remains  unclear,   however,  i s  whether   o r   no t   the  new s t a b i l i t y   r e g i m e   c a n  be 
he ld  when the  environmental   s t imulus i s  withdrawn. The a v a i l a b l e   d a t a   i n d i -  
c a t e   t h a t   i n  some ins tances   the   answer  may be y e s ,   b u t   i n  most i n s t a n c e s   t h e r e  
i s  r e t u r n  t o  a s i m p l e   p a t t e r n   o f   c o n s t e l l a t i o n s .  The conclusion would then 
b e   t h a t   t h e r e   a r e   n o t  more than a few b a s i c ,   s t a b l e   m e t a b o l i c   s t a t e s ,  and the  
o t h e r   a p p a r e n t   s t a t e s   a r e   i n   f a c t   t r a n s i e n t   u n s t a b l e   d i s p l a c e m e n t s   f r o m   t h e  
b a s i c   0 n e s . l  They can  be  maintained  only by the   con t inuous   app l i ca t ion   o f  a 
d i s turbance .   These   impor tan t   po in ts   have   cer ta in ly   no t   been   se t t led   wi th  
r e s p e c t   t o  mammalian sys tems,   a l though  perhaps   they   a re  coming i n t o   f o c u s   f o r  
s impler   plant   and  animal   systems.  Even though,   as   no ted   severa l  times above, 
t he   spec t roscop ic   app roach   t o   desc r ip t ion   o f   b io log ica l   sys t ems   has   g rea t   d i f -  
f i c u l t y   i n   h e l p i n g   t o   e s t a b l i s h   t h e   c a u s a l   r e l a t i o n s  between  information  f lux- 
es and  power f luxes   such   an   approach   can   reso lve   the   ques t ion   of   whether   o r  
o r  n o t   t h e r e  i s  more t h a n   o n e   c o n s t e l l a t i o n   o f   s t a b l e   o r b i t s   i n   m e t a b o l i c   s y s -  
tems. The b iospec t roscop ic   app roach   t o   b ioene rge t i c s  may be  expected  to   open 
t h e  way t o  a  new unders tanding   of   these   sys tems  and   the i r   t ra jec tor ies   tha t  
d e f i n e   t h e  l i f e  of  a p l a n t   o r   a n i m a l .  

'For example, some b a s i c   s t a t e s  may be  eat   from  surround-grow-divide,   photo- 
synthes ize  , e a t  from s t o r e s  , r e s t  ( s leep) -wake ,   res t - for rage .  The t r a n s i e n t  
s t a t e s  may b e   e a t   ( i n   h i g h e r  mammals) , aggrega te ,   migra te ,   h iberna te ,   sporu-  
l a t e  . 



(b) Metabolic  languages.  - Adjustments i n   t h e   m e t a b o l i c   a c t i v i t y  of a 
region  can  be  achieved by a g e n t s   t h a t   a c t   d i r e c t l y  upon o r   w i t h i n  ce l l s ,  o r  
upon the   microc i rcu la t ion .  The agen t s   a r e   o f   f i ve   t ypes ,   and   each   t ype  may 
be   cons ide red   t o   cons t i t u t e  a chemica l   l anguage   i n t e rp re t ab le   i n   me tabo l i c  
systems. They a r e   l i s t e d  below: 

I n t r a c e l l u l a r   s i g n a l s  
Cycl ic  AMP 

Metabol i tes  
Carbon  dioxide 
L a c t i c   a c i d  

T i s sue   subs t ances   r e l eased   l oca l ly  
Histamine 
Bradykinin 
K a l l i d i n  
5-Hydroxytryptamine 
Renin 
Pros tag landins  

Neura l   t r ansmi t t e r s  
Norepinephrine 
Acetylchol ine 

Hormones 
I n s u l i n  
Growth hormone 
Glucagon 
Epinephrine 
C o r t i s o l  
Thyroxin 

A s  f a r   a s  i s  known, the   i ons   t ha t   have   p ro found   e f f ec t s  on membrane 
s t a b i l i t y  and b i o e l e c t r i c  phenomena (sodium,  potassium,  calcium,  chloride) 
a re   no t   ca r r i e r s   o f   i n fo rma t ion   f l uxes   t o   me tabo l i c   sys t ems ,   excep t   i n so fa r  
a s   t h e  sodium  and   po tass ium  f luxes   assoc ia ted   wi th   the   ac t ion   po ten t ia l   o f  
nerves  and  muscles i s  involved   in   metabol i sm.  The ca lc ium  ion   concent ra t ion  
of  blood i s  so s e v e r e l y   s t a b i l i z e d   t h a t  i t  i s  not  a ca r r i e r   o f   messages .  

(c) In take   regula t ion   and   metabol ic   fo l lower   ac t ion .  - Although  meta- 
bo l ic   cha ins   conta in   feedback   loops ,  i t  should  be  clear-  from  the  preceding 
d i s c u s s i o n   t h a t   t h e   s t a b i l i t y   o f   m e t a b o l i c   s y s t e m s  i s  no t   t ha t   o f  a nega t ive  
feedback  system. The s t a b i l i t y   a r i s e s   o u t   o f   t h e   c o u p l i n g   o f   a n   e n s e m b l e   o f  
n o n l i n e a r ,   l i m i t - c y c l e   o s c i l l a t o r s ,  a n d   t h e   s t a t e   v a r i a b l e s   a d o p t   s t a b l e   v a l -  
ues,  presumably i n   t h e  limit cycle  mode. The m e t a b o l i c   s t a t e   v a r i a b l e s   a r e  
no t   appa ren t ly   con t ro l l ed  by se rvosys t ems   t ha t   con ta in   r e f e rence   i npu t s ,  com- 
p a r a t o r - l i k e   a c t i o n s ,   e r r o r   a c t i v a t i o n ,  and a m p l i f i c a t i o n .  Some metabol ic  
loops have these   cha rac t e r i s t i c s ,   bu t   t he   ove ra l l   sys t em i s  on ly   spa r se ly  sup- 
pl ied   wi th   feedback   loops .  Thus changes in   me tabo l i c   s t a t e s   a r e   b rough t   abou t  
by fo l lower   ac t ions   a s   subs t r a t e   l oads   a r e   p l aced   on   t he   sys t em.   Subs t r a t e  
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de tec to r s   ( such   a s   de t ec to r s   o f   g lucose   and  amino a c i d s )   r e s i d e   i n   t h e   b r a i n  
and in   o the r   o rgans   ( such   a s   t he   panc reas ) ,   and   t hese   de t ec to r s   i n f luence  
hormonal  flows,  which i n   t u r n  change  the  parameters i n   t h e  ensemble  of   osci l -  
l a t o r s .  A new c o n s t e l l a t i o n   o f   s t a b l e   o r b i t s   o f  l i m i t  cycles  presumably r e -  
s u l t s .  I n  such a sys t em,   s t ab i l i t y   can   be   ach ieved   i n   t he   f ace   o f   a lmos t  
random inputs . '  However, some intake  regulat ion  has   been  added,   and  the 
overa l l   metabol ic   sys tem i s  p r o t e c t e d   a s  a r e s u l t .  

J u s t   a s   d e h y d r a t i o n  i s  a s t r o n g   s t i m u l u s   t o   t h i r s t   a n d   t h e   b e h a v i o r a l  
seeking  and  drinking  of  water,  so i s  hypoglycemia a s t rong   s t imulus   to   hunger ,  
a n d   t h e   b e h a v i o r   a p p r o p r i a t e   t o   f i n d i n g   f o o d .   I n   b o t h   c a s e s   t h e   b r a i n   a p p e a r s  
t o  be   d i r ec t ly   s ens i t i ve   t o   t he   chemica l   compos i t ion   o f   b lood .  The f i n a l  
e l a b o r a t i o n   o f   t h e   s t a b i l i t y   o f   m e t a b o l i c   s y s t e m s   t h u s   i n v o l v e s   i n   t h e   h i g h e r  
animals ,  a behaviora l   ou tput  of b r a i n   t h a t   l e a d s   t o   t h e   s e e k i n g   o f   n u t r i e n t s  
a t   a p p r o p r i a t e  times. Such  food  seeking i s  i t s e l f   p e r i o d i c  and i t  r e p r e s e n t s  
a s t i l l  higher  level  cyc le   i n   me tabo l i c   pe r fo rmance .*  The longest-term  meta- 
bo l i c   r egu la t ions   i nvo lve   t he   coope ra t ion   o f   i n t ake   r egu la t ion   and   me tabo l i c  
fo l lower   ac t ion ,   and   these   concern   the   regula t ion   of  body weight  over t h e  per-  
iod   o f  months t o   y e a r s .   S i n c e   t h e   f i r s t  law of  thermodynamics  must  be s a t i s -  
f i e d   f o r  a du ty   cyc le ,   t he   r egu la t ion   o f  body weight   involves   the  achievement  
of c a l o r i c  and   water   ba lance   th rough  ad jus tments   o f   in take ,   and   ac t iv i ty .  A t  
these   long  time d o m a i n s ,   t h e   s t a b i l i t y  i s  achieved by the  system  behavior a t  
t he   h ighes t  level  o f   o rgan iza t ion  - tha t   o f   the   whole   an imal   ind iv idua l .  The 
me tabo l i c   fo l lower   ac t ion   o f   t he   i n t e rna l   me tabo l i c   sys t em i s  h e l p l e s s   t o   o f f -  
set  the  calor ic   imbalance  produced by f o r c e d   f e e d i n g   ( a s   i n  t h e  f a t t i n g   o f  
geese   in   France) ,   though i t  has  a s l i g h t l y   g r e a t e r   r a n g e   o f   p o s s i b i l i t i e s   w i t h  
r e s p e c t   t o   t h e   f o r c e d   i n t a k e  of water .  I n  a n y   c a s e ,   s t a b i l i t y   o f  body weight 
u l t ima te ly   i nvo lves   appe t i t e s   and   i n t ake   r egu la t ions .  The m e t a b o l i c   s t a t e  
dr ives  the   behav io r ,   bu t ,   conve r se ly ,   i nappropr i a t e   behav io r   (g lu t tony)   can  
substrate- load  the  metabol ic   system so  t h a t  body weight   regula t ion  i s  l o s t  
and   obes i ty ,   fo r   example ,   r e su l t s .  

One presumes t h a t  by se l ec t ion   and   evo lu t ion ,   t he  dynamic  systems  have 
developed   in to  a remarkably  s table   autoregulatory  ensemble.  

One s h o u l d   c a r e f u l l y   n o t e   t h e   s t a b i l i t y   c h a i n .  The environmental  boundary 
condi t ion  i s ,  s a y ,   a v a i l a b i l i t y   o f   f o o d ,   o r   n o n a v a i l a b i l i t y   o f  
former  case,  a l i m i t  cycle  of  eat-non-eat  emerged. The cha in  i s  a c t u a l l y  
longer.   For  example,  i n  a g o r i l l a  i t  migh t   be   s t r i pped   t o  wake-roam  and e a t -  
res t - roam  and  eat-s leep.  The a c t   o f   e a t i n g   i t s e l f ,   l o c a l l y ,   a p p e a r s   t o   b e  a 
t r a n s i e n t .  The animal must a c t u a l l y  be  faced by food t o   e a t ,  and i f  n o t   t h e r e ,  
he d o e s n ' t   e a t .  However, h a v i n g   ' t r a n s i e n t l y '   e a t e n ,  he d o e s n ' t   e a t   a g a i n  un- 
t i l  some subsequent  period,  where  again  he w i l l  apparent ly  go through a t r a n s -  
i e n t .  On the   o ther   hand ,   wi th   no   food   ava i lab le ,  a d i f f e r e n t  l i m i t  cyc le  
emerges.  Nominally i t  involves   eat   f rom  s tores-roam. A difference  emerges,  
g e n e r a l l y   i n   t h e  roaming  range, when food i s  n o t   a v a i l a b l e ,  and i n   t h e   m o t o r  
p a t t e r n s   o f   m e t a b o l i c   e x p e n d i t u r e ,   a s  compared t o  when food i s  a v a i l a b l e .  
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In t ake   r egu la t ion   appea r s   i n   mic roorgan i sms   t h rough   ad jus tmen t s   i n  
c e l l  membrane permeabi l i ty   accord ing   to   the   accumula t ion   of   metabol ic   p ro-  
d u c t s   w i t h i n  ce l l s .  I n   t h o s e   i n s t a n c e s   t h e   r e g u l a t i o n  i s  achieved  through 
feedback  loops  and  complex  behavior i s  not   involved .  

For man the  prime mover of   the  metabol ic   system i s  t h e   w i l l i n g   i n t o   a c -  
t i o n  of skeletal   muscle   masses .  The resul t ing  consumption  of   oxygen,   glucose 
and f a t t y   a c i d s  commits the   sys tem  to   adopt  new s t a t e s   t h rough  commands i s s u e d  
in   the  f ive  languages  descr ibed  above.   Those new s t a t e s   u l t i m a t e l y  commit t h e  
whole  animal   into  behavioral  modes seeking r e s t ,  food  and  water. 
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X. THE ROLE OF THE NERVOUS  SYSTEM I N  THE 
ORGANIZATION AND INTEGRATION OF LIVING SYSTEMS 

1. C e l l u l a r  Dynamics 

S i  nce  the 1839 papers  of  Matthias  Schleiden  and  Theodor Schwann, t he  c 
has  been  regarded  as  the  fundamental   structural   unit  of p lan ts   and   an imals .  

: e l l  
- 

During  subsequent  years i t  has  been  found t h a t   t h e   c e l l   c a r r i e s  on many pro- 
c e s s e s ,  most of t h e m  serv ing   to   main ta in   o r   modi fy  i t s  s t r u c t u r e  (1). Among 
these  processes   are   the  product ion  and  s torage  of   energy,   the   formation  and 
maintenance of boundaries,   the breakdown  and  assembly  of spec i f ic   molecules ,  
t h e   r e l a t i v e  movement of   l a rge   por t ions  of t he   ce l l ,   t he   r ep roduc t ion   o f   t he  
c e l l ,   t h e   m o d i f i c a t i o n   o f   t h e   c e l l   t o   c a r r y   o u t   s p e c i a l i z e d   f u n c t i o n s  w i t h  
r e s p e c t   t o   o t h e r   c e l l s ,  a n d   t h e   r e g u l a t i o n   o f   a l l   t h e s e   c e l l u l a r   p r o c e s s e s .  

The mechanisms  by  which r egu la t ion   o f   t hese   ce l lu l a r   ac t iv i t i e s   a r e   ach ieved  
a re   p re sen t ly   be ing  examined ( 2 ) .  The unde r ly ing   p r inc ip l e  i s  t h a t   t h e  chem- 
i ca l -phys ica l   p rocesses  of t he   ce l l   a r e   i n   non-equ i l ib r ium  s t eady   s t a t e s ,   and  
t h a t   t h e   r a t e s  of most of  these  processes  can be va r i ed  by s p e c i f i c  enzymes. 
Regulation  can be achieved by accumulation  of  an  end  product  which  inhibits 
t h e  enzyme of t h e   r a t e - l i m i t i n g   s t e p   i n  a chain of r eac t ions   (3 ,   4 ) .  It can 
a l s o  be achieved by inh ib i t ion   o f   the   synthes is   o f   an  enzyme which  speeds t h e  
formation  of a g iven   product ,   the   inh ib i t ion   be ing  worked e i t h e r  by tha t   p ro-  
duc t   o r  by another  molecule  (5,  6 ) .  The r egu la to ry  mechanisms a r e   f a r  from 
being  understood ( 4 ) .  There i s  inc reas ing   ev idence   t ha t  many of t he   r egu la t ed  
processes  depend on the  asymmetric  behavior  of membranes i n   t h e   c e l l  ( 7 ,  8 ,  
9 ) .  

The enzymes  which con t ro l   t he   ce l lu l a r   p rocesses   a r e   t hemse lves   spec i f i ed  
by the   gene t ic   appara tus  of t h e   c e l l  f r o m   i n f o r m a t i o n   s t o r e d   i n   t h e   c e l l ' s  
DNA (10 ) .   Mod i f i ca t ion   o f   t he   ce l l ' s   s t ruc tu re   can  be r egu la t ed  by t h e   r e l a -  
t i v e   r a t e  of synthes is   o f   each   poss ib le  enzyme. A mechanism f o r   t h i s   r e g u l a -  
t ion  has   been worked o u t   f o r   b a c t e r i a l   c e l l s  (11). The e x t e n t   t o  which i t  
e x i s t s   i n   t h e   c e l l s  o f  mul t ice l lu la r   o rganisms i s  s t i l l  unce r t a in .  

P e r i o d i c i t i e s   a r e  found i n  many c e l l u l a r   p r o c e s s e s .  Some p e r i o d i c i t i e s  
have  been a t t r ibu ted   to   chemica l   reac t ion   sys tems  which   a re  so coup led   a s   t o  
o s c i l l a t e   ( 1 2 ,   1 3 ) .  While t h e  l i f e   c y c l e   p e r i o d i c i t y   o f   t h e   b a c t e r i a l   c e l l  
has   been   a t t r i bu ted   t o   s equen t i a l   ac t iva t ion   o f   t he   c i s t rons   a long   t he   s ing le  
DNA molecule making u p  i t s  s i n g l e  chromosome, there i s  no good ev idence   for  
t h i s .  Even i f   t h a t  mechanism  were i n v o l v e d   i n   t h e   l i f e   c y c l e   o f   c e l l s   o f  
mul t ice l lu la r   o rganisms,  i t  would be complicated by the  presence  of  multiple 
chromosomes i n  each   such   ce l l .  

D a i l y ,   t i d a l ,   l u n a r ,  and annual   cyc les   o f   ce l l   ac t iv i ty   a l so   have   been  
observed  (14).  These  cycles  have a d i f f e r e n t  mechanism than t h e  l i f e   c y c l e ,  
s ince   they   a re   re la t ive ly   independent   o f   t empera ture ;   an   except ion  is the 
mi to t i c   cyc le  , which  has 910 values  of 2 t o  3 (14,   15) .  The  mechanisms 
o f   t hese   cyc le s   a r e   no t  known. An e x t e n s i v e   t h e o r e t i c a l   c o n s i d e r a t i o n   h a s  
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b e e n   g i v e n   t h e   p e r i o d i c i t i e s   p o s s i b l e   i n  a r e s t i n g  c e l l  by both  strong  and 
weak couplings among a l l  t he   b iochemica l   p rocesses   i n   t he   ce l l  (16) .  How- 
ever, t h e  model developed i s  l i m i t e d   i n  t h a t  i t  does   no t   permi t   quant i ta t ive  
pred ic t ions ,   does   no t   apply   to   g rowing   ce l l s ,   and  (most importantly)  does  not 
switch  the  system  f rom  one  semi-s table   s ta te  (mode) t o   o t h e r s  a s  the  environ- 
ment changes. 

2 .  In t e rce l lu l a r   Comun . i ca t ion  

The most  obvious way f o r   c e l l s   t o   a f f e c t   e a c h   o t h e r  i s  by t h e  passage  of 
molecules   o r   smal le r   par t ic les   f rom  one   ce l l   to   another .   This   could   a l low a 
c e l l  which  lacks some of   the enzymes needed to   supp ly  t h e  energy  for  completing 
a metabol ic   synthes is   to   ob ta in   the   energy   v ia   p roducts   f rom a neighboring 
c e l l  which  contains   the  missing  enzymes,   and  thus  to   carry  out   the   complete  
metabol ic   synthes is .  T h i s  has  been shown t o   o c c u r   f o r  mesodermal (s t romal)  
c e l l s  of  the  cornea,  which,  because  of  lack  of some ox ida t ive  enzymes oxidize 
g l u c o s e   o n l y   t o   l a c t i c   a c i d .  The l a c t i c   a c i d   d i f f u s e s   t o  t h e  neighboring 
e p i t h e l i a l   c e l l s  and i s  the re   ox id i zed   fu r the r .  T h i s  gene ra t e s  a flow  of 
e lectrons  f rom  s t roma  to   epi thel ium,  which  f low i s  a source  of  energy  for 
t ranspor t   o f   f lu id   o r   ions   be tween  those   t i s sues .   At   l eas t  two processes   of  
mo lecu la r   syn thes i s   i n  t h e  stroma  have  been shown t o  depend on c lose   jux tapos-  
i t i o n  of the   ep i the l ium  (17) .  

In   the   deve loping   embryonic   ce l l s   o f   an imals ,  i t  has  been shown t h a t   t h e  
d i f f e r e n t i a t i o n   o f   p a n c r e a t i c   e p i t h e l i u m   c e l l s   t o  become s e c r e t o r y   c e l l s   r e -  
q u i r e s   t h a t  t h e y  be  growing i n   c l o s e   p r o x i m i t y   t o  mesenchyme c e l l s   ( 1 8 ) .  T h i s  
i s  a l so   needed   for  t h e  d i f f e r e n t i a t i o n   o f   e p i t h e l i a l   c e l l s   i n   t h e   s a l i v a r y  
gland,   thyroid,   skin,   k idney  and thymus (19).  The d i f f e ren t i a t ion   o f   panc re -  
a t i c  e p i t h e l i u m  has  been shown t o  depend on the  passage from the mesenchyme 
t o   t h e   e p i t h e l i u m  of mater ia ls   which seem t o  be l a rge   mo lecu le s ,   a r e   deac t i -  
vated by trypsin,   and  have low mobi l i t y   unde r   phys io log ica l   cond i t ions   ( i . e . ,  
th rough  0 .1   micron   f i l t e r   pores)   (18) .  

It i s  known t h a t  hormones a c t ,   a t   l e a s t   i n  some c a s e s ,  by a l t e r i n g   t h e  
me tabo l i c   ac t iv i t i e s   o f   t he   t a rge t   ce l l s .   Th i s   has   been   ex tens ive ly   s tud ied  
i n  a l i n e   o f   c u l t u r e d  hepatoma c e l l s .   T h e s e   c e l l s  show an  increased  content  
of t h e   l i v e r  enzyme tyros ine   aminot ransferase   wi th in  15  minutes   af ter   exposure 
t o   a d r e n a l   s t e r o i d s .   A f t e r  6 t o  1 2  hours '   exposure,   the   content  r ises  t o  a 
new s teady   s ta te   which  i s  5 t o  15   t imes   h igher   than   the   basa l   ac t iv i ty .  A 
model has   been  proposed  to   explain  these  and  other   data   (19) .  It assumes  that  
t h e   c e l l ' s  DNA con ta ins  a s t ruc tura l   gene ,   which   spec i f ies   the   induced  enzyme, 
and a regulatory  gene.   During a l a rge   po r t ion   ( t he   i nduc ib le   phase )   o f   t he  
c e l l ' s   l i f e   c y c l e   t h e   s t r u c t u r a l  gene i s  t ranscr ibed   cont inuous ly   in to  mes- 
senger RNA, which i s  t h e n   t r a n s l a t e d   i n t o   t h e  enzyme. h r i n g   t h e   i n d u c i b l e  
phase  the  regulatory  gene,   a lso,   produces i t s  p ro te in   p roduc t ,   t he   r ep res so r ,  
a t  a cons t an t   r a t e .  The repressor   and  i t s  messenger RNA a r e  assumed t o  be , 

v e r y   l a b i l e .  The r e p r e s s o r  i s  assumed t o   r e v e r s i b l y   i n h i b i t   t h e   t r a n s l a t i o n  
of t h e  s t ruc tura l   gene ' s   messenger  RNA i n t o   t h e  enzyme.  That  messenger RNA 
can  be  degraded  only when so i n h i b i t e d .   F i n a l l y ,  i t  i s  assumed t h a t   t h e   a c -  
t i on   o f   t he   r ep res so r  i s  d i r e c t l y   o r   i n d i r e c t l y   p r e v e n t e d  by the  presence  of 
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the  hormonal  inducer.   Therefore,  i n   t h e   p r e s e n c e   o f   a n   i n d u c e r ,   t h e   r e p r e s -  
s o r  i s  inac t iva ted ,   messenger   t rans la t ion   and   synthes is   o f   the  enzyme occur s ,  
and  the  degradation  of  the  messenger RNA i s  prevented.  Thus,   the  concentra- 
t i o n  of the  messenger RNA inc reases ,   because   t he   t r ansc r ip t ion   o f  i t  from  the 
DNA i s  continuous.  

D u r i n g   t h e   n o n i n d u c i b l e   p o r t i o n s   o f   t h e   c e l l ' s   l i f e   c y c l e ,   t h e   t r a n s c r i p -  
t i on   o f   bo th   t he   s t ruc tu ra l   and   r egu la to ry   genes  i s  assumed t o  be  repressed 
by a process  which i s  i n s e n s i t i v e   t o   t h e   i n d u c e r .  Under these   condi t ions ,  
t r ans l a t ion   o f   t he   p re -ex i s t ing   messenge r  RNA continues,   and  because  of  the 
absence  of  the  repressor,   the  messenger RNA i s  more s t ab le   t han   du r ing   t he  
induc ib le   phase .   Obv ious ly ,   i n   t hese   po r t ions   o f   t he   l i f e   cyc le  t h e  hormone 
has   no   e f fec t  on the  system. 

The mechanisms controll ing  mutual  adhesion  and  aggregation  of  embryonic 
ce l l s  represent   another   aspec t   o f   in te rce l lu la r   communica t ion .   These   have  
been  s tudied by d i s a s s o c i a t i n g   t h e  c e l l s  of  embryonic  t issues,   suspending 
s e l e c t i o n s   o f  them in   cu l ture   media ,   and   a l lowing  them to   r eaggrega te .  It 
was shown tha t   t he   p rog res s ive   r ea t t achmen t   and   aggrega t ion   o f   t hese   ce l l s  
depends on unimpaired  protein  synthesis ,   and i s  r e v e r s i b l y   i n h i b i t e d  by 
r ibonuclease.  The pro te ins   and  RNA involved appear t o  show a rap id   tu rnover  
(20). The a d h e s i v i t y   a n d   o t h e r   s u r f a c e   p r o p e r t i e s   o f   e m b r y o n i c   c e l l s   a p p e a r  
t o  be a f f e c t e d  by ne ighbor ing   t i s sues  so t h a t   t h e   d i f f e r e n t i a t i n g   c e l l s  move 
to   par t icu lar   a l ignments   and   shapes   o f   d i s t r ibu t ion ,   thus   forming  new t i s -  
sues  (21). The e f f ec t s   o f   t he   ne ighbor ing   t i s sues  show p o l a r i t i e s  and  grad- 
i e n t s   t h a t  depend  on t h e i r   p o s i t i o n   i n   t h e  embryo (21,  22). 

There are some f e a t u r e s   o f   d i f f e r e n t i a t i o n   i n   h i g h e r   c e l l   t y p e s   w h i c h  
c a l l   f o r  a more e l a b o r a t e  mechanism than   t ha t   o f   bac t e r i a .  The most s t r i k i n g  
o f   t hese   f ea tu re s  are: ( a )   t h e   c h a n g e   i n   s t a t e   o f   d i f f e r e n t i a t i o n  i s  o f t e n  
mediated by a s imple   chemica l   s igna l ,   such   as  a hormone. (b) a given s ta te  
o f   d i f f e r e n t i a t i o n   t e n d s   t o   r e q u i r e   t h e   i n t e g r a t e d   a c t i v a t i o n   o f  a ve ry   l a rge  
number of noncont iguous  genes.   This   has   led  to   the  proposal   of  a new se t  of 
r egu la to ry  mechanisms f o r   h i g h e r   c e l l s  s u c h  t h a t  m u l t i p l e  changes i n  gene 
ac t iv i ty   can   r e su l t   f rom a s i n g l e   i n i t i a t o r y   e v e n t  ( 2 7 ) .  The spec i f i c   sug -  
ges t ion  i s  t h a t  the   inducer   molecule   ac t iva tes  a sensor  gene  which i n   t u r n  
a c t i v a t e s   a n   i n t e g r a t i o n  gene whose func t ion  i s  t h e  s y n t h e s i s   o f   a c t i v a t o r  
RNA. This RNA a c t s  on seve ra l   r egu la to ry   genes   each   l i nked   t o  a s t r u c t u r a l  
gene to   pe rmi t   syn thes i s   o f   t he   s eve ra l  enzymes s p e c i f i e d  by t h o s e   s t r u c t u r a l  
genes . 

More r ecen t   s tud ie s   (23 ,  24) make c l ea r   t ha t   t he   fo rma t ion   o f   agg rega te s  
o f   c e l l s   i n v o l v e s   n o t   o n e   p r o c e s s ,   b u t  many. T h e r e f o r e ,   t h e   e f f e c t s   o f   v a r i -  
ous  chemicals,  such a s  p ro te in   syn thes i s   i nh ib i to r s ,   depend  on t h e   p a r t i c u l a r  
condi t ions   o f  t h e  cel l   suspension.   For   example,   horse   serum  in  t h e  suspension 
medium con ta ins  a macroglobul in- l ike  protein  that   promotes   the  aggregat ion  of  
n e u r a l   c e l l s   o f   t h e   r e t i n a   a n d  a second f ac to r   t ha t   p romotes  t h e  aggregat ion 
of  limb bud ce l l s ;  whi le   ch ick   and   ca l f  sera c o n t a i n   f a c t o r s   t h a t   i n h i b i t   t h e  
aggrega t ion   o f   neu ra l   r e t ina   ce l l s   (24 ) .  It  i s  p o s s i b l e   t h a t   t h e   l a s t   s t e p  
in   t he   fo rma t ion   o f  t issues invo lves   t he   s ec re t ion   o f  a f i b r i l l a r   i n t e r c e l -  
l u l a r  ma te r i a l   wh ich   b inds   t he   ce l l s   t oge the r   (25 ) .  
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(a )   In te rce l lu la r   contac ts   and   communica t ion .  - It has  been  found  that 
i n   c e r t a i n   t i s s u e s  there  i s  a low e l e c t r i c a l   r e s i s t a n c e  between  neighboring 
ce l l s ,  a l t h o u g h   h i g h   r e s i s t a n c e   t o   t h e   e x t e r i o r   o f   t h e   c e l l s   ( 2 8 ,   2 9 ) .   I n  
s a l i v a r y   g l a n d   a n d   r e n a l   e p i t h e l i a   v i r t u a l l y  a l l  t he  cel ls  of  t h e  e n t i r e  
ep i the l ium were so connec ted   i n to  a s ingle   system  (29) .   In   bladder   and  sen-  
s o r y   e p i t h e l i a l   e a c h   c e l l  was coupled   to  a cha in   o r  a small group  of ce l l s ,  
with  perhaps several such  coupled  systems in   pa ra l l e l   (29 ) .   Molecu le s   o f  up 
t o  69,000  molecular  weight  (36  equivalent  hydrodynamic  radius)  diffused 
f r e e l y  between  such  e lectr ical ly   coupled  cel ls ,   though  molecules   of   weight  
127,000  did  not (30). 

The j u n c t i o n s  by which   these   ce l l s   a re   coupled   can   be   d i sconnec ted  by 
removing  calcium  ions  with a c h e l a t i n g   a g e n t   i n  t h e  e x t e r n a l  medium; each 
c e l l  t h e n   s e a l i n g   i t s e l f   o f f   i r r e v e r s i b l y   a s  a u n i t   ( 3 1 ) .   I n  t h e  s a l i v a r y  
gland  of  Drosophila  the  only  structure  which seems a l i k e l y   s i t e   f o r   t h e  
coupl ing i s  t h e   s e p t a t e   j u n c t i o n ,  a t  which  the  opposing c e l l  membranes a r e  
jo ined  by a honeycombed br idge  (32) .  The electron  microscopic   appearance  of  
t h e   s e p t a t e   j u n c t i o n  i s  unchanged when t h e  ce l l s   a r e   uncoup led  by calcium 
chela t ion   (33) .  The coup l ing   s t ruc tu re  i s  thought   to   cons is t   o f   the  honey- 
comb of   tubes  connect ing  the  opposed  cel ls .  The  t u b e   w a l l s   a c t   a s   t h e  p e r i -  
j unc t iona l   i n su la t ion   f rom t h e  e x t r a c e l l u l a r   s p a c e .  Where each  tube  abuts 
onto  the membranes of  the two c e l l s ,   t h o s e   j u n c t i o n a l  membranes a re   h igh ly  
permeable. The uncoupling  of  such a s t ructure   has   been shown t o   o c c u r   i n  
two s t eps   (34 ) .   F i r s t ,   t he   r educed   ex t r ace l lu l a r   concen t r a t ion   o f   ca l c ium 
ions   renders   the   in te r ior   o f   the   coupled   ce l l   sys tem  permeable   to   ca lc ium 
ions ,   p resumably   ch ief ly  a t  t h e   p e r i j u n c t i o n a l   i n s u l a t i o n .  Then, t h e  e x t r a -  
c e l l u l a r   c a l c i u m   i o n s   e n t e r   t h e   i n t e r i o r   ( i n c l u d i n g   t h e   c e l l   c y t o p l a s m )   a n d  
cause   the   permeabi l i ty   o f   the   junc t iona l  membranes t o   f a l l .  T h i s  can be 
demonstrated  even i f  t h e  ex terna l   ca lc ium  ion   concent ra t ion  i s  l e f t   h i g h  
enough M) n o t   t o   a f f e c t   t h e   a d h e s i o n   o f   t h e   c e l l s .  It i s  hypothesized 
t h a t   t h e   j u n c t i o n a l  membrane becomes highly  permeable  only when, a s  i s  nor- 
mal ly   the   case ,   the   concent ra t ion   o f   f ree   ca lc ium  ions   in   the   cy toplasm i s  
very low (35) .  

It  has  been shown w i t h  separa ted   sponge   ce l l s   tha t   these   h igh  permea- 
b i l i t y   j u n c t i o n s   f o r m   w i t h i n   m i n u t e s   i n   a n y   r e g i o n s   o f   t h e   c e l l s ’   s u r f a c e  
membranes which a re   b rough t   i n to   con tac t   (36 ) .  The j u n c t i o n a l  membrane p e r -  
meab i l i t y   dec reases  a t  least  three  orders  of  magnitude when calcium  or  mag- 
n e s i u m   i o n   a c t i v ’ t i e s   i n   t h e  c e l l  i n t e r i o r   a r e   v a r i e d  from  the  normal  value 
of M t o  lo-’ M y  s u c h   a s   n o r m a l l y   p r e v a i l s   i n   t h e   e x t r a c e l l u l a r  medium 
(37).  Maintenance  of  the low i n t e r i o r   a c t i v i t i e s  depends  on  (a)  maintenance 
o f   t h e   p e r i j u n c t i o n a l   i n s u l a t i o n   ( 3 5 )  , and  (b)  maintenance  of  cellular  meta- 
bolism,  presumably  metabolism  supporting  calcium  and magnesium ion   ex t rus ion  
(38).  Ouabain,  which i s  a s p e c i f i c   i n h i b i t o r   o f  sodium - and  potassium - 
a c t i v a t e d  ATPase and  of  sodium  extrusion,  produced  depolarization  but  not 
junct ional   uncoupl ing  (38) .  

Embryonic ce l l s  (blastomeres) i n   t h e  morula  stage are coupl6d by high 
permeabili ty  junctions  (39).   These  junctions  form  between  the  daughter ce l l s  
during  cleavage  of a b l a s tomere .   I f  two i so la ted   b las tomeres   a re   b rought  
i n t o   c o n t a c t ,   s u c h  a coupl ing i s  formed i n  what  appears  to  be  only  seconds 
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( 3 9 ) .  This   inc ludes   format ion   of   the   per i junc t iona l   insu la t ion   and   change   of  
t h e   j u n c t i o n a l  membranes from low to   h igh   pe rmeab i l i t y .  

(b)  Communication  through c e l l  Juncti-on-s.:__ it-s- po-s-sible- r o l e s   i n  growth 
c o n t r o l   a n d   d i f f e r e n t i a t i o n .  - The-resu l t s   and   impl ica t ions  of t he   s tud ie s   o f  
t h e   i n t e r c e l l u l a r   j u n c t i o n a l   c o u p l i n g s   a r e   w e l l   c o v e r e d   i n  a review  paper ( 4 0 ) .  
These  junct ions have  been  found i n   s a l i v a r y   g l a n d s ,   n e u r o g l i a ,   r e n a l   t u b u l e s ,  
c e r t a i n   s e n s o r y   e p i t h e l i a ,   u r i n a r y   b l a d d e r ,   l i v e r ,   s k i n ,   s p o n g e s ,  brown f a t ,  
t hy ro id ,  stomach epi thel ium,  and  embryonic   t issues .  It has  been shown i n  
sa l iva ry   g l and   ce l l s   o f   Drosoph i l a   l a rvae   t ha t   pa r t i c l e s   o f   abou t  3 x lo3 mole- 
cular   weight   can  pass   through  the  junct ion;   and  dyes  of   lesser   weight   have  been 
shown to   pas s   t h rough   j unc t ions   i n   squ id   embryos ,   i n   ce r t a in   c r ay f i sh   axons ,  
and i n   c e r t a i n   t i s s u e - c u l t u r e d   f i b r o b l a s t s .  

These  coupling  junctions seem t o  form a t   t he   po in t s   o f   con tac t   o f   adhe r -  
i n g   c e l l s   ( o f   c e r t a i n   t y p e s )   i f   t h e   i n t r a c e l l u l a r   c a l c i u m   c o n c e n t r a t i o n s   a r e  
a t   t h e i r  normal low levels   (below M) and  the  extracel lular   calcium  con-  
c e n t r a t i o n   a t   t h e  normal  value  of  about M. 

Many metabol i tes ,   hormones ,   and   o ther   ce l lu la r   subs tances   fa l l   wi th in  
the   s ize   range   of   par t ic les   which   can   pass   th rough  the   junc t iona l  membranes. 
This   probably  includes  substances  which  regulate   gene  act ivi ty .   There i s  a 
d i f fe rence   be tween  such   cont ro l   v ia   the   junc t iona l   coupl ings   and   v ia   the  
hormonal  systems. The l a t t e r  emit con t ro l   subs t ances   i n to  t h e  open e x t r a -  
ce l lu la r   spaces ;   the   f low w i l l  have  extremely  poor   spat ia l   resolut ion.  How- 
ever ,   f low  v ia   the   junc t iona l   sys tem w i l l  be l imi t ed   t o   on ly   t he   g roup ,   cha in  
or   ne twork   of   ce l l s   which   a re   junc t iona l ly   coupled .   This  would enable  i t  t o  
evoke   pa t t e rns   o f   d i f f e ren t i a t ion  w i t h  a s p a t i a l   p r e c i s i o n   o f  a few c e l l   d i a -  
meters o r  less.  It i s  noteworthy  that   junct ional   connect ion i s  ex tens ive ly  
present   in   embryonic   t i s sues .  I t  i s  a l so   no tewor thy   tha t   cancerous   ce l l s   o f  
a type  that   normally  has  junctional  communication show such   j unc t ions   t o  be 
a l t e r e d   o r   a b s e n t  ( 4 0 ,   4 1 ,  4 2 ) .  Indeed,  the loss  of   these   junc t ions  may be 
an   e t io log ica l   f ac to r   o f   cance r .  

Funct ional   coupl ing may a l so   p rov ide   an   exp lana t ion   o f   ea r l i e r   expe r i -  
mental   f indings on t h e   d i f f e r e n t i a t i o n  of   amphibian  ectoderm  into  neural  t i s -  
sue   (neu ra l i za t ion ) .  A v a r i e t y  of unspecif ic   and  seemingly  unrelated  agents  
were  found a b l e   t o   i n i t i a t e   n e u r a l i z a t i o n :   r e m o v a l   o f   e x t e r n a l   c a l c i u m   a n d  
magnesium ions ,   mechan ica l ly   o r   chemica l ly   i nduced   ce l l   i n ju ry ,   an i so ton ic i ty ,  
a lkal i ,   methylene  blue,   and  var ious  metabol ic   inhibi tors .   These  agents  have 
one   t h ing   i n  common: they  are  uncouplers  of  junctional  communication. The 
f i r s t   f o u r   a g e n t s   a c t  by open ing   t he   su r f ace   ba r r i e r   t o  t h e  i n f l u x   o f   e x t r a -  
ce l lu la r   ca lc ium  and  magnesium ions ;   and   t he   l a s t  two, by i n t e r f e r i n g   w i t h  
calcium  ion  extrusion  through  nonjunct ional  membranes. L i th ium  ions   a re  
known t o   i n t e r f e r e  w i t h  embryonic d i f f e r e n t i a t i o n ;   t h e y ,   a l s o ,  have  been 
shown t o  produce  junctional  uncoupling ( 4 3 ) .  

Models  have  been  suggested ( 4 0 )  by which the  junctional  communication 
could  regulate  growth. The s ize   of   cytoplasmic volume joined by j u n c t i o n s  
could  be  s ignal led by the  concentrat ion  of  a diffusible   substance  produced 
by a c e l l .  The pos i t ion   o f  a c e l l   i n  a junct ional   system  could  be  s ignal led 
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by the   ra te   o f   decrease   o f   the   concent ra t ion   of  a substance i t  produces i n  a 
pu l se ,   t h i s   subs t ance   d i f fus ing   f a s t e r   t h rough   t he   j unc t iona l   t han   t he   non-  
j u n c t i o n a l  membranes,  and thus   decreas ing  more r a p i d l y   f o r   c e n t r a l l y   l o c a t e d  
cel ls .  

(c) Detai led ~ ~. mode l s   fo r   t he   ach ievemen t   o f   spa t i a l   pa t t e rns   i n  ce l lu l a r  
"_ d i f f e r e n t i a t i o n .  - An a n a l y s i s   h a s   b e e n  made of   the   genera l   requi rements   for  
any mechanism  which  can s p e c i f y   s p a t i a l   p a t t e r n s   o f   c e l l u l a r   d i f f e r e n t i a t i o n  
( 4 4 ) .  Such a mechanism mus t  show pa t te rn   regula t ion ,   which  i s  t h e  a b i l i t y   o f  
t h e  system  to   form  the  pat tern  even when p a r t s   a r e  removed or   added ,   and   to  
show s i z e   i n v a r i a n c e .  The general   requirements  are:  "(1) There are mecha- 
nisms  whereby c e l l s  i n  a developing  system may have t h e i r   p o s i t i o n   s p e c i f i e d  
w i t h   r e s p e c t   t o   o n e   o r  more po in t s   i n   t he   sys t em.  When c e l l s  have t h e i r   p o s i -  
t i ona l   i n fo rma t ion   spec i f i ed   w i th   r e spec t   t o   t he  same s e t   o f   p o i n t s ,   t h i s  
c o n s t i t u t e s  a f i e l d .  ( 2 )  Posi t iona l   in format ion   la rge ly   de te rmines ,   wi th  
r e s p e c t   t o   t h e   c e l l  genome and  developmental   history,   the  nature  of  the  mole- 
c u l a r   d i f f e r e n t i a t i o n   t h a t   t h e   c e l l  w i l l  undergo. The genera l   p rocess  whereby 
p o s i t i o n a l   i n f o r m a t i o n   l e a d s   t o  a p a r t i c u l a r   c e l l u l a r   a c t i v i t y   o r   m o l e c u l a r  
d i f f e r e n t i a t i o n  w i l l  be  termed the   i n t e rp re t a t ion   o f   t he   pos i t i ona l   i n fo rma-  
t i o n .  The spec i f i ca t ion   o f   pos i t i ona l   i n fo rma t ion   i n   gene ra l   p recedes   and  
i s  independent   o f   molecular   d i f fe ren t ia t ion .  (3) P o l a r i t y  may be d e f i n e d   i n  
r e l a t ion   t o   t he   po in t s   w i th   r e spec t   t o   wh ich  a c e l l ' s   p o s i t i o n  i s  being  spe- 
c i f i e d :  i t  i s  t h e   d i r e c t i o n   i n  which   pos i t iona l   in format ion  i s  s p e c i f i e d   o r  
measured. ( 4 )  Pos i t iona l   i n fo rma t ion  may be u n i v e r s a l ;   t h a t  i s ,  the same mech- 
an isms   tha t   spec i fy   pos i t iona l   in format ion  may be o p e r a t i v e   i n   d i f f e r e n t  
f i e l d s   w i t h i n  t h e  same organism a s  w e l l  a s   i n   q u i t e   d i f f e r e n t   o r g a n i s m s  from 
di f fe ren t   genera   o r   even   phyla .   (5)  The c l a s s i c a l   c l a s s e s   o f   p a t t e r n   r e g u l a -  
t ion ,   whether   in   deve lopment   o r   in   regenera t ion  ... are   l a rge ly   dependent  on 
t h e   a b i l i t y   o f   t h e   c e l l s   t o  change t h e i r   p o s i t i o n a l   i n f o r m a t i o n   i n   a n   a p p r o -  
p r i a t e  manner  and t o  b e   a b l e   t o   i n t e r p r e t  t h i s  change.' '   These  general  con- 
cepts  were shown t o  f i t   t h e   d e t a i l s  of  development  of  the  sea  urchin  embryo, 
r egene ra t ion   i n   hydro ids ,   pa t t e rn   fo rma t ion   i n   t he   i n sec t   ep ide rmis ,  and the 
development  of  the  chick  limb. 

More s p e c i f i c a l l y ,   t h e  mechanism i s  requi red   to   spec i fy   for   about   t en  
hour s   t he   pos i t i on  of a b o u t   5 0   c e l l s   i n  a l i n e .  T h i s  might  be  done by the low 
i o n i c   r e s i s t a n c e   j u n c t i o n s   d i s c u s s e d   i n   t h e   p r e c e d i n g   s e c t i o n s .  However, 
t h e r e  i s  e x p e r i m e n t a l   e v i d e n c e   t h a t ,   a t   l e a s t   f o r   p o l a r i t y   p o t e n t i a l ,   c e l l   t o  
c e l l   c o n t a c t  i s  not   necessary  (45) .  A more s p e c i f i c  mechanism for   producing 
s p a t i a l  and   tempora l   o rganiza t ion   in   d i f fe ren t ia t ing   t i s sues   has   been   pro-  
posed  (46). It a s sumes   t ha t   i nd iv idua l   ce l l s   p roduce   pe r iod ic   s igna l s   a s  a 
r e su l t  of   in te rna l   per iodic   b iochemica l   events .   (Poss ib le  mechanisms  of  bio- 
chemica l   o sc i l l a t ions   a r e   cons ide red   i n   r e f e rences  (12, 13)and(16)),  These  sig- 
n a l s   a c t   i n t e r c e l l u l a r l y  so t h a t   t h e   f a s t e s t   c e l l s   e n t r a i n   a l l   c e l l s   i n   t h e  
t i s sue .  (Ent ra inment   o f   loose ly   coupled   osc i l la tors  i s  c o n s i d e r e d   i n   r e f e r -  
ence(47)). A pe r iod ic   even t  i s  then  propagated  outward  from  the  pacemaker 
reg ion ,   synchroniz ing   the   t i s sue .  A r e f r ac to ry   pe r iod  i s  necessary   to   guar -  
an tee   un id i r ec t iona l   p ropaga t ion .  The resul t ing  wave-l ike  propagat ion  of  
ac t iv i ty   can   be   descr ibed  by a wave equation  and a set of  boundary  condi- 
t i o n s .  An underlying  gradient   of   f requency  of   the  event   es tabl ishes   the  re la-  
tive posi t ion  of   the  pacemaker   region  and  the  direct ion  of   propagat ion.   Posi-  
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t i ona l   i n fo rma t ion  i s  provided by a second  event  which  propagates more slowly 
than   the   f i r s t ,   the   in format ion   be ing   the   phase   d i f fe rence   be tween  the   events .  
A t h i r d   e v e n t  i s  used   t o   r egu la t e   t he   pa t t e rn   o f   phase   d i f f e rence   and   t hus  
e s t a b l i s h   s i z e   i n v a r i a n c e .  The developmental   axis  (and p o l a r i t y )  i s  def ined 
as  t h e   l o n g e s t   t r a j e c t o r y   o r t h o g o n a l   t o   t h e   s u r f a c e s   o f   c o n s t a n t   p h a s e   d i f -  
ference,   beginning a t  the  pacemaker region  and  ending a t  t h e   r e g u l a t i n g  re- 
g ion .   In  a similar way, information  can be spec i f i ed   a long   o the r   axes .  

This model meets   the  requirements   of   the   general  model described  above, 
and i s  shown t o   f i t   d a t a  on  development  and  regeneration i n  hydra,   and  posi-  
t i o n a l   d e t e r m i n a t i o n s   i n   t h e   e a r l y   a m p h i b i a n  embryo. The model i s  a l s o   d e -  
veloped i n  some d e t a i l   t o   a c c o u n t   f o r   t h e   s p e c i f i c   n e u r a l  mapping of   the  
re t ina   on to   the   t ec tum  in   amphib ians .   (This  mapping w i l l  be   d i scussed   in  
more d e t a i l   i n  a subsequent   sect ion.)  It i s  w o r t h   n o t i n g   t h a t   j u n c t i o n a l  
coupl ing   has   been   found  be tween  ce l l s   in   the   neura l   p la te ,   neura l   fo ld ,   and  
epidermis   of   neurulae  in   the  amphibian embryo (39) .  

3.  Information  Input  to  the  Nervous  System 

The f i r s t   r e q u i r e m e n t  i s  tha t   the   o rganism m u s t  rece ive   in format ion  
about i t s  environment .   In   physical  terms, t h i s   i n f o r m a t i o n  must  be c o l l e c t e d  
by the   in te rac t ion   of   a toms  or   molecules   o r   quanta   o f   rad ia t ion   f rom  the   en-  
vironment  with  molecules  or  atoms of the  organism. The amount of   such  in-  
formation  reaching  the  organism's   surface i s  enormous.  Consider  yourself 
s i t t i n g   i n  a we l l - l i gh ted  room. Every  square  centimeter of your  exposed  skin 
i s  rece iv ing   about  1014  photons  every  second  from  the  environment.  That  ex- 
posed  skin i s  a l s o   b e i n g   h i t  by about  molecules p e r  second  on  every 
square   cen t imeter .   I f   every   one   o f   these   co l l i s ions   were   to   be   repor ted   to  
the   o rganism,   the   resu l t  would  be  chaos - a f lood  of   information much too  
g r e a t   t o  be  handled.  Therefore,   an  important  function  of  the  information 
c o l l e c t i n g   d e v i c e s  of an  organism i s  t o  select t h o s e   q u a n t a l   e v e n t s   o r   p a t -  
t e rns   o f   events   which   a re   h ighly   re levant   to  t h e  survival   of   the   organism.  

(a)   Sensory  receptors .  - Those ce l l s   o f   the   o rganism whose func t ion  i s  
to   col lect   information  about   the  interface  between  organism  and  environment  
and  pass t h i s  i n f o r m a t i o n   o n   t o   o t h e r   c e l l s   a r e  known a s  "sensory  receptor  
c e l l s " .  These ce l l s  o f t e n   a c t   a s   t r a n s d u c e r s ,   t h a t  i s ,  they  change  the  form 
of  energy  with  which  the  environment  acts on  them to  another   form  of   energy 
which   can   be   t ransmi t ted   to   o ther   ce l l s .   These   ce l l s   a l so   ampl i fy   the   energy  
involved,   using  energy  sources   f rom  within  the  cel l   and  the  organism,   This  
t r ansduc t ion   t akes   p l ace  e i the r  a t  a s p e c i a l i z e d  membrane of a ne rve   ce l l   ( 48 )  
o r   a t  a s p e c i a l i z e d   c i l i a t e d   c e l l   ( 4 9 ) .  

Le t   u s   f i r s t   cons ide r   t he   ne rve  membrane type  of  transducer.  A t y p i c a l  
and  well-studied example i s  t h e  Pacinian  corpuscle ,   which i s  a touch   receptor  
found jus t   under   the   sk in .  When the  bared  nerve  ending i s  s t imulated by p res -  
s ing  on i t s  sur face   wi th  a t i n y   r o d ,   t h e  membrane p o t e n t i a l   d e c r e a s e s  (50). 
During a maintained  mechanical   s t imulat ion,   there  seems t o  be a cons t an t   ne t  
i n f l u x  of  pos i t ive   charge   to   the   nerve   ending .  It i s  known t h a t   v a r i o u s   i o n s  
such as  sodium a r e   p r e s e n t   i n  a lower   concent ra t ion   ins ide   the   nerve   ending  

2 3 6  



and rest o f   t he  c e l l  t han   i n   t he   su r round ing   l i qu id  medium; whereas   other  
i ons   such   a s   ch lo r ide   and   po ta s s ium  a re   p re sen t   i n  a h igher   concent ra t ion  
i n s i d e  t h e  nerve  ending  than i n   t h e   s u r r o u n d i n g   l i q u i d  medium. Normally, 
t h e  6 membrane a c t s  as  a n   i n s u l a t o r  which  prevents   the  f low  of   these  ions 
i n t o   o r   o u t   o f   t h e   c e l l .  The observed  change i n  membrane po ten t i a l   caused  by 
mechan ica l   s t imu la t ion   ( ca l l ed   t he   gene ra to r   po ten t i a l )  i s -  t h o u g h t   t o   r e s u l t -  
f rom  the  fol lowing mechanism. The mechanica l   d i s tor t ion   o f   the  membrane - 
causes   the  membrane t o  become more permeable t o  some ions  (probably a l l  the 
smal l   ions)   and   the   resu l t ing   ion   f low  a long   the  ion concent ra t ion-   g rad ien t  
t e n d s   t o  move t h e  membrane p o t e n t i a l  toward  the combined equi l ibr ium  poten-  
t i a l  of zero.  When the   mechanica l   d i s tor t ion   o f   the   nerve   ending  ceases, 
the  membrane po ten t i a l   r e tu rns   exponen t i a l ly   t oward   t he   r e s t ing   l eve l ,  as  
would  be  expected i f   t h e   c e l l  membrane behaved a s  a l e a k y   i n s u l a t o r   ( p a r a l l e l  
capaci tance  and  res is tance)   and  thus  the  whole  dendri te   could be considered 
as  a leaky   cab le .  I t  has  been shown that   each  mechanical ly   dis tor ted  region 
of t h e  nerve  ending membrane ac ts   independent ly   (50 ,   51) .  

Most sensory  receptors   based on spec ia l ized   nerve  membranes  seem t o   a c t  
i n  t h e  same way; t h a t  i s ,  s t i m u l a t i o n   a c t s  on the  nerve membrane so t h a t  i t s  
p e r m e a b i l i t y   t o   i o n s  i s  changed. It has  been  found  that   direct   mechanical 
d i s t o r t i o n   o f   a n   o r d i n a r y   n e r v e   c e l l   f i b e r  w i l l  produce  such a change. Such 
changes  can  a lso be produced by chemica l   r eac t ions   d i r ec t ly   w i th   t he   ne rve  
membrane, a s  happens at   the  chemical  synapse  between  nerve  cells .   Permea- 
b i l i t y   changes   can  be produced by a chemical  change  which i s  i n i t i a t e d  by the  
abso rp t ion  of l i g h t ,   a s  happens i n   p h o t o r e c e p t o r   c e l l s .  And, t h e r e   a r e  some 
n e r v e   c e l l  membranes (such as  the  axonal  membrane)  whose s t ruc tu re   can  be 
d i s t o r t e d  by a change   o f   t he   e l ec t r i c   po ten t i a l   g rad ien t   ac ross  i t ,  w i t h  a 
r e s u l t i n g  change i n  i t s  pe rmeab i l i t y   t o   i ons .  It h a s  been  found tha t   each  
s t imu la t ed   un i t   a r ea   o f  membrane a c t s   b o t h   a s  a source  of   e lectr ic   charge  f low 
( ion  f low)  and  as  a s h u n t   t o   t h e   c u r r e n t s  from a l l   t h e   o t h e r   s t i m u l a t e d   u n i t  
a r eas .   The re fo re ,   a s   t he re  i s  an   i nc rease   i n   t he  number of   s t imula ted   un i t s  
of membrane (o r   s t imu la t ed   a r ea ) ,   t he   r e su l t i ng   po ten t i a l   change   does   no t   i n -  
c r e a s e   l i n e a r l y  w i t h  t h e   a r e a ,   b u t   a t  a d iminish ing   ra te .  The peak  vol tage 
change, 1, can  be  described by t h e  fol lowing  equat ion:  

V = k l + b x  
Ebx 

where 5 i s  t h e   f r a c t i o n  of u n i t s   e x c i t e d   o r   t h e   r a t i o  of t he   s t imu la t ed  ex- 
c i t a b l e   a r e a   t o   t h e   t o t a l   e x c i t a b l e   a r e a ,  E i s  t h e   r e s t i n g  membrane poten- 
t i a l ,  1 + b i s  t h e   r a t i o  of E t o   t h e  membrane poten t ia l   reached   wi th  maximum 
s t imula t ion ,   and  k i s  a constant   which  depends  on  the  locat ion  of   the  e lec-  
t rode .  

Note t h a t   t h e   s i z e   o f  t h e  5 i s  a measure  of   the   intensi ty   of   the   s t imu- 
l u s ,  and t h a t  t h e  r e s u l t i n g   p o t e n t i a l  i s  p r o p o r t i o n a l   t o   t h e  s t i m u l u s  i n -  
t e n s i t y   d i v i d e d  by the  quant i ty   (one p l u s  some cons t an t )  times the   s t imulus  
i n t e n s i t y .   I f   s u c h   a n   e q u a t i o n  i s  p l o t t e d   a s   v o l t a g e   v e r s u s  E, the   logar i thm 
o f   t he   s t imu lus   i n t ens i ty ,  i t  can  be shown (52) t h a t  

V = 1 / 2  + 1 / 2  tanh (w - wo) . (Eq. 2 )  
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Note t h a t   t h e r e  i s  a la rge   range   of   vo l tages   which   l i e   a long  a s t r a i g h t   l i n e  
func t ion   o f   t he   l oga r i thm  o f   s t imu lus   i n t ens i ty .   B io log i s t s   have   o f t en   des -  
c r ibed   the   response   o f   the   ce l l   o r   even  of an   o rganism  as   be ing   propor t iona l  
to   the   logar i thm  of   the   s t imulus   in tens i ty ,   and   speak   of  a logar i thmic   t rans-  
form  of   s t imulus  intensi ty .   Equat ion 2 above i s  a more exac t   desc r ip t ion  of 
t h e   r e l a t i o n s h i p ,   s i n c e  i t  covers   the   en t i re   range   of  s t i m u l u s  i n t e n s i t y ,  
whereas   t he   l oga r i thmic   r e l a t ion   app l i e s   t o   on ly  one pa r t  of  the  range. 

I t  has  been shown t h a t   i n   a t   l e a s t  one r e c e p t o r ,   t h e   l i g h t   r e c e p t o r   o f  
the L imulus  l a t e ra l   eye ,   t he   change   i n  membrane p o t e n t i a l  upon i l l u m i n a t i o n  
r e s u l t s  f rom  an  i l luminat ion-evoked  decrease  in   the  act ive  ionic   t ransport  
o c c u r r i n g   a t  some p o r t i o n   o f   t h e   c e l l u l a r  membrane (53, 5 4 ) .  

The second  general   type  of   sensory  receptor  i s  t h e   c i l i a t e d  &. One 
common type i s  the  "hair   cell",   which  responds  to  bending  of i t s  c i l i a .  The 
bending  causes a change i n   t h e   p e r m e a b i l i t y  of t he  c e l l  membrane t o  c e r t a i n  
i o n s ,  w i t h  a r e s u l t i n g  change i n   p o t e n t i a l   a c r o s s   t h e   c e l l ' s  membrane. It 
i s  known t h a t   t h e   h a i r   c e l l s   a r e   a s y m m e t r i c   i n   s t r u c t u r e ,   a n d   t h e r e  i s  r e a -  
son to   be l i eve   t ha t   bend ing  of t h e   c i l i a   i n  one   d i rec t ion   a long   the   ax is   o f  
asymmetry r e s u l t s   i n   a n   i n c r e a s e  of t h e   c e l l ' s  membrane poten t ia l   whi le   bend-  
i n g   i n   t h e   r e v e r s e   d i r e c t i o n   l e a d s   t o  a d e c r e a s e   i n   t h e   p o t e n t i a l  (55).  Such 
h a i r   c e l l s   a r e   u s e d   t o   d e t e c t  movement of  the  organism w i t h  r e s p e c t   t o  i t s  
environment i n   t h e   l a t e r a l   l i n e   o r g a n s   o f   t h e   f i s h   a n d   i n  t h e  s emi -c i r cu la r  
cana ls   o f  mammals. I n   t h e   e l e c t r i c   f i s h ,  some of   these   ha i r   ce l l s   have   be-  
come s p e c i a l i z e d   t o   d e t e c t   t h e  small e l e c t r i c   p o t e n t i a l   g r a d i e n t s   r e s u l t i n g  
f rom  the   d i scharge   o f   e lec t r ic   pu lses  by the   f i sh   i n to   t he   su r round ing   wa te r .  - 

T h i s  i s  used   fo r   t he   de t ec t ion   o f   obs t ac l e s  by 
i n t r o d u c e   i n t o   t h e   e l e c t r i c   p o t e n t i a l   g r a d i e n t  
f o r  communication  between e l e c t r i c   f i s h  (56) .  
w i th   t he   ve ry   e l abora t e   accesso ry   s t ruc tu re   o f  
i n   a i r   p r e s s u r e   ( s o u n d )  (57) .  

t h e  d i s t o r t i o n   t h e   o b s t a c l e s  
a round  the   f i sh ,   and   a l so   used  
S i m i l a r  h a i r   c e l l s   a r e   u s e d  
t h e   e a r   t o   d e t e c t   o s c i l l a t i o n s  

4 .  Transfer  of  Information Along a Nerve C e l l  

( a )  The general   form  of  the  nerve  cell .  - Because ne rve   ce l l s   a r e   u sed  
for   the   d i s t r ibu t ion   of   in format ion   - to -   o ther   ce l l s   th roughout   the   o rganism,  
and  because  the  dis t r ibut ion may involve  branching  and  multiple  connections,  
there  has  been some confusion  between  the  anatomical   and  funct ional   re la t ions 
o f   t he   va r ious   pa r t s  of t h e  n e r v e   c e l l s .   T h e s e   r e l a t i o n s   a r e   c l a r i f i e d   i n  
two papers  (58, 59) t o  which  the  reader  i s  r e f e r r e d .  The suggest ion i s  made 
i n   t h e   f i r s t  o f   t hese   pape r s   t ha t   t hose   r eg ions   o f   t he   ne rve   ce l l   i n   wh ich  a 
gene ra to r   po ten t i a l  i s  produced  and  through  which i t  i s  passively  conducted 
b e   r e f e r r e d   t o   a s   t h e   d e n d r i t i c  E of t h e  ce l l ;   t ha t   t hose   r eg ions   wh ich  
propagate   an   ac t ion   po ten t ia l   ( see   be low)   be   re fe r red   to   as   the   axonal  zone 
o f   t he   ce l l ;   and   t ha t   t hose   r eg ions   a t   wh ich   t he   ce l l  makes con tac t  w i t h  
o t h e r   c e l l s  and   t r ans fe r s   i n fo rma t ion   t o  them  be r e f e r r e d   t o   a s   t h e   t e l o d e n -  
d r i t i c  zone. I n   g e n e r a l   t h e   d e n d r i t i c  zone i s  t h e   i n p u t   p o r t i o n  of the  nerve 
c e l l  and   t he   t e lodendr i t i c  zone i s  the   ou tput   por t ion .  

~ . 
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(b)   E lec t ronic   conduct ion .  - A s  mentioned  previously,   the membrane of 
e v e r y   c e l l  acts  l i k e  a leaky  capaci tor .   Therefore  , a current   f low  through 
the  membrane a t  any  point  on the  c e l l  w i l l  r e s u l t   i n  a change i n   p o t e n t i a l  
ac ross   t he  membrane t h r o u g h o u t   t h e   c e l l ;   t h i s   p o t e n t i a l   c h a n g e   d r o p s   o f f   w i t h  
d i s t a n c e   i n  a manner that   depends upon the   geometry   o f   the   ce l l .   This  i s  
known as  pass ive ,   o r   e l ec t ro ton ic ,   conduc t ion .  It has  been  claimed  that  
e lec t ro tonic   conduct ion  i s  used by some nerve ce l l s  to   t r ansmi t   i n fo rma t ion  
ove r   d i s t ances   a s   g rea t  as  two mi l l ime te r s ,   however ,   t h i s  mode of  conduction 
i s  normal ly   no t   used   for   d i s tances   g rea te r   than   about  200 microns.  For 
g rea t e r   d i s t ances ,   t he   ampl i tude   o f   t he   e l ec t ro ton ic   po ten t i a l  i s  a t  some 
nea rby   po in t   i n   t he  c e l l  (60) conver ted   to   f requency   of   f i r ing   o f   nerve  i m -  
pu l se s ,   wh ich   i n   t u rn   a r e   p ropaga ted   a s   a l l -o r -none   (d ig i t a l )  p u l s e s  over  
t h e   g r e a t e r   d i s t a n c e s .  The propagat ion   ve loc i ty   var ies   f rom 0.02 to   1 .0  m /  
sec.  and i s  l a r g e r   i n   t h e   l a r g e r   d i a m e t e r   a x o n s  . 

The change i n  membrane po ten t i a l   a t   t he   t r ansduce r   ne rve   end ing  i s  c a l l e d  - - 
t h e  genera tor   po ten t ia l   because  t h e  a s s o c i a t e d   c u r r e n t   f l o w   s p r e a d s   t o  t h e  
axon  and   leads   to   the   genera t ion   of   nerve   impulses .  The g e n e r a t o r   p o t e n t i a l ,  
i n   c o n t r a d i s t i n c t i o n   t o   t h e   a c t i o n   p o t e n t i a l  which  accompanies  the  nerve i m -  
pulse ,   can  vary  in   ampli tude  and i s  t h e r e f o r e   c a l l e d  a graded   po ten t ia l .  I t s  
amplitude  usually  depends upon the s t i m u l u s  i n t e n s i t y   i n   a c c o r d  w i t h  the  re- 
la t ion  given  above (Eq. 1 ) .  

(c)  Axonal.   or  al l-or-none  conduction. - The n e t   p o s i t i v e   c h a r g e   t h a t  
f lows   in   th rough  the   s t imula ted  membrane of the   receptor   nerve   ce l l   spreads  
a long   t ha t  membrane a s  though  along a leaky   (capac i ta t ive)   cab le ,   decreas ing  
exponent ia l ly   wi th   d i s tance   f rom i t s  source.  Some of t h i s  cur ren t   f lows   ou t  
through  the  nearest   gap  (node  of   Ranvier)   in   the  myel in   sheath  of   the  nerve 
axon. Such gaps  or  nodes  are  spaced a t   i n t e r v a l s   o f   a b o u t  2 mm along  the 
myel inated  nerve  f iber .  The membrane a t   t h a t  node i s  of   the   type   ca l led  
e l e c t r i c a l l y   e x c i t a b l e   i n   t h a t  i t s  permeabi l i ty  i s  a l t e r e d  by a d e c r e a s e   i n  
t h e   e l e c t r i c   g r a d i e n t   a c r o s s  i t  so t h a t  i t  becomes more permeable  to sodium 
i o n s .  The sodium ions   f l ow  in   f rom  the   ou t s ide ,   b r ing ing  a pos i t ive   charge  
with them  and  dropping  the  e lectr ic   gradient   across   the membrane s t i l l  more, 
and  thus by pos i t ive   feedback   caus ing   the  membrane t o   r e a c h  i t s  maximum pe r -  
m e a b i l i t y   t o  sodium ions   and   caus ing   the   po ten t ia l   across   the  membrane t o  go 
p o s i t i v e   i n s i d e  by a maximum amount.  During t h i s   p r o c e s s ,   t h e r e  i s  a delayed 
increase   in   the   po tass ium  permeabi l i ty   o f   the  membrane which  then  allows  an 
inc reased   po ta s s ium  ion   f l ow  tha t   ac t s   t o   r e s to re   t he   vo l t age   g rad ien t   ac ross  
the  membrane and   shuts   o f f   the  sodium ion   f low  wi th in  one mill isecond.  Sev- 
e ra l   mi l l i s econds   a r e   r equ i r ed   fo r   t he   po ta s s ium  pe rmeab i l i t y   t o   r e tu rn   t o  
norma 1. 

This   en t i re   course   o f   events  i s  cal led  the  nerve  impulse,   and  the  ac-  
companying  change i n  membrane p o t e n t i a l  i s  c a l l e d   t h e   a c t i o n   p o t e n t i a l   o r  
sp ike   po ten t ia l   and  i s  an   a l l -or -none   response   in   the   sense   tha t  i t  goes   t o  
the maximum of  which t h a t  membrane i s  capable a t   t he   t ime .   Dur ing   t he   ex i s t -  
ence of  a n   a c t i o n   p o t e n t i a l   a t  a node ,   t he   pos i t i ve   cha rge   en te r ing   a t   t ha t  
node  flows  out  through  neighboring  nodes,  decreasing  the membrane p o t e n t i a l  
t h e r e  and i n   t u r n   t r i g g e r i n g   t h o s e   n o d e s   t o   r e l e a s e   t h e   s t o r e d   e n e r g y   o f   t h e  
ion   concen t r a t ion   g rad ien t s   t o   p roduce   an   ac t ion   po ten t i a l .   I n  t h i s  way, the 
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a c t i o n   p o t e n t i a l  i s  t r ans fe r r ed   f rom node t o  node  along  the  axon  and i s  thus  
conducted  through  the  organism  to   reach  other  ce l l s ,  This   form  of   t ransfer  
i s  termed active (energy-added)  conduction.  This  mechanism  for  information 
t r a n s f e r   i n v o l v e s  a cons ide rab le   s a fe ty   f ac to r   aga ins t   t he   d ropou t   o f   impu l ses  - the   ampl i tude   o f   the   ac t ion   po ten t ia l   a t   any   one   node   a long   the   axon  can   be  
dec reased   t o  as  low as  1 /5   o f  i t s  normal   va lue   wi thout   a f fec t ing   the   t ransfer  
of  the  pulse  to  the  next  node,  where i t  w i l l  be  produced i n  i t s  normal f u l l  
value . 

A f t e r   f i r i n g   a n   a c t i o n   p o t e n t i a l ,   t h e   a x o n a l  membrane must  recover  i t s  
normal low pe rmeab i l i t y   t o   po ta s s ium  be fo re  i t  i s  capab le   o f   f i r i ng  a second 
ac t ion   po ten t ia l .   This   per iod   of   l essened   tendency   to   f i re ,  upon decrease  of  
t h e   p o t e n t i a l   a c r o s s   t h e  membrane i s  ca l l ed   t he   r e f r ac to ry   pe r iod .  The time 
i n t e r v a l  between a c t i o n   p o t e n t i a l s  i s  decreased i f   t h e   a p p l i e d   g e n e r a t o r  po- 
t e n t i a l ,  and t h u s  t h e   d e c r e a s e   i n  membrane p o t e n t i a l ,  i s  inc reased .  It has 
been shown t h a t   t h e   r a t e   o f   f i r i n g   o f   a c t i o n   p o t e n t i a l s  i s  a d i r e c t   l i n e a r  
func t ion  of t he   ampl i tude   o f   t he   gene ra to r   po ten t i a l  ( 6 1 ) .  This   r e l a t ion   has  
a l s o   b e e n   t e s t e d  by us ing   an   ex terna l   cur ren t   source   to   pu t   pos i t ive   charge  
i n t o  a c e l l   v i a   a n   e l e c t r o d e   c o n t a c t i n g   t h e   i n s i d e   o f   t h e   c e l l  and  observing 
tha t   t he   change   i n   f r equency   o f   t he   f i r i ng  was a l inear   func t ion   of   the   ap-  
p l i e d   c u r r e n t  ( 6 2 ) .  Since   t he   u sua l   gene ra to r   po ten t i a l   va r i e s  w i t h  s t i m u l u s  
i n t ens i ty   acco rd ing   t o   Equa t ion  1, and  s ince  that   equat ion  can be approximated 
f o r  a w ide   r ange   o f   s t imu lus   i n t ens i t i e s  by a loga r i thmic   func t ion ,  i t  i s  not 
s u r p r i s i n g   t h a t   t h e   f r e q u e n c y   o f   f i r i n g   o f   n e r v e   c e l l s   a t t a c h e d   t o  a r e c e p t o r  
has   of ten  been  observed  to  be approximately a logar i thmic   func t ion   of   the  
s t i m u l u s  i n t e n s i t y   a p p l i e d   t o   t h e   r e c e p t o r .  

The ra te   o f   p ropagat ion   of   the   ac t ion   po ten t ia l   a long   an   axon  (conduct ion  
v e l o c i t y )  i s  d i r e c t l y   p r o p o r t i o n a l   t o   t h e   l e a k a g e   r e s i s t a n c e   o f   t h e   a x o n a l  
membrane and i s  i n v e r s e l y   p r o p o r t i o n a l   t o   t h e   i n t e r n a l   r e s i s t a n c e   a l o n g  t h e  
length   o f   the   axon.   S ince   the   l a t te r  i s  i n v e r s e l y   p r o p o r t i o n a l   t o   t h e   c r o s s -  
sec t iona l   a rea   o f   the   axon,   the   conduct ion   ve loc i ty  i s  p r o p o r t i o n a l   t o   t h e  
square   roo t   o f   the   axon ' s   d iameter .   Typica l   conduct ion   ve loc i t ies   a re   f rom 
2 m/sec  to 100 m/sec in  myelinated  axons  and 2 m/ sec   o r   l e s s   i n   t he   u sua l  
unmyelinated  axons,   al though i t  i s  20 m/sec i n   t h e   g i a n t  (500 micron  diameter) 
axon of the  squid.  

5. Encoders 

The anatomical ly   special ized  regions  of   contact   between  cel ls   which 
se rve   t he   func t ion   o f   r ap id   t r ansmiss ion   o f   i n fo rma t ion   f rom  ce l l   t o   ce l l  
a r e  known as   the   synapses .   There   a re  two general   types   of   synapses;   e lec-  
t r i c a l  and  chemical.   These  synapses  introduce  their  own t r a n s f e r   f u n c t i o n  
in to   t he   r e l a t ion   be tween   t he   ou tpu t  of t h e   f i r s t   c e l l   ( p r e s y n a p t i c  m) 
and  the   input   o f   the   second  ce l l   (pos tsynapt ic  a). These  t ransfer   func-  
t i o n s  come i n  a g r e a t   v a r i e t y ,  and a r e   r e s p o n s i b l e   f o r  much of  the  informa- 
t ion   p rocess ing   (encoding)   tha t   occurs   in   the   nervous   sys tem (63) .  

( a )   E lec t r i ca l   synapses .  - One type i s  t h e   u n p o l a r i z e d   e l e c t r i c a l  
synapse i n  which  the membranes of   the two c e l l s   a r e   f u s e d   t o g e t h e r   i n   t h e  



reg ion   of   the   synapse ,   which   then   ac t s  as a low impedance  connection  between 
t h e   i n t e r i o r s   o f   t h e  two ce l l s  (an  ephapt ic   junct ion) .   This   s imply  a l lows  an 
e lec t ro tonic   spread   of   po ten t ia l   f rom  the   p resynapt ic   to   the   pos tsynapt ic  
c e l l ,  m u l t i p l i e d  by a constant  which  depends upon the   re la t ive   geometry   o f  
t he   synap t i c  area. Th i s   pa r t i cu la r   t ype   o f   e l ec t r i ca l ly   exc i t ab le   synapse  
i s  unpolar ized ,   in   the   sense   tha t   cur ren t   f lows   and   vo l tage   changes   a re   passed  
equa l ly  wel l  from  one c e l l  t o   t h e   o t h e r .   I f   t h e   n o n - s y n a p t i c  membranes of  
t h e  two ce l l s  a r e   e l e c t r i c a l l y   e x c i t a b l e ,   t h e n   t r a n s m i s s i o n   o f   a c t i o n   p o t e n -  
t i a l s  o c c u r s   i n   e i t h e r   d i r e c t i o n   a l o n g   t h e  two c e l l s ,   j u s t   a s  i t  does i n  an 
axon. The junc t iona l   coup l ings   desc r ibed   i n   Sec t ion  2 a r e   o f   t h i s   t ype .  

A second  type i s  t h e   p o l a r i z e d   e l e c t r i c a l   s y n a p s e   i n   w h i c h   t h e  membranes 
a t   t h e   e p h a p t i c   j u n c t i o n  show d i f f e r e n t   r e s i s t a n c e s   t o   d i f f e r e n t   d i r e c t i o n s  
of  current  f low.  Thus,  t h e  conductance i n   t h e   d i r e c t i o n   o f   f l o w   t e n d i n g   t o  
reduce  the membrane p o t e n t i a l   o f   t h e   p o s t - j u n c t i o n a l  c e l l  may be twenty  times 
g r e a t e r   t h a n   t h a t   i n   t h e   o p p o s i t e   d i r e c t i o n  (63) .  These  polar ized  ephapt ic  
j u n c t i o n s   a l l o w   c o n d u c t i o n   o f   a c t i o n   p o t e n t i a l s   i n   o n l y   o n e   d i r e c t i o n .  

(b)  Chemical  synapses. - The second,  and by f a r   t h e  most common type  of 
synapse i s  the  ' 'chemical  transmitter  synapse".   Anatomically  the  synapse  con- 
s i s t s  of a reg ion   in   which   spec ia l ized   por t ions  of  t he  membranes of  the two 
c e l l s   l i e   p a r a l l e l   t o   e a c h   o t h e r  w i t h  a gap  of  about 300 2 between  them. Re- 
duc t ion   of   the  membrane p o t e n t i a l   i n   t h e   t e l o d e n d r i t i c   t e r m i n a l   ( p r e s y n a p t i c  
t e rmina l )  somehow causes   the   re lease   f rom  tha t   t e rmina l   o f   packe ts  of chem- 
i c a l  ( the  t ransmit ter   substance)   into  the  space  between  the two cel ls .  These 
chemica l s   d i f fuse   ac ross  a s y n a p t i c   s p a c e   ( s y n a p t i c   c l e f t )   a n d   i n t e r a c t   w i t h  
t h e  pos t synap t i c  membrane t o   i n c r e a s e  i t s  p e r m e a b i l i t y   t o   c e r t a i n   i o n s .  

(1) Exci ta tory  synapse.  - A synapse i s  c a l l e d   e x c i t a t o r y   i f  i t s  
a c t i v a t i o n   t e n d s   t o   c a u s e   t h e   p o s t s y n a p t i c   c e l l   t o   h a v e  a decreased  negativ- 
i t y  of i t s  membrane poten t ia l   (a   depolar iza t ion)   and   an   increased   tendency   to  
f i r e   a c t i o n   p o t e n t i a l s .   I n   t h i s   t y p e   t h e   c h e m i c a l   t r a n s m i t t e r   u s u a l l y   c a u s e s  
a n   i n c r e a s e d   p e r m e a b i l i t y   t o  sodium i o n s   a t   t h e   p o s t s y n a p t i c  membrane. The 
inward  f low  of  sodium  ions  along  their   electrochemical  gradient  leads  to  de- 
p o l a r i z a t i o n .  T h i s ,  i n   t u r n ,   i n c r e a s e s   t h e   e x c i t a b i l i t y   o f   t h e   p o s t s y n a p t i c  
c e l l ' s   e l e c t r i c a l l y   e x c i t a b l e  membrane and   i nc reases   t he   t endency   t o   f i r e  
a c t i o n   p o t e n t i a l s  (63) .  

(2)  Inh ib i tory   synapse .  - A synapse  which upon a c t i v a t i o n   t e n d s   t o  
r e d u c e   t h e   f i r i n g   o f   a c t i o n   p o t e n t i a l s  by t h e   p o s t s y n a p t i c   c e l l  i s  c a l l e d   i n -  
h ib i tory .   Here   the   chemica l   t ransmi t te r   usua l ly  causes an  increased  permea- 
b i l i t y   t o   c h l o r i d e   i o n s   o r   p o t a s s i u m   i o n s   o r   b o t h  a t  t he   pos t synap t i c  mem- 
brane. The r e s u l t i n g   i o n   f l o w  may be either  inward  or  outward  depending  on 
the  difference  between  the membrane p o t e n t i a l  and  the  electrochemical  grad- 
i e n t  (wh ich   u sua l ly   equa l s   t he   equ i l ib r ium  po ten t i a l   fo r  i t s  concen t r a t ion  
g r a d i e n t )  of t h e   i o n ,  The r e s u l t  may be e i t h e r  a hype rpo la r i za t ion   ( i nc rease  
i n  membrane p o t e n t i a l )   o r  a d e p o l a r i z a t i o n   o f   t h e   p o s t s y n a p t i c   c e l l .  The i o n  
f low  tends   to  clamp the  ce l l ' s  membrane p o t e n t i a l   a t   t h e   e q u i l i b r i u m   p o t e n t i a l  
o f   the   ions   involved ,   and   tends   to   p revent   depolar iza t ion   of   the  membrane i n  
r e sponse   t o   ac t iva t ion   o f   exc i t a to ry   synapses .  It a l so   t ends   t o   p reven t   t he  
p o s i t i v e   f e e d b a c k   d e p o l a r i z a t i o n   t h a t   o c c u r s   a t   t h e   a x o n a l  membrane during 
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production of a n   a c t i o n   p o t e n t i a l .  The n e t  resul t  i s  a r educed   f i r i ng   o f  
a c t i o n   p o t e n t i a l s  by the   pos t synap t i c  ce l l  (63). 

Frequent ly ,  a t  a synapse  there  i s  a spontaneous, random r e l e a s e   o f   t h e  
chemica l   t ransmi t te r   packe ts  (63). The pos tsynapt ic   po ten t ia l   change   (or  
genera tor   po ten t ia l )   evoked  by a s ing le   packe t  i s  qu i t e   sma l l ,   be ing   on ly  80 
microvol t s   in   the   nerve-musc le   junc t ion   of   the   c rayf i sh  ( 6 4 ) .  These  minia- 
t u r e  genera tor   po ten t ia l s   might   be   cons idered   to  be a source  of  noise  ex- 
c e p t   t h a t   i n   n e r v e   a x o n s   a n d   i n   m u s c l e   c e l l s   t h e r e  i s  a ce r t a in   ampl i tude  
of   potent ia l   change  which must  be  exceeded  before  an  action  potential  i s  
i n i t i a t e d .  T h i s  threshold  potent ia l   change may be a s  much a s  200 t imes  the 
p o t e n t i a l  change  caused by a s ingle   chemical   packet .   Thus,   there  i s  a very 
l a r g e   s a f e t y   f e a t u r e   ( n o i s e   d i s c r i m i n a t o r )   b u i l t   i n   t o   d i s c r i m i n a t e   a g a i n s t  
these   spontaneous   min ia ture   pos tsynapt ic   po ten t ia l s  ( 6 4 ) .  

(c)  Determination  of  synaptic a c t i o n n a p t i c  membrane. - 
The a c t i o n  a t  each  chemical  synapse  depends more upon t h e n a t u r e   o f   t h e   p o s t -  
synap t i c  membrane than upon the   par t icu lar   chemica l   involved .  It seems t o  be 
a general   f inding  that   any  given  neuron w i l l  r e l e a s e   t h e  same chemica l   t rans-  
m i t t e r  a t  a l l  of i t s  t e l o d e n d r i t i c   t e r m i n a l s .  However, i t  has  been demon- 
s t r a t e d   t h a t   t h i s   t r a n s m i t t e r  may have a n   e x c i t a t o r y   e f f e c t   a t  one  terminal  
(cause a depo la r i za t ion   o f   t he   pos t synap t i c   ce l l )   and   have   an   i nh ib i to ry   e f -  
f e c t   a t  i t s  te rmina l   on   another   ce l l   (cause   hyperpolar iza t ion   of   the   pos t -  
s y n a p t i c   c e l l )  (65). 

I t  i s  a l s o   p o s s i b l e   t h a t  a t  a s ing le   synapse   t he   t e lodendr i t i c   t e rmina l  
may r e l e a s e  two d i f f e r e n t   c h e m i c a l s   w h i c h   b o t h   a c t   a s   e x c i t a t o r y   i n p u t s   a t  
t he  same synapse ,   bu t   w i th   d i f f e ren t   s ens i t i v i t i e s   and  time cons tan ts   o f  
a c t i o n  ( 6 6 ) .  This   imp l i e s   t ha t  t h e  pos t synap t i c  membrane a t  t h i s  synapse 
con ta ins   pa t ches   o f   d i f f e ren t   k inds   o f  membrane, each   s ens i t i ve   t o   one   o f   t he  
t ransmi t te r   chemica ls .  

A s  a fu r the r   poss ib l e   compl i ca t ion ,  i t  has  been  found  for some c e l l s  
t h a t  a s ingle   synapse may be e i t h e r   e x c i t a t o r y   o r   i n h i b i t o r y   d e p e n d i n g  upon 
t h e   r a t e   o f   r e l e a s e   o f  i t s  chemical  packets ( 6 7 ) .  I n   t h i s   c a s e ,   t h e   c h e m i c a l  
p a c k e t s   a r e   a l l   t h o u g h t   t o  be  the same (ace ty l cho l ine ) .  The pos t synap t i c  
terminal  i s  thought  to  have two types  of membrane, b o t h   s e n s i t i v e   t o   a c e t y l -  
chol ine.  One type  has a low threshold   for   ac t iva t ion   and   produces   an   exc i ta -  
t o ry   pos t synap t i c   po ten t i a l .   Th i s   t ype  i s  readi ly   blocked by higher  concen- 
t r a t ions   o f   ace ty l cho l ine ,   and   t hen   t he   o the r   t ype   o f   r ecep to r  membrane, 
which  has a h igh   th reshold ,  comes i n t o   p l a y  and   evokes   inh ib i tory   pos tsynapt ic  
p o t e n t i a l s .  

The mult ipurpose  synapses   discussed  in   the two preceding  paragraphs  have 
been  found S O  fa r   on ly   in   the   mol lusc ,   Aplys ia .   S ince   these   mol luscs  have only 
about 2 ,000  o r  so neurons,   they  need  to make each  neuron serve a s  many func- 
t i o n s  as  poss ib le .   This  may be  the  reason  for   the  mult ipurpose  synapses ,  
and i t  i s  less l ike ly   tha t   each   synapses  w i l l  be  found i n   v e r t e b r a t e s ,   w h i c h  
have  anywhere  from  one t o   t e n   b i l l i o n   n e r v e  cel ls .  
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(.a) One-to-one  transmission. - A very s i m p l e  chemical   synapt ic   arrange-  
ment between two la rge   nerve   t e rmina ls ,   the   g ian t   synapse   o f   the   squid ,   has  
been   s tud ied   to   de te rmine   the   input - .ou tput   re la t ion  of the  synapse.  mis 
was done  by p l ac ing   an   e l ec t rode   i n   t he   pos t synap t i c   t e rmina l   t o   de t e rmine  
i t s  depolar izat ion  and  s imultaneously  placing two e l e c t r o d e s   i n   t h e   p r e -  
s y n a p t i c   t e r m i n a l ,   o n e   t o   i n j e c t  a c u r r e n t   t o  change i t s  membrane p o t e n t i a l  
and   the   o ther   to   measure   tha t  membrane p o t e n t i a l  (68). The ce l l s  were i m -  
mersed i n  a s o l u t i o n  of te t rodotoxin ,   which   has   the   p roper ty  of prevent ing 
t h e   g e n e r a t i o n   o f   a c t i o n   p o t e n t i a l s  by a n   e l e c t r i c a l l y   e x c i t a b l e  membrane. 
This   permi t ted   the   exper imenters   to   measure   s low  changes   in  membrane poten- 
t i a l  a t  t he   p re synap t i c   and   pos t synap t i c   t e rmina l s   w i thou t   i n t e r f e rence  by 
the   r ap id   changes   o f   t he   ac t ion   po ten t i a l .   The i r   f i nd ings  were t h a t '   t h e  
cu rve   r e l a t ing   t he   i npu t   and   ou tpu t ,   t ha t  i s ,  t he   p re synap t i c   depo la r i za t ion  
t o   t h e   p o s t s y n a p t i c   d e p o l a r i z a t i o n ,   f i t t e d   v e r y  well  t o   t he   cu rve   o f  Equa- 
t i o n  l ,  excep t   fo r   t he  low values  where a P o i s s o n   c u r v e   f i t t e d   b e t t e r .   I n  
th i s   pa r t i cu la r   synapse   t he   ac t ion   po ten t i a l   no rma l ly   can   i nvade   t he   p re -  
synapt ic   t e rmina l ,   and   the   depolar iza t ion   accompanying   an   ac t ion   po ten t ia l  
equa l s   t he   p re synap t i c   depo la r i za t ion .   The re fo re ,   each   ac t ion   po ten t i a l   en -  
te r ing   the   p resynapt ic   t e rmina l   p roduced  a very   l a rge   (near  maximum) depol- 
a r i z a t i o n   o f   t h e   p o s t s y n a p t i c   t e r m i n a l ,   a n d   t h i s ,   i n   t u r n ,  i s  enough t o  gen- 
e r a t e   a n   a c t i o n   p o t e n t i a l   i n  t h e  p o s t s y n a p t i c   c e l l .  So t h i s   p a r t i c u l a r  
synapse  acts   s imply as  a one- to-one   t ransmi t te r   o f   ac t ion   po ten t ia l s   f rom  the  
f i r s t   c e l l   t o   t h e  second. 

(e )   Fa t igue .  - I f  a synapse i s  s t i m u l a t e d   a t  a r a p i d   r e p e t i t i o n   r a t e  
fo r   s eve ra l   s econds ,   t he   pos t synap t i c   po ten t i a l s   a r e   obse rved   t o   dec l ine   i n  
s i ze ,   and   t h i s   has   been   t r aced   t o  a decreased number of  chemical  packets  re- 
l ea sed   fo r  a g iven   depolar iza t ion   of   the   p resynapt ic   t e rmina l :  The probable 
mechanism  of t h i s  phenomenon,  which i s  ca l l ed   " f a t igue" ,  i s  t h a t   t h e  number 
of   chemica l   packe ts   in   the   p resynapt ic   t e rmina l   has   been   reduced   fas te r   than  
new ones  can be synthesized ( 6 4 ) .  

( f )   F a c i l i t a t i o n .  - For a number of   var ie t ies   of   chemical   synapses ,  i t  
has   been   found  tha t   modera te ly   in tense ,   repe t i t ive   depolar iza t ion   of   the  
t e l o d e n d r i t i c   t e r m i n a l  w i l l  c ause   an   i nc rease   w i th   t ime   i n   t he   r a t e   a t   wh ich  
chemical   packets   are   re leased  f rom  the  terminal   i r i to   the  synapse  for  a given 
depo la r i za t ion   a t   t he   t e rmina l .   Th i s   l eads   t o   t he   p roduc t ion   o f   i nc reas ing  
ampl i tudes   o f   pos tsynapt ic   depolar iza t ions   dur ing  a ser ies   o f   f ixed-ampl i tude  
p o s t s y n a p t i c   d e p o l a r i z a t i o n s .  Such a phenomenon i s  c a l l e d   " f a c i l i t a t i o n "  
( 6 4 ) .  

It  has   been   no t iced   tha t   a f te r   t ransmiss ion  of a shor t   burs t   o f   h igh  
f r e q u e n c y   a c t i o n   p o t e n t i a l s   t o   t h e   p r e s y n a p t i c   t e r m i n a l ,   t h e r e  i s  a f a c i l i t a -  
t i on   o f  i t s  e f fec t iveness   which  may l a s t  f o r  6 0  seconds or more.  Immediately 
a f t e r   t he   bu r s t ,   t he   f r equency   o f   t he   spon taneous   min ia tu re   pos t synap t i c  po- 
t e n t i a l s   i n c r e a s e s   f o r   s e v e r a l   s e c o n d s   a n d   t h e n   d e c r e a s e s   f o r  a period  of up 
to   fou r   minu te s  ( 6 4 ) .  ( I t  i s  p o s s i b l e   t o   s u r m i s e   t h a t   t h e s e  phenomena can be 
explained by the   fo l lowing   model .   F i r s t ,  assume t h a t   t h e r e   a r e  two mecha- 
nisms by which  chemical   packets   can  be  re leased  f rom  the  presynapt ic   terminal :  
one  causes a spontaneous release o f   t he   packe t s ,   t he   o the r   causes   r e l ease  
when the   t e rmina l  i s  depolar ized.   Second,   assume  that   the   spontaneous  re lease 
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mechanism t akes  a s i g n i f i c a n t   p e r i o d   o f  time t o   o p e r a t e ,  so t h a t  a number 
of   chemical   packets  are i n v o l v e d   i n   t h a t  mechanism a t  any   i n s t an t   o f  time. 
Third,  assume tha t   du r ing   t he   s t imu la t ing   bu r s t   and   du r ing   t he   fo l lowing  
f e w  seconds  the same p r o c e s s   t h a t   c a u s e s   f a c i l i t a t i o n   o f   t h e   d e p o l a r i z a t i o n  
r e l e a s e  mechanism also  causes   the  spontaneous release mechanism t o   r a p i d l y  
f r e e   i n t o   t h e   s y n a p t i c   c l e f t  a l l  t h e   p a c k e t s   i n v o l v e d   i n   t h e   l a t t e r  mechanism. 
There  must  then  be a wait of   severa l   minutes   before   f resh   packe ts   en te r   and  
pass   th rough  the   spontaneous   re lease  mechanism.) 

(g)  Delay. - The  minimum t i m e  that  has  been  observed  between  depolar- 
i za t ion   o f   t he   p re synap t i c   t e rmina l   o f  a chemical  synapse (a t  a motoneuron) 
and   the   appearance   o f   the   pos tsynapt ic   po ten t ia l  i s  0.5 msec.  With  weaker 
p re synap t i c   depo la r i za t ion ,   t h i s   de l ay   can   i nc rease   t o   1 .0  msec (69,  pp. 
303-306). 

(h)  Temporal  integration. - A t  some types   o f   exc i t a to ry   synapse ,   t he  
c h e m i c a l   t r a n s m i t t e r   c o n t i n u e s   t o   a c t  on the   pos t synap t i c  membrane f o r   p e r -  
i ods   o f  15 msec o r  more ,   ins tead   of   the   usua l  1 t o  2 msec. I f   a d d i t i o n a l  
a c t i o n   p o t e n t i a l s   a r r i v e  a t  the   synapse   dur ing   th i s   per iod ,   they   cause  an 
inc reased   change   i n   t he   pos t synap t i c   po ten t i a l   and   an   i nc reased   ac t iv i ty   o f  
t h e   p o s t s y n a p t i c   c e l l .  The t ransfer   f l lnc t ion   of   such  a synapse would inc lude  
an   i n t eg ra t ive   t ime   cons t an t   o f   abou t  15 msec. 

The c e l l s   o f   t h e   l a t e r a l   g e n i c u l a t e  body,  which a r e   t h e   c e l l s   t h a t   r e l a y  
s ignals   f rom  the  eye  to   the  cerebral   cor tex,   have  been shown by t r a n s f e r  
f u n c t i o n   a n a l y s i s   t o   h a v e   a n   i n t e g r a t i v e  time c o n s t a n t   f o r   t h e i r   i n p u t   s y n -  
apses of  about  16 msec ( 7 0 ) .  This   sugges t s   t he   i n t eg ra t ive  mechanism men- 
t i o n e d   i n   t h e   f i r s t   p a r a g r a p h .  

( i )   E f fec t s   o f   synap t i c   l oca t ion   and   ce l l .  shape-, - The consequences  of 
different   geometr ical   locat ions  and  arrangements   of   synapses  on the  c e l l  have 
been  studied  (71).  Mammalian motoneurons  have a h igh   dens i ty  of synap t i c  
connec t ions   over   the   sur faces  of t h e i r   d e n d r i t e s   a n d   t h e i r   c e l l   b o d i e s .  The 
motoneuron's c e l l  membranes a r e   e l e c t r i c a l l y   e x c i t a b l e   a t   t h e   c e l l  body and 
the   base   o f   the   dendr i tes   and   e lec t r ica l ly   inexc i tab le   over   the   remainder   o f  
t he   dendr i t e s .  The dendr i t e s   can   be   t r ea t ed  as  cy l ind r i ca l   l eaky   cab le s ,   and  
conduct   the  postsynapt ic   potent ia l   change  passively.  The poten t ia l   change  
dec reases   w i th   d i s t ance   a s  i t  i s  conducted,  the ra te  of   decrease  being  greater  
in   the   smal le r   d iameter   b ranches   o f   the   dendr i tes .   For   the   typ ica l   b ranched  
d e n d r i t e ,   t h e   p o s t s y n a p t i c   p o t e n t i a l   o r i g i n a t i n g  a t  a y e r i p h e   a 1   t e r m i n a l  
( i .e. ,  one   f a r thes t   f rom  the   ce l l  body) i s  reduced   to   / e   to  '/e2 of i t s  
va lue   a t   t he   synapse   du r ing  i t s  conduction t o  t h e   c e l l  body.  Those synapses 
a c t i n g   d i r e c t l y  o n   t h e   s p h e r i c a l   c e l l  body cause a membrane voltage  change 
t h a t  i s  everywhere  on  the  cel l  body v e r y   c l o s e   t o   t h a t  a t  t he   pos t synap t i c  
t e rmina l .   A l though   t he   i nd iv idua l   b r i e f   pos t synap t i c   po ten t i a l s  a t  t he  
d e n d r i t i c   p e r i p h e r a l   t e r m i n a l s   a r e   s i g n i f i c a n t l y   a t t e n u a t e d   i n   t h e i r   s p r e a d  
t o   t h e  soma, the   very   l a rge  number of   dendr i t ic   synapses   (of   the   o rder   o f  
103 t o  104) permits  a cease l e s s   spa t io t empora l   spa t t e r ing   o f   synap t i c   even t s ,  
the   in tegra t ion   of   which   can   provide  a f inely  graded  background  level   of   de-  
p o l a r i z a t i o n   ( a   b i a s i n g   o f   n e u r o n a l   e x c i t a t o r y   s t a t e ) .  The s l u g g i s h   t r a n s i e n t  
c h a r a c t e r i s t i c   o f   d e n d r i t i c   e l e c t r o n i c   c o n d u c t i o n   p r o v i d e s   f o r  a smoothing a t  
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t h e  c e l l  body of   the   t empora l   input   pa t te rn   rece ived  a t  t h e   d e n d r i t i c   p e r i -  
phery. I f   t h e   e x c i t a t o r y   i m p u l s e s  are de l ivered   to   synapses   on   separa te  
d e n d r i t i c   p e r i p h e r a l   t e r m i n a l s ,   t h e r e  w i l l  be  appFoximately  l inear summation 
of t h e i r   e f f e c t s  a t  t h e  ce l l  body.  However, when the   exc i t a to ry   impu l ses  
are de l ive red   t o   synapses   l oca t ed   c lose   t oge the r  on t h e  same d e n d r i t e   o r  on 
t h e  c e l l  body,  the  summation w i l l  no t   be   l inear ,   bu t  more l i k e   t h a t   o f  Equa- 
t i o n  l. Note t h a t   t h e  c e l l  body a c t s   a s   t h e  s i t e  of   evaluat ion  of   the  synap-  
t i c   i n p u t s  and  the  operations  performed  on them. The ou tpu t   o f   t he  moto- 
neuron i s  t h e   f i r i n g  ra te  of  i t s  axon. 

(j) S p a t i a l  summation. - While s t imulat ion  of   one,   or   even a few, 
te lodendr i t ic   t e rmina ls   synaps ing   on  a g i v e n   c e l l  may n o t   b e   s u f f i c i e n t   t o  
g ive   an   exc i t a to ry   pos t synap t i c   po ten t i a l   t ha t   exceeds   t he   depo la r i za t ion  
t h r e s h o l d   f o r   a c t i o n   p o t e n t i a l   i n i t i a t i o n   i n   t h a t   c e l l ,   t h e   e x c i t a t i o n   o f  a 
l a r g e r  number o f   t e l o d e n d r i t i c   t e r m i n a l s  would cause a s u f f i c i e n t l y   l a r g e  
p o s t s y n a p t i c   d e p o l a r i z a t i o n   t o   i n i t i a t e   a c t i o n   p o t e n t i a l   p r o d u c t i o n .   T h u s ,  
t h e   p o s t s y n a p t i c   c e l l  i s  a c t i n g  as  a c o i n c i d e n c e   c o u n t e r   f o r   a c t i v i t y   i n  a 
number of   t e lodendr i t ic   t e rmina ls ,   This   behavior  i s  termed s p a t i a l  summation. 
This summation could   be   e i ther   o f   the  two types   descr ibed   in   the   p receding  
paragraph. 

(k) D i y i s s i v c i - n h i b i t i o n ,   p o s t s y n a p t i c .  - The ef fec t iveness   o f   the   ex-  
c i t a t o r y   i n p u t s   t o  a neuron  can  be  reduced  ( inhibited) by two mechanisms. 
The f i r s t ,   p o s t s y n a p t i c   i n h i b i t i o n ,   h a s   b e e n   d i s c u s s e d   i n   t h e   s e c t i o n  on i n -  
h ib i tory   synapses .   For   par t icu lar   geometr ies   o f   the   neuron   the   exc i ta tory  
e f f e c t i v e n e s s  i s  d i v i d e d   i n   p r o p o r t i o n   t o   t h i s   i n h i b i t i o n .  Those geometries 
are  ones  which  cause t h e  exc i t a to ry   po ten t i a l   sou rce   ( e .g .  , exc i t a to ry   syn -  
a p s e s   a t   d e n d r i t i c   t e r m i n a l s )   t o   p r o d u c e  a current   which  has   to   pass   through 
a r e l a t i v e l y   l a r g e   r e s i s t a n c e   ( e . g . ,   t h a t   o f  a l ong   dendr i t e )   t o   r each   t he  
s i t e  of nerve   impulse   in i t ia t ion   (e .g . ,   the   axon  h i l lock) .  The p o t e n t i a l  
change ,   and   cor responding   f requency   of   f i r ing ,   a t   tha t   s i te  i s  p ropor t iona l  
t o   t h e   c u r r e n t   r e a c h i n g   t h e   s i t e .   T h i s   c u r r e n t  i s  reduced i f  a r e l a t i v e l y  
low re s i s t ance   shun t  i s  placed  across   the  neuronal  membrane a t   t h e   s i t e   s i d e  
of   the   h igh   res i s tance   pa th .  The r educ t ion  i s  a p p r o x i m a t e l y   i n   p r o p o r t i o n   t o  
the   conduct iv i ty   o f   the   shunt .  An inhibi tory  synapse  can act  as   such  a shunt 
i f  i t  a c t s   t o   i n c r e a s e   t h e  membrane's c o n d u c t i v i t y   t o   i o n s   o t h e r   t h a n   t h o s e  
invo lved   i n   t he   i n i t i a t ion   o f   t he   ne rve   impu l se .  

(1 )   Sub t r ac t ive   i nh ib i t i on .  - I n   c e r t a i n   s p e c i a l l y   s t r u c t u r e d   c e l l s ,  
pos t synap t i c   i nh ib i t i on   can  be d i r e c t l y   s u b t r a c t i v e   f r o m   e x c i t a t i o n ,   i n s t e a d  
o f   be ing   d iv i s ive .  A well-studied  example i s  the   eccen t r i c   ce l l   o f   L imulus '  
l a te ra l  eye (72 ) .  That  neuron receives exc i t a t ion   a s   depo la r i za t ion   p roduced  
a t  i t s  s i n g l e   d e n d r i t e  via pass ive   e l ec t r i ca l   conduc t ion   f rom  the   l i gh t -  
exc i ted   photoreceptor  ce l l s  ( r e t i n u l a   c e l l s )  of tha t   eye .  The d e p o l a r i z a t i o n  
i s  p a s s i v e l y   c o n d u c t e d   w i t h   l i t t l e   l o s s   a l o n g   t h e   e l e c t r i c a l l y   i n e x c i t a b l e  
membranes of   th i s   l a rge   d iameter   dendr i te   and   la rge  ce l l  body to   an   axon  
about 4 microns i n  d i ame te r .   Fo r   t he   f i r s t  200 microns pas t  t he  c e l l  body, 
t h e  membranes of the  axon are e l e c t r i c a l l y   i n e x c i t a b l e .  Also connec t ing   to  
the  axon i n   t h i s   r e g i o n   a r e  small branch   f ibers .  Those c l o s e s t   t o   t h e  c e l l  
body are o u t p u t s   t o   s y n a p s e s ,   t h o s e   f u r t h e r  away (more c e n t r a l )   i n c l u d e   i n -  
puts   f rom  synapses   with  branch  axons  f rom  neighboring  eccentr ic  cells .  The 

245 



conductance   f rom  ins ide   to   ou ts ide   the   ce l l   p rovided  by t h e  membranes of   the 
output   b ranch   f ibers  i s  4 t o  6 t imes   tha t   o f  t h e  d e n d r i t e   a n d   c e l l  body. It 
provides a cons t an t   shun t   t o   t he   depo la r i za t ion   p roduced   a t  t h e  d e n d r i t e .  

The synapses   to   the  more cen t r a l   b ranch   f i be r s   a r e   i nh ib i to ry   and   p ro -  
duce   an   increased   conductance   across   the   ce l l  membrane. This   increased  con-  
ductance  appears a t  t h e  main  axon  and  decays  with a time  constant  of  about 
500 msec.  Thus, i n p u t   o f   a c t i o n   p o t e n t i a l s   t o   t h e   i n h i , b i t o r y   s y n a p s e   a t  
ra tes   greater   than  l /sec  can  be  expected  to   produce summation  of  conductance 
i n c r e a s e s   t o  a near ly   s teady   main ta ined   leve l .  T h i s  has  been  observed. The 
i n h i b i t o r y   i n p u t   f r o m   n e i g h b o r i n g   e c c e n t r i c   c e l l s  i s  termed l a t e r a l   i n h i b i -  

the   axon  shunts   the   depolar iza t ion   reaching   th i s   reg ion   f rom  the   dendr i te   and  
reduces   the   depolar iza t ion   passed  s t i l l  more c e n t r a l l y   t o   t h e   a c t i o n - p o t e n t i a l -  
p roducing   s i te   o f   the  main axon. The frequency  of   f i r ing  produced  there  i s  
l i n e a r l y   p r o p o r t i o n a l   t o   t h e   d e p o l a r i z a t i o n   a t   t h e   s i t e   ( a b o u t  3.2 i m p u l s e s /  
sec/mv). The conduc tance   i nc rease   a t   t he  main  axon i s  c l o s e l y   c o n s t a n t   f o r  
a g i v e n   i n p u t   o f   l a t e r a l   i n h i b i t i o n   d e s p i t e   a n y   c h a n g e s   i n   t h e   e x c i t a t o r y   i n -  
p u t  and  conductance a t   t h e   d e n d r i t e .  The e f f e c t  i s  to   produce a cons t an t  
decrement i n   t h e   f i r i n g   f r e q u e n c y   o f   t h e  main axon. The f i n a l   r e l a t i o n   c a n  
be expressed ( 7 3 )  a s :  

- t i o n .  The increased  conductance  produced by t h e   i n h i b i t i o n   i n  t h i s  reg ion   of  

where  subscr ipts  A_ and 2 r e f e r   r e s p e c t i v e l y   t o   t h e   e c c e n t r i c   c e l l   b e i n g   i n -  
h ib i t ed   and   t he   ce l l   do ing   t he   i nh ib i t i ng ;  E i s  t h e   f i r i n g   r a t e ;  e i s  the  ex-  
c i t a t i o n  measured a s   f i r i n g   r a t e   w i t h  no l a t e r a l   i n h i b i t i o n   p r e s e n t ;  K i s  a 
Constant;  and roAB i s  t h e  f i r i n g   r a t e   a t  which  the  neighboring  cel l ,  B, 
c eases   t o   exe r t   an , inh ib i to ry   e f f ec t  on t h e   g i v e n   c e l l ,  A.  The equat ion  ap-  
p l i e s   o n l y   f o r  r = roAB. Note the   d i r ec t   sub t r ac t ion   o f   i nc remen t s   i n   t he  
f i r i n g   r a t e   o f   c e l l  B ( t imes a c o n s t a n t )   f r o m   t h e   f i r i n g   r a t e   o f   c e l l  A. 

- 

B 

It i s  of i n t e r e s t   t h a t  t h i s  c e l l   a l s o  shows se l f - inh ib i t i on .   The re  i s  
an   increased   conductance   a t  i t s  d i s t a l  axon  each  time i t  f i r e s   a n   a c t i o n  po- 
t e n t i a l ,   w i t h   t h e  same t ime   cons t an t   o f   decay   a s   fo r   l a t e ra l   i nh ib i t i on  ( 7 2 ) .  
Apparently t h i s  i s  produced by t ransmission  of  t h e  a c t i o n   p o t e n t i a l   v i a   t h e  
c loses t   o f   the   b ranch   f ibers   to   inh ib i tory   synapses   wi th   the  more c e n t r a l  
branches. The s e l f - i n h i b i t i o n   p r o d u c e s   t h o s e   t r a n s i e n t s   i n   t h e   f i r i n g   r a t e  
following  changes o f  e x c i t a t i o n  which  would be expected o f  a negat ive  feed-  
back  with  that   t ime  constant .  

(m) Gating by p r e s y n a p t i c   i n h i b i t i o n .  - The second  major  mechanism  of 
i n h i b i t i o n  i s  presynapt ic   inh ib i t ion ,   which  i s  any  process by which a c e l l  
a c t s  on the   p resynapt ic   t e rmina l   o f   an   exc i ta tory   synapse   o f  two o t h e r   c e l l s  
so   as   to   reduce   the   e f fec t iveness   o f   tha t   synapse  ( 7 4 ) .  For  example,  the 
axon  of a musc le   s t r e t ch   r ecep to r   i n  a muscle  (a  type  Ia  nerve  f iber)  might 
t e rmina te   i n   t he   sp ina l   co rd   a t   an   exc i t a to ry   synapse  on a motoneuron t h a t  
cont ro ls   cont rac t ion   of   tha t   musc le .  Axons o f   m u s c l e   s t r e t c h   r e c e p t o r s   i n  
an   an tagon i s t   musc le   ( e .g . ,   f l exo r   v s .   ex t enso r   a t   t he  same jo in t )   migh t  
terminate  on  and e x c i t e   i n t e r n e u r o n s ,  w h i c h  i n   t u r n   e x c i t e  a "D c e l l "   i n  t h e  
sp ina l   cord .  The D-cell has   an   inh ib i tory   synapse  on the   exc i t a to ry   p re syn-  
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ap t i c   t e rmina l   o f   t ha t   t ype  Ia f iber   with  the  motoneuron.  It is thought   that  
normal ly   an   ac t ion   po ten t ia l   conducted  by t h a t   f i b e r  w i l l  go a l l  t he  way i n t o  
the   p resynapt ic   t e rmina l ,   depolar ize  i t  maximally,  and  cause a maximum re- 
lease  of   chemical   t ransmit ter   to   the  motoneuron.  When the  synapse of  t h e  
D-cell on   the   p resynapt ic   t e rmina l  i s  a c t i v a t e d ,   t h e   p o s t s y n a p t i c  membrane 
of  that   synapse,   which i s  pa r t   o f   t he  membrane of   the   p resynapt ic   t e rmina l  of 
the  type Ia f i b e r ,  becomes h ighly   conduct ive   to   ions .   This   conduct ive   a rea  
of  membrane shor t s   ou t   t he   ac t ion   po ten t i a l   conduc ted   a long   t he   t ype  Ia  f i b e r  
and  prevents i t  from  being  conducted on i n t o  t h e  p re synap t i c   t e rmina l  (75 ) .  
A s  a r e su l t ,  t he   t e rmina l  i s  not   depolar ized  and  does  not   act ivate   the  syn-  
apse w i t h  the  motoneuron.  Thus, when the  D-cel l  i s  act ive,   the   synapse  be-  
tween type  Ia   f iber   and  motoneuron i s  "gated  off". 

(n) Divisive inh ib i t i on ,   p re synap t i c .  - A t  some synapses   the  presynapt ic  
t e r m i n a l   h a s   e l e c t r i c a l l y   i n e x c i t a b l e  membranes and so i s  not  invaded by the 
conduc ted   ac t ion   po ten t i a l .  The depolar iza t ion   of   the   t e rmina l  i s  o n l y   t h a t  
which i s  passively  conducted  f rom  the  region  of  t h e  axon  where ac t ive   con-  
duc t ion   ceases   (a t  t h e  l a s t   p a r t   o f   t h e   e l e c t r i c a l l y   e x c i t a b l e   a x o n a l  mem- 
brane) .  A t  an  inhibi tory  synapse  on t h e  presynapt ic   terminal ,   the   ion  con-  
d u c t i o n   o f   t h e   e l e c t r i c a l l y   i n e x c i t a b l e  membrane on tha t   t e rmina l ,   pos tsynapt ic  
t o   t ha t   synapse  i s  inc reased  by ac t iva t ion   o f   t ha t   synapse .   Th i s   r eg ion   ac t s  
a s  a shunt   to   reduce  the  depolar izat ion  passively  conducted  to   the  presynapt ic  
te rmina l   and   thus   reduce   the   re lease   o f   chemica l   t ransmi t te r   f rom i t .  Such a 
mechanism has   been   descr ibed   for   p resynapt ic   inh ib i t ion   o f   the   junc t ion   be-  
tween the   exc i ta tory   nerve   f iber   and   the   opener   musc le   o f   the   c rayf i sh ' s  
claw ( 7 6 ) .  The r e l a t ion   be tween   ac t iv i ty   s en t   t o   t he   i nh ib i to ry   synapse   and  
the   consequent   reduct ion   of   exc i ta t ion   sen t   v ia   the   inh ib i ted   synapse   has   no t  
been  measured.  Presumably, i t ,  l i k e   p o s t s y n a p t i c   i n h i b i t i o n ,  would  be approx- 
imately a d i v i s i o n   o f   t h e   e x c i t a t i o n  by t h e   i n h i b i t o r y   a c t i v i t y .  

6.  Ca tegor iza t ion   of   Input   Informat ion  - Pat te rn   Recogni t ion  

The an ima l ' s   t a sk   o f   ad jus t ing   t o   change   i n  i t s  environment i s  s impl i f i ed  
i f  those  changes  are   categorized  according  to  some scheme o f   i n v a r i a n t s   i n   t h e  
environment. Thus  , t h e   o b j e c t  , "table" ,  i s  an  invariant   even  though  the 
v i sua l   i npu t   f rom i t  w i l l  depend  on  the  i l lumination and the   angle   and   d i s -  
tance  of  viewing.  Presumably,   the  nervous  system  arrives a t   t h e s e   p a r t i c u l a r  
c a t e g o r i e s  by t r i a l  and e r r o r   d u r i n g   e v o l u t i o n ,   r e s u l t i n g   i n   g e n e t i c   d e t e r -  
mination  of t h e  schemes o f   ca t egor i za t ion ;   and  by t r i a l  and   e r ror   dur ing  
development   o f   the   ind iv idua l ,   resu l t ing   in   " learned"   recogni t ion .  

( a )   P a t t e r n   d e t e c t i o n   a t   r e c e p t o r   o r g a n s .  

(1 )   Se l ec t iv i ty   o f   r ecep to r   and   accesso ry   s t ruc tu res .  - A s  has  been 
d i s c u s s e d   a l r e a d y ,   t h i s   s e l e c t i v i t y   a l l o w s   o n l y  a very   smal l   par t  of the  en-  
vironmental   changes  to be s igna led   to   the   an imal ' s   nervous   sys tem.  I t  a l r eady  
p repa res  a g e n e r a l   c a t e g o r i z a t i o n  of those   changes .   Thus ,   v i sua l   s t imul i   a r -  
rive along  one se t  of   nerve  f ibers ,   touch,   sound,  smell, t a s t e ,   e t c . ,   e a c h  
a long   o ther  sets.  
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(2)  Ca tegor i za t ion  by s p a t i . a l   c h a r a c t e r i s t i c s  of a~ s i n g l e  ce l l  i s  
exemplified by t h o s e   t o u c h   r e c e p t o r s   i n   t h e   s k i n . t h a t  are the  bare   nerve  end-  
ings  of   branches  of  a s ing le   ne rve  ce l l .  The spa t i a l  spread  of  those  branch 
endings   d i f fe rs   f rom c e l l  t o  ce l l .  One c e l l  may have  them l o c a l i z e d   i n  a 
small r eg ion   o f   t he   sk in   and   t hus   s igna l   on ly   p re s su re   on   t ha t   sma l l   r eg ion .  
Another c e l l  may have i t s  b ranches   w ide ly   s ca t t e r ed   and   cou ld   s igna l   e i t he r  
s t r o n g   s t i m u l a t i o n   o f  a s ingle   branch  anywhere  within t h e  wide  region so 
covered,   or  by the  mechanism  of  recruitment  (see  below)  could  signal s i m u l -  
taneous weak pressure  on many branches   wi th in   tha t   wide   reg ion .  

(b )   Ca tegor i za t ion   bys imple   i n t e rconnec t ions .  

(1)  Recruitment i s  the  name a p p l i e d   t o   t h e   i n c r e a s e   i n  number of 
a c t i v e   n e r v e   f i b e r s  upon i n c r e a s e  of s t imulus  s t rength.   This   depends  on 
the   i npu t s   ( r ecep to r   end ings   o r   synapses )   o f   t he   f i be r s   hav ing  a v a r i e t y   o f  
t h re sho lds   ( i npu t   s t r eng th   necessa ry   fo r   ac t iva t ion )  so t h a t  more a r e   a c t i v -  
a t e d  as  the   s t imu lus   s t r eng th  i s  inc reased .  

(2 )  Convergence i s  the  connect ion  of  many nerve ce l l s  or   recep-  
to r s ,   u sua l ly   v i a   synapses ,   on to  a s i n g l e   c e l l .  The a c t i v i t i e s   o f   t h e s e  many 
inputs   can  summate a t   t h e   s i n g l e   c e l l .   I f   t h e s e   i n p u t s   a r e   s u b j e c t   t o   r e -  
c ru i tment ,   then   increased  s t i m u l u s  s t rength   can   cause  t h e  i n p u t   t o  t h e  s i n g l e  
c e l l   t o   e x c e e d  i t s  threshold  and  produce  an  output  (e.g. ,   cause a n e r v e   c e l l  
t o   f i r e   a c t i o n   p o t e n t i a l s ) .  

( 3 )  d g e n c e  and d i v e 2  
gence. - I n  a series o f   s t u d i e s  (77)  i t  has  been shown t h a t   t h e r e   a r e   a b o u t  
s ix ty   t ouch   r ecep to r s   i n   t he   foo tpad   o f   t he   ca t   and   t ha t   t hese   connec t  by 
axons  from  each  receptor c e l l  t o   a n   e q u a l  number o f   n e u r o n s   i n   t h e   d o r s a l  
horn   o f   the   sp ina l   cord .  Each of   these  spinal   neurons  (second-order   neurons,  
i . e . ,  second  a long  the  sensory  input   path)   receives   terminal   synapses   f rom 
seve ra l   o f  t h e  r e c e p t o r   c e l l s   ( f i r s t - o r d e r   n e u r o n s ,   i . e . ,   f i r s t   a l o n g   t h e  
sensory   input   pa th) .   This  i s  descr ibed as  convergence  of  receptors  onto  the 
spinal   neuron.  They also  receive  synapses   f rom  other   neurons.  The pad was 
mechanical ly   s t imulated a t  a repe t i t ion   ra te   o f   10   per   second  under   condi -  
t ions   which   apparent ly   cause   no   p r imary   neuron   to   f i re  more than a s i n g l e  
a c t i o n   p o t e n t i a l  a t  each   s t imula t ion .  The number of  primary  neurons  which 
f i r e  was inc reased  by increasing  the  mechanical   d isplacement  a t  t h e  pad o r  
by i n c r e a s i n g   t h e  area o f   t he  pad be ing   d i sp laced  by the  mechanical  st imulus.  
Each second-order  neuron  has  associated  with i t  a " r e c e p t i v e   f i e l d " ,   t h a t  i s ,  
a n   a r e a  on the  pad i n  which  (mechanical)   st imulation  could  evoke a f i r i n g  of 
the  second-order  neuron. Each o f   t hese   r ecep t ive   f i e lds   con ta ined  a c e n t r a l  
reg ion   in   which  t h e  mechanical   s t imulus  s t rength  needed  to   just   evoke a 
response was cons t an t   t h roughou t .   Pe r iphe ra l   t o   t he   cen t r a l   r eg ion   t he  
threshold   rose   as   d i s tance   f rom  the   cen ter   increased .  It was found t h a t  
w i th in   t he   r ecep t ive   f i e ld   t he   exc i t a t ion   p roduced   a t   t he   s econd-o rde r   neu ron  
by a local ized  mechanical   s t imulus  added  to  t h e  exci ta t ion  produced by a mech- 
an ica l   s t imu lus   e l sewhere   i n   t he   r ecep t ive   f i e ld ,   and   t hese  two e x c i t a t i o n s  
could sum over a per iod (summation per iod)   o f  up  to   n ine   mi l l i seconds .   This  
summing o f   exc i t a t ion   cou ld   be   exp la ined   a s   t he   s t imu la t ion   o f   d i f f e ren t  
f i r s t -o rde r   neu rons  a l l  of   which  have  exci ta tory  synapses   with  the  s ingle  
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second-order  neuron  being  observed. The i n t e r a c t i o n s   o f  two mechanical 
s t i m u l i  a t  d i f f e r e n t   r e g i o n s   o n   t h e  pad were found to   be   a lways   exc i t a to ry  
t o   t h e   s p i n a l   n e u r o n   a n d   g r e a t e r   t h a n   t h e   e f f e c t   o f   e i t h e r   a l o n e ,   s u c h   a n   a c -  
t i on   be ing   t e rmed   f ac i l i t a to ry .   In  no s i g n i f i c a n t  number o f   t he   ca ses  was 
the   r e sponse   found   t o   be   l e s s   t han   t ha t   t o   e i t he r   o f   t he   s t imu l i   a lone ;  
t h e r e f o r e ,   t h i s   r u l e s   o u t   t h e   p o s s i b i l i t y   o f   t h e   a c t i v i t y   c a u s e d  by one s t i m -  
u lus   de t r ac t ing   f rom  the   ac t iv i ty   caused  by t h e   o t h e r   s t i m u l u s   i n  a neighbor- 
i n g   l o c a t i o n   ( l a t e r a l   i n h i b i t i o n ) ,  The ques t ion  arises as t o  how a second- 
order   neuron  can  get  a l o c a l i z e d ,   s p e c i f i c   r e c e p t o r   f i e l d  when only a s i n g l e  
a c t i o n   p o t e n t i a l  was f i r e d  by each   exc i ted   f i r s t -order   neuron   and  when o n l y  
e x c i t a t o r y   a c t i v i t y  was t ransmit ted  to   the  second-order   neurons.  The au tho r s  
propose a model t o   e x p l a i n   t h i s  which  depends  upon:  (a) The f a c t   t h a t   t h e  
primary  neurons had an  assor tment   of   thresholds   to   mechanical   s t imulat ion.  
(b) The fac t   tha t   the   p r imary   neurons   were   spaced   ou t   fa i r ly   un i formly   a long  
the  surface  of   the  pad.   (c)  The f a c t  t h a t  the  mechanical  stimulus  produces 
a wave of   mechanical   deformation  which  t ravels   la teral ly   through  the  t issue 
of   the  pad a t  a known speed,  and  thus  reached  neighboring  primary  neurons 
with known de lays ,   (d )   t he   a s sumpt ion   t ha t   t he   ou tpu t   ( ac t ion   po ten t i a l s )   o f  
each  second-order  neuron i s  s e n t   t o  a number of  neighboring  second-order 
neurons.   (e)  The f a c t   t h a t  a number of   cont iguous  f i rs t -order   neurons  con-  
n e c t   t o  a given  second-order  neuron, there  being a topologica l   o rder ing   be-  
tween  the  array  of   f i rs t -order   neurons  and t h e  array  of  second-order  neurons.  
( f )  The a s sumpt ion   t ha t   s ix   o r   s even   ac t ion   po ten t i a l s  must  converge on a 
s ingle   second-order   neuron  within  the summation period  of a few mi l l i s econds  
i n   o r d e r   t o   c a u s e   t h a t   s e c o n d - o r d e r   n e u r o n   t o   f i r e .  T h i s  model r e s u l t s   i n  
a pattern  of  second-order  neuron  f ir ing  which maps both  the  s t rength  and  the 
pos i t i on   on   t he  pad of   the  mechanical   s t imulat ion.  

( c )   C o l l i s i o n   o f   a c t i o n   p o t e n t i a l s .  - There i s  one   type   o f   f i r s t -order  
neuron,   the   external   spiral   neuron  of   the  cochlea,   which  has  many branches 
go ing   t o  i t s  s i n g l e  main f i b e r  from ha i r   ce l l s   spaced   a long   t he   coch lea .  I t  
was p r e d i c t e d   i n  1960 (78) t h a t  i f  i t  was assumed (a)   tha t   each   branch   t rans-  
m i t t e d   a c t i o n   p o t e n t i a l s   i n   t h e   d i r e c t i o n  away f rom  the   ha i r   ce l l s ,   and   (b)  
t h a t  a t  t he   b ranch   j unc t ions   t hese   ac t ion   po ten t i a l s   were   t r ansmi t t ed   one  way 
( toward  the  brain) ,   then  such a branched  neuron would show a n   i n c r e a s e   i n  
f i r i n g   r a t e   w i t h   i n c r e a s i n g   s t i m u l u s   i n t e n s i t y   o v e r  a much la rger   range   than  
would an  unbranched  neuron. A l a t e r   t h e o r e t i c a l   p a p e r  (79)  a t tempted  to   pro-  
v i d e  a phys io log ica l  mechanism t h a t  would give  the one-way t r a n s m i s s i o n   a t  
t he   j unc t ion .  The assumption was tha t   t he   b ranch   r an   ve ry   c lose   t o   t he  main 
f i b e r   a t   t h e   j u n c t i o n  so t h a t  a s  a n   a c t i o n   p o t e n t i a l  moved from  the more d i s -  
t a n t   p a r t   o f   t h e  main f i b e r  toward  the  junct ion,   current   f rom i t  would pass 
through  the  branch  and  reduce  the  exci tabi l i ty   of   the   nearby  port ion  of   the 
branch.  Then, when the   ac t ion   po ten t i a l   r eached   t he   j unc t ion ,  i t  could  not 
propagate  backwards up the  branch  but  only  forwards  on  the main f ibe r .   Th i s  
t h e o r i s t   a l s o   p o i n t e d   o u t   t h a t   b e c a u s e   o f   t h e   i n c r e a s e d   d i a m e t e r   o f   t h e   f i b e r  
a t  t he   j unc t ion   po in t ,   t he   ve loc i ty   o f   p ropaga t ion   o f   t he   ac t ion   po ten t i a l  
would  be  decreased  and  this would permit a c l o s e l y   f o l l o w i n g   a c t i o n   p o t e n t i a l  
coming a l o n g   t h e   f i b e r   t o  catch up with i t  and  merge i n t o  i t  so that   only  one 
a c t i o n   p o t e n t i a l  would  be  propagated  further  along  the  f iber.   These assump- 
t i o n s   l e a d   t o   t h e  same i n c r e a s e   i n  dynamic  range  of  the  spiral  nerve 
as had  been  predicted by t h e   f i r s t   p a p e r .  It w a s  l a t e r  found (80) t h a t  
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some f i r s t   o r d e r   a u d i t o r y   n e r v e   f i b e r s  do e x h i b i t   e x a c t l y   t h a t   i n c r e a s e d  
dynamic range as compared to   t he   o the r   t ypes   o f   aud i to ry   ne rve   f i be r s .   Whi l e  
these   f ind ings   a re   cons is ten t   wi th   the   p roposed   mechanisms,   there  i s  no d i -  
r ec t   ev idence   t ha t   such  mechanisms  do  indeed ex i s t  i n   t h e   c o c h l e a r   n e r v e .  

(d)  Gating. - It has  been  observed  that   the   output   nerve  cel ls   of   the  
r e t i n a ,   t h e   g a n g l i o n   c e l l s ,  w i l l  f i r e  a b u r s t   o f   a c t i o n   p o t e n t i a l s  when the  
eye i s  s t imula ted   wi th  a f i x e d   d u r a t i o n   f l a s h   o f   l i g h t .  A s  t h e   i n t e n s i t y  of 
f l a s h  i s  decreased ,   the  number o f   a c t i o n   p o t e n t i a l s   i n   t h e   r e s p o n s e   a l s o   d e -  
c r e a s e s .   I n  some g a n g l i o n   c e l l s   t h e  number o f   a c t i o n   p o t e n t i a l s  w i l l  decrease 
down t o  one  and f ina l ly   zero ;   however ,   in  some o the r   gang l ion   ce l l s ,   t he   sma l -  
l e s t  number o f   ac t ion   po ten t i a l s   obse rved  may be a b u r s t  o f ,  say ,   four .  A s  
t h e   f l a s h   i n t e n s i t y  i s  dec reased ,   t h i s   bu r s t   o f   fou r   occu r s   fo r  a sma l l e r   pe r -  
cen tage   o f   t he   f l a shes ,   t he   r e sponse   t o   t he   o the r   f l a shes   be ing  no f i r i n g   a t  
a l l .  

This   property  of   the  minimum response   o f   the   nerve   ce l l   be ing  a bu r s t   o f  
ac t ion   po ten t ia l s   could   be   expla ined  on the   assumpt ion   tha t   the   charac te r -  
i s t i c s  of   the membranes o f   t h e   c e l l  body and  axon are   such   tha t   any   depolar -  
i z a t i o n  of  those membranes which i s  s u f f i c i e n t   t o   i n i t i a t e   a n   a c t i o n   p o t e n -  
t i a l  decays so s l o w l y   t h a t   s e v e r a l   a c t i o n   p o t e n t i a l s   a r e   f i r e d   d u r i n g   t h i s  
time. 

I t  i s  i n t e r e s t i n g   t o   s u g g e s t   t h e   p o s s i b i l i t y   o f   a n o t h e r  mechanism,  which 
i s  a form  of  gating. A r ecen t   e l ec t ron   mic roscop ic   s tudy   o f   t he   ve r t eb ra t e  
r e t i n a  showed (81)   tha t  t h e  photoreceptors   ( rods  and  cones)   contact   and  send 
e x c i t a t i o n   t o   t h e   s e c o n d - o r d e r   n e r v e   c e l l s ,   t h e   b i p o l a r   c e l l s .  The b i p o l a r  
c e l l s   i n   t u r n   s y n a p s e  w i t h  dendr i tes   o f   the   th i rd-order   neurons ,   the   gangl ion  
c e l l s ,  and   send   exc i ta t ion   to  them. The synapses,   however,   are  often  of a 
pecu l i a r   o rgan iza t ion   ( s ee   F ig .   1 )   i n   wh ich   t he   synapse   f rom  the   b ipo la r   ce l l  
i s  t o  two s ide-by-side  cel l   branches,   one  f rom  the  gangl ion  cel l ' s   dendri te  
and  one  from  an  amacrine  cell .   Just  a s h o r t   d i s t a n c e  away, t h e  same amacrine 
c e l l  branch  has a synapse  that  by i t s  s t r u c t u r e   e v i d e n t l y   a c t s   f r o m   t h e  ama- 
c r i n e   c e l l   o n t o   t h a t   b i p o l a r   c e l l ' s   s y n a p t i c   t e r m i n a l .  It i s  r easonab le   t o  
assume t h a t   t h e   s y n a p s e   f r o m   t h e   b i p o l a r   c e l l   t o   t h e   g a n g l i o n   c e l l ' s   d e n d r i t e  
i s  e x c i t a t o r y .   I f  i t  i s  f u r t h e r  assumed tha t   the   synapse   f rom  the   b ipolar  
ce l l   t o   t he   amacr ine   b ranch  i s  inh ib i tory   and   tha t   the   synapse   f rom  the  ama- 
c r i n e   b r a n c h   t o   t h e   b i p o l a r   c e l l  i s  a l so   i nh ib i to ry ,   t hen   t he   fo l lowing   be -  
havior  can  be  predicted.   For a g iven   l eve l   o f   ac t iv i ty   a t   t he   amacr ine   b ranch ,  
t h e r e  w i l l  be produced a g iven   l eve l   o f   hype rpo la r i za t ion   a t   t he   b ipo la r  
c e l l ' s   s y n a p t i c   r e g i o n .  A s  e x c i t a t i o n   ( d e p o l a r i z a t i o n )  i s  sent   f rom  the pho- 
t o r e c e p t o r   c e l l s   t o   t h e   b i p o l a r   c e l l ' s   s y n a p t i c   r e g i o n ,   t h i s  w i l l  be a t  f i r s t  
opposed by the   hype rpo la r i za t ion  and w i l l  n o t   r e s u l t   i n   a n y   e x c i t a t i o n   b e i n g  
sen t   t o   t he   gang l ion   ce l l .  A t  some c r i t i c a l   l e v e l  of   incoming  depolar izat ion 
the   b ipolar ' s   ou tput   synapse  w i l l  beg in   to  work  and w i l l  send i n h i b i t i o n   t o  
the  amacrine  cell   branch,  which w i l l  dec rease   t he   hype rpo la r i za t ion   be ing  
sen t   f rom  the   amacr ine   ce l l   b ranch   to   the   b ipolar   ce l l ' s   synapt ic   reg ion .  
This  w i l l  a l l o w   f u r t h e r   i n h i b i t i o n  by t h e  b i p o l a r   c e l l   o f   t h e   a m a c r i n e   c e l l  
and  thus w i l l  suddenly   shut   o f f   the   inh ib i t ion   f rom  the   amacr ine   ce l l   to   the  
b i p o l a r   c e l l  and   a l low  the   b ipolar   ce l l   to   suddenly   send  a l a r g e  amount of 
e x c i t a t i o n   t o   t h e   g a n g l i o n   c e l l ' s   d e n d r i t e .   T h i s  minimum amount o f   exc i t a -  
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DYAD SYNAPSE 
MODEL. OF BISTABLE 
SWITCHING ACTION 

BIPOLAR 
CELL'S 
TERMINAL 
B A G  

I 

Figure  1 

Diagram  of  so-called "dyad" synapse  between a b i p o l a r  c e l l  and 
nerve   f ibers   f rom  an   amacr ine  c e l l  and a gangl ion c e l l  i n   t h e  
p r i m a t e ' s   r e t i n a .   S u b s c r i p t s  V, A ,  and B r e f e r   t o   v i s u a l  c e l l s ,  
amacrine c e l l ,  and  bipolar  c e l l ,  r e s p e c t i v e l y .  E i s  e x c i t a t i o n ;  

proposed  gat ing mechanism of t h i s   s y n a p s e  see t h e  t es t .  0 i s  
t h e   d e p o l a r i z a t i o n   n e c e s s a r y   t o   s t a r t   t o   a c t i v a t e   t h e   b i p o l a r -  
to-gangl ion-cel l -and-amacrine-cel l   synapse.  

- I i s  i n h i b i t i o n ;  E.C. i s  gangl ion c e l l .  For   expianat ion  of   the 
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t i o n   s e n t   t o   t h e   g a n g l i o n  ce l l  might  be  of  such a s i z e   t h a t  i t  w i l l  c ause   t he  
f i r i n g  of n o t  less t h a n   s e v e r a l   a c t i o n   p o t e n t i a l s  by the   gangl ion  c e l l .  I n  a 
s i m i l a r  way, a s   t h e   e x c i t a t i o n  from  the  photoreceptors  t o  t h e   b i p o l a r  ce l l ' s  
t e rmina l   dec reases ,   t he re  w i l l  suddenly come  a c r i t i c a l  level of   depolar iza-  
t i o n   a t  which  the  inhibi t ion  f rom  the  amacrine c e l l  can   beg in   t o   be   bu i l t  up 
again  and w i l l  sudden ly   t u rn   o f f   t he   b ipo la r  ce l l ' s  synapse  and  s top  the  send-  
i n g   o f   e x c i t a t i o n   t o   t h e   g a n g l i o n  ce l l .  By changing  the level o f   e x c i t a t i o n  
wi th in   the   amacr ine  c e l l ,  s ay ,  by i n p u t s   a t   d i s t a n t   b r a n c h e s   o f   t h e   a m a c r i n e  
c e l l ,  i t  wou ld   be   poss ib l e   t o   change   t he   c r i t i ca l   depo la r i za t ion   o f   t he   b i -  
p o l a r  c e l l  a t  which i t s  synapse   to   the   gangl ion  c e l l  i s  turned  on  and  off .  
This   synapt ic   a r rangement   can   thus   be   cons idered   to   ac t   as  a g a t i n g  mecha- 
nism,  and  the  amacrine c e l l  i s  the  device  which se t s  t h e   t h r e s h o l d   f o r   t h e  
g a t e .  Such a mechanism  would f i t   w i t h   t h e   o b s e r v a t i o n   t h a t   t h e   g a n g l i o n  
c e l l  d i s c h a r g e   o f t e n   s t a r t s   a t  a ra ther   high  f requency  of   discharge  and  s tops 
suddenly  with  very l i t t l e  change i n  i t s  f r equency   du r ing   t he   f i r i ng   pe r iod .  

(e) L a t e r a l   i n h i b i t i o n .  - I n  many sensory  systems, i t  has  been  found 
t h a t   a c t i v i t y   i n   a n y   g i v e n   n e u r o n   t e n d s   t o   b e   i n h i b i t e d  upon s t imu la t ion   o f  
neighboring  neurons.   This phenomenon i s  termed l a t e r a l   i n h i b i t i o n .  

It has  been  found  for  the  Limulus  eye ( 8 2 )  t h a t   t h e   t h r e s h o l d   f o r   f i r i n g  
o f   t h e   f i r s t - o r d e r   a x o n  i s  always  lower  chan  the  threshold  to   cause  spread  of  
i nh ib i t i on   f rom  tha t   axon   t o   ne ighbor ing   axons .  From work  on t h e   f r o g ' s   e y e ,  
one may b e l i e v e   t h i s   t o   b e   t r u e   o f   t h e   v e r t e b r a t e   r e t i n a   a s  wel l .  It may 
b e   t h a t   t h i s  i s  t h e   u s u a l   a r r a n g e m e n t   i n   l a t e r a l   i n h i b i t i o n   s y s t e m s ,   b u t   t h a t  
has   not   yet   been  proven.   This  would f i t   t h e   i d e a   t h a t   i n h i b i t i o n   a c t s   o n l y  
t o   m o d u l a t e   t h e   e x c i t a t i o n  and  does  not  carry  information when alone.   Notice  
tha t   t he   t ouch   r ecep to r   sys t em  desc r ibed   i n  a preceding  sect ion,   which  oper-  
a t e d  by   converg ing   exc i ta tory   in f luences   a lone ,  was des igned   t o  model  and was 
t e s t e d   f o r ,   o n l y   n e a r - t h r e s h o l d   c o n d i t i o n s   o f   s t i m u l a t i o n .   T h a t  i s ,  i t  was 
t e s t ed   fo r   t he   cond i t ions   unde r   wh ich   each   f i r s t -o rde r   neu ron   f i r ed   on ly  a 
s i n g l e   a c t i o n   p o t e n t i a l  upon s t i m u l a t i o n .  One s u s p e c t s   t h a t   i f   t e s t e d   a t  
l a r g e r   i n t e n s i t i e s   o f   s t i m u l a t i o n ,  a l a t e r a l   i n h i b i t i o n  w i l l  be  found t o   a c t  
i n   t h i s   s y s t e m ,   a l s o .  

(1) D i s i n h i b i t i o n .  - I n   t h e  Limulus l a t e r a l   e y e  i t  has  been shown 
t h a t  when a d d i t i o n a l   f i r s t - o r d e r   n e u r o n s   a r e   s t i m u l a t e d   i n   t h e   v i c i n i t y   o f  
an   i n t e rac t ing   pa i r   o f   neu rons ,   and   a r e   t oo   f a r   f rom  one   o f  them t o  a f f e c t  
i t  d i r e c t l y   b u t   n e a r  enough t o   t h e  second t o   i n h i b i t  i t ,  the  frequency  of 
d i scharge   o f   the  f i r s t  i n c r e a s e s   a s   t h e   i n h i b i t i o n   e x e r t e d  on i t  by t h e  sec- 
ond dec reases .   Th i s   r e l ease   f rom  inh ib i t i on  i s  c a l l e d   d i s i n h i b i t i o n .  It can 
occur i n   i n h i b i t o r y   s y s t e m s   w h e t h e r   o r   n o t   t h e y   i n v o l v e   l a t e r a l   i n h i b i t i o n  
( 8 3 ) .  

I f   t h e  two i n h i b i t i o n s   i n v o l v e d   a r e   o f   t h e   d i v i s i v e   t y p e ,   t h e n   d i s i n -  
h i b i t i o n   p r o v i d e s  a mechanism f o r   m u l t i p l i c a t i o n .   F o r   e x a m p l e ,   i f   a c t i v i t y  
X i s  i n h i b i t e d  by a c t i v i t y  Y and t h i s  i s  d i s i n h i b i t e d  by t h e   a c t i v i t y  Z ,  then 
t h e   f i n a l   a c t i v i t y  i s  WrZ/Y, where k i s  some constant .   Thus,   the   product  XZ 
i s  formed. The o p e r a t i o n   o f   m u l t i p l i c a t i o n  must  be  performed i n   t h e   c a l c u l a -  
t i o n   o f   c o r r e l a t i o n s .  It has  been  suggested ( 8 4 )  t h a t   s u c h   c a l c u l a t i o n s   a r e  
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commonly pe r fo rmed   by   t he   ne rvous   sys t em  in   t he   r ecogn i t ion   o f   pa t t e rns ,  and 
t h a t   t h i s  i s  t h e   r e a s o n   f o r   t h e   w i d e s p r e a d   o c c u r r e n c e   o f   d i s i n h i b i t i o n   i n   t h e  
nervous  system. 

(2) Feedback   t ype   o f   l a t e ra l   i nh ib i t i on .  - Dis inh ib i t i on   can   occu r  
i n  a l a t e r a l   i n h i b i t i o n   s y s t e m   o n l y  when t h e   i n h i b i t o r y   i n f l u e n c e   t h a t  i s  
exer ted  by a given  order  neuron  depends  on i t s  own a c t i v i t y ,   w h i c h  i s  t h e  
r e s u l t a n t   o f   t h e   e x c i t a t o r y   s t i m u l u s   t o  i t  and   wha teve r   i nh ib i to ry   i n f luences  
may, i n   t u r n ,   b e   e x e r t e d  upon i t  by other  same-order  neurons.   This mechanism 
o f   l a t e r a l   i n h i b i t i o n  may be  termed  "feedback l a t e r a l   i n h i b i t i o n " .  See a l s o  
(85). 

( 3 )  Feedf-oocard t y p e   o f   l a t e r a l   i n h i b i t i o n .  - Another  form  of 
l a t e r a l   i n h i b i t i o n  i s  p o s s i b l e   i n  which  the  output   to   the  next   order   (next  
stage)  neuron i s  reduced by i n h i b i t i o n  from i t s  neighboring same order  neu- 
rons ,   bu t  i t s  own i n h i b i t o r y   o u t p u t   t o  i t s  neighbors  i s  n o t   a f f e c t e d  by t h i s  
i n h i b i t i o n .  Such a f e e d f o r w a r d   t y p e   o f   l a t e r a l   i n h i b i t i o n  w i l l  show  a sharp- 
e n i n g   o f   s p a t i a l   i n t e n s i t y   g r a d i e n t ,   b u t  w i l l  not  show a n y   d i s i n h i b i t i o n .  

I n  a s tudy   o f   t he   f i r i ng   o f   t he   f i r s t   o rde r   aud i to ry   neu rons ,   wh ich   con-  
n e c t   d i r e c t l y   t o   t h e   r e c e p t o r   h a i r  c e l l s  of the   cochlea ,  i t  has  been shown 
(80) t h a t   t h e   r e s p o n s e   o f   t h e   f i b e r   t o  a given  audio  f requency  tone  can  be 
grea t ly   reduced  by the   s imul taneous   p resenta t ion   of  a d i f fe ren t   f requency  
tone .   S ince   each   o f   t hese   t ones   ac t s  on h a i r  c e l l s  a t  a d i f f e r e n t   s p a t i a l  
l o c a t i o n   a l o n g   t h e   c o c h l e a ,   t h i s  i s  a form  of l a t e r a l   i n h i b i t i o n .  The r e -  
s e a r c h e r s   t e s t e d   f o r   d i s i n h i b i t i o n ,   b u t  were unable   to   demonstrate  i t .  It i s  
p o s s i b l e   t h a t   i n   t h i s   c a s e   t h e   l a t e r a l   i n h i b i t i o n  i s  of   the  feedforward  type.  

( f )  C a t e g o r i z a t i o n   i n   t h e   c a t ' s   v i s u a l   s y s t e m .  - The c a t ' s   v i s u a l   s y s -  
t e m  has  been  studied i n  more de t a i l   t han   t ha t   o f   any   o the r   an ima l .  The 
r e t i n a l   g a n g l i o n  ce l l s  h a v e   n e a r l y   c i r c u l a r   r e c e p t i v e   f i e l d s   c o n t a i n i n g  a 
cent ra l   reg ion   sur rounded by a per iphera l   zone .   There   a re  two c l a s ses   o f  
gangl ion c e l l s .  One type w i l l  d i s c h a r g e   a t   t h e   o n s e t   o f   i l l u m i n a t i o n   i f   t h e  
i l l u m i n a t i o n  i s  c o n f i n e d   t o   t h e   c e n t r a l   z o n e ,   a n d   a t   t h e   c e s s a t i o n   o f   i l l u m i n -  
a t i o n   i f   t h e   i l l u m i n a t i o n  i s  conf ined   t o   t he   pe r iphe ra l   zone .   I f   t he   i l l umin -  
a t i o n   r e a c h e s   b o t h   c e n t r a l   a n d   p e r i p h e r a l   z o n e s ,   t h e   r e s u l t  i s  a weak d i s -  
charge  which may o c c u r   a t   e i t h e r   t h e   o n s e t   o r   c e s s a t i o n   o r   b o t h ,   d e p e n d i n g  
upon t h e   r e l a t i v e   i l l u m i n a t i o n s   o f   t h e  two zones.  There i s  a mutua l   inh ib i -  
t i o n   e x e r t e d  by the   exc i t a t ion   o f   each  zone  upon t h e   e f f e c t   o f   t h e   o t h e r  on 
the   gangl ion  ce l l ' s  d ischarge .  The second  c lass   of   gangl ion c e l l  i s  t h e  same 
e x c e p t   t h a t   t h e   z o n e s   f o r   d i s c h a r g e   a t   t h e   o n s e t   a n d   c e s s a t i o n   o f   i l l u m i n a -  
t i o n   a r e   i n t e r c h a n g e d  (86).  

The c o r t i c a l  ce l l s  i n   a r e a  17 e x h i b i t  two types   o f   r ecep t ive  f i e l d s ,   t h e  
simple  and  the  complex. The s i m p l e   c o r t i c a l  c e l l s  have  recept ive f i e l d s  made 
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up  of two or   th ree   zones   having   oppos i te   response   types   and   separa ted   f rom 
e a c h   o t h e r   b y   s t r a i g h t   l i n e   b o u n d a r i e s .   T h u s ,   i n   o n e  zone o f   t h e   r e c e p t i v e  
f i e l d ,   t h e   s i m p l e   c o r t i c a l  c e l l  w i l l  g ive  a response a t   t h e   o n s e t   o f   i l l u m i n a -  
t i o n ,   c a l l e d   a n  "on" response.  An ad jacen t  zone g i v e s  a r e s p o n s e   o n l y   a t   t h e  
c e s s a t i o n   o f  a l i gh t   f l a sh ,   t h i s   be ing   ca l l ed   an   "o f f "   r e sponse .   These  s i m -  
p l e   c o r t i c a l  c e l l s  h a v e   t h e   a x e s   o f   t h e i r   r e c e p t i v e   f i e l d s   i n   a l l   p o s s i b l e  
d i r ec t ions   on   t he   r e t ina .   D i f fuse   i l l umina t ion   o f   t he   who le  receptive f i e l d  
produces  very l i t t l e ,  i f  a n y ,   r e s p o n s e   a t   t h e   c o r t i c a l  c e l l .  The most e f -  
f e c t i v e   s t i m u l i   o f   t h e s e   c o r t i c a l  c e l l s  a r e   b a r s   l y i n g   o n   t h e   a x i s   o f  t h e  
r e c e p t i v e   f i e l d   w i t h   a n   e d g e   a t   t h e   b o u n d a r y   b e t w e e n   z o n e s ;   i n   t h e  on  zone 
e i t h e r  a l i g h t   b a r   f o r   a n  on  response  or  a da rk   ba r   fo r   an   o f f   r e sponse ,  and 
vice versa   for   the   o f f   zone .  

- 

The complex c o r t i c a l  c e l l s  of   a rea  17 a l s o   r e s p o n d   b e s t   t o   b a r s   o r  
edges   wh ich   a r e   o r i en ted   i n  a p a r t i c u l a r   d i r e c t i o n   f o r  a given c e l l .  How- 
ever, f o r   t h e s e  c e l l s  i t  i s  no t   r equ i r ed   t ha t   t he   edge  l i e  a long  a p a r t i c u l a r  
l i n e   i n   t h e   r e c e p t i v e   f i e l d ;  i t  can  be  anywhere i n   t h e  receptive f i e l d   p r o -  
vided i t  h a s   t h e   p r o p e r   o r i e n t a t i o n .  I t  i s  a s   i f  each  complex  cor t ical  c e l l  
has  combined the   ou tpu t s   o f  a number o f   s i m p l e   c o r t i c a l  c e l l s  a l l  having  the 
same o r i e n t a t i o n  of t h e i r   r e c e p t i v e   f i e l d s .   T h i s   i d e a  i s  given  support  by 
t h e   f i n d i n g   t h a t   t h e  c e l l s  o f   t h e   c e r e b r a l   c o r t e x   i n   t h a t   r e g i o n   a r e   a r r a n g e d  
by f u n c t i o n   i n t o  columns  extending  perpendicular ly   through  the  thickness   of  
the   cor tex ,   these   co lumns   be ing   i r regular   in   shape   and   approximate ly   one  mil- 
limeter in   d iameter .   Wi th in   each  column a l l   t h e   s i m p l e  and  complex c o r t i c a l  
c e l l s  have t h e  same o r i e n t a t i o n   o f   t h e i r  recept ive f i e l d s   ( 8 8 ) .  

The c o r t i c a l  c e l l s  of   a rea  17 are  connected  and mapped i n  a m i r r o r   a r -  
rangement t o  c e l l s  i n   t h e   n e i g h b o r i n g   a r e a  18 o f   t he   ce reb ra l   co r t ex .   These  
i n   t u r n   a r e   c o n n e c t e d   i n  a mir ror   a r rangement   to   the  c e l l s  in   t he   ne ighbor -  
i ng   a r ea   19   o f   t he   co r t ex .  The c o r t i c a l  c e l l s  of   a rea  18 have receptive 
f i e l d s   t h a t  have  been  termed  ''hypercomplex"  (89). They w i l l  respond  to   the 
presence  of  two e d g e s   a r r a n g e d   e i t h e r   p a r a l l e l   o r   a t   r i g h t   a n g l e s   t o   e a c h  
o t h e r  and wi th  a r a the r   f i xed   s epa ra t ion   and  a s p e c i f i c   o r i e n t a t i o n ,   a l t h o u g h  
they  can  be  placed  that  way anywhere i n   t h e   r e c e p t i v e   f i e l d .  I t  would seem 
tha t   such   r ecep t ive   f i e lds   cou ld   be   bu i l t  up  by  combining  the  outputs of  two 
complex c e l l s   w i t h   r e c e p t i v e   f i e l d s   h a v i n g   e i t h e r   t h e  same o r   pe rpend icu la r  
o r i e n t a t i o n s  and   cover ing   e i ther   the  same o r   ove r l app ing   r eg ions   o f   t he  
r e t ina .   Th i s   i dea  i s  borne  out by the   f i nd ing   t ha t   ad j acen t   co lumns   i n   a r ea  
18 general ly   have a t   l e a s t  o n e   o f   t h e i r   v i s u a l   f i e l d   a x e s   i n  common and  the 
o t h e r   a x i s  i s  o f t e n   a t   r i g h t   a n g l e s .  

I n   a r e a  19 a r e  found  both  the  hypercomplex c e l l s  and  "higher  order  hyper- 
complex" c o r t i c a l  c e l l s .  These l a t t e r   c e l l s  have   r ecep t ive   f i e lds   wh ich   a r e  
even   l a rge r   i n   ex t en t   t han   t hose   o f   t he   o the r  c e l l s ,  and  give a  maximum 
response   t o   t h ree   edges   su i t ab ly   a r r anged   w i th   r e spec t   t o   each   o the r   any -  
where i n   t h e   r e c e p t i v e   f i e l d .   U s u a l l y ,  two of t h e s e   e d g e s   a r e   p a r a l l e l   t o  
e a c h   o t h e r   a n d   t h e   t h i r d   a t   r i g h t   a n g l e s .  The hypercomplex c e l l s  found i n  
t h e  same column as   the  higher   order   hypercomplex c e l l s  have  the same o r i e n -  
t a t i o n   o f   r e c e p t i v e   f i e l d   a x i s ,  and i t  i s  probably by the  combinat ion  of   the 
ou tpu t s   o f   s eve ra l   o f  them tha t   t he   r ecep t ive   f i e ld   o f   t he   h ighe r   o rde r   hype r -  
complex c o r t i c a l  c e l l  i s  cons t ruc t ed .  A t  t hese  c e l l s ,  t he re   a l r eady  ex i s t  
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s u c h   a b s t r a c t   c o n c e p t s   a s  U shape ,   o r  T shape,   or   corner   and  s ide,   which  can 
b e   v a r i e d   g r e a t l y   i n   l o c a t i o n   o n   t h e   r e t i n a   a n d  somewhat i n   s i z e  and s t i l l  
g i v e   a n   o p t i m a l   r e s p o n s e .   I n   a r e a   1 9   t h e r e   a r e   a g a i n  co lumns   of   cor t ica l  
ce l l s  w h i c h   r e p r e s e n t   t h e   d i f f e r e n t   o r i e n t a t i o n s   p o s s i b l e   i n   t h e   r e c e p t i v e  
f i e l d ,  and  these  columns  are so a r r a n g e d   a c r o s s   t h e   c o r t e x   a s   t o  map, w i th  
g r e a t   o v e r l a p ,   a d j a c e n t   r e g i o n s   o n t o   t h e  cortex. 

The obvious  extrapolat ion  f rom  these  f indings i s  t h a t  by f u r t h e r  combina- 
t ions o f   t hese   ca t egor i e s   o f   i n fo rma t ion  i t  would  be  possible  to  build  up 
s t i l l  more abs t r ac t   ca t egor i e s   such   a s   " squa re"   o r   " t ab le" ,  e t c .  However, 
many s t e p s   o f   g e n e r a l i z a t i o n  would  be  needed t o   g e t   f r o m   t h e  U shapes of a rea  
19   t o   t he   concep t   o f  a s p e c i f i c   f a m i l i a r   t a b l e .  From a r e a   1 9   t h e r e   a r e   o n l y  
a ve ry  few c o r t i c a l   s t e p s   i n v o l v e d   a t  most   (associat ive  cor tex  and  sensori-  
mo to r   co r t ex )   be fo re   s igna l s   fo r   ac t ion   r e sponses   a r e   s en t   on   t o   t he   mo to r  
n u c l e i .  I t ,  t h e r e f o r e ,  seems u n l i k e l y   t h a t   t h e   a d d i t i o n a l   c a t e g o r i z a t i o n  i s  
done by t h e  "one s t e p   p e r   c o r t i c a l  ce l l "  mechanism descr ibed  by Hubel  and 
Wiesel. This  i s  an  important   quest ion  that   needs much f u r t h e r   i n v e s t i g a t i o n .  

A poss ib l e   sugges t ion  i s  t h a t  two f u r t h e r  mechanisms a r e   i n v o l v e d   i n   t h e  
c a t e g o r i z a t i o n  of sensory   inputs  by c e r e b r a l   c o r t e x .  The f i r s t  mechanism i s  
l a t e ra l   modu la t ion .  I t  i s  known t h a t   t h e   c o r t i c a l   i n p u t  i s  rece ived  by the  
dendr i tes   o f   the   pyramidal  c e l l  and  the  output  i s  v i a   t h e  axon of t he  same 
c e l l  (94).  Thus, a l l   c a l c u l a t i o n s   o f   c a t e g o r i z a t i o n  must  be  done a t   t h e  
pyramidal c e l l .  The usua l   in te rpre ta t ion   o f   Hubel   and  Wiesel's work i s  t h a t  
a given  pyramidal c e l l  can   pe r fo rm  on ly   one   pa r t i cu la r   ca t egor i za t ion   ( a s  
determined by i t s  geometry  and  the  types  of   s impler   categories   s ignal led by 
the   sensory   f ibers   synaps ing   wi th  i t ) .  One can   sugges t   tha t   the   ca tegor iza-  
t ion  performed by tha t   g iven   pyramidal  c e l l  can  be  fur ther   modif ied by t h e  
o the r   i npu t s   t o   t he   py ramida l  c e l l .  These i n p u t s   i n c l u d e   ( a )   i n h i b i t i o n  by 
in te rneurons   which   a re   exc i ted  by other   pyramidal  c e l l s  a s  much a s  10 mm 
d i s t a n t   a l o n g   t h e  same gyrus  (90,  91,  92,  93)  and i n  symmetrical   areas  of 
t h e   c o n t r a l a t e r a l   c o r t e x   ( 9 0 ,   9 8 ) .   T h i s   c o u l d  mean t h a t   t h e   p a r t i c u l a r   l i g h t  
p a t t e r n  which  would  most exc i te  a pyramidal c e l l  i n   a r e a  18 would  be  modified 
by t h e   p a t t e r n  of s t i m u l a t i o n   r e a c h i n g   t h e   o t h e r   p y r a m i d a l   c e l l s   i n  both 
a r e a s  18. The i n p u t s   f r o m   t h e   s p e c i f i c   t h a l a m i c   n u c l e u s   ( e . g . ,   t h e   l a t e r a l  
gen icu la t e  body i n   t h e   c a s e   o f   t h e   v i s u a l   s y s t e m )   t e r m i n a t e   a t   s y n a p s e s   o n   t h e  
v e r t i c a l l y   o r i e n t e d   a p i c a l   d e n d r i t e s   o f   t h e   p y r a m i d a l  c e l l  (97) .   Other   inputs  
( b )  f rom  nonspec i f ic   tha lamic   nuc le i   t e rmina te   on   the   ap ica l   dendr i tes   (69 ,  
p.  428).  These may inc lude   inputs   f rom a number of  sensory  systems  (95).  
Thus,   the   act ivi ty   of   other   sensory  systems  could.   modify  the  pyramidal  c e l l ' s  
ca tegor iza t ion .   There  i s  a l s o   i n p u t  f rom  the   re t icu lar   format ion   (d i scussed  
l a t e r )   t o   t h e   a p i c a l   d e n d r i t e s   o f   t h e   p y r a m i d a l  c e l l s .  It a p p e a r s   t h a t   a t  a 
low level o f   r e t i c u l a r   f o r m a t i o n   a c t i v i t y   t h e r e  i s  a s u b l i m i n a l   e x c i t a b i l i t y  
i n c r e a s e   i n   t h e   p y r a m i d a l  c e l l .  A t  h igher  levels  o f   r e t i c u l a r   f o r m a t i o n  
a c t i v i t y ,   t h e r e  i s  a r educed   co r t i ca l   ac t iv i ty   (69 ,   p .   437) ,   poss ib ly   a s  a 
r e s u l t   o f   t h e   i n t r a c o r t i c a l   i n h i b i t o r y   i n t e r n e u r o n s .  

There i s  a second  mechanism  which  can  be  suggested a s  a means of  modify- 
ing   the   pyramidal  c e l l ' s  a c t i v i t y   s o   t h a t  i t  responds   to  a more  complex  and 
spec i f i c   ca t egory   o f   s enso ry   i npu t .   Th i s  i s  a recycl ing  of   the  pyramidal  
c e l l s '  outputs   back  through  the c e l l s  ( t h a t  i s ,  i t e r a t i v e   p r o c e s s i n g )   w i t h  
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add i t iona l   mod i f i ca t ion   occu r r ing   du r ing   each   cyc le .  The evidence  for   such 
a mechanism i s  weak, but  i t  i s  known t h a t   a n   i s o l a t e d   p i e c e  of c o r t e x  w i l l  
p roduce   rhy thmic   burs t s   o f   d i scharges  upon r e c e i v i n g  a s t i m u l a t i o n  (69, p. 
425). This   a l so   happens   i n   t he   i n t ac t   co r t ex   fo l lowing  a s i n g l e   s h o c k   t o   t h e  
connec t ing   nonspec i f ic   tha lamic   nuc le i  ( 9 6 ) ,  and t o  some e x t e n t   a t   t h e   v i s u a l  
cor tex   fo l lowing  a l i g h t   f l a s h   t o   t h e   r e t i n a  (99) .  Such a mechanism  might 
explain  the  comparat ively  long time r e q u i r e d   t o   p e r c e i v e  a complex s t imulus 
a s   be long ing   t o  a s p e c i f i c  complex category.  

(g) Habi tuat ion.  - After   the  nervous  system  has   categorized  the incom- 
ing  information  from  the  environment,  i t  i s  necessary  next   to   decide  whether  
t h i s  r e p r e s e n t s  new condi t ions   which   requi re  new a c t i o n s   o r  i s  simply a con- 
t inua t ion   of  a previous  condi t ion  and  can  be met  by a cont inua t ion   of   the  
previously  decided upon act ions.   For   example,  a hoop r o l l i n g   p a s t  w i l l  be 
s e e n   f i r s t   a s   a n   e l l i p s e ,   m o m e n t a r i l y   a s  a c i r c l e ,  and   then   aga in   as   an  e l -  
l i p s e ,  and a s   va ry ing   s i zes   and   o r i en ta t ions .   P re sumab ly ,   t he   p rocesses   o f  
ca tegor iza t ion   of   the   form  descr ibed   prev ious ly  w i l l  s imply  be  s ignal ing 
I 1  c i r c l e  moving p a s t   a t   c o n s t a n t   v e l o c i t y " .  

There   ex is t   in   the   nervous   sys tem  var ious  mechanisms for   determining 
whether   the  information  s ignaled by a neuron i s  n o t   r e a l l y  new information 
and t h e r e f o r e  i s  a redundant   s igna l .   Habi tua t ion   of  a neuron i s  the   r educ t ion  
i n  i t s  response   to  a given  s t imulus upon r e p e t i t i o n  of tha t   s t imulus ;   and  
provides a mechanism fo r   r educ ing   r edundancy   i n   t he   s igna l s .  

A "sameness   detector"   cel l   has   been  found  in   the  opt ic   tectum  of   the 
f r o g  (100). It i s  s i l e n t   u n t i l   a n   o b j e c t  i s  b r o u g h t   i n t o   t h e   r e c e p t i v e   f i e l d  
and  then  the c e l l  f i r e s  a burst   of  impulses  whenever  the  object shows angular  
o r   l i n e a r   a c c e l e r a t i o n   o f  i t s  movement. The c e l l   c o n t i n u e s  a s teady  mutter-  
i ng   o f   impu l ses   a s   l ong   a s   t he   ob jec t   r ema ins   i n   t he   v i sua l   f i e ld .   I f  a 
s econd   ob jec t   en t e r s   t he   v i sua l   f i e ld ,   t he   ce l l   m igh t   l a t ch   on to   t he   s econd  
object   and  then would ignore   changes   i n   mo t ion   o f   t he   f i r s t   ob jec t  and only 
report   changes  in   motion  of  t h e  second  ob jec t .   I f   the   second  ob jec t  was held 
s t i l l  fo r   awh i l e ,   and   t he   f i r s t   ob jec t  moved, t he  c e l l  would then   la tch   back  
o n t o   t h e   f i r s t   o b j e c t .  I t  would seem t h a t   t h e   f u n c t i o n   o f   t h e   c e l l  i s  t o  
keep  track  of  whatever i s  t h e  most a c t i v e l y   c h a n g i n g   o b j e c t   i n   t h e   v i s u a l  
f i e l d .  

A "newness de t ec to r "   ce l l   a l so   has   been   found   i n   t he   op t i c   t ec tum  o f  t h e  
f rog .  It  has a r e c e p t i v e   f i e l d   a b o u t  30' i n   d i a m e t e r .   I f   a n   o b j e c t  i s  moved 
along a pa r t i cu la r   d i ame te r   o f   t he   r ecep t ive   f i e ld   i n   one   d i r ec t ion ,  i t  evokes 
a r e sponse ;   bu t ,   r epea t ing   t ha t  movement over   the same p a t h   i n  less t h a n   f i v e  
to   ten  seconds  br ings  no  response.  Even wi th  a 20 second  delay  to   the  second 
s t imulat ion,   the   second  response i s  much reduced  below  the f i r s t .  However, 
i f   t h e   o b j e c t  i s  moved a t  90' with respect t o   t h e   f i r s t   p a t h ,   t h e r e  i s  a f u l l  
response.  Both paths  can  be  adapted  within  one  second,  whereupon a t h i r d  
movement a long   any   d i rec t ion  w i l l  not  be e f f ec t ive   fo r   t he   nex t   t en   s econds .  
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7 .  Evalua t ion   of   Input   Informat ion  - 
' Subgoa l s '   a s   H ie ra rch ica l   En t i t i e s  

After having  categorized  the  input  information  from  the  environment  and 
eva lua ted  i t s  novel ty ,   the   nervous  system  must   next   decide  the  re levance  of  
t h i s   i n fo rma t ion   fo r   t he   a t t a inmen t   o f   t he   subgoa l s   hav ing   t he   h ighes t   p r i -  
o r i t y   a t   t h a t  moment. I n   t h i s   e v a l u a t i o n ,   i n f o r m a t i o n   a s   t o   t h e   i n t e r n a l  
s t a t e   o f   t he   o rgan i sm  mus t   a l so   be   cons ide red .  

(a )   Ass ignment   0 f"pr ior i t ies   to   subgoals .  - A t  any   ins tan t   the   o rganism 
has   one   o r  more tasks   which i t  i s  t ry ing   t o   pe r fo rm.  One  may r e f e r   t o   s u c h  
t a s k s   a s   s u b g o a l s ,  since t h e y   a r e   o n l y   p a r t   o f   t h e   b e h a v i o r   i n v o l v e d   i n   t h e  
ove ra l l   goa l   o f   su rv iva l   o f   t he  species ( i . e . ,  they ex i s t  w i th in  a h i e r a r c h i -  
c a l   s t r u c t u r e ) .  Each   subgoa l   can   have   d i f f e ren t   p r io r i t i e s   w i th   r e spec t   t o  
other   subgoals   and  each  can  have  cer ta in   per iods  within  which  that   subgoal  
must  be  achieved. For example, a hungry  animal  might  have  several  days i n  
which t o   l o c a t e  food  and i n g e s t  i t .  On the   o ther   hand ,  a person i n   t h e   p a t h  
of  an  approaching  car may have  only a f r a c t i o n   o f  a second i n  which t o  meet 
t he   subgoa l   o f   ge t t i ng   ou t   o f  i t s  way.  Obviously, a hungry  person i n   t h e   p a t h  
o f   t h e   c a r  w i l l  a s s i g n  a h i g h e r   p r i o r i t y   t o   a v o i d i n g   t h e   c a r   t h a n   t o   g e t t i n g  
food,  and w i l l  n o t   s t o p   t o   p i c k  up the   p iece   o f   food   ly ing   on   the   road   in  
f ron t   o f   t he   app roach ing   ca r .  

Note t h a t   s e v e r a l   t y p e s  of s e n s o r y   i n f o r m a t i o n   a r e   u s e d   i n   e s t a b l i s h i n g  
t h e s e   s u b g o a l s   a n d   t h e i r   p r i o r i t i e s .  The subgoal  of  hunger  might  depend  upon 
s t imu la t ion   o f   pa in   r ecep to r s   i n   t he   s tomach ,  upon r e c e p t o r s   i n   t h e   b r a i n  
which  are   s t imulated  by a  low l eve l   o f   g lucose   i n   t he   b lood   and  upon a c t i v a -  
tion  of  hormonal  mechanisms. The subgoal  of  avoiding  an  approaching  car  de- 
pends  upon v i s u a l  and  auditory  inputs  which  must go  through a g rea t   dea l   o f  
c a t e g o r i z a t i o n   f o r  t h e  o r g a n i s m   t o   b e   a b l e   t o   r e c o g n i z e   t h a t   t h a t   p a r t i c u l a r  
s i t u a t i o n  i s  a dangerous  one  which  must  be  avoided  very  quickly. Such a sub- 
goa l  i s  a r a the r   sho r t l i ved   one ,   and   depends   en t i r e ly  upon in fo rma t ion   ca r -  
r i e d  by t h e  nervous  system. A subgoal   l ike  hunger  i s  a longer   l ived  one,   and 
depends  both  on  information  carr ied by the  nervous  system  and upon informa- 
t i o n   c a r r i e d  by the  hormonal  system. 

(b)  zhe~  reti-c~ul-ax..formatcon  of  the  vertebrate  brain.  - The ques t ion  
then  i s  w h a t   o r g a n i z a t i o n a l   s t r u c t u r e   i n   t h e   b r a i n  receives a l l   t h e s e   d i f -  
f e r en t   t ypes   o f   i npu t s   and   can   co r re l a t e  them t o   e s t a b l i s h   t h e   s u b g o a l .  The 
r e t i c u l a r   f o r m a t i o n  meets t h i s   c r i t e r i o n .  I t  c o n s i s t s   o f  a cen t r a l   co re   o f  
neu rons   l y ing   i n   t he   sp ina l   co rd ,   b ra ins t em  and   t he   midbra in .  The lower two 
t h i r d s   o f   t h e   r e t i c u l a r   f o r m a t i o n ,   c a l l e d   t h e   b r a i n s t e m   r e t i c u l a r   f o r m a t i o n ,  
receives inputs   f rom  per iphera l   receptors .   These   sensory   inputs   have  re -  
mained l i t t l e - c a t e g o r i z e d .  I t  a l s o  receives l i t t l e - c a t e g o r i z e d   i n p u t s   f r o m  
t h e   v i s c e r a l   r e c e p t o r s .  

The uppe r   t h i rd  of t h e   r e t i c u l a r   f o r m a t i o n   i n   t h e   h e a d  i s  c a l l e d   t h e  
t h a l a m i c   r e t i c u l a r   f o r m a t i o n .  I t  receives inputs   f rom  branches  of   the   nerve 
f ibers   tha t   supply   ca tegor ized   in format ion   ( f rom  sensory   sys tems  se rved  by 
t h e   p e r i p h e r a l   r e c e p t o r s ;   a t   t h e   s k i n ,   m u s c l e s ,   a n d   j o i n t s )   t o   t h e   s o - c a l l e d  
spec i f i c   nuc le i   i n   t he   t ha l amus .   These   nuc le i   fu r the r   ca t egor i ze   t he   i n fo rma-  
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t ion  and  send i t  on t o   t h e   c e r e b r a l   c o r t e x   f o r  s t i l l  f u r t h e r   c a t e g o r i z a t i o n .  
It  a l s o  receives i n p u t s  from t h e   b r a i n s t e m   r e t i c u l a r   f o r m a t i o n  (101). 

mation, - The r e t i c u l a r   f o r m a t i o n   o f   t h e  
t h a l a m u s   d i f f e r s   i n   o r g a n i z a t i o n a l   p a t t e r n   a n d   f u n c t i o n a l   r o l e   f r o m   t h e  re- 
mainder   o f   the   re t icu lar   format ion .  I t  i s  p a r t i a l l y   i s o l a t e d  from  the re- 
t i c u l a r   s t r u c t u r e s  of t h e  lower two- th i rds   o f   the   b ra ins tem.  I t ,  much l i k e  
the   l ower   r e t i cu la r   fo rma t ion ,   cons i s t s   o f  a g roup   o f   dendr i t i c   f i e lds  
s t a c k e d   l i k e  a p i le   o f   ch ips   a long   the   long   ax is .   Ascending   axons   f rom  the  
p o s t e r i o r   t w o - t h i r d s   o f   t h e   b r a i n s t e m   r u n   r o u g h l y   p a r a l l e l   t o   t h i s   s y s t e m  
and  provide  one  of i t s  most   important   sources   of   inputs .  I t  a l s o  receives 
many inputs   of   branches of a x o n s   f r o m   t h e   f i b e r   t r a c t s   t h a t   c a r r y   c a t e g o r i z e d  
sensory   in format ion   toward   the   cerebra l   cor tex .  The r e t i c u l a r   f o r m a t i o n  re- 
ceives d i r e c t l y   s i g n a l s  f rom  the  sensorimotor   and  adjacent   port ions  of   the  
c e r e b r a l   c o r t e x .  It a l s o  receives s i g n a l s  f rom  the   ce reb ra l   co r t ex   v i a   t he  
nuc le i   o f   the   l imbic   sys tem.   There   a re   a l so   input   connec t ions   f rom  the  cere- 
be 1 lum. 

The r e t i c u l a r   f o r m a t i o n   h a s   o u t p u t s   t o   a d j a c e n t   n u c l e i   s u c h   a s   t h e  
v e n t r a l - a n t e r i o r   n u c l e u s   r e t i c u l a r i s   t h a l a m i .  The l a t t e r   n u c l e u s  i s  a s h e l l  
o f   neu rons   su r round ing   t he   t ha l amic   r e t i cu la r   fo rma t ion   on  i t s  upper   three 
s ides   so   t ha t   a l l   t he   connec t ions   f rom  the   t ha l amus   mus t  go t h r o u g h   t h i s  
nucleus.  I t  i s ,   a c c o r d i n g l y ,   i n  a c r i t i c a l   p o s i t i o n   t o   m o n i t o r  and  modulate 
most  thalamus-to-cortex  and  cortex-to-thalamus  interactions.  Most o f  i t s  
outputs   are   dis t r ibuted  to   the  thalamus  and  to   the  mesencephal ic   tegmentum, 
p rov id ing   f eedback   l oops   t o   t he   en t i r e   r e t i cu la r   fo rma t ion .  

( 2 )  Ret icu lar   format ion   of   the   b ra ins tem.  - The dendr i t e s   o f  
r e t i c u l a r   c o r e  c e l l s  appear   to   be   re la t ive ly   s t ra ight ,   long ,   and   unbranched .  
Such dendr i t e s   sp read  l i t t l e  a long   t he   l ong-   ax i s  of the   b ra ins tem,   bu t   spread  
ou t   g rea t ly   ac ross   t he   t r ansve r se   ax i s   o f   t he   b ra ins t em.  The appearance  of 
t h e   d e n d r i t i c  t rees  has   been  l ikened  to  a s tack  of   poker   chips .   Thus,   each 
p a r t i c u l a r   r e t i c u l a r   f o r m a t i o n  c e l l  l o o k s   a t   o n l y  a l imi t ed  series o f   i n p u t s  
from a s i n g l e  level  a long  the  input   cont inuum  of   the  brainstem's   long  axis .  
Each o f   t he   pa r t i cu la r   neu rons   can   be   t hough t   o f   a s   r ece iv ing  i t s  own p a r t i -  
cular   sampling  of   the many d i f f e r e n t   i n p u t s   t o   t h e   r e t i c u l a r   f o r m a t i o n ,   a n d  
o f   ac t ing   a s   an   i n t eg ra t ing   subcen te r   upon   t h i s   pa r t i cu la r   combina t ion .  

The r e t i cu la r   fo rma t ion   o f   t he   b ra ins t em may be  thought   of   as   overseeing 
a l l  incoming  and  outgoing  information-carrying  systems. The e v o l u t i o n a r i l y  
o lder   sys tems  tha t   car ry  less  we l l - ca t egor i zed   i n fo rma t ion   a r e  more thoroughly 
represented  than  the  newer , more ca tegor ized ,   in format ion   input   sys tems.   This  
sugges t s   t ha t   i n fo rma t ion   w i th  a h igh   degree   o f   locus   and   ca tegor iza t ion  i s  
n o t   c r u c i a l   t o   t h e   o p e r a t i o n   o f   t h e   b r a i n s t e m   r e t i c u l a r   f o r m a t i o n .  

( 3 )  Reticular   control   of   sensory  in=% - The r e t i c u l a r   f o r m a t i o n  
of   the  brainstem i s  a b l e   t o   b l o c k  by inh ib i t i on   t he   ca t egor i zed   s enso ry   i npu t s  
t o   t h e   b r a i n  (69 ,  102,  103, 104). It w i l l  do t h i s   f o r  a given  type  of   sen-  
s o r y   i n p u t   i f   t h a t   i n p u t ' s   s i g n a l  i s  simply a r e p e t i t i o n   o f   p r e v i o u s   i d e n t i c a l  
s i g n a l s   ( h a b i t u a t i o n ) .  It w i l l  a l s o  do t h i s   i f   t h e   s i g n a l s   a r r i v i n g  from 
o the r   t ypes   o f   s enso ry   i npu t s   a r e   j udged   t o   r equ i r e  more a t t e n t i o n  by the  
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organism. The u s u a l  example  of t h i s  i s  t h a t   t h e  evoked o t e n t i a l s  (massed 
d ischarge   o f   input   neurons)   measured   in   the  l a t e r - u h s p i n a l  cord 
i n  response t o  t a c t u a l   s t i m u l a t i o n ,   a n d   a l s o   t h e   d i s c h a r g e   o f   t h e   c o c h l e a r  
n e r v e   i n   r e s p o n s e  t o  sound ,   a r e   bo th   d imin i shed   i n  a c a t  when t h e   c a t  i s  a t -  
t e n t i v e l y   s n i f f i n g  a f i s h   o d o r .  The mechanism o f   t h i s   i n h i b i t i o n   h a s   b e e n  
shown i n  some c a s e s   t o   b e   p o s t s y n a p t i c   i n h i b i t i o n   a t   t h e   f i r s t   s y n a p s e  
(between  receptor  and  neuron)  of  the  sensory  pathway.  There i s  a l so   ev idence  
t h a t   t h i s   i n h i b i t i o n   c a n   a c t   a t   t h e   s e c o n d   s y n a p s e   o f   t h e   s e n s o r y   i n p u t   c h a i n .  
The l a t t e r   i n h i b i t i o n  i s  general ly   produced by a c t i v a t i o n   o f   t h e   t h a l a m i c  
r e t i c u l a r   f o r m a t i o n .  

C o r t i c a l  evoked p o t e n t i a l s   a r e  more prominent   during  deep  anaesthesia  
than   du r ing   l i gh t   anaes thes i a ;   t he re  i s  a marked f a c i l i t a t i o n   i n d u c e d  by 
ba rb i tu ra t e   anaes the t i c s .   S imul t aneous ly   t he   s enso ry   s igna l s   a long   t he   i n -  
coming categorized  sensory  pathways  are  enhanced. The conclusion i s  t h a t  
barb i tura te   anaes thes ia   reduces   the   inh ib i tory   in f luences   which   normal ly  
act   during  wakefulness  upon  the  incoming  sensory  pathways.   Habituation i s  
found t o  be released  and  prevented by t h e s e   a n a e s t h e t i c s .  

I f   t h e   e x c i t a t i o n  f r o m   t h e   t h a l a m i c   r e t i c u l a r   f o r m a t i o n   t o   t h e   c e r e b r a l  
c o r t e x  i s  b locked ,   the   an imal   t ends   to  go to   s l eep .   Th i s   can   occu r  by i n h i -  
b i t i o n   o f   t h e   t h a l a m i c   r e t i c u l a r   f o r m a t i o n   v i a   a c t i v i t y   o f   t h e   b r a i n s t e m  
re t i cu la r   fo rma t ion .  I t  can   a l so   occu r   a s  a r e su l t   o f   ba rb i tu ra t e s   wh ich  
a c t   d i r e c t l y   o n   t h e  c e l l s  o f   t ha l amic   r e t i cu la r   fo rma t ion .  I t  can  be  con- 
c luded   t ha t   exc i t a t ion   f rom  the   t ha l amic   r e t i cu la r   fo rma t ion   t o   t he   ce reb ra l  
c o r t e x  i s  necessary   to   main ta in  a w a k e f u l   s t a t e   i n  which   the   cor tex  w i l l  
r e spond   t o   t he   i ncoming   s enso ry   s igna l s .   Pa r t   o f   t h i s   exc i t a t ion  seems t o  
r e s u l t  f rom  recogni t ion  of   the  novel ty   or   sudden  change  of   the  sensory  input .  
This  i s  s i g n a l l e d  by a l a r g e   i n c r e a s e   i n   c o r t i c a l   s e n s i t i v i t y   t o   t h a t   p a r -  
t i c u l a r   i n p u t ,   t h i s   i n c r e a s e   b e i n g   c a l l e d   t h e   o r i e n t i n g   r e f l e x .   H a b i t u a t i o n  
occur s   fo r   t hose   s enso ry   i npu t s   wh ich   a r e   r epe t i t i ons   o f   t he   p rev ious   i npu t s .  

While hab i tua t ion   t o   ca t egor i zed   s enso ry   i npu t s  i s  c o n t r o l l e d  by t h e  
t h a l a m i c   r e t i c u l a r   f o r m a t i o n ,   t h e r e  i s  much ev idence   tha t   the   b ra ins tem 
r e t i c u l a r   f o r m a t i o n  i s  a l so   capab le   o f   caus ing   hab i tua t ion   o f   va r ious   s enso ry  
i n p u t s .  Most h a b i t u a t i o n  i s  l o s t   i f   t h e   l a t t e r   s t r u c t u r e  i s  damaged. I t  
has   been   found   t ha t   l e s ions   a t   each  level  i n   t h e   b r a i n s t e m   r e t i c u l a r   f o r m a t i o n  
have mre e f f e c t   ( r e d u c e d   i n h i b i t i o n  and hab i tua t ion )   on  a p a r t i c u l a r   t y p e   o f  
sensory   input   than   on   the   o ther   types   o f   sensory   input .   This  i s  thought   to  
r e s u l t  f rom  the  neurons  in   each  region  of   the  brainstem  connect ing  predomi-  
n a n t l y   w i t h  one  type  of   sensory  input .  

H a b i t u a t i o n   c a n   a l s o   o c c u r   a t   l o w e r  levels i n   t h e   r e t i c u l a r   f o r m a t i o n .  
Fo r   example ,   hab i tua t ion   t o   t ac t i l e   s t imu l i   has   been   obse rved   i n   t he   i so l a t ed  
s p i n a l   c o r d .  The h a b i t u a t i o n   c o n t r o l l e d  by the   b ra ins t em  r e t i cu la r   fo rma t ion  
a c t s   i n   a d d i t i o n   t o   o r   v i a   s u c h  a l o c a l   h a b i t u a t i o n  mechanism. 

A s  would  be expected,  se lec t ive  f a c i l i t a t i o n   o f  one  sensory  input  i s  
o f t e n  accompanied  by  the select ive i n h i b i t i o n  of o the r   t ypes   o f   s enso ry   i npu t s .  
Fo r   example ,   e l ec t r i ca l   s t imu la t ion   o f   t he   b ra ins t em  r e t i cu la r   fo rma t ion   i n -  
h i b i t s   t h e   a c t i v i t y   o f   l a t e r a l   g e n i c u l a t e   n e u r o n s  (105). 
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( 4 )  Rapid i ty   o f   s enso ry   i npu t   t o   t he   r e t i cu la r   fo rma t ion .  - The 
va r ious   sp ina l   t r ac t s   wh ich   ca r ry   p rop r iocep to r ,   cu t aneous   r ecep to r ,   and  
j o i n t   r e c e p t o r   i n f o r m a t i o n   t o   t h e   c e r e b e l l u m   a l s o   s e n d   s u c h   i n f o r m a t i o n   t o  
the  re t icular   formation,   and  have a cont inuous  background  act ivi ty  of  25-30 
impulses p e r  second (106). The vagus   nerve   a l so   sends   v i scera l   sensory   in -  
formation  to   the  midbrain  and  the  re t icular   formation,   and  has  a continuous 
and   inherent   ra te   o f   impulse   ac t iv i ty   o f   very   c lose   to  28 per  second (107) .  
Such r ap id   r a t e s   o f   con t i . nuous   ac t iv i ty   a l low,  by modulation of t h a t   r a t e   o r  
of   the  summed ampl i tude   o f   t he   ac t ion   po ten t i a l s ,  a means of   rapidly  inform- 
ing   t he   r e t i cu la r   fo rma t ion   o f   any   i nc reases   o r   dec reases   i n   s enso ry   ac t iv i ty  
throughout t h e  body. 

(5)  Hormonal modulation of r e t i c u l a r   f o r m a t i o n   a c t i v i t y . .  - It  has 
been  found t h a t  t h e  t h r e s h o l d   f o r   a c t i v a t i o n   o f  t h e  r e t i cu la r   fo rma t ion   d rops  
p r e c i p i t o u s l y   a t   f u l l   e s t r u s  and becomes two t o   t h r e e  times higher   during  the 
non-estrus  days  of t h e  animal.’s  sexual  cycle.  On t h e  bas i s   o f   t h i s   and   o the r  
evidence, i t  has  been  proposed  that   the hormones  and the  sensory  input   both 
a c t  upon the   r e t i cu la r   fo rma t ion   t o   ma in ta in  a s t a t e   t h a t   l e a d s   t o   t h e   i n i t i a -  
t i on   o f   i n s t inc tua l   behav io r   (103) .  

(6)  Cycl ic  phenomena. - In   abou t  80 pe r   cen t   o f   t he   r e t i cu la r   neu -  
rons whose e l e c t r i c a l   a c t i v i t y  was t e s t e d ,   t h e r e  was a succession  of   per iods 
du r ing   wh ich   t he   ce l l s   appea red   a l t e rna te ly   s ens i t i ve   t o   s enso ry  bombardment 
from  the  external  milieu  (mild  shocks  to a l eg   ne rve ,   t he   s c i a t i c )   and   f rom 
t h e   i n t e r n a l   m i l i e u ,   a s   e x e m p l i f i e d  by rhythms w h i c h  fo l lowed  the   resp i ra tory  
c y c l e   ( 1 0 1 ) .   D u r i n g   t h e s e   r e s p i r a t i o n - s e n s i t i v e   p e r i o d s ,   t h e   r e t i c u l a r   n e u -  
rons  were  completely  insensi t ive  to   s ignals   f rom  the  per ipheral   receptors .  
S i m i l a r l y ,   d u r i n g   t h e   s c i a t i c - s h o c k - s e n s i t i v e   p e r i o d s ,   n o   t r a c e s   c o u l d   b e  
seen   o f   t he   e f f ec t s  of v i s c e r a l   a c t i v i t y .  Each neuron seemed to   fo l low a 
unique   tempora l   pa t te rn   wi th   the   per iods   ranging   in   genera l   f rom  one   ha l f   to  
three  hours.   There was no d i s c e r n i b l e   r e l a t i o n   o f   t h e s e   p e r i o d s   t o   s l e e p -  
wakefulness   cycles   nor   were  there   indicat ions of  genera l   phys io logica l   changes  
accompanying  the  changing  of   sensi t ivi ty .  

One sugges t ion   t o   exp la in   t hese   cyc l i c  phenomena has   been  that   the   pre-  
synapt ic   inputs   to   the   neurons   a re   be ing   manipula ted  by a population  of  pace- 
maker neu rons   t ha t   pe r iod ica l ly   change   t he   s ens i t i v i t i e s   a t   t he   synapses   f rom 
the   d i f fe ren t   sensory   sources .   Another   sugges t ion   has   been   tha t   the   input  
s ens i t i v i t i e s   o f   t he   r e t i cu la r   neu rons   a r e   be ing   changed  by i n t e r a c t i o n   w i t h  
the   o l igog l i a   ce l l s   ( connec t ive   t i s sue   ce l l s   found   i n   t he   ne rvous   sys t em)  
which  surround  them,  and  which  have  been shown to  receive  branches  f rom  the 
same inpu t   neu rons   t ha t   connec t   t o   t he   r e t i cu la r   neu ron .  A t h i rd   sugges t ion  
i s  t h a t   t h o s e   l o c a l   a r r a y s   o f   r e t i c u l a r   c e l l s  whose informat ion   input  i s  of  
a more b io logica l ly   u rgent   na ture   than   tha t   o f   the   ad jacent   g rouping  of c e l l s  
t ake   ove r   con t ro l   o f   t he   s ens i t i v i ty   o f   t hose   ne ighbor ing   ce l l s   t o   t he   va r -  
ious   types   o f   input   s igna ls   (101) .  (We can  add a fourth  suggest ion  which i s  
t h a t  t h e  c y c l i c   a c t i v i t y   r e p r e s e n t s  a mechanism f o r   s e l e c t i n g  from t h e  v a r i e -  
t i e s  of   sensory  inputs   only  those  which  are   re levant   to   the  subgoals   of   the  
o rgan i sm  a s   o f   t ha t   i n s t an t .  The t ime  per iods  over   which  an  organism  s t icks  
t o  a given  subgoal seem t o   t i e   i n   w i t h   t h e   v i s c e r a l   s t a t e s   o f   t h e   o r g a n i s m  
and f i t   t h e  t ime  periods  of t h e  various  hormonal  control  systems.  This would 
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be c o n s i s t e n t   w i t h   t h e   p e r i o d s   o f   o n e   h a l f   t o   t h r e e   h o u r s   o b s e r v e d   i n   t h e  
r e t i cu la r   neu rons .   The re fo re ,   one   can   sugges t   t ha t   t he  hormonal  system may 
a c t ,   p o s s i b l y   v i a   t h e   b l o o d   s t r e a m ,   t o   c h a n g e   t h e   r e l a t i v e   e f f e c t i v e n e s s   o f  
t he   synapses   on   t he   r e t i cu la r   neu rons   f rom  the   d i f f e ren t   t ypes   o f   s enso ry  
i n p u t s .  A check   on   t h i s   no t ion  would  be t o  see whe the r   r e t i cu la r   neu rons  
which were f a i r l y  wel l  s epa ra t ed   f rom  each   o the r   i n   t he   b ra ins t em showed 
s i m u l t a n e o u s   a l t e r a t i o n s   o f   t h e i r   s e n s i t i v i t y   t o   p a r t i c u l a r   t y p e s   o f   s e n s o r y  
i n p u t s .  ) 

8. Output  Systems 

The cent ra l   nervous   sys tem  has   th ree  main branches;  the  sympathetic  and 
parasympathet ic   nervous  systems,   which  together  make up  the  autonomic  nervous 
system,  and  the  somatic  nervous  system. The somatic  system i s  primarily  con- 
ce rned   w i th   t he   s enso ry   i npu t s   f rom  the   r ecep to r s   i n   t he   sk in ,  t h e  muscles 
and j o i n t s  and  with  the  outputs  through  the  muscles.  The autonomic  nervous 
system  sends  outputs   to   and  controls   (a)   those  muscles   not   concerned  with 
p o s t u r e ,   a n d   ( b )   t h e   s e c r e t o r y   a c t i v i t y   o f  a number of g lands .  

The autonomic  systems  are   usual ly   spoken  of   as   having  no  sensory  func-  
t i o n ,   b u t   t h i s   n o t i o n  i s  be ing   i nc reas ing ly   cha l l enged ,   pa r t i cu la r ly  by work 
of   the  East   European  neurophysiologis ts .  It has   been  found  that   the   extra-  
spinal   autonomic  nervous  system  can  t ransmit   information  about   visceral   con-  
d i t i o n s   i n   t h e   p e l v i c   r e g i o n  on t o   t h e  level  of t h e  head  (108 , p .  2 0 7 ) .  
There i s  a l s o   e v i d e n c e   i n   t h e   l o w e r   v e r t e b r a t e s   t h a t   d u r i n g   e v o l u t i o n   a s   t h e  
s i z e   o f   t h e   c e r e b e l l u m   ( t h e   c e n t e r   i n   t h e   b r a i n   t h a t   c o o r d i n a t e s   a l l   m u s c u l a r  
a c t i o n s )   i n c r e a s e d ,  so d i d  i t s  connec t ions   wi th   the   t r igeminal   and   vaga l   nuc-  
l e i  and  the  hypothalamus.   Since  the  s ize  of the   cerebe l lum must  be r e l a t e d  
t o   t h e  amoun t   o f   s enso ry   i npu t ,   t h i s   sugges t s   t ha t   t he   t r i gemina l   and   vaga l  
nerves   o f   the   au tonomic   sys tem  a re   supply ing   sensory   inputs   to   the   cerebe l lum 
(108,  p.  290) .  More r e c e n t  work (107) has shown t h a t   t h e r e  i s  increased  
ac t iv i ty   o f   t he   vaga l   ne rve ,   even  when i t s  connec t ion   w i th   t he   b ra in  i s  c u t ,  
upon dis tent ion  of   an  animal 's   s tomach by i n f l a t i n g  a ba l loon   w i th in  i t .  The 
vagal   nerve seems t o   c o n n e c t   w i t h   r e c e p t o r s   i n  a g r e a t  many o f   t h e   v i s c e r a l  
t i s s u e s  and i t  seems t o  send   t h i s   i n fo rma t ion   t o  a number of   midbra in   s t ruc-  
t u r e s ,   i n c l u d i n g   t h e   r e t i c u l a r   f o r m a t i o n .  

(a)   Skeletal   muscle   control   system. - The major   output  by which a verte- 
b ra t e   an ima l   can   a f f ec t   t he   r e l a t ions   be tween  i t  and i t s  environment i s  move- 
ment.  This movement i s  brought  about by a c t i v a t i o n   o f   s k e l e t a l   m u s c l e s   ( t h e  
musc les   ac t ing   on   par t   o f   the   ske le ton) .  

The ske le ta l   musc les   a re   assembl ies   o f   musc le  c e l l s ,  each  connected  to  
a t   l e a s t  one   ne rve   f i be r ,  whose ac t iva t ion   evokes  a con t r ac t ion   o f   t he  mus- 
c l e  c e l l .  The nerve   f ibers   a re   the   axons   o f   (a lpha   type)   motoneurons ,  whose 
c e l l  b o d i e s   a r e   l o c a t e d   i n   t h e   s p i n a l   c o r d .  The mechan ica l   s t a t e  of each 
muscle i s  moni tored   by   severa l   types   o f   sensory   o rgans   (ca l led   p ropr ioceptors ) .  
They de tec t   such   quant i t ies   as   the   angles   o f   the   bones   forming  a j o i n t  (by 
t h e   R u f f i n i   e n d i n g s   i n   t h e   j o i n t ) ,   t h e   t e n s i o n   i n   t h e   m u s c l e ' s   a t t a c h m e n t   t o  
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a bone  (by the  Golgi   tendon  organs) ,   and  the  s t re tch  within  the  muscle  (by 
the  muscle   spindle) .  

Axons f r o m   t h e   p r o p r i o c e p t o r s   t e r m i n a t e   e i t h e r   d i r e c t l y   o r   v i a   i n t e r n e u -  
rons  onto  the  motoneurons i n   t h e   s p i n a l   c o r d .  The ac t iv i ty   o f   t he   mo toneurons  
can   be   modi f ied   by   ac t iv i ty   o f   the   p ropr ioceptors .  Change i n   p o s i t i o n   o r  
s t r e t c h   o f  a muscle   can  change  the  act ivi ty   of  i t s  proprioceptors   and  via   them 
change  the  act ivi ty   of   motoneurons  and  of   the  muscles   to   which  they  connect .  
Such  s imple  interact ions  are   termed  "ref lexes" .   For   example,   appl icat ion  of  
t e n s i o n   t o  a muscle  can by t h e   s t r e t c h   r e f l e x   i n c r e a s e   t h e   a c t i v a t i o n   o f   t h e  
motoneuron to   that   muscle   and  increase  the  tendency  of   the  muscle   to   contract .  
I n   t h i s  way the  muscle   opposes   the  increased  pul l   and  holds  i t s  j o i n t   f i x e d  
i n   p o s i t i o n .   T h i s   r e f l e x   p l a y s  a m a j o r   p a r t   i n   m a i n t a i n i n g  body pos tu re  
a g a i n s t   t h e   p u l l   o f   g r a v i t y .   F o r   f u r t h e r   d e t a i l s   o f   s u c h   r e f l e x   c i r c u i t s ,  
s ee   r e f e rence  i13.5). 

The output   o f  a muscle   spindle   for  a given  muscle  stretch  can  be  changed 
by  changing  (say, by  a neuronal  connection  from a b r a i n   c e n t e r )   t h e   a c t i v i t y  
of   the  (gamma type)   motoneuron   tha t   cont ro ls   the   cont rac t ion   of   musc le  c e l l  
wi th in   the   musc le   sp indle .   Changing   the   input   to   the  gamma motoneurons  of a 
musc le   changes   t he   musc le ' s   equ i l ib r ium  pos i t i on   i n   t he   s t r e t ch   r e f l ex .  The 
muscle  can  thus  be  used  as a remote-controlled  servomechanism,  with  control 
exer ted  by o t t - s r   r e f l e x e s   i n   t h e   s p i n a l   c o r d   o r  by t h e   b r a i n   c e n t e r s .  

The b r a i n   c e n t e r s   c o o r d i n a t e   m u s c l e   a c t i v i t i e s   o n   t h e   b a s i s   o f   s e n s o r y  
inputs ,   musc le   condi t ions  , body pos i t ion ,   and   des i red   subgoal .  The sensory 
inpu t s   i nc lude   t hose   f rom  ca t egor i zed   s enso ry   i npu t s   and   t he i r   fu r the r   ca t e -  
g o r i z a t i o n s  by t h e   c e r e b r a l   c o r t e x ,   a s  wel l  a s   u n c a t e g o r i z e d   i n p u t s .  The 
musc le   cond i t ions   a r e   s igna l l ed  by branch  axons  f rom  the  proprioceptors   to  
t h e   b r a i n .  Body p o s i t i o n  i s  s i g n a l l e d  by p ropr iocep to r s   o f   t he   j o in t s   and  
by s e n s o r s   o f :   t h e   d i r e c t i o n   o f   g r a v i t a t i o n a l   p u l l   ( o t o l i t h   o r g a n )   o f   i n n e r  
ea r ,   l i nea r   acce l e ra t ion   (o to l i t h   o rgan) ,   and   angu la r   acce l e ra t ions   ( s emi -  
c i r c u l a r   c a n a l s   o f   i n n e r   e a r ) .   T h e s e   l a t t e r   s e n s o r s   c o n n e c t   t o   t h e   v e s t i b u l a r  
nuc leus   o f   the   b ra in .  

V o l u n t a r y   a c t i o n s   a r e   p r o b a b l y   i n i t i a t e d   i n   t h e   f r o n t a l   c e r e b r a l   c o r t e x  
o r   o the r   a s soc ia t ion   a r eas   o f   t he   co r t ex ,   s en t   t o   t he   s enso r imoto r   co r t ex ,  
a n d   t h e r e   r e l a y e d   i n   g e n e r a l  terms o f   t h e   d e s i r e d   r e s u l t   t o   t h e   b a s a l   g a n g l i a .  
These   gangl ia   a re   the   headmost   cen ters   o f   an   evolu t ionar i ly   o lder   motor   con-  
t r o l  system. The b a s a l   g a n g l i a   r e i n t e r p r e t   t h e   g e n e r a l  terms i n t o   t h e   d e -  
t a i l e d  command rout ines   formulated by the   lower   cen ters   (bra ins tem  and   sp ina l  
cord) .  The r e t i cu la r   fo rma t ion ,   ce rebe l lum  and   ves t ibu la r   nuc le i  work a s  a 
c lose ly   co r re l a t ed   g roup   i n   t he   rou t ine   ma in tenance  of equilibrium  and  walk- 
i n g .  The cerebel lum  monitors   the  voluntary  muscle  movements and  modifies 
them t o   a t t a i n   t h e   d e s i r e d   r e s u l t s ,   s i g n a l l e d  i t  by the  cerebrum. More de- 
t a i l e d   d e s c r i p t i o n s   o f   t h e   s k e l e t a l   m u s c l e   c o n t r o l   s y s t e m   a r e   g i v e n   i n   r e f -  
erence clog). 

(b)   Cent ra l   cont ro l   o f   the   au tonomic  .system2- - The hypothalamus  has 
been  found t o  be   the   par t   o f   the   b ra in   which  exerts t h e   g r e a t e s t   c o n t r o l   o v e r  
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t h e  a c t i v i t i e s  of the  autonomic  nervous  system.  St imulat ion  of   var ious  par ts  
of   the   hypotha lamus   resu l t s   in   ac t iva t ion   of   the   au tonomic   sys tem.   S t imula-  
t i o n  of t he   ven t r a l   hypo tha lamus   r e su l t s   i n   ac t iva t ion   o f   t he   sympa the t i c  
system.  St imulat ion  of   the  anter ior   hypothalamus (more l i k e l y   o f   t h e  c e l l s  
j u s t  above   ( ros t r a l )  t o  i t )  causes   ac t iva t ion   of   the   parasympathe t ic   sys tem.  
S t imula t ion  of o t h e r   p a r t s  of t h e   b r a i n ,   s u c h   a s   t h e   c e r e b r a l   c o r t e x ,   c a n  
ac t ,   u sua l ly   v i a   t he   hypo tha lamic   r eg ion ,   t o   cause   ac t iva t ion   o f   t he   au to -  
nomic  nervous  system. 

(1) Sympathe t ic   cont ro l   o f   sensory   inputs .  - It has  been shown 
tha t   the   e lec t rodermal   response   (a l so   ca l led   the   psychogalvanic  skin response 
and   the   ga lvanic   sk in   response ,  E; a d e c r e a s e   i n   e l e c t r i c a l   r e s i s t a n c e   o f  
t h e   s k i n )   i n  humans i s  c l o s e l y   c o r r e l a t e d   w i t h   t h e   d e g r e e  of behaviora l  
a r o u s a l .  Both t h e  GSR and   a rousa l   a r e   i nc reased  by s t imula t ion   of   the  sym- 
pathet ic   nervous  system.  St imulat ion  of   the  sympathet ic   output   nerves   has  
been  observed t o  enhance   the   response   o f   such   receptors   as ,   touch ,   chemica l ,  
muscle  spindle,   and  gustatory.   (See  also  reference(110)).  A l l  o f   these   f ind-  
ings   a re   cons is ten t   wi th   the   idea   tha t   sympathe t ic   sys tem  enhancement   o f  
p e r i p h e r a l   s e n s o r y   i n p u t   m i g h t   p l a y   a n   a c t i v e   r o l e   i n   b e h a v i o r a l   a r o u s a l   o f  
ve r t eb ra t e   an ima l s .  

( 2 )  Sympathet ic   system's   outputs .  - Each of   the  sympathet ic   output  
f i b e r s   c o n n e c t s   w i t h   e f f e c t o r  c e l l s  ( ce l l s  t h a t   c a r r y   o u t  some ac t ion ,   such  
a s  movement o r   s e c r e t i o n )   o v e r   f a i r l y   w i d e   r e g i o n s   i n   t h e   b o d y .  Cannon (111) 
gave   t he   gene ra l   ru l e   t ha t   ac t iva t ion   o f   t he   sympa the t i c   sys t em  p repa res   t he  
body f o r   i n c r e a s e d   a c t i v i t y   u n d e r  emergency cond i t ions .  It d o e s   t h i s  by re-  
ducing a l l   a c t i v i t i e s   t h a t  do  not   contr ibute   to   muscular   work;   for   example,  
by c o n s t r i c t i n g   t h e   b l o o d  vessels t o  t h e  viscera   and  thus  reducing t h e i r  
blood  supply,  by i n h i b i t i n g  movement o f   t h e   g a s t r o i n t e s t i n a l   t r a c t  (and  thus 
reducing  work  done i n   d i g e s t i o n )  and by i n h i b i t i n g  most g a s t r o i n t e s t i n a l  
g landular   secre t ion ,   thus   conserv ing   water   for   the   sweat ing   necessary   to   keep  
t h e  body temperature  down during  muscular   exer t ion.  I t  f a c i l i t a t e s   a l l   a c -  
t i v i t i e s  tha t   a id   muscu la r   e f fo r t ;   f o r   example ,  by i n c r e a s i n g   h e a r t   r a t e ,  by 
d i l a t i n g   t h e   b l o o d   v e s s e l s   t o   t h e   s k e l e t a l   m u s c l e s  so a s   t o   i n c r e a s e   t h e i r  
blood  supply,  by ac t iva t ing   t he   swea t   g l ands   so   a s   t o   keep  t h e  body cool ,  by 
d i l a t i n g   t h e   b r o n c h i o l e s  so a s   t o   i n c r e a s e   t h e   a i r   v e n t i l a t i o n   t o   t h e   l u n g s ,  
by c o n t r a c t i n g   t h e   s p l e e n  so a s   t o   f o r c e  more b l o o d   i n t o   c i r c u l a t i o n ,   a n d  by 
causing  secret ion  of   epinephrine  f rom  the  medul la   of   the   adrenal   gland.  The 
c e l l s   o f   t h e   a d r e n a l   m e d u l l a   a r e   s p e c i a l i z e d   n e r v e  c e l l s ,  much l i k e   t h o s e  
which make the  output   connect ions  of   the   sympathet ic   system. The ad rena l  
medul la 's  c e l l s  secrete  epinephrine  and  related  compounds,  much a s   t h e   r e g u l a r  
nerve c e l l s  do a t   t h e i r   t e r m i n a l   s y n a p s e s .   T h e s e  compounds a r e   r e l e a s e d   i n t o  
the   b lood   c i rcu la t ion   and   have  a number o f   e f f e c t s .  One o f   t h e   e f f e c t s  i s  t o  
a c t  on the   synapses   t ha t   t he   r egu la r   sympa the t i c   ou tpu t   neu rons   ac t iva t e ,   and  
p r o l o n g   t h e   a c t i v a t i o n   o f   t h e s e   e f f e c t o r  c e l l s .  The s e c r e t i o n s   a l s o   c a u s e  
t h e   r e l e a s e   i n t o   t h e   b l o o d   s t r e a m   o f   i n c r e a s e d  leve ls  o f   f r e e   f a t t y   a c i d s  and 
g lucose ,   and   ac t   on   ce r t a in  enzyme mechanisms t o   i n c r e a s e  oxygen  consumption 
and  energy  production i n   t h e  body. 

The sympathetic  system  also  has  continuous,   non-emergency  discharges  to 
many o t h e r   s t r u c t u r e s ,   s u c h   a s   t h e   h e a r t   a n d   t h e   p u p i l ,   c a u s i n g   i n c r e a s e d  
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h e a r t   r a t e ,  and d i l a t i o n  of t h e   p u p i l ,   a n d   a s s i s t i n g   i n   t h e i r   r e g u l a t i o n .  
Thus, i t  a c t s   a s  a genera l   a rousa l   sys tem  which   prepares   the  body f o r   r a p i d ,  
l a rge   responses .  

(3) Parasympathetic  system’s  outputs.  - The parasympathetic  system 
has i t s  n e r v e   f i b e r s   t e r m i n a t i n g   o n   e f f e c t o r  ce l l s  w i t h i n   r a t h e r   l i m i t e d  re- 
gions.  The a c t i o n s  of the  parasympathetic  system seem t o  be  more l o c a l i z e d  
than  those  of  the  sympathetic  system. I t s  output  synapses u s e  a c e t y l c h o l i n e  
a s   t he   chemica l   t r ansmi t t e r .  I t s  e f f e c t s   a r e   o f t e n   t h e  reverse of   those  of  
the  sympathetic  system. I t s  a c t i v i t y   c a u s e s   i n c r e a s e d   m o t i l i t y   i n  t h e  g a s t r o -  
i n t e s t i n a l   t r a c t ,   i n c r e a s e d   s e c r e t i o n  by t h e   d i g e s t i v e   g l a n d s ,  a slowing  of 
h e a r t   r a t e ,  and a c o n s t r i c t i o n   o f   t h e   p u p i l .  A l l  t h e s e   e f f e c t s   a r e   c o n t r o l l e d  
by the   c ran ia l   por t ion   o f   the   parasympathe t ic   sys tem.  The s a c r a l   p o r t i o n  
(near  the  lower  end  of t h e  sp ine )  i s  largely  concerned w i t h  t h e   e l i m i n a t i o n  
of   mater ia l   f rom  the  body.  I t s  ac t iv i ty   causes   con t r ac t ion   o f   t he   b l adde r  
and   i nh ib i t i on   o f   t he   u re th ra l   sph inc te r   t o   a l l ow  the   vo id ing   o f  unwanted 
f l u i d .  It causes   increased  tone  and  moti l i ty   of   the   colon,  so a s   t o   r e j e c t  
unwanted so l id   was t e .  The parasympathetic  system  has no connec t ions   to   the  
b lood   vesse ls   o f   ske le ta l   musc les .  

Thus,   the   parasympathet ic   system  prepares   the  body,   not   for   instant  
s t r e n u o u s   a c t i o n ,   b u t   f o r   g e t t i n g   o n   w i t h   t h e   o t h e r   a c t i v i t i e s   u t i l i z e d   i n  
surv iva l ,   such   as   d iges t ion ,   food-hunt ing .   In  a way, i t  coun te rac t s   t he  
sympathetic  system  and  allows  the body t o  s w i t c h  t o   n o n - s t r e n u o u s   a c t i v i t i e s .  

(c)  Maintenance  monitoring. - For  cont inued  operat ion  of   the  nervous 
system, t h e  physical   and  chemical   condi t ions  within i t  mus t  be maintained 
wi th in   t hose  limits which  allow t h e  neurons  to   funct ion.   Therefore ,   one would 
expec t   the   nervous   sys tem  to   conta in   receptors   to   moni tor   those   condi t ions   and  
connect ing  outputs   to   t r igger   needed  correct ions.   For   example,   one would 
expect   monitor ing  of   temperature ,   pressure,   g lucose  concentrat ion,  oxygen  con- 
cent ra t ion ,   and   carbon  d ioxide   concent ra t ion .  

(1)  Maintenance  monitoring by the  hypothalamus. - The hypothalamic 
nuclei   have  been shown to   con ta in   r ecep to r s   wh ich   a r e   s ens i t i ve   t o   chemica l  
and  physical   condi t ions  in   the  brain.   For   example,  t h e  f e e d i n g - s a t i e t y   c e n t e r  
of t h e  ventro- la teral   nucleus  has   been shown t o  have  receptors   which  are   ac-  
t i v a t e d  by g lucose   i n   t he   b lood   pas s ing   t h rough   t ha t   nuc leus .   ( I t  i s  our s u s -  
p i c i o n   t h a t   t h i s  i s  no t   pa r t   o f  t h e  r e g u l a r   c o n t r o l  mechanism o f   s a t i e t y  vs. 
f eed ing ,   bu t   i n s t ead  i s  one  of  the  maintenance  monitoring  mechanisms by w h i c h  
the   nervous   sys tem  ensures   tha t   the   b ra in  i s  suppl ied  with  the  physical   and 
chemica l   condi t ions   tha t   enable  i t  t o   f u n c t i o n .  Any time the   moni tors   ind i -  
c a t e   t h a t  one  of   those  condi t ions i s  approaching a dange r   l eve l ,   t he   r ecep to r s  
i n   t he   hypo tha lamic   nuc le i   ac t iva t e   t hose   nuc le i   t o   ac t   a s   ove r r ide   con t ro l s  
on the  normal  regulatory  systems so a s   t o   b r i n g   t h a t   c o n d i t i o n   b a c k   w i t h i n  
s a f e  limits. Thus, we suspec t   t ha t  t h e  blood  glucose  detectors   of   the  hypo- 
tha l amic   f eed ing - sa t i e ty   cen te r   a r e   ac t iva t ed   on ly  when the  blood  glucose 
l eve l   o f   t he   b ra in   beg ins   t o   app roach  a dangerously low l e v e l . )  

The hypothalamus  contains many other  maintenance  monitoring  systems. ~t 
seems t o   c o n t a i n   t e m p e r a t u r e - s e n s i t i v e   r e c e p t o r s ,   p r o b a b l y   i n   t h e   l a t e r a l   p o r -  
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t ions   o f   the   caudal   nuc le i   o f   the   hypotha lamus ,   which   moni tor   the   t empera ture  
o f   t he   b ra in .  They s ignal   the   need  for   increased  heat ,   which i s  accomplished 
by cons t r i c t ion   o f   t he   su r f ace   b lood   ves se l s ,  by e r e c t i o n   o f   t h e   s u r f a c e  
ha i r s   t o   p rov ide   i nc reased   t he rma l   i n su la t ion ,  by s h i v e r i n g   o f   t h e   s k e l e t a l  
musc les ,   and   by   an   increased   metabol ic   ra te   o f   the   ce l l s   th rough  the   re lease  
of thyroxin hormone. Nucle i   in   the   an te r ior   hypotha lamus  seem t o  be  respons- 
i b l e   f o r   g e t t i n g   r i d   o f   e x c e s s   h e a t ;   t h i s  i s  accomplished by d i l a t i o n   o f   t h e  
surface  blood vessels, and by sweat ing ,   to   increase   cool ing  by evaporat ion.  

It has   been   sugges ted   tha t   cer ta in   s t ruc tures   in   the   hypotha lamus   a re  
sens i t i ve   t o   changes   i n   t he   o smot i c   p re s su re   o f   t he   b lood .   These   s igna l   t he  
water   concent ra t ion   in   the   b lood ,   and   can   ac t   to   increase   th i s   water   concen-  
t r a t i o n  by s t imula t ing   dr inking   behavior   and   can ,  by a c t i n g   v i a   t h e   p i t u i t a r y ,  
cause  re lease  of  a hormone which   causes   the   k idneys   to   reduce   the i r   water  
l o s s   t o   t h e   u r i n e .  

(2)  Main-tenance  monitoringby-.pther  parts  of  the  brain.  - In   add i -  
t i on   t o   t hose   found   i n   t he   hypo tha lamus ,   o the r   impor t an t   mon i to r s   o f   t he  
bra in ' s   phys ica l   and   chemica l   condi t ions  a r e  found i n   t h e  medulla  of  the 
bra ins tem.   There   a re   receptors   in  t h e  medulla w h i c h  a r e   a c t i v a t e d  by a n   i n -  
c r eased   concen t r a t ion   o f   ca rbon   d iox ide   i n   t he   b lood ;   t hey ,   i n   t u rn ,   ac t iva t e  
moto r   cen te r s   t o   cause   i nc reased   r e sp i r a t ion .   Recep to r s   i n   t he   ca ro t id   a r -  
t e ry   (one   o f   the  main  blood  supplies  to t h e  bra in)   s igna l   changes   in   b lood  
p r e s s u r e   t o  a cont ro l   cen ter   in   the   medul la ,   which   then   ad jus t s  t h e  amplitude 
of hear t   cont rac t ions   and   the   d i la t ion   o f   the   b lood   vesse ls   th roughout  t h e  
body t o   r e s t o r e   t h e   b l o o d   p r e s s u r e   t o   t h e   a p p r o p r i a t e   l e v e l   ( 6 9 ,  p p .  5 2 7 - 5 4 8 ) .  

~~ 

9.  Coordination  of  the  Neural  and Hormonal Systems 

E t i o n  by the  hypothalamus. - I f  one  considers 
neuronal  and  the hormonal control   systems  regu-  

l a t e  body f u n c t i o n s ,  i t  i s  n o t   s u r p r i s i n g   t o   f i n d   t h a t   t h e r e   a r e   l a r g e   p a r t s  
of  both  systems  which  act   as  an  interface  between t h e  two t o   c o o r d i n a t e   t h e i r  
a c t i v i t i e s .  An exce l len t   in t roductory   rev iew  of  t h i s  i n t e r f a c e  i s  provided 
by Ganong (112),  and more e l abora t e   desc r ip t ions   can  be  found i n  books  on the  
sub jec t  (113). The ma jo r   i n t e r f ace  i s  between  the  hypothalamic  region  of t h e  
b ra in   and   p i tu i t a ry   r eg ion  (hypophysis) of  the  hormonal  system,  which i s  l o -  
cated  just   under   the  hypothalamic  region.  

(1) Direct n e u r o n a l   c o n t r o l   o f   t h e   p o s t e r i o r   p i t u i t a r y .  - There 
a r e  two groupings  of c e l l  bod ie s ,   t hepa raven t r i cu la r   nuc leus   and  t h e  supra-  
opt ic   nucleus,   in   the  hypothalamic  region  which  have  axons  that   run  through,  
and  end a t ,   t h e   p o s t e r i o r   p o r t i o n   o f   t h e   p i t u i t a r y  gland. When these  neurons 
a r e   s t i m u l a t e d ,   t h e y   r e l e a s e   c e r t a i n   p e p t i d e s   f r o m   t h e i r   t e r m i n a l s   i n   t h e  
pos t e r io r   p i tu i t a ry   d i r ec t ly   i n to   t he   cap i l l a ry   b lood   f l ow  th rough   t he   p i tu i -  
tary.   These  pept ides   include  oxytocin  and  vasopressin.   Oxytocin i s  known t o  
a f f e c t   t h e   l e n g t h  of t h e   e s t r o u s   c y c l e   o f   c e r t a i n  mammals, i n d u c e   l a b o r   i n  
pregnant mammals, and  induce  the  e ject ion  of   milk  f rom  the mammary glands.  
I t  has  been shown by l e s i o n s   i n   d i f f e r e n t   p a r t s   o f   t h e   h y p o t h a l a m i c   r e g i o n  
tha t   s t imula t ion   of   bo th   the   supraopt ic   and   paravent r icu lar   nuc le i   evokes  no 

~~ 
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e j e c t i o n .  Normal s t i m u l i   f o r   t h a t   n e u r o n a l   a c t i v i t y   a r e   s u c h   t h i n g s   a s   s u c k -  
l i n g   b y   t h e  young, of the  mother .   In  some s p e c i e s   d i s t e n t i o n   o f   t h e   v a g i n a  
i s  e f f e c t i v e .  It i s  thought  that   mechano-receptors a t   t h e s e  body su r faces  
a re   s t imu la t ed   and   conduc t   ac t iv i ty ,   poss ib ly   a long  a lemniscus  pathway. 
Their   exact   path  to   the  hypothalamic  region i s  n o t  known, though i t  i s  known 
t h a t   a t  many p o i n t s   i n   t h e   l i m b i c   c i r c u i t   ( e x p l a i n e d   l a t e r )   s t i m u l a t i o n  w i l l  
c ause   t he   r e l ease   o f   oxy toc in .  

Vasopressin,  which i s  a l s o   c a l l e d   a n t i d i u r e t i c  hormone, i s  produced by 
neurons i n   b o t h   t h e   p a r a v e n t r i c u l a r   a n d   s u p r a o p t i c   n u c l e i .  I t s  pr imary   e f -  
f e c t  i s  t o   c a u s e   r e s o r p t i o n   o f   w a t e r  by the   k idney   so   as   to   reduce   the  amount 
o f   w a t e r   i n   t h e   u r i n e .  A typ ica l   response   deve lops   s lowly   over   the   course   o f  
a few minu tes   and   pe r s i s t s   t en   t o   t h i r ty   minu te s .   La rge r   amoun t s   o f   vasopres -  
s i n   c a u s e  a r i s e  i n   t h e   a r t e r i a l   b l o o d   p r e s s u r e .  The normal   s t imul i   for   the  
r e l e a s e   o f   v a s o p r e s s i n   a r e   a n y   c h a n g e s   i n   t h e  body condition  which make t h e  
r e t en t ion   o f   wa te r   an   a id   t o   su rv iva l .   Fo r   example ,   vasopres s in  i s  r e l e a s e d  
in   an imals   which   a re   depr ived  of water ,  or upon a n   i n c r e a s e   i n   t h e   o s m o l a l i t y  
o f   t he   b lood   p l a sma   (p robab ly   de t ec t ed   by   r ecep to r s   i n   t he   ca ro t id   a r t e r i e s ) ,  
by hemorrhage t o   t h e   p o i n t   t h a t   t h e   a r t e r i a l   b l o o d   p r e s s u r e  i s  reduced  (prob- 
ab ly   de t ec t ed  by r e c e p t o r s   i n   t h e   c a r o t i d   a r t e r i e s ) ,  by hemorrhage t o   t h e  
p o i n t   t h a t   t h e   a r t e r i a l   b l o o d   p r e s s u r e  i s  reduced   (probably   ac t ing   v ia   recep-  
t o r s   i n   t h e   l e f t   a t r i a   o f   t h e   h e a r t ) .   I n c r e a s e d   b l o o d   p r e s s u r e  i s  known t o  
p r o d u c e   i n h i b i t i o n   o f   v a s o p r e s s i n   r e l e a s e .   P a i n f u l   s t i m u l i   c a n   c a u s e   v a s o -  
p r e s s i n   r e l e a s e   i n   t h e   a b s e n c e   o f   o t h e r   s t i m u l i .   S t i m u l a t i o n   o f   t h e   v a g u s  i s  
thought   to   cause   vasopress in   re lease .   Thus ,   there   a re   s t imula t ing   and   inh i -  
b i t i n g  pathways  via  somatic  and  visceral   nerves  through  pathways in t h e  medul- 
l a  and  the  pons  (both  being  regions  of  the  brainstem)  and some p o i n t s   i n   t h e  
l a t e r a l   r e t i c u l a r   f o r m a t i o n .  A number of   these  pathways  go  to   the  midbrain 
and   then   a re   re layed   to   the   hypotha lamus ,   where   s t imula t ion   of   the   paravent -  
r i c u l a r  and   sup raop t i c   nuc le i   causes   vasopres s in   r e l ease .  The osmola l i ty  re- 
ceptors  which t e s t  the  blood  f low coming v i a   t h e   c a r o t i d   a r t e r i e s   a r e   t h o u g h t  
t o  l i e  w i t h i n   t h e   f o l l o w i n g   p a r t s   o f   t h e   b r a i n :   m e d i a l   a n d   l a t e r a l   p r e o p t i c  
r eg ion ,   an t e r io r   hypo tha lamic   r eg ion ,   pa raven t r i cu la r   and   sup raop t i c   nuc le i  , 
central   medial   nuclei   and  the  dorsal   and  la teral   hypothalamic  regions.   Other  
p o r t i o n s   o f   t h e   b r a i n   a r e   a l s o   s t i m u l a t e d  by osmotic  changes,  but  need  not  be 
i n v o l v e d   i n   v a s o p r e s s i n   r e l e a s e .  

( 2 )  I n d i r e c t   n e u r o n a l   c o n t r o l   o f   t h e   a n t e r i o r   p i t u i t a r y .  - The 
median  eminence i s  t h a t   p o r t i o n   o f   t h e ~ b r a i n   w h i c h  l i es  be tween   t he   p i tu i t a ry  
gland  and  the  hypothalamus. Many blood vessels,  the   por ta l -hypophysea l  ves- 
- 9  sels  pass   through  the  median  eminence  and  divide  into  numerous  capi l lar ies .  
Nerve c e l l s  f rom  the  hypothalamus,   and  possibly  f rom  other   port ions  of   the  
b r a i n ,   t e r m i n a t e   t h e i r   a x o n s   o n   t h e   c a p i l l a r i e s   i n   t h i s   r e g i o n .  The c a p i l -  
l a r i e s ,   i n   t u r n ,   d r a i n   i n t o   t h e   b l o o d  vessels ( t h e   p o r t a l  vessels) which  pass 
i n t o   t h e   a n t e r i o r   l o b e   o f   t h e   p i t u i t a r y ,   a n d   t h e r e   d i v i d e   i n t o  many capi ' l -  
l a r y   l o o p s   w h i c h   i n   t u r n   d r a i n   i n t o   t h e   g e n e r a l   b l o o d   s t r e a m .  The evidence 
by now i s  ra ther   convinc ing   tha t   the   nerve  c e l l s  secrete ce r t a in   chemica l  
a g e n t s   i n t o   t h e   c a p i l l a r i e s   o f   t h e  median  eminence,  and  these  agents  pass 
a l o n g   t h e   p o r t a l  vessels t o   t h e   a n t e r i o r   p i t u i t a r y  where   they   ac t   on   cer ta in  
s e c r e t o r y  c e l l s  of t h e   p i t u i t a r y .  It  has   been   sugges ted   tha t   the   ana tomica l  
arrangements  of  the  blood vessels are   such  that   the   chemical   agents   f rom cer-  
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t a i n   n e u r o n s   a r e   c a r r i e d   o n l y   t o   p a r t i c u l a r   g r o u p s   o f  ce l l s  i n   t h e   p i t u i t a r y .  
S ix   d i f f e ren t   chemica l   agen t s ,   o r   f ac to r s   a s   t hey   a r e   ca l l ed ,   have   been   ex -  
t r a c t e d   t o   d a t e .  The f i r s t   f i v e   a c t   t o   c a u s e   t h e   r e l e a s e   o f   p a r t i c u l a r  her- 
mones by t h e   a n t e r i o r   p i t u i t a r y .  The s i x t h   a c t s   t o   i n h i b i t   t h e   r e l e a s e   o f  a 
p a r t i c u l a r  hormone  by t h e   a n t e r i o r   p i t u i t a r y .  These  hormones a r e   r e l e a s e d  
i n t o   t h e   g e n e r a l   b l o o d   s t r e a m   a n d   c i r c u l a t e d   u n t i l   t h e y   r e a c h   t h e  body c e l l s  
on  which  they  act .  

The s i x  chemica l   agen t s   (o f t en   ca l l ed   f ac to r s )  are ,  f i r s t ,   t h e   c o r t i c o -  
typ_p_in-releasing fac tor .   This   causes   the   re lease   f rom  the   p i tu i ta ry   o f   the  
ad renocor t i co - t rop ic  hormone (A=). ACTH causes   the   ou ter   sec t ion  of t he  
ad rena l   g l and   t o   r e l ease   i n to   t he   b lood   s t r eam hormones which   a re   p r imar i ly  
concerned   wi th   the   regula t ion   of   ce l lu la r   metabol i sm and r e s i s t a n c e   t o  
s t r e s s .  ACTH is a l so   necessa ry   fo r   t he   i n i t i a t ion   o f   mi lk   p roduc t ion   i n  
mammals, and f o r   t h e   n o r m a l   a b i l i t y  of  animals  to  learn  avoidance  responses.  
The second  neuronal   factor  is the   t hy ro t rop in - re l eas ing   f ac to r .  It causes 
t h e   r e l e a s e  from the  pi tui tary  of   the   thyroid-s t imulat ing-hormone (=). 
TSH causes   the   thyro id   g land   to   re lease  a hormone , thyroxine.  Thyroxine 
increases   the  oxygen  consumption,  increases  metabolic  rates , and  increases 
the   r e l ease  of s tored  glycogen  as   f ree   glucose  in   the  blood.   Thyroxine  acts  
on the  hypothalamus  to   reduce  the  thyrotropin-releasing  factor .   Thyroxine 
a l s o   a c t s  on t h e   a n t e r i o r   p i t u i t a r y   t o   r e d u c e   t h e   r e l e a s e  of TSH. Thus , 
t he re  is  a p a i r  of  feedback  loops  which  tend  to  keep  the  level of thyroxine 
in the  blood a t  a cons tan t   va lue  . 

The t h i r d   f a c t o r  i s  the  growth-hormone-releasing  factor  which  causes 
the   p i tu i t a ry   t o   r e l ease   g rowthxormone ,   a l so   ca l l ed   soma to t roph in  (z). 
STH i s  i n v o l v e d   i n   t h e   g e n e r a l   g r o w t h   o f   a l l   c e l l s   a n d   i n   r e g e n e r a t i o n  of 
damaged t i s s u e s .  I t  a l s o   c a u s e s   c e l l s   i n   t h e   i s l e t s  of  the   pancreas   to   re -  
l e a s e  a hormone, g lucagon,   which   increases   the   ra te   o f   re lease   in to   the   b lood  
of   s tored   g lucose .  The f o u r t h   f a c t o r  i s  t h e   f c l l i c l e - s t i m u l a t i n g  hormone 
f a c t o r  which   causes   the   an te r ior   p i tu i ta ry   to - re lease   the   fo l l ic le -a t ing  
hormone (z). FSH ac t s   t o   cause   g rowth   and   r e l ease   o f  ova by the   ova ry   i n  
the  female,   and  maintenance  of   the  formation  of   sperm  cel ls   in   the  male .  The 
f i f t h   n e u r o n a l   f a c t o r  i s  luteinizing-hormone-releasing  factor   which  causes  
t h e   p i t u i t a r y   t o   r e l e a s e  t h e   l u t e a l - s t i m u l a t i n g  hormone (E). LSH a c t s  on 

-___ ." . 

t he   co rpora   l u t ea   g l ands   i n   t he   ova ry   t o   cause  them t o   g r o w a n d   t o   s e c r e t e  
progesterone,   one  of   the  sex  cycle   control l ing  hormones.  

The s i x t h   n e u r o n a l   f a c t o r  i s  the   p ro l ac t in - inh ib i to ry   f ac to r   wh ich  
causes   t he   an te r io r   p i tu i t a ry   t o   r educe   t he  amount of p r o l a c t i n  hormone t h a t  
i t  r e l eases   i n to   t he   b lood .   P ro lac t in   i nduces  t h e  s e c r e t i o n   o f   m i l k   i n   t h e  
mammary glands.  

~-~ ~ 

( 3 )  Contro l   v ia   the  _ _ _ _ _ " _ ~  i n t e rmed ia t e  ~ l o b e   o f   t h e   p i t u i t a r y .  - It i s  
known tha t   i n   t hose   amph ib ians   and   r ep t i l e s  which are   capable   of   darkening - 
t h e i r  s k i n  when placed on a dark  background,  the hormone c o n t r o l l i n g   t h e   s k i n  
darkening i s  r e l eased   f rom  the   i n t e rmed ia t e   l obe   o f   t he   p i tu i t a ry   g l and .  The 
i n t e r m e d i a t e   l o b e ' s   a c t i v i t y  seems t o  be   cont ro l led  by l i g h t   s t i m u l a t i o n   o f  
t he   r e t ina   and  by a hormone which i s  r e l eased  by the  pineal  gland  and  which 
i n h i b i t s   r e l e a s e  by the   in te rmedia te   lobe   o f  i t s  hormone. The p inea l   g land  
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i s  l o c a t e d   a t   t h e   b a s e  of t h e   b r a i n ,   b u t  i t  has  been shown i n  some spec ies   o f  
animals   to   have  photoreceptor  ce l l s  much l i k e   t h o s e   o f   t h e   r e t i n a   a n d   t o  re- 
ceive l igh t   th rough  the   skul l s   and   bra ins   o f   the   an imals .  

There i s  i n c o m p l e t e   e v i d e n c e   t h a t   t h e   p i n e a l   g l a n d ,   p a r t i c u l a r l y   i n  
b i r d s ,   s i g n a l s   t o   t h e   a n i m a l ,   p r o b a b l y   v i a  i t s  c o n t r o l   o v e r   a l l   l o b e s   o f   t h e  
p i t u i t a r y   g l a n d ,   t h e   a r r i v a l   o f   c e r t a i n   s e a s o n s   o f   t h e   y e a r   c a l l i n g   f o r  cer- 
t a in   ac t iv i t i e s .   Fo r   example ,  i t  s igna ls   mat ing   season   for   b i rds ,   and   prob-  
ab ly   a l so   migra tory   seasons .  A probable   bas i s   o f  t h i s  s i g n a l l i n g  i s  the  
r a t i o   o f   t h e   l e n g t h s   o f   n i g h t   t o   d a y  of the   var ious   seasons   o f   the   year   as  
de t ec t ed  by t h e   l i g h t   r e c e p t o r s  of t he   p inea l   g l and .  

(b)   Di rec t   neuronal   cont ro l   o f  hormone product ion.  - The autonomic  ner- 
vous  system  connects   via   the  sympathet ic   splanchnic-   nerves   to   the  medul lary 
c e l l s   o f  t h e  adrena l   g land .   Act iva t ion   of   those   nerves   causes   the   re lease  by 
that   g land  of   epinephrine  and  norepinephrine  (a lso  cal led  adrenal in   and  nor-  
adrena l in)   in to   the   b lood   s t ream.  The sp lanchnic   nerves   a l so   cont ro l   the  re- 
l e a s e   o f   g a s t r o - i n t e s t i n a l  hormones by ce l l s  i n   t h e   g u t ,  and   the   re lease   o f  
i n s u l i n  by the   be t a  cel ls  i n   t h e  i s l e t s  of  Langerhans i n   t h e   p a n c r e a s .  

(c)  Feedback  act ions  of  hormones on the   b ra in .  - As has  been  mentioned 
above ,   t hy rox in   can   i nh ib i t   t he   r e l ease  of the  thyroid-hormone-stimulating 
f a c t o r  by t h e   h y p o t h a l a m u s ,   a s   w e l l   a s   d i r e c t l y   i n h i b i t   t h e   s e c r e t i o n   o f   t h e  
thy ro id - s t imu la t ing  hormone  by t h e   a n t e r i o r   p i t u i t a r y .  It i s  a l s o  known t h a t  
cer ta in   gonadal  hormones can   inh ib i t   the   hypotha lamus   to   cause   bo th  a de- 
c r e a s e   i n  i t s  re lease   o f   gonadal   g land   s t imula t ing   agents  by t h e   a n t e r i o r  
p i t u i t a r y  and a l s o  a change i n  i t s  nervous  control   of   sexual   behavior .   This  
feedback mechanism seems t o  be   an   e s sen t i a l   pa r t   o f   t he   cyc le s  of  sexual  be- 
hav io r   i n   an ima l s .  

(d)  Neuronal  and  hormonal  control  of  developmental  processes. - The 
interacting  neuronal  and  hormonal mechanisms p l ay  a ma jo r   pa r t   i n   . t he   pa t -  
terning  and  t iming of developmental  processes.  For  example, damage t o   t h e  
hypothalamus  can  cause  precocious  puberty. I t  has  been  found by experiments 
on a n i m a l s   t h a t   i f   t h e   b r a i n  of a female  animal i s  exposed t o  male hormone 
( e . g . ,   t e s t o s t e r o n e )   a t  a c r i t i c a l  time i n  i t s  development, i t  does  not  de- 
ve lop   a s  a female   b ra in ,   bu t   ins tead  becomes a male   brain.  The animal  hav- 
i n g   t h a t   b r a i n  w i l l  no t  show any  female  sexual   behavior   or   any  of   the  cycl i -  
cal   sexual   behavior   associated  with  females .   Furthermore,  i f   t h e   p i t u i t a r y  
from a newborn animal i s  t r ansp lan ted   i n to   such  a b r a i n ,  i t  w i l l  r e l ease   on ly  
those hormones  and o n l y   i n   t h a t   p a t t e r n   a s s o c i a t e d   w i t h   t h e   m a l e .  From t h i s ,  
i t  can  be  concluded  that   the   brain i s  made t o  be e i t h e r  a male or   female   b ra in  
by i t s  early  exposure  or  lack  of  exposure  to  male  hormones,   and  that  i t  i s  
t h e   b r a i n   t h a t   t e l l s   t h e   p i t u i t a r y   t o  p u t  ou t   e i t he r   t he   ma le   o r   f ema le   pa t -  
t e rn   o f   ho rmona l   con t ro l .   I n   add i t ion ,   t he   b ra in   neu rona l ly   con t ro l s   t he  
pa t te rn   o f   sexual   behavior .  The t i e - i n  of the  neuro-hormonal  controls w i t h  
t he   gene t i c   con t ro l   sys t em i s  j u s t  being  uncovered.  Recent work has demon- 
s t r a t e d   i n   i n s e c t s   t h a t  hormones can   s t imula te   the   synthes is   o f   messenger  
RNA. T h i s  p rovides   the  mechanism by which  the hormone can  cause t h e  c e l l  on 
which i t  ac t s   t o   change  i t s  content  of  enzymes,  and  thus  to  change i t s  meta- 
b o l i c   r a t e s ,   o r   t o   p r o d u c e  new chemica l   p roducts ,   o r   to  grow i n t o  a d i f f e r e n t  



shape   and   s t ruc ture ,  e tc .  Such a mechanism probably exis ts  i n   t h e   v e r t e -  
b r a t e s   a s  well, and   provides   the   f ina l   in te r face   be tween t h e  neuronal,   hor- 
monal ,   and  genet ic   systems  of   control .  

10 .   Se lec t ion  of Act ion   Rout ines   for   At ta in ing  a Subgoal 

(a )   Evidence   for   ac t ion   rou t ines .  - By a c t i o n   r o u t i n e  i s  meant a com- 
binat ion  and  sequence  of   act ions  that   accomplish a t a s k .   T h u s ,   l i f t i n g  a 
cup t o   t h e  mouth i s  a s i m p l e  ac t ion   rou t ine ,   d r ink ing   f rom a cup i s  a more 
complex  one,  and  eating a meal i s  a combination  of many such   ac t ion   rou t ines .  
A "posture" i s  a n   a c t i o n   o f   t h e  body  on the  body (114); a "motor response" i s  
u s u a l l y   t a k e n   t o  be a n   a c t i o n   o f   t h e  body  on the  environment. 

(1) Di rec t  - - .. con t ro l   o f   t he   b ra in .  - It has  been  found  that   elec- 
t r i c   s t i m u l a t i o n   o f   c e r t a i n   p a r t s   o f   t h e   b r a i n  w i l l  l e a d   t o   c e r t a i n   p a t t e r n s  
o f   muscu la r   ac t iv i ty .   Fo r   example ,   e l ec t r i c   s t imu la t ion   a t   any   o f  many 
points   caused a monkey to   produce a sound.   Pract ical ly   every  type  of   sound 
t h e  monkey i s  known t o  make was e l i c i t e d .   O f t e n   s p e c i f i c   v o c a l i z a t i o n s   w e r e  
e l i c i t e d  by s t i m u l a t i o n   i n   d e f i n i t e   l o c i   i n   t h e   b r a i n  (115). 

The e a r l i e s t  work  was  done by W .  R. Hess ( f o r  a review  of  his  work,  see 
r e fe rence  (116)). He demons t r a t ed   t ha t   e l ec t r i c   s t imu la t ion   o f   spec i f i c  cere- 
bra l   s t ruc tures ,   such   as   the   hypotha lamus   or   midbra in   nuc le i ,  would in f luence  
body pos tu re ,   equ i l ib r ium,  movement, sleep,  autonomic  functions,   and  even 
f e a r  and   aggress iveness .  

Dur ing   the   l as t  two decades,  improved  methods  have  been  developed  for 
i n s e r t i n g   e l e c t r o d e s   t o  a g i v e n   l o c a t i o n   i n   t h e   b r a i n  and f a s t en ing   l eads  
from  them t o   t h e   s k u l l   i n   s u c h  a way tha t   t he   e l ec t rode   r ema ins   i n   p l ace   fo r  
long  periods  of t i m e  w i t h   t h e   s k i n   s e a l e d   t o   p r e v e n t   i n f e c t i o n .  I t  has 
proven  possible   to   connect  these e l ec t rodes   t o   sma l l   r ad io   r ece ive r s   and  
t r a n s m i t t e r s   s o   t h a t   e l e c t r i c a l   a c t i v i t y   o f   t h e   c o n t a c t e d   c e l l s   c a n  be r e -  
corded a t   d i s t a n t   r e c e i v e r s ,  and so tha t   e l ec t r i ca l   s t imu la t ion   o f   t he   con -  
t a c t e d   c e l l s   c a n  be produced by a c t i v a t i o n   o f   d i s t a n t   t r a n s m i t t e r s .   I n  mon- 
k e y s   e l e c t r i c a l   s t i m u l a t i o n   o f   t h e   i n f e r i o r   p a r t   o f   t h e   l a t e r a l   h y p o t h a l a m u s  
evoked  marked c o n s t r i c t i o n   o f   t h e   i p s i l a t e r a l   ( o n   t h e  same s ide   o f  t h e  body) 
pup i l ,   wh i l e   s t imu la t ion   o f   ano the r   po in t   s i t ua t ed  s i x  mi l l ime te r s   h ighe r  
evoked d i l a t i o n   o f   t h a t   p u p i l .  The magnitude  of   the  effect  was p ropor t iona l  
t o   t h e   e l e c t r i c a l   c u r r e n t .   S i m u l t a n e o u s   s t i m u l a t i o n  of  bo th   a r eas   r e su l t ed  
i n   a n   e f f e c t   t h a t  was p r o p o r t i o n a l   t o   t h e   d i f f e r e n c e   i n   t h e   s t i m u l a t i n g   c u r -  
r e n t s .  The e f f e c t  was modified by change  of   the  i l luminat ion  on  the  eye.  
Thus, i t  was shown tha t   the   normal   sensory   ac t iv i ty   and   the  two e l e c t r i c a l l y  
evoked a c t i v i t i e s   c o u l d  summate a l g e b r a i c a l l y   w i t h i n   t h e   b r a i n .   I n   a d d i t i o n  
t o   p u p i l   d i a m e t e r s ,   o t h e r   f u n c t i o n s   c o n t r o l l e d  by the  autonomic  nervous  sys- 
tems c o u l d   b e   d i r e c t l y   c o n t r o l l e d   i n  a s i m i l a r  manner (116). 

Simple  motor  responses  could  be  evoked by s t i m u l a t i o n   o f   o t h e r   p a r t s   o f  
the   b ra in .   These   responses  were such movements a s   f l e x i n g  of t h e   l e f t   h i n d  
l e g ,  moving the   l egs ,   ra i s ing   or   lower ing   the   body,   opening   or   c los ing   the  
mouth,   walking  or   lying s t i l l ,  turning  around.  Complex motor a c t i v i t y   c o u l d  
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be  evoked by s t imu la t ion   o f   o the r   pa r t s   o f   t he   b ra in .   Fo r   example ,   s t imu la -  
t i o n   o f   t h e   r o s t r a l   p a r t  of the   nuc leus   caused  a  monkey r e p e a t e d l y   t o   i n t e r -  
r u p t  i t s  spontaneous   ac t iv i t ies ,   change  i t s  f a c i a l   e x p r e s s i o n ,   t u r n  i t s  head 
t o   t h e   r i g h t ,   s t a n d  up  on two f e e t ,  c i r c l e  t o   t h e   r i g h t  , walk  on two f e e t  , 
climb a po le   on   t he   back   wa l l   o f   t he   cage ,   descend   t o   t he   f l oo r ,   g ive  a low 
tone   voca l i za t ion ,   t ake  a t h rea t en ing   a t t i t ude   t oward   subord ina te  monkeys, 
then   change   to   an   a t t i tude   o f   peacefu l ly   approaching   o ther   monkeys ,   and   f ina l -  
l y  r e sume   t he   ac t iv i ty   i n t e r rup ted  by the  s t imulat ion.   This   whole  sequence 
was repea ted   every  time the   nuc leus  was s t imula ted .   This   response   could   no t  
be  evoked  while  the monkey was a s l e e p   o r   w h i l e  i t  was strenuously  engaged i n  
o t h e r   a c t i v i t y ,   s u c h  a s  e scap ing   cap tu re   o r   ea t ing   wh i l e   qu i t e   hungry .  The 
same response  could  be  evoked i n   t h e  same way i n   o t h e r  monkeys. I t  was ex- 
t r eme ly   r epea tab le ,   i n   one   ca se   be ing   r epea ted   eve ry   minu te   day   and   n igh t   fo r  
two weeks f o r  a t o t a l   o f  more than  20,000 s t imula t ions   on  a given monkey and 
always  being  evoked  except   during  s leep.  

( 2 )  Direct c o n t r o l  of behavior  sequences.  - Conf i rmat ion   of   th i s  
po in t   o f  view i s  provided by a s tudy   i n   wh ich   e l ec t rodes  were implanted   in  
v a r i o u s   l o c a t i o n s   i n   t h e   v e s t i b u l a r   n u c l e i   o r   i n   t h e   b r a i n s t e m   a n d   l o c a t i o n s  
found  where a s p e c i f i c  movement r e s u l t e d   f o r  e l e c t r i c  s t imu la t ion   o f   each   o f  
t he  s i t e s .  The r e s u l t i n g  movements f o r  a s ing le   s t imula t ion   might   be   s imple  
ones ,   such   as   g rasp ing   wi th   the   hand ,   f lex ing   of   the   a rm,   c los ing   of   the  
mouth, e t c .  I t  was found t h a t  when e l e c t r i c  s t i m u l i  were app l i ed   i n   s equence  
t o  a number of   these  s i t e s ,  t h a t  a sequence  of  smooth movements was c a r r i e d  
out.  For  example,  one  sequence  of  stimulation  caused  the awake monkey t o  
g ra sp   an   ob jec t   w i th  i t s  r i g h t  hand  and rapidly  and  smoothly  br ing  the  object  
t o  i t s  mouth. Many o t h e r   s t r a t e g i e s   o f  movement were performed  upon  changing 
the   sequence   of   s t imula t ion   to   the  s i t e s .  I n   a l l   c a s e s ,   t h e   r e s p o n s e   t o   t h e  
electr ical   s t imulat ion  overrode  and  preempted  any  s imultaneous  voluntary move- 
ment of  the  animal,   and a  movement sequence  could  be  e l ic i ted  whatever   the 
posit ion  of  the  animai  and  whether i t  was a s l e e p ,   o r  awake, or   under   anaes-  
thes ia .   Des t ruc t ion   of   the   motor   cor tex   p roduced   para lys i s   to   vo luntary  
movement, y e t  i t  d i d   n o t   i n t e r f e r e   w i t h   t h e s e   e l e c t r i c a l l y   e l i c i t e d  movements. 
C u t t i n g   a c r o s s   t h e   b r a i n s t e m   a n t e r i o r   t o   t h e   e l e c t r o d e   a l s o   d i d   n o t   a l t e r   t h e  
movements e l i c i t e d  by s t imula t ion .   Apparent ly   the   o rganiza t ion   of   these  e l e -  
mentary movements ex is t s  even down t o   t h e  level  of   the   sp ina l   cord   (117) .  

Implanted  e lectrodes  have  been  used  in  humans t o  make s t u d i e s   i n   p r e -  
p a r a t i o n   f o r   s u r g e r y   o n  damaged por t ions   o f   t he   b ra in .   S t imula t ion   o f  cer-  
t a i n   p a r t s   o f   t h e   b r a i n   c a n   c a u s e   t h e   p a t i e n t   t o  become o p t i m i s t i c  and a n i -  
mated o r   t o  become i n t e r e s t e d   i n   s e x u a l   i d e a s ,   o r   t o  become pass ive ly  com- 
p l i a n t ,   o r   t o   f e e l   p l e a s u r e .  These  examples r a i s e  a ques t ion ,  "Would i t  be 
f e a s i b l e  to con t ro l   t he   behav io r   o f  a popula t ion  by e l e c t r i c a l   s t i m u l a t i o n  
of   the  brain? ' '   Delgado  discusses   this   and  concludes  that  i t  i s  ve ry   un l ike -  
l y ,   because   o f   t he   ex i s t ence   o f   ana tomica l   and   phys io log ica l   va r i ab i l i t y   i n  
individuals   which  would  require   that   the   controi   technique  be  developed by 
experiment   on  each  individual ,   and  because  the  technique  requires   qui te  
spec ia l i zed  knowledge  and r e f i n e d   s k i l l s   ( 1 1 6 ) .  



11. Information Flow i n   t h e  Nervous  System 

The ex terna l   envi ronment   sends   in format ion   to   the   sensory   sys tems,   which  
select  and   ca tegor ize  i t .  Some o f   t he  less categorized  information i s  i m -  
mediately  used  (probably i n   t h e   b r a i n s t e m   r e t i c u l a r   f o r m a t i o n   a l o n g   w i t h   i n -  
formation  f rom  the  internal   v isceral   environment   via   the  hormonal   and  auto-  
nomic  nervous  system) i n   t h e   a s s i g n m e n t   o f   p r i o r i t i e s   t o   s u b g o a l s .  It i s  
a l s o   u s e d   i n   t h e   a s s i g n m e n t  of re levance   o f   the   var ious   k inds   o f   sensory  
in fo rma t ion   t o   t he   subgoa l   o f   h ighes t   p r io r i ty .   Be t t e r   ca t egor i zed   s enso ry  
informat ion   ( such   as ,   f rom  the   spec i f ic   tha lamic   nuc le i )  i s  used  (probably 
i n   t h e   t h a l a m i c   r e t i c u l a r   f o r m a t i o n )   i n   t h e   a s s i g n m e n t   o f   p r i o r i t i e s   t o   s u b -  
g o a l s .   T h i s   i n   t u r n   a f f e c t s   t h e   a s s i g n m e n t  of r e l e v a n c e   t o   d i f f e r e n t   t y p e s  
o f   s enso ry   i n fo rma t ion   (p robab ly   a t   t he   b ra ins t em  r e t i cu la r   fo rma t ion ) .   Tha t  
ass ignment ,   and   the   choice   o f   subgoal ,   ac t   (poss ib ly   a t   the   l imbic   sys tem)  
f o r   t h e   s e l e c t i o n   o f   a p p r o p r i a t e   a c t i o n   r o u t i n e s .  

The r o u t i n e s   c a l l  up actions  (of  muscles  and  glands)  which  change  the 
ex terna l   envi ronment   and   the   in te rna l   v i scera l   envi ronment .  The l a t t e r  
changes   a r e   s igna l l ed   v i a   t he  hormonal  system  and  the  autonomic  nervous  sys- 
tem t o   p a r t s   o f   t h e   b r a i n   ( p r o b a b l y ,   c h i e f l y   t o   t h e   r e t i c u l a r   f o r m a t i o n ) .  
Th i s   i n fo rma t ion   on   t he   e f f ec t s   o f   t he   ac t ions   ac t s   t oge the r   w i th   such   i n -  
format ion   f rom  the   ex te rna l   envi ronment   to   ac t   (probably   v ia   the   l imbic   c i r -  
c u i t  and   the   cerebe l lum)   to   modi fy   those   ac t ions  so a s   t o   b e t t e r   a c h i e v e   t h e  
rout ines   o rdered .   That   in format ion  i s  a l s o   s u p p l i e d   t o  a predictor   computer  
(probably   the   assoc ia t ion   a reas   o f   the   cerebra l   cor tex)   which   then   in forms 
the  modif ier   systems how t o  modi fy   the   ac t ions   fur ther  so t h a t   t h e   a c t i o n  
rout ines   and   subgoal   a re  more near ly   ach ieved .  

The s u c c e s s   o r   f a i l u r e   o f   t h e   a c t i o n   r o u t i n e s   i n   a c h i e v i n g   t h e   s u b g o a l  
i s  s ignal led  ( ‘probably by t h e  hormonal  system  and  autonomic  nervous  system) 
to   the   cen t ra l   nervous   sys tem  (poss ib ly   the   hypotha lamic-p i tu i ta ry   por t ion)  
t o   i n c r e a s e   o r   d e c r e a s e   t h e   p r o b a b i l i t y   o f   s e l e c t i n g   t h o s e   a c t i o n   r o u t i n e s  
g iven   s imi la r   input   in format ion   and   tha t   subgoal .  The s e l e c t i o n   p r o b a b i l i -  
t i e s  a r e  changed  (probably a t   t h e   r e c e n t l y   u s e d   s y n a p s e s )  and a f f e c t   t h e  
s e l e c t i o n   a s  wel l  a s   t he   execu t ion   o f   ac t ion   rou t ines .  

Pa 
be 

(a )  Memory and   learn ing .  - Some mechanism i s  n e c e s s a r y   t o  compare t h e  
i r i ngs   o f   - s enso ry   i npu t   and   ac t ion   rou t ines   w i th   t he   subgoa l   wh ich  was t o  

subgoal.  There  should  be some mechanism  which  causes   the  successful   pair ings 
( o r   a s s o c i a t i o n s )   t o   b e  made e a s i e r   t o   a c t i v a t e  when next   tha t   subgoal  i s  
sought.  

a t t a ined   t o   de t e rmine  how success fu l   t hose   pp i r ings  were i n   a t t a i n i n g   t h e  

(It i s  a poss ib l e   sugges t ion   t ha t   mod i f i ed   ac t ion   sub rou t ines   a r r ived   a t ,  
p o s s i b l y  by t h e  mechanism d e s c r i b e d   i n   t h e   p r e v i o u s   s e c t i o n ,   a r e   e v a l u a t e d   i n  
terms o f   t h e i r   s u c c e s s   a t   a c h i e v i n g   t h e   h i g h   p r i o r i t y   s u b g o a l s   e x i s t i n g   a t  
t h a t  t i m e  ( severa l   minutes   dura t ion)  by t h e   a l t e r a t i o n s   i n   v i s c e r a l   i n p u t s  
and  hormonal   balances  which  resul t .   These  a l terat ions  are   s ignal led  to   the 
b r a i n ,   a n d   a c t   v i a   t h e  hippocampus to   t ime-co r re l a t e   t he   sub rou t ines   o f   t he  
t empora l   and   a s soc ia t ion   ce reb ra l   co r t ex   w i th   t he   success   o r   f a i lu re   o f   t he  
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a c t i o n s .   P o s s i b l y ,   t h e s e   s i g n a l s   t r a v e l   v i a   t h e  amygdala  and  septum t o   c o r -  
re la te   the   subrout ines   o f   the   l imbic   cor tex   and   sensor imotor   cor tex   wi th   the  
success   o r   f a i lu re   o f   t he   ac t ions .   Success   and   f a i lu re   ac t iva t e   d i f f e ren t  
parts  of  the  hypothalamus  and  cause i t  t o   r e l e a s e   d i f f e r e n t   p e p t i d e s   t o   t h e  
p i t u i t a r y  and  the  bloodstream.  These  peptides may c a u s e   t h e   p i t u i t a r y   t o  re- 
lease  corresponding hormones in to   t he   b lood   o r  may themselves  act   as  hormones.  
These hormones a c t  on t h e  neu rona l   connec t ions   i nvo lved   i n   t he   a s soc ia t ion  
of a subgoal   and   sensory   inputs   wi th   ac t ion   rou t ines   and   subrout ines .   In  
case  of   "success"   the  corresponding hormone causes   the  neuronal   connect ions 
t o  become e a s i e r   t o   a c t i v a t e  (it  a c t s   a s  a "p r in tou t   s igna l " ) .   I n   ca se  of 

f a i l u r e "   t h e  hormone r e l e a s e d   a c t s   t o  make the  neuronal   connect ions more 
d i f f i c u l t   t o   a c t i v a t e ,   T h i s  i s  a form  of  learning,  being  the  changing  of 
t h e   s t r u c t u r e  of the  nervous  system. The change i n   s t r u c t u r e  i s  the memory.) 

I t  

Memory i n v o l v e s   a t   l e a s t  two d i f fe ren t   p rocesses .   Immedia te ly   fo l low-  
ing   an   exper ience   there  i s  a period  of  about  three  hours  during  which memory 
i s  n o t   a f f e c t e d  by a n   i n d u c e d   i n h i b i t i o n   o f   p r o t e i n   s y n t h e s i s   i n   t h e   b r a i n .  
Memory f o r  t h i s  per iod i s  cal led  "short- term" memory. Both l ea rn ing  by mice 
of t h e  c o r r e c t   t u r n s   i n  a maze and  "short-term" memory, a r e  normal  during  in- 
h i b i t i o n   o f   p r o t e i n   s y n t h e s i s   i n   t h e   b r a i n .  However, t h e   a b i l i t y   t o   r u n   t h e  
maze c o r r e c t l y  i s  i m p a i r e d   a f t e r   t h r e e   h o u r s   a s  compared w i t h   t h a t   i n  mice 
having  normal  protein  synthesis  (118).   This more l a s t i n g   o r  permanent  re- 
t en t ion   o f   l ea rn ing  i s  called  "lonp-term" memory. It i s  not  markedly i m -  
pa i r ed   un le s s  more than 90 pe r   cen t   o f   t he   b ra in ' s   p ro t e in   syn thes i s  i s  i n -  
h i b i t e d .   ( T h i s   s u g g e s t s   t h a t   p r o t e i n   s y n t h e s i s   a c t s   a t   e a c h   n e u r o n a l   c o n -  
n e c t i o n   t h a t  i s  changed  during  the  formation  of  long-term memory. For   the 
p r o t e i n   s y n t h e s i s   t o   a c t   o n l y  on the   neuronal   connec t ions   involved   in   running  
the  maze, there  must  have  been a marker l e f t   a t   e a c h   a c t i v e   s y n a p s e .  The 
marker  might  be some remnant   of   the   chemical   t ransmit ter   in   the  synapse  or  a 
slowly  decaying (3  hours)  change i n   t h e   s y n a p t i c  membranes. The hormone re- 
leased by " s u c c e s s "   a c t s   a t   t h e  marked synapse   to   tu rn   on   p ro te in   synthes is  
t h a t   a l t e r s   t h e   s y n a p s e  so a s   t o   i n c r e a s e  i t s  e f f e c t i v e n e s s .  A mechanism  of 
l e a r n i n g   s i m i l a r   t o  t h i s  suggest ion  has   been  considered  in  some d e t a i l  by 
G r i f f i t h  (119) .) 

The phys io logica l -chemica l   poss ib i l i ty   o f   such   an   ac t ion  i s  b o l s t e r e d  by 
t h e   f i n d i n g   i n  mice  of a "nerve  growth  factor"  which  evokes  the  growth  of 
nerve  f ibers   f rom  embryonic   chick  spinal   gangl ia .  The amount o f   t h i s   ne rve  
growth f a c t o r  which  evokes  the  appearance  of a hundred  axons  from a s i n g l e  
gangl ion   appears   to  be about   t en   molecules .   S ince   each   neur i te  seems t o   a r i s e  
from a different   neuron,   each  molecule   of   nerve  growth  factor  mus t  a f f e c t  
severa l   ce l l s   (120) .   There   a re   p robably  a number of  different   chemicals   which 
a l t e r   synapses   fo r   l ong- t e rm memory, each   chemica l   ac t ing   a t  a d i f f e r e n t   p a r t  
of   the   nervous  system.  Support   for   this   idea i s  the  demonstrat ion  of  a pro- 
t e i n   i s o l a t e d  from some mouse sarcomas, mouse sa l ivary   g lands ,   and   snake  
venom which se l ec t ive ly   s t imu la t e s   g rowth   o f   sympa the t i c   ne rve   ce l l s   (121) .  
A number o f   s tud ie s  have shown t h a t   t h e   p i t u i t a r y  hormone ACTH, while  having 
l i t t l e   e f f e c t  on t h e   a c q u i s i t i o n   o f   l e a r n i n g ,   m a r k e d l y   i n h i b i t s   t h e   a b i l i t y  
t o   u n l e a r n  a no longe r   app ropr i a t e   l ea rned   a s soc ia t ion .   (Th i s   un lea rn ing  i s  
called  "extinction")  (122,  123).  (A p o s s i b l e   i n t e r p r e t a t i o n  i s  t h a t  ACTH a c t s  
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t o   i n t e r f e r e   w i t h   t h e   p r o c e s s   i n i t i a t e d  by "fai lure"   which resul ts  i n   t h e   d e -  
c reased   e f fec t iveness   o f   the   immedia te ly   p rev ious ly   ac t ive   synapses . )  The 
na tura l   g lucocor t ico id   (a   pept ide) ,   cor t icos te rone   (which  i s  r e l eased  by the  
ad rena l   co r t ex ) ,   and   t he   syn the t i c   g lucocor t i co id ,   dexamethasone ,   have   been  
shown t o   f a c i l i t a t e   e x t i n c t i o n   i n d e p e n d e n t l y   o f   t h e i r   a c t i o n s   o n   t h e  p i t u i -  
t a r y  (123) .  Other   synthet ic   glucocort icoids   have  been shown t o   i n h i b i t   e x t i n c -  
t i o n  (124) .  These   synthe t ic   g lucocor t ico ids   a re  a l l  peptide  fragments,   or 
s l i g h t l y   m o d i f i e d   f r a c t i o n s  of t he  ACTH molecule.  These  findings a l l  a r e   c o n .  
s i s t e n t   w i t h   t h e  model of   learning  suggested  above.  

12. The Ontogeny  of  Behavior 

(a)  genetgc.-determinatiRn--of ~ ~ -t-he s t ruc ture   o f   the   nervous   sys tem.  - I t  
must  be evident   f rom  the  preceding  discussions  of   nervous  systems and  hor- 
monal systems  that  t h e  s t ructure   of   an  organism i s  no t  random.  There a r e  
spec i f i c   t ypes   o f   ce l l s   hav ing   spec i f i c   shapes   and  making spec i f i c   connec t ions  
w i t h  o the r   spec i f i c   ce l l s .   The re   a r e   ce l l s   t ha t   p roduce   spec i f i c   chemica l s  
and   t he re   a r e   o the r   ce l l s   wh ich   a r e   ac t ed  on i n   p a r t i c u l a r  ways by  some spe-  
c i f i c   chemica l s .   Th i s   po in t  may seem to  obvious  to   need  ment ioning,   yet  i t  
i s  one t h a t  i s  of ten   g lossed   over   in   a t tempts   to   unders tand   the   b ra in ,  l e t  
a lone   a t tempts   to   unders tand   the   behavior   o f  t h e  whole  organism. Some people 
have   pos tu la ted   tha t   the   nerves  grow i n  a random way and make their   connec-  
t ions   randomly ,   and   tha t   th i s  i s  l a t e r   mod i f i ed  by exper ience   so   as   to   l ead  
t o   p a r t i c u l a r   c o n t r o l   c i r c u i t s  and par t icular   nervous  system  behavior .  Even 
i f  such a mechanism  were the   on ly  one involved,  i t  s t i l l  leaves  unanswered 
t h e   q u e s t i o n   a s   t o  how experience  can  cause  the  formation  or   a l terat ion  of  
the   connec t ions   be tween  neurons   so   as   to   form  spec i f ic   types   o f   cont ro l   c i r -  
c u i t s .  It i s  l ike ly   tha t   to   the   ex ten t   tha t   exper ience   can   cause   the   forma-  
t i o n  of spec i f ic   neuronal   connec t ions ,  i t  d o e s   t h i s  by u t i l i z i n g   t h e  mecha- 
nism  which  during  embryonic  growth  causes  the  formation  of t h e  a l ready-speci-  
f ied  neuronal   connect ions and c i r c u i t s .  I n  gene ra l  , i t  now seems t h a t   t h e  
s t ructure   of   the   nervous  system and the  behavior  of young animals i s  t h e   r e -  
s u l t  of  developmental   processes which may be modif ied  only  to  a very   l imi ted  
e x t e n t  by experience  and  learning.  The func t iona l   assembl ies   o f   neurons   in  
the  nervous  system  are   produced  a lmost   ent i re ly  by g e n e t i c  mechanisms (125) .  

The lower on the   evo lu t iona ry   s ca l e   t he   an ima l ,   t he   l e s s   can   t he  
s t r u c t u r e   o f  i t s  nervous  system be a f f e c t e d  by exper ience .   Thus ,   insec ts  
a r e  more d i f f i c u l t   t o   t r a i n   t h a n   f r o g s ,  and  f rogs more d i f f i c u l t   t h a n   c a t s ,  
and c a t s  more d i f f i c u l t   t h a n  humans. It  has  been  found,  for  example,  that 
t h e  s t r u c t u r e   o f   t h e   v i s u a l   s y s t e m   i n   t i s h  and  amphibia  can  be a l t e r e d   o n l y  
s l i g h t l y  by t r a i n i n g  and  experience.  On the   o ther   hand ,   the   v i sua l   sys tem 
of a young c a t   d e t e r i o r a t e s   i f   t h e   c a t  i s  not  given a f u l l   r a n g e   o f   v i s u a l  
s t i m u l i ,   s u c h   a s   l i g h t   a n d   d a r k   p a t t e r n s .  The same appa ren t ly  i s  t r u e   f o r  
young c h i l d r e n   a l s o .  What t h i s  seems t o  mean i s  that   the   neuronal   connec-  
t ions   concerned   wi th   the   de tec t ion   of   v i sua l   pa t te rns   and   the   assoc ia t ion  of 
them w i t h   p a t t e r n s  of motor   act ivi ty   are   completely  and  near ly   permanent ly  
determined by the   gene t ic   in format ion   sys tem  in   f i sh   and   amphib ia .   In   ca t s ,  
the  proper   connect ions  are   determined by the   gene t ic   sys tem  and   a re   a l ready  
formed a t  a ve ry   ea r ly   age   even   w i thou t   p r io r   exposure   t o   l i gh t   (126) ,   bu t  
w i l l  d e t e r i o r a t e  somewhat with  lack  of   use  and w i l l  d e t e r i o r a t e   g r e a t l y   i f  
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only  par t   of   normally  compet ing  neuronal   pathways  are   act ivated  (127,   128) .  

(b)   Genet ic   de te rmina t ion   of   the   v i sua l  -system. 

(1)   Ret inotectal   connec-t ions  in   amphia.  - Before  considering how 
exper ience   can   a f fec t   the   s t ruc ture   o f   the   nervous   sys tem,  i t  i s  worth  con- 
s i d e r i n g  how t h e  genet ic   information  system i s  ab le   t o   de t e rmine  t h e  s t ruc-  
ture   of   the   nervous  system  in   those  cases   where i t  i s  known tha t   expe r i ence  
c a n n o t   a f f e c t   t h e   s t r u c t u r e .  The bes t   s tud ied   ca ses   a r e   t hose   o f   t he   po r -  
t ions   o f   the   nervous   sys tem  concerned   wi th   v i s ion   in   lower   ver tebra tes .  The 
eye   connec t s   t o   t he   b ra in   v i a   t he   f i be r s   o f  t h e  op t ic   nerve .   These   f ibers  
are   axons  of  t h e  g a n g l i o n   c e l l s   o f   t h e   r e t i n a .  Each o f  these r e t i n a l   g a n g l i o n  
c e l l s   c a n   b e   a c t i v a t e d  by app l i ca t ion   o f  a l i g h t   p a t t e r n   t o  some p a r t i c u l a r  
reg ion   of   the   re t ina ;   each   gangl ion  c e l l  connec t s   t o  i t s  own region  of   the 
r e t i n a ,   c a l l e d  i t s  r e c e p t i v e   f i e l d .   T h e s e   r e c e p t i v e   f i e l d s   u s u a l l y   o v e r l a p  
the  neighboring  gangl ion  cel ls   and may v a r y   i n   v i s u a l   a n g l e   f r o m  1' t o  40' de- 
pending on t h e  type  of   gangl ion ce l l .  I n  f i s h  and i n  amphibia ,   the   major i ty  
of these gangl ion   ce l l   axons   t e rmina te  on a p a r t   o f   t h e   b r a i n   c a l l e d   t h e   o p t i c  
tectum. It i s  found t h a t   t h e s e   o p t i c   n e r v e   t e r m i n a t i o n s  on the  tectum  occur  
i n  a layer   para l le l   to   the   sur face   o f   the   t ec tum  and   wi th  a topographica l   a r -  
rangement  corresponding  to  the  topographical  arrangement on t h e  r e t i n a   o f  t h e  
gangl ion c e l l  bodies  from  which  they  originate.   This  topographical mapping 
on  the  brain i s  q u i t e   c o n s i s t e n t   f r o m   o n e   i n d i v i d u a l   t o   a n o t h e r   i n  t h e  same 
spec ie s .   In   t he   ca se   o f   t he   f rog ,  i t  has   been  found  that   there   are   f ive  main 
types   o f   gang l ion   ce l l s   t ha t   t e rmina te  on the   op t ic   t ec tum.   These   f ive   types  
d i f f e r   i n   t h e   p a r t i c u l a r   l i g h t   p a t t e r n  which a c t i v a t e s  them. Two of   the  types 
t e r m i n a t e   i n   t h e  same l a y e r   p a r a l l e l   t o   t h e   t e c t a l   s u r f a c e  and  each  of  the 
th ree   r ema in ing   t ypes   i n  i t s  own of three l a y e r s   p a r a l l e l   t o   t h i s   l a y e r .  What 
i s  e s p e c i a l l y   i n t e r e s t i n g  i s  the   f ind ing   tha t   the   topographica l  maps thus  
formed for   the   f ive   types   o f   gangl ion  ce l l s  a r e   a l l   c o n g r u e n t   t o   e a c h   o t h e r  
in   the   t ec tum.  

With in   the   t ec tum,   these   op t ic   nerve   t e rmina t ions   contac t  a number of 
d i f f e ren t   t ypes   o f   t ec t a l   neu rons ,   i nc lud ing  some which  receive  inputs  from 
other   sense  organs.   Their   outputs   are   t ransformed  and  sent   to   another   layer  
o f   t ec t a l   ce l l s   wh ich   connec t   t o   va r ious   mo to r   nuc le i ,   and   con t ro l   pa t t e rns  
of   muscle   act ions.  A f rog  i s  capable   wi thout   t ra in ing   of   us ing   v i sua l   in -  
formation  concerning a f l y   p a s s i n g  i t  t o  c o n t r o l   t h e   d i r e c t i o n   a n d   d i s t a n c e  
of i t s  jump and   coord ina te   th i s   wi th   the   opening   of  i t s  mouth  and t h e   f l i c k i n g  
out   o f  i t s  tongue  so a s  t o  wrap i t s  tongue   a round   t he   f l y .   Th i s   r equ i r e s   t ha t  
a l l   t he   neu rona l   connec t ions   f rom  the   r e t ina   t o   t he   t ec tum,   t h rough   t he   t ec tum 
t o   t h e  motor  nuclei ,   and  to  the  various  muscles  be so c o n s t r u c t e d   a s   t o   e n s u r e  
th i s   coo rd ina t ion   be tween   t he   v i sua l   pa t t e rn   and   t he   r e su l t i ng   musc le   ac t iv i ty .  

(2)  Determination of o p t i c   f i b e r   t e r m i n a t i o n s   a t   t h e   t e c t u m .  - As 
a s t a r t i n g   p o i n t ,  l e t  u s  consider  how the   , topologica l   in format ion   about   the  
l o c a t i o n   o f   t h e   r e t i n a l   g a n g l i o n  ce l l s  i n   t h e   r e t i n a  i s  p r e s e r v e d   i n   t h e   l o -  
ca t ion   o f   t he i r   axona l   t e rmina t ions   i n   t he   op t i c   t ec tum.   Th i s   canno t   be   ex -  
p l a ined   a s  a resul t   of   the   axons  a lways  keeping  the same r e l a t i o n   t o   e a c h  
o t h e r   t h a t   t h e i r   c e l l   b o d i e s  had and  thus  ending up i n   t h e  same r e l a t i o n s   a t  
t h e i r   t e r m i n a t i o n s .  I t  has  been  found by electron  microscopy  that   the   axons 
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w i t h i n   t h e   o p t i c   n e r v e  twist and  wind  around  each  other  very much l i k e   t h e  
t h r e a d s   i n  a braid.   Furthermore,   th is   can  be shown by another   type  of  ex- 
p e r i m e n t .   I f   t h e   o p t i c   n e r v e s   a r e   c u t   i n   f i s h   o r   a m p h i b i a ,   t h e   p a r t s  of the 
axons  separated  f rom  the c e l l  bod ie s   ( chose   po r t ions   t ha t   t e rmina te   a t   t he  
tectum) w i l l  degenerate .  The cut   ends  of   the  axons  which  are  s t i l l  connected 
t o   t h e  c e l l  bodies  w i l l  b e g i n   t o  grow and w i l l  f i r s t   s p r e a d   o u t   i n   e v e r y  
which  direction  and  form a so r t   o f   t ang led   kno t  of axons.  These  then  begin 
growing i n   t h e   g e n e r a l   d i r e c t i o n   o f   t h e   t e c t u m ,   d i v i d e   i n t o   t h e  two  main 
branches   tha t  go to   the  top  and  bot tom on the  tectum  and  then  spread  out 
a long  the  tectum, making  what a t   f i r s t  seem t o  be  randomly  located  contacts. 
I n  a few weeks   though,   those   contac ts   a re   sor ted   ou t   and   in  t h e  majori.ty of 
cases   the  normal  mapping  of t h e   o p t i c   f i b e r   t e r m i n a t i o n s  on the  tectum i s  re- 
e s t a b l i s h e d .   T h i s   i n d i c a t e s   t h a t   w h a t e v e r   f a c t o r s   o p e r a t e d   d u r i n g   t h e   o r i -  
ginal   development   of   the   visual   system  are  s t i l l  opera t ing   dur ing  t h e  regen- 
e r a t i o n  of the   op t ic   nerve ,   This   regenera t ion   of   normal   v i sua l   connec t ions  
i n  amphibia was e s t a b l i s h e d   f i r s t  by the  observat ion  that   the   visuomotor   be-  
hav io r  was fu l ly   res tored   (128a) ,   and   la te r   conf i rmed by mapping t h e   r e t i n o -  
t e c t a l   p r o j e c t i o n   e l e c t r i c a l l y   a t   t h e   t e r m i n a t i o n s   o f   t h e   o p t i c   n e r v e   f i b e r s  
i n   t h e   t e c t u m  (129,  130) .  Whatever t hese   con t ro l l i ng   f ac to r s   a r e ,   t hey  must  
have some  way of recognizing when an   op t i c   f i be r   has   r eached  i t s  proper   lo-  
ca t ion   i n   t he   t ec tum.   Th i s   imp l i e s   t ha t   t he   f ac to r s  m u s t  a l s o  be a b l e   t o  
r ecogn ize   each   op t i c   f i be r .   I n   o the r  words t h e r e  must  be some s p e c i f i c i t y  
of   each  opt ic   nerve  f iber   which i s  matched i n  some  way by a s p e c i f i c i t y   o f  
t h e   t e c t a l  ce l l s  i n   t h e   l o c a t i o n   o f  i t s  proper   t e rmina t ion .  

(3)   Tec ta1   connec t ions   o f   modi f ied   re t inas .  - The f i r s t   e v i d e n c e  
t o   c o n s i d e r  i s  p r e s e n t e d   i n  a s e r i e s  -of papers  (131,  132,  133)  dealing  with 
t h e   r e t i n o t e c t a l   p r o j e c t i o n   i n  Xenopus, an  amphibian. The normal   project ion 
i s  from  an  eye  to t h e  tectum  on  the  opposi te   s ide of  t he   b ra in .  The pa r t   o f  
t h e   r e t i n a   f a r t h e s t  f rom  the  nose  ( temporal)   projects   to   the  par t   of   the  
t ec tum  c loses t   t o   t he   f ron t   o f   t he   head   ( ros t r a l ) ;   t he   pa r t   o f   t he   r e t ina  
c l o s e s t   t o   t h e   n o s e   ( n a s a l )   p r o j e c t s   t o   t h e   p a r t  of the  tectum  closest  t o  
t he   r ea r   o f   t he  head ( cauda l ) .   Thus ,   t he   t empora l -nasa l   ax i s   i n   t he   r e t ina  
i s  pro jec ted   on to  a r o s t r a l - c a u d a l   a x i s  on the  tectum.  In  a s i m i l a r  way, 
t h e   l o w e r   p a r t   o f   t h e   r e t i n a   ( i n f e r i o r )   p r o j e c t s   t o  t h e  p a r t  of the  tectum 
f u r t h e s t  f rom  the  midl ine  of   the   head  ( la teral) ;   and  the  top  of   the  re t ina 
( s u p e r i o r )   p r o j e c t s   t o   t h e   p a r t   o f   t h e  t e c t u m  c loses t   t o   t he   mid l ine   (med ia l ) .  
Thus,   there  i s  a l s o   a n o t h e r   a x i s   o f   p r o j e c t i o n   a t   r i g h t   a n g l e s   t o   t h e  p r e -  
ced ing ;   t he   i n fe r io r - supe r io r   ax i s   o f   t he   r e t ina   p ro j ec t s   t o   t he   l a t e ra l -  
media l   ax is  of the  tectum. To t e s t  what   cont ro ls   the   spec i f ic i ty   o f   these  
pro jec t ions ,   in   embryonic   an imals   a f te r   the   eyes   began   to  form they  were 
s p l i t  i n   h a l f  and  half   the   eye was  removed and  replaced by a half  eye  from 
ano the r   an ima l ;   t h i s   g ra f t ed   ha l f   t hen   g rowing   i n to   p l ace .  Some animals 
were   p repared   wi th   eyes   in   which   the   t empora l   ha lves   o f   the   re t inas  had been 
r ep laced   w i th   nasa l   ha lves .   In   t hese   doub le -nasa l   r e t inas ,   a s   one  moved 
temporal ly   outward  a long  the  nasal- temporal   axis  , the   re t inas   cor responded 
t o   n a s a l - c e n t r a l - n a s a l   i n s t e a d  o f  the   normal   nasa l -cent ra l - tempora l .   In  a 
s i m i l a r  way, double- tempora l   re t inas   were   p repared   in   o ther   an imals .  A l l  
t he se   ope ra t ions  were done   before   the   op t ic   f ibers   f rom  the   re t inas  had y e t  
made connect ions  with  the  opt ic   tectum.  These  animals   were  then  ra ised  un-  
t i l  they   were   adul t s ,   and   e lec t rophys io logica l   t echniques  were  used t o  map 
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t h e   r e t i n o t e c t a l   p r o j e c t i o n s .  The f i n d i n g s  were t h a t   i n   a n i m a l s   w i t h   d o u b l e -  
t empora l   r e t inas ,   t he   v i sua l   p ro j ec t ion   f rom  each   ha l f - r e t ina   cove red   t he  
whole  tectum.  This was so a l s o   i n   a n i m a l s   w i t h   d o u b l e - n a s a l   r e t i n a s .   I n  
each   ca se ,   t he   pa t t e rn   o f   p ro j ec t ion  was r e t i n o t o p i c a l l y   o r g a n i z e d   i n  a  way 
t h a t  was a p p r o p r i a t e   t o   t h e   o r i g i n a l   h a l f - r e t i n a ,   a n d  was a mirrored  image 
o f   t h i s   p a t t e r n   f o r   t h e   g r a f t e d   h a l f - r e t i n a .  Each poin t   on   the   t ec tum re -  
ceived  nerve  impulses  from two pos i t i ons   on   t he   r e t ina ,   and   t hese  were sym- 
me t r i ca l ly   d i sposed   abou t   t he   ve r t i ca l   mer id i an .  The i n f e r i o r - s u p e r i o r   a x i s  
o f   t h e   r e t i n a   p r o j e c t e d   i n  a normal way o n t o   t h e   l a t e r a l - m e d i a l   a x i s   o f   t h e  
tectum.  These  resul ts  show the  independence  of   the  nasal- temporal   axis   and 
t h e   i n f e r i o r - s u p e r i o r   a x i s .  

The r e s u l t s   c o u l d   b e   i n t e r p r e t e d   a s   i n d i c a t i n g  a g r a d i e n t   o f   s p e c i f i c i t y  
a long  the  temporal-nasal   re t ina  which was  matched by  a g r a d i e n t   o f   s p e c i f i c i t y  
a long   t he   ro s t r a l - cauda l   t ec tum.   Thus ,   each   op t i c   f i be r   t ha t   o r ig ina t ed   f rom 
a p o s i t i o n  a c e r t a i n   f r a c t i o n   o f   t h e  way a long   the   t empora l -nasa l   g rad ien t   o f  
a h a l f   r e t i n a   p r o j e c t e d   o n t o  a t e c t a l   p o i n t   c o r r e s p o n d i n g   t o   t h e  same f r a c -  
t ion   o f   the   ros t ra l -caudal   g rad ien t   o f   the   whole   t ec tum.   In  a s i m i l a r  way, 
i t  could be assumed t h a t   t h e r e  was a n   i n d e p e n d e n t   g r a d i e n t   a t   r i g h t   a n g l e s  
which  determined  the  connect ions  of   the   infer ior-superior   axis   of   the   re t ina 
t o   t h e   l a t e r a l - m e d i a l   a x i s   o f   t h e   t e c t u m .  Two p o s s i b l e  mechanisms  have  been 
suggested  which  would  give  the  observed  connections  of  the compound eye 
(doub le   ha l f - r e t inas )   w i th   t he   op t i c   t ec tum.   F i r s t ,   t ha t   t he   op t i c   f i be r s  
f rom  each   ( s imi la r )   ha l f   o f   the  compound eye  connect   only  with  their   appro-  
p r i a t e   h a l f   o f   t h e   t e c t u m ;   t h e   r e m a i n i n g   h a l f   o f   t h e   t e c t u m   f a i l i n g   t o   d e -  
ve lop .   Second,   the   op t ic   f ibers   f rom  each   ha l f   re t ina   spread   ou t   to   connec t  
with  the  whole  tectum. I t  was  found by measurement t h a t   t h e   o p t i c   f i b e r s  
f rom  the   med ia l - l a t e ra l   ax i s  had approximately  the  normal  spread,  while 
a l o n g   t h e   r o s t r a l - c a u d a l   a x i s   t h e y  had about twice the  normal  spread.  This 
r e s u l t  i s  c o m p a t i b l e   w i t h   t h e   f i r s t  mechanism o f   t he   sp read ing   o f   t he   op t i c  
nerve   t e rmina t ion .  I t  i s  also  compat ible   with  the  second mechanism i f  i t  i s  
assumed tha t   the   remain ing   ha l f  C f  t h e   l a y e r   o f   t e c t a l  c e l l s  with  which  the 
o p t i c   f i b e r s   c o n n e c t   s p r e a d s   o u t   s o   a s   t o   f i l l   t h e  whole  surface.  

( 4 )  F o r m a t i o n   o f   g r a d i e n t s   o f   s p e c i f i c i t y   i n   t h e .   r e t i n a ,  - We w i l l  
no t   concern   ourse lves   for   the  moment wi th   t he  mechanism by which   the   spec i f ic  
t e rmina t ion   o f   t he   op t i c   f i be r   o f   t he   t ec tum i s  produced ,   bu t   on ly   wi th   the  
mechanisms  which  could  lead t o   t h e   f o r m a t i o n   o f  a pa i r   o f   o r thogona l   i nde -  
p e n d e n t   g r a d i e n t s   o f   s p e c i f i c i t y   o n   t h e   r e t i n a   w h i c h   i n  some  way matches a 
pa i r   o f   o r thogona l   g rad ien t s  on the  tectum. To d o   t h i s ,  we  must l o o k   a t   t h e  
embryological  development  of  the  retina  and  the t e c t u m .  The o r g a n i s m   s t a r t s  
a s  a s i n g l e   f e r t i l i z e d   e g g  c e l l .  This c e l l  does  not  have a un i fo rm  d i s t r ibu -  
t i on   o f   chemica l s   w i th in  i t ,  and   co r re spond ing   t o   t h i s  asymmetry t h e r e  i s  an  
asymmetr ical   d ivis ion  of   the c e l l  i n  two, a fu r the r   a symmet r i ca l   d iv i s ion   o f  
the  daughter  cel ls  i n t o   f o u r ,  and so on. This   r e su l t s   i n   an   a symmet r i ca l   ho l -  
low sphere  with a w a l l   c o n s i s t i n g   o f  a s i n g l e   l a y e r   o f  ce l l s .  An i n d e n t a t i o n  
forms a t  one  pole   of   the   sphere.   This   indentat ion becomes very  deep  and a t  
t h a t   p o i n t  i s  ca l l ed   t he   a r chen te ron .  Cel ls  move ac ross   t he   wa l l   o f   t he  
sphere   and   en ter   the   a rchenteron   and   loca te   themselves   a t  i t s  roof.   These 
c e l l s  have  been  found t o  be  the c e l l s  hav ing   t he   g rea t e s t  power t o   i n d u c e  
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organ iza t ion   and   d i f f e ren t i a t ion   i n   ne ighbor ing  ce l l s .  These c e l l s   i n   t h e  
roof   o f   the   a rchenteron   induce   the   format ion   of   the   neura l   p la te   in   the   over -  
l y i n g   o u t e r   w a l l  (* ectoderm). The cel ls  making up the   a rchenteron   roof  
have by now d i f f e r e n t i a t e d   i n t o  a type  of ce l l  c a l l e d   t h e  mesoderm from  which 
w i l l  l a t e r   a r i s e   m u s c l e s .  The s t r ip   o f   a rchenteron   roof   forms   an   ax is   on  
e i t h e r   s i d e   o f   w h i c h  i s  a b i l a t e r a l  symmetry. This   could  be  cal led  the 
l a t e ra l -med ia l   g rad ien t .  Cells move along  the  archenteron  from  the  opening 
(pos t e r io r )   t o   t he   back   ( an te r io r )   o f   t he   i nvag ina t ion .   These  cel ls  seem t o  
c a r r y   a l o n g   a t   l e a s t  two different   substances  which  induce  changes  in   the 
over ly ing   a rchenteron   roof   and   neura l   p la te .  The f i r s t   s u b s t a n c e   t o   e n t e r  on 
r each ing   t he   deepes t   po r t ion   o f   t he   a r chen te ron   ( an te r io r )   i nduces   t he   ce l l s  
of t h e   n e u r a l   p l a t e   t o   s t a r t   d i f f e r e n t i a t i n g   i n t o  what l a t e r  w i l l  become the  
bra in ,   eyes ,   and   nasa l   o rgans .  A second  subs tance   en ters   and   ac t ing   a t   the  
pos t e r io r   po r t ion   o f   t he   a r chen te ron ,   i nduces   t he   fo rma t ion   o f   t he   sp ina l   co rd  
i n   t h e   n e u r a l   p l a t e  and causes   the mesoderm of   the   a rchenteron   roof   to   s ta r t  
fo rming   t he   s t ruc tu res  of  t h e   p o s t e r i o r   t r u n k   a n d   t a i l .  

The neura l  p l a t e  f o r m s   l a t e r a l   r i d g e s   w h i c h   r o l l  up and   c lose   t o  make a 
tube ,   t he   neu ra l   t ube .  A t  t h e  a n t e r i o r  end  of  the  tube,   from  the  left  and 
r i g h t   s i d e s ,   p r o t r u s i o n s  come out  which  are  the  primary 2 v e s i c l e s .  The 
p r o t r u s i o n s   c o n s t r i c t   a t   t h e   e n d s   n e a r e s t   t h e   n e u r a l   t u b e   t o  become the  eye-  
s t a l k s   w i t h   b a l l - l i k e   e y e - v e s i c l e s   a t  t h e i r  l a t e r a l   e n d .  The o u t e r   w a l l  of 
t h e   e y e - v e s i c l e   f i n a l l y   e s t a b l i s h e s   c o n t a c t   w i t h   t h e   s k i n   e c t o d e r m   a t   t h e  
s ide   o f  what has by now developed  into  the  head.  This  induces  the  skin  ecto- 
derm to   th icken ,   forming  a group of c e l l s   c a l l e d   t h e  lens placode. The l e n s  
placode  detaches  from  the  ectoderm  and moves toward  the  eye-vesicle   and  as  
i t  does   the   eye-ves ic le   invagina tes  away from  the  placode,  forming a double- 
walled 3 e  cue.  Some of  the mesoderm ce l l s   su r round ing  i t  p e n e t r a t e   i n t o   t h e  
eye  cup  to  help  form  what  later becomes a v i t r e o u s  body  and the  several   tough 
membranes around  the  eye.  As the   l ens   p lacode  comes i n   c o n t a c t  w i t h  t h e   i n -  
ne r  of t he  two w a l l s  o f   the   eye   cup ,   the   inner   wal l   th ickens   and   deve lops   in to  
the   r e t ina ,   wh i l e   t he   ou te r   wa l l   fo rms   i n to   t he   p igmen t   ep i the l ium.   La te r  
t he  i r i s  a r i s e s  f rom  the  edges  of   the   eye  cup;   the  axonal   f ibers  grow from 
t h e   r e t i n a l   g a n g l i o n   c e l l s  down th rough   t he   eyes t a lk   t o   fo rm  the   op t i c   ne rve  
and  eventual ly   connect   with  the  opt ic   tectum. The sk in   over ly ing   the   eye  
forms in to   t he   t r anspa ren t   co rnea .  

The po tency   fo r   fo rma t ion   o f   an   eye -ves i c l e   i n   t he   neu ra l   t ube  i s  i n -  
duced in   ec tode rm by t h e   a n t e r i o r   p a r t   o f   t h e   a r c h e n t e r o n   r o o f   b e f o r e   t h e  
neu ra l   p l a t e   fo rms .   Af t e r  a ce r t a in   s t a t e   o f   deve lopmen t ,  a narrow  median 
s t r i p  of   the   a rchenteron   roof   induces   in   the   over ly ing   ec toderm a local   sup-  
pression  of   the  eye-forming  potency.   Thus,   the   eye-vesicles  form a t  two 
s ides   r a the r   t han   a t   t he   cen te r   o f   t he   neu ra l   t ube .   Occas iona l ly   t he   med ian  
s t r i p   f a i l s   t o  form  and  then a s ing le   cen t ra l   eye   deve lops   (a   cyc lops) .  The 
cont inuing   d i f fe ren t ia t ion   o f   neura l   ec toderm  in to   re t ina   and   p igment   ep i -  
thelium i s  a l s o   e s t a b l i s h e d   a t   t h i s  time a s  a p o t e n t i a l   a b i l i t y ,  which i s  
b rough t   i n to   ac t ion   on ly  when i n   c o n t a c t . w i t h   t h e   l e n s   p l a c o d e .  The archen- 
t e r o n   r o o f   a l s o  i s  r e s p o n s i b l e   f o r  a weak lens-placode-forming  potency  of 
the  skin  ectoderm.  This   potency i s  inc reased  when the   eye-ves ic le   contac ts  
t he   ec tode rm,   and   r e su l t s   i n   t he   fo rma t ion   o f   t he   l ens   p l acode .  
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Note tha t   the   a rchenteron   roof ,   which   has  a m e d i a l - l a t e r a l   g r a d i e n t ,  
a c q u i r e s   a n   a n t e r i o r - p o s t e r i o r   g r a d i e n t   d u r i n g   i n v a g i n a t i o n .  The archenteron 
roo f   i nduces   t he   l ens - fo rming   po tency   i n   t he   an te r io r   sk in   ec tode rm and  pos- 
s i b l y   a t   t h e  same time e s t a b l i s h e s   a n t e r i o r - p o s t e r i o r   a n d   m e d i a l - l a t e r a l  
g r a d i e n t s   i n   t h e   s k i n .  The a rchen te ron   roo f   a l so   i nduces  t h e  eye-vesicle-  
fo rming   po tency ,   t he   spec ia l i za t ion   o f   t he   an t e r io r   neu ra l   ec tode rm  and   t he  
topography  of   the   d i f fe ren t   por t ions   o f   the   b ra in ,   and   poss ib ly   induces   in  
a l l   o f   t hese   co r re spond ing   an te r io r -pos t e r io r   and   med ia l - l a t e ra l   g rad ien t s  
(134,  135). 

I t  has  been shown by Stone  (136)   that  t h e  eye-ves ic le   can  be r o t a t e d  
wi th in   the   head   wi thout   a f fec t ing   the   es tab l i shment   o f   normal   connec t ions  
be tween  the   subsequent ly   deve loped   re t ina   and   op t ic   t ec tum  r igh t  up t o   t h e  
t ime   t ha t   t he   op t i c  vesicle  i s  contacted by t h e  l e n s   p l a c o d e .   A f t e r   t h a t  
time, r o t a t i o n   o f   t h e   o p t i c   v e s i c l e  w i l l  cause  the  development  of  an  eye  that  
i s  r o t a t e d   i n   t h e  head   wi th   respec t   to  i t s  connec t ions   t o   t he   b ra in .  From 
t h i s  i t  seems reasonable   to   conc lude   tha t  i t  i s  the   po la r   g rad ien t s   o f   t he  
placode  which  induce i n   t h e   e y e - v e s i c l e  i t s  f i n a l   g r a d i e n t s   o f   s p e c i f i c i t y .  

(5) Determinat ion  of   specif ic   connect ions  within- the  re t ina,-  - 
~" - -~ __ "" 

When the   l ens   p lacode  comes i n   c o n t a c t   w i t h   t h e   e y e - v e s i c l e ,  i t  causes   the  
c e l l s  o f   t h e   i n n e r   w a l l   t o   s t a r t   d i v i d i n g .  Some o f   t h e i r   d a u g h t e r  c e l l s  d i f -  
f e r e n t i a t e   i n t o   t h e   g a n g l i o n  c e l l s .  L a t e r ,   t h e  s i s t e r  c e l l s  d i f f e r e n t i a t e  
i n t o   t h e   b i p o l a r   c e l l s  and h o r i z o n t a l  c e l l s  and   amacr ine   ce l l s   and   f i na l ly  
i n t o  t h e  v i s u a l  c e l l s  (rods  and  cones) of  t h e   r e t i n a .  I t  i s  a t   t h e  time 
t h a t  t h e  g a n g l i o n   c e l l s  have d i f f e r e n t i a t e d   t h a t  t h e  p o l a r i z a t i o n   o f   t h e  
r e t i n a ,   a s  measured by t h e  s p e c i f i c i t y   o f   t h e   o p t i c   f i b e r   t e r m i n a t i o n s ,  i s  
established.  Experiments  have shown t h a t   t h e   p o l a r i z a t i o n   i n   t h e   a n t e r i o r -  
pos te r ior   ax is   o f   the   eye   cup  becomes f i x e d   f i r s t .   T h i s  i s  a t   s o - c a l l e d  
s t a g e   3 4   i n   t h e  Xenopus;  and a t   s t a g e s  35 and  36  of  developmenf  the  dorsal- 
v e n t r a l   a x i s  becomes f i x e d   i n  i t s  p o l a r i t y .  I t  i s  n o t   u n t i l   s t a g e  38 t h a t  
t h e  op t i c   f i be r s   connec t   t o   t he   t ec tum.   In   t he   s a l amander ,   t he   an t e r io r -  
p o s t e r i o r   a x i s  i s  e s t a b l i s h e d   a t   s t a g e   3 0 ,   a n d   f i v e   t o   t e n   h o u r s   l a t e r ,   a t  
s t age   31 ,   t he   do r sa l -ven t r a l   ax i s   o f   t he   r e t ina  i s  establ ished  (133) .   Stone 
a l so   t r i ed   expe r imen t s   i n   wh ich  he ro ta ted ,a t   var ious   s tages   o f   deve lopment  
the  piece  of   neural   tube  which would become the   op t i c   t ec tum  wh i l e   l eav ing  
t h e   e y e   i n  i t s  normal   posi t ion.  He f o u n d   t h a t   p o l a r i z a t i o n   o f   t h e   o p t i c  t ec-  
tum s o  a s   t o   cause   ro t a t ion   o f   t he   connec t ions   be tween   eye  and  tectum  oc- 
curred  between  s tages  31 and  36. The connec t ions   f rom  the   re t ina   to   the  tec-  
tum a r e   n o t  formed u n t i l   l a t e r ,   a t   a b o u t   s t a g e  38. I t  has  been  mentioned i n  
t h e   p r e v i o u s   d i s c u s s i o n   o f   n e u r o n a l   c i r c u i t s   i n   t h e   f r o g ' s   r e t i n a  how t h e r e  
a r e   d i f f e r e n t   t y p e s   o f   g a n g l i o n  c e l l s  and  each makes spec i f i c   connec t ions  
wi th   ce r t a in   o f   t he   amacr ine  c e l l s  a n d   b i p o l a r   c e l l s  and t h e s e ,   i n   t u r n ,  
make s p e c i f i c   c o n n e c t i o n s   w i t h   o n l y   c e r t a i n   o f   e a c h   o t h e r ,   a n d  t h e  v i s u a l  
c e l l s  i n   t u r n  make connec t ions   on ly   wi th   spec i f ic   o f   the   b ipolar  c e l l s  and 
h o r i z o n t a l  c e l l s .  The spec i f i c i ty   o f   t hese   connec t ions  may be  determined by 
a mechanism i n  which   the   spec i f ica l ly   connec t ing  s e t  of   gangl ion c e l l s  and 
o t h e r   r e t i n a l  c e l l s  a l l   d e r i v e  from  the same mother c e l l  o f   t h e   i n n e r   w a l l  
o f   t h e   e y e - v e s i c l e   a n d   t h u s   a l l   r e t a i n  enough s imi la r i ty   o f   chemica l   spec i -  
f i c i t y   t o   i n s u r e   t h e   s p e c i f i c i t y   o f   t h e i r   i n t e r c o n n e c t i o n s .  
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(6) Mechanism o f   t e rmina t ion   s e l ec t ion   a long  a g r a d i e n t .  - As has 
been   ment ioned   above ,   the   op t ic   f iber   connec t ions   a long   the   an te r ior -pos te r ior  
a x i s  of the   op t i c   t ec tum  a re   spec i f i ed   be fo re   t he   connec t ions   a r e   spec i f i ed  
a l o n g   t h e   d o r s a l - v e n t r a l   a x i s .  The a n t e r i o r - p o s t e r i o r   a x i s   l a t e r  becomes t h e  
r o s t r a l - c a u d a l   a x i s   a n d   t h e   d o r s a l - v e n t r a l   a x i s  becomes t h e   m e d i a l - l a t e r a l  
a x i s .  One mechanism tha t   has   been   proposed   to   expla in   the   de te rmina t ion   of  
t hese   connec t ions   a long   each   ax i s   s epa ra t e ly  i s  t h a t   t h e r e  i s  a g rad ien t   o f  
some pa r t i cu la r   chemica l   a long   t he   t empora l -nasa l   ax i s   o f   t he   r e t ina l   gang l ion  
cel ls  which  corresponds t o  a ros t r a l - cauda l   concen t r a t ion   g rad ien t   o f   t he  
matching  chemical a t   t h e   s u r f a c e   o f   t h e   o p t i c   t e c t u m   ( p o s s i b l y   i n   t h e   d e n d r i t e s  
o f   t h e   t e c t a l  cel ls  t o   w h i c h   t h e   o p t i c   f i b e r s   c o n n e c t ) .  It i s  a l s o  assumed 
t h a t   t h e r e  i s  a second   pa i r   o f   g rad ien t s   o f  a d i f f e ren t   pa i r   o f   ma tch ing  chem- 
i c a l s   a l o n g   t h e   i n f e r i o r - s u p e r i o r   a x i s   o f   t h e   r e t i n a  and   t he   l a t e ra l -med ia l  
a x i s   o f   t h e   o p t i c   t e c t u m .   T h i s   l a t t e r   p a i r   o f   c h e m i c a l   c o n c e n t r a t i o n   g r a d i -  
e n t s  i s  presumed t o  be  formed a few h o u r s   a f t e r   t h e  f irst .  ' T t  i s  observed 
t h a t   t h e   o p t i c   n e r v e   f i b e r s   f i r s t  make c o n n e c t i o n s   a t  random  on t h e   t e c t a l  
s u r f a c e ,   b u t   t h a t   g r a d u a l l y   t h e   f i b e r s   r e d i s t r i b u t e   t h e m s e l v e s   u n t i l   t h e y   a r e  
p rope r ly   l i ned  up a long ,  f i r s t ,  t h e   a n t e r i o r - p o s t e r i o r   a x i s   a n d   t h e n   a f t e r -  
wards   a long   t he   do r sa l -ven t r a l   ax i s .  It has   been  noted  that   the   connect ions 
u n f o l d   f r o m   t h e   r o s t r a l   ( a n t e r i o r )   t o   t h e   c a u d a l   ( p o s t e r i o r )   p o l e s   o f   t h e  tec-  
tum.   This   para l le l s   the   d i rec t ion   of   deve lopment   and   d i f fe ren t ia t ion   o f   the  
c e l l s  o f   t he   op t i c   t ec tum.  I t  i s  assumed t h a t   t h e   t e r m i n a t i o n s ' o f   t h e   o p t i c  
n e r v e   f i b e r s   c a r r y   t h e  same chemica l   concent ra t ions   as   the   paren t  c e l l  bodies .  
There i s  cons iderable   ev idence   tha t  many types  of   chemicals   are   passed  f rom 
the   ne rve  c e l l  body a long   the   axons   to   the   t e rmina t ions .   Thus ,  i t  has  been 
shown t h a t   p r o t e i n  i s  moved along  the  axons  of  neurons (137) .  I t  i s  assumed 
t h a t   t h e   f i n a l   c o n n e c t i o n   o f   a n   o p t i c   f i b e r   a l o n g   t h e   c o n c e n t r a t i o n   g r a d i e n t  
of   the  tectum i s  determined by the   concen t r a t ion   o f   t he   chemica l   i n   t ha t   f i be r  
w i t h   r e s p e c t   t o   t h e   C o n c e n t r a t i o n   i n   t h e   n e i g h b o r i n g   f i b e r s .  (A p o s s i b l e  
mechanism i s  tha t   the   ra te   o f   format ion   of   connec t ions   be tween  the   op t ic   f iber  
and t h e  t e c t a l  c e l l s  may depend  on  the sum of   the   concent ra t ions  of  the   spec i -  
f i c   c h e m i c a l s   i n   t h e   o p t i c   f i b e r  and i n   t h e   t e c t a l  c e l l  with  which i t  i s  mak- 
i n g   c o n t a c t .   T h u s ,   t h e   o p t i c   f i b e r s   h a v i n g   t h e   h i g h e r   c o n c e n t r a t i o n   o f   t h e  
chemical w i l l  t end   t o   d i sp l ace   t he   op t i c   f i be r s   hav ing   l ower   concen t r a t ions  
and w i l l  s imul taneous ly   t end   to  move toward  the  higher   concentrat ion  regions 
of   the  tectum.  This  w i l l  a u t o m a t i c a l l y   l i n e  up t h e  low to   h igh   concen t r a t ion  
f i b e r s   a l o n g   t h e  low t o   h i g h   c o n c e n t r a t i o n   a x i s   o f   t h e  t e c t u m .  The e x i s t e n c e  
of  such a mechanism i s  c o n s i s t e n t   w i t h   t h e   f i n d i n g s ;   f i r s t ,   t h a t   t h e   n e r v e  
f ibers   which   normal ly   connec t   to   the  cel ls  of  a pa r t i cu la r   musc le  w i l l  d i s -  
place  foreign  nerve  f ibers   that   have  a l ready  connected  to   those  muscle  c e l l s  
(138, 139).  Second, when t h e   o p t i c   f i b e r s   a r e   f i r s t   l i n e d  up  on the  tectum, 
the  axons  have  an  extensive  overlap  of   their   f ine  terminal   connect ions  on  the 
t e c t a l  ce l l s .  L a t e r   t h i s   o v e r l a p  i s  reduced  and  the  terminat ions become more 
selective .) 

(7 )  C e l l - t o - c e l l   s p e c i f i c i t y .  - Once the  gradients   and  correspond-  
ing   connec t ions   have   been   e s t ab l i shed ,   t he   t ec t a l  cel ls  and   t he   op t i c   ne rve  
axons  take  on  specif ic   values   which  match  each  to   the  other .   Thereaf ter ,   con-  
nect ions  can  be made only  between  the  corresponding  axon  and  tectal  c e l l .  
This  i s  shown by removing a p i e c e   o f   r e t i n a   o r  a p i e c e   o f   t e c t u m   a t   t h e s e  
l a t e r   s t a g e s ,  and   then   cu t t ing   the   whole   op t ic   nerve .  When the   op t i c   ne rve  
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r egene ra t e s ,   connec t ions   a r e   no t  made to   t he   pa r t s   o f   t he   t ec tum  co r re spond-  
i n g   t o   t h e   m i s s i n g  pieces of   the   re t ina ,   and   connec t ions   f rom  the   re t ina   a re  
no t  made to   t he   t ec tum  i f   t he   co r re spond ing  piece of  tectum i s  missing.  The 
same th ing   has   been   found   t o   occu r   fo r   t he   r e t ino tec t a l   connec t ions   o f   t he  
chick  (140 , 144). 

A molecular mechanism f o r   t h e   i n i t i a l   p o l a r i z a t i o n   o f   t i s s u e s ,  which i s  
based on  mechanisms  found t o  work  on b a c t e r i a l  ce l l s ,  i s  d i s c u s s e d   i n   t h e  
l i t e r a t u r e   ( 1 4 2 ) .  A more d e t a i l e d   d i s c u s s i o n   a n d   e l a b o r a t i o n   o f   t h i s   p o s s i b l e  
mechanism i s  g iven   i n   chap te r   t h ree   o f   r e f e rence  (119) O t h e r  mechanisms  have 
been  discussed i n   s e c t i o n  2 o f   t h i s   r epor t .   Fu r the r   ev idence   t ha t   such  a 
molecular mechanism  of g e n e t i c   c o n t r o l   o f   t h e   s p e c i f i c i t y   o f   c e l l s  i s  ope ra t -  
i n g   i n   t h e   r e t i n a  i s  g i v e n   i n  some work (143) i n  which i t  was found f o r  Xeno- 
pus   tha t  DNA s y n t h e s i s   c e a s e d   i n   t h e   r e t i n a l   g a n g l i o n   c e l l   n e u r o b l a s t s   ( c e l l s  
wh ich   l a t e r  become neurons) a t   s t a g e s   2 8 - 2 9 ,   a n d   t h a t   t h e   s p e c i f i c a t i o n   o f   t h e  
t ec t a l   connec t ions   o f   t he   gang l ion   ce l l s  i s  produced a t   s t a g e s  29-31.  There 
i s  less than a ten-hour  period  between  stages 28 and  30,  which i s  less than 
o n e   g e n e r a t i o n   c y c l e   f o r   t h e   r e t i n a l   c e l l s .  The r e t i n a l   g a n g l i o n   c e l l   n e u r o -  
b l a s t s   c a n   c h a n g e   t h e i r   s p e c i f i c i t y   o f   t e c t a l   c o n n e c t i o n   t o  match the   pos i -  
t i o n   o f   t h e   e y e - v e s i c l e   i n   t h e   h e a d  up t o  t h e  t ime  tha t  DNA r e p l i c a t i o n  
ceases   and   canno t   change   t he i r   spec i f i c i ty   a f t e r   t ha t  time. Therefore ,  i t  i s  
cons i s t en t   w i th   t he   i dea   t ha t   neu rona l   spec i f i ca t ion   i nvo lves   t he   syn thes i s  
of   specif ic   macromolecules ,   synthesis   of   which i s  c o n t r o l l e d  by DNA. 

(8)   Tectal   output   connect ions.  - Some i d e a   a s   t o   s p e c i f i c a t i o n   o f  
neurons  within  the  opt ic   tectum i s  given by experiments  performed on amphibia 
(144).  Animals  which  were  given  double-temporal  or  double-nasel  eyes  during 
embryonic  development  later  behaved i n   t h e i r   v i s u a l   p u r s u i t   r e a c t i o n s   a s   i f  
t h e   e n t i r e   v i s u a l   f i e l d   w e r e   n a s a l   o r   t e m p o r a l ,   r e s p e c t i v e l y .   A f t e r   d e s t r u c -  
t ion   o f   the   ros t ra l   ha l f   o f   the   t ec tum  to   which   the   t empora l   re t ina   (nasa l  
f i e ld )   no rma l ly   p ro j ec t s  , the   animals  w i t h  double- temporal   re t inas   (double-  
n a s a l   v i s u a l   f i e l d )  behaved a s   i f   t h e y  were t o t a l l y   b l i n d .   S i m i l a r l y ,   a n i -  
mals   wi th   double-nasa l   re t inas   (double- tempora l   v i sua l   f ie lds )  became b l ind  
when the   cauda l   ha l f   o f  t h e  tectum was destroyed.   Since i t  i s  known t h a t  
both  types  of  double-half   eyes had o p t i c   f i b e r   p r o j e c t i o n s   t o   t h e   e n t i r e   s u r -  
face   o f   the   op t ic   t ec tum,  t h e  q u e s t i o n   a r i s e s  a s  t o  why the  animal  should  be- 
come t o t a l l y   b l i n d  when j u s t  one  half   of  the  tectum was destroyed.  

(A poss ib le   sugges t ion  i s  tha t   t he   ne rve  cel ls  of  the  tectum  which  con- 
nec ted   t o   t he   mo to r   ne rves   t ha t   ac t iva t ed   t u rn ing   i n   t he   t empora l   d i r ec t ion  
a re   l oca t ed   i n   t he   cauda l   po r t ion   o f   t he   t ec tum,   and   t ha t   t he   co r re spond ing  
t e c t a l   c e l l s   f o r   t u r n i n g   i n   t h e   n a s a l   d i r e c t i o n   a r e   l o c a t e d   i n   t h e   r o s t r a l  
po r t ion   o f   t he   op t i c   t ec tum.   These   ce l l s  make dendr i t i c   connec t ions   e i the r  
d i r e c t l y ,   o r  more l i ke ly   v i a   o the r   t ec t a l   neu rons ,   w i th   t he   t e rmina t ions   o f  
o p t i c   f i b e r s   i n   t h e   t e c t a l   s u r f a c e .  A double-temporal  eye,  for  example, would 
have i t s  op t i c   f i be r   t e rmina t ion   sp read   ac ross  t h e  e n t i r e   r o s t r a l - c a u d a l   a x i s  
o f   t h e   t e c t a l   s u r f a c e .  The t e c t a l   c e l l s   t h a t   n o r m a l l y   c o n n e c t e d   w i t h   t h e  
o p t i c   f i b e r s  from  the  temporal  half   of  the  retina would spread t h e i r  d e n d r i t i c  
te rmina t ions   across  t h e  e n t i r e   t e c t a l   s u r f a c e   t o   c o n n e c t  w i t h  t h o s e   o p t i c   f i -  
b e r s .  O r  p o s s i b l y ,   i f   t h e r e  was an   i n t e rven ing   l aye r   o f   connec t ing   t ec t a l  
c e l l s ,   a l l   o f   t h e s e   o u t e r   t e c t a l   c e l l s  would make connec t ions   wi th   the   f ibers  
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t e r m i n a t i n g   a t   t h e   n o r m a l   p o s i t i o n s   o f   t h e s e  c e l l s  i n   t h e   e n t i r e   t e c t a l   s u r -  
f ace ,   bu t   on ly   t hose  ce l l s  which  normally  would  connect  to  the  temporal  half 
o f   t h e   r e t i n a  would i n   t u r n   g e t   d e n d r i t i c   c o n n e c t i o n s   f r o m   t h e   o u t p u t   t e c t a l  
cel ls .  Thus ,   t he   ou tpu t   t ec t a l  ce l l s  connect ing  to   the  motor   neuron would 
b e   i n n e r v a t e d   o n l y   i n   t h e   r o s t r a l   h a l f   o f   t h e   t e c t u m   f o r  a tectum  connect ing 
t o  a double-temporal  eye  and  only i n   t h e   c a u d a l   h a l f   o f   t h e   t e c t u m   f o r  a tec- 
tum c o n n e c t i n g   t o  a double-nasa l   eye .   Des t ruc t ion   of   the   ros t ra l   ha l f   o f   the  
tectum  for   the  double- temporal   eyes  would c a u s e   t o t a l   f u n c t i o n a l   b l i n d n e s s  
because   the   incoming  v i sua l   s igna l   to   the   t ec tum  could   no t   cause   any  corres- 
ponding   ac t iva t ion   of   motor   neurons .   S imi la r ly ,   des t ruc t ion   of   the   caudal  
ha l f   o f   t he   t ec tum would make an   an ima l   w i th   doub le   nasa l   eyes   func t iona l ly  
b l i n d .  ) 

(c) Other   examples   of   specif ic   neuronal   connect ions  and  their   control .  

( 
sory  nerves  
(a  region o 

1) Control   of   sensory  nerve  types.  - I t  has  been  found  that  sen- 
f rom  the   sk in   o f   t he   f rog ' s  head  terminate   medial ly   in   the  medul la  

f the   b ra ins tem) ,   whi le   sensory   nerve   f ibers   f rom  the   cornea   o f   the  
f r o g ' s   e y e   t e r m i n a t e   l a t e r a l l y   i n   t h e   m e d u l l a .  The f i b e r s  f rom  the  cornea  are  
much s m a l l e r   i n   d i a m e t e r  and  slower i n  conduct ion   ra te   than   those   f rom  the  
sk in   o f   the   head .  The l a t e r a l l y   t e r m i n a t i n g   s e n s o r y   f i b e r s   a p p e a r   t o  make  a 
monosynaptic  connection i n   t h e   m e d u l l a   w i t h   t h e   d e n d r i t e s   o f   t h o s e   s p i n a l  
motor   neurons  which  act ivate   the  muscles   that   produce a b l ink ing   of   the   eye-  
l i d s .  Whenever the  cornea was s t i m u l a t e d ,  a b l i n k   r e f l e x   o c c u r r e d .   I f   a n  
ex t r a   eye -ves i c l e  was g ra f t ed   on to  a f r o g  embryo i n   t h e  head  region,  and  the 
f r o g  grown t o   a n   a d u l t   w i t h   a n   e x t r a   e y e ,   t h e   s e n s o r y   n e r v e   f i b e r s   c o n n e c t i n g  
to   the   p iece   o f   sk in   which  had  changed i n t o   c o r n e a  were of   small   d iameter   in-  
stead  of  the  large  diameter  which  they  would  normally  have  been.  These  small  
diameter   f ibers   f rom  the  newly formed  cornea were found t o   t e r m i n a t e   l a t e r a l l y  
i n   t h e   m e d u l l a .  I t  i s  known from  other  work t h a t  i f  sensory   nerve   f ibers   have  
t h e i r   d e n d r i t i c   t e r m i n a t i o n s   i n   t i s s u e  which i s  very  poorly  suppl ied  with 
b lood ,   t he   ne rve   f i be r s  w i l l  become s m a l l   i n   d i a m e t e r .  The cornea i s  a t i s s u e  
which i s  lacking  a capi l la ry   b lood   supply ,   and   therefore  would  be expec ted   t o  
cause   the   cu taneous   sensory   nerves   to  become sma l l   i n   d i ame te r .   Apparen t ly ,  
the   chemica l   changes   which   a re   par t   o f   th i s   change   in   d iameter   cause   the  
c e n t r a l   a x o n a l  end   o f   t he   s enso ry   f i be r   t o   t e rmina te   l a t e ra l ly   r a the r   t han  
medial ly   in   the  medul la   and  thus  to   contact   the   proper   motoneuron  dendri tes   to  
set  u p   t h e   b l i n k   r e f l e x  (145, 146). 

It has  been  found i n  expe r imen t s   w i th   adu l t   f rogs   t ha t   t he   s enso ry   ne rves  
going   to   the   sk in   and   tongue   could   be   cu t   and   the   cen t ra l  stump  of  the  cutan- 
eous  (skin)   nerve  a l lowed  to  grow t o   t h e   t o n g u e   i n   p l a c e  of the  normal   nerve.  
It  was  found (147) t h a t  when regenera t ion  was completed,   the  cutaneous  nerves 
c ross - innerva t ing   the   tongue   of ten   y ie lded   e lec t r ica l   responses   which  were 

of t a s t e   r ecep to r s   i n   t he   t ongue .   Thus ,   cu t aneous   ne rves   can  serve t h e  same 
r o l e   a s   t h e   g u s t a t o r y   n e r v e s .   T h e r e f o r e ,   t h e   f u n c t i o n a l   c h a r a c t e r i s t i c s   o f  
these   sensory   nerve  ce l l s  a re   no t   p rede te rmined ,   bu t  must  depend on the   en -  
vironment of the   dendr i t i c   end ings   o f   t he   neu rons .   Th i s ,   t aken   t oge the r   w i th  
the   ev idence   desc r ibed   i n   t he   p reced ing   pa rag raph ,   i nd ica t e s   t ha t  i t  i s  t h e  
sk in   type   (wi th  i t s  cor responding   receptors )   which   de te rmines   the   charac te r -  

11 gus ta tory"  by a l l   c r i t e r i a ,   r e s p o n d i n g   i n  a c h a r a c t e r i s t i c  way t o   s t i m u l a t i o n  
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i s t i c s  of  a sensory   neuron   tha t   synapses   wi th   the   receptors   in   each   p iece   o f  
s k i n .  The type  of  neuron, i n   t u rn ,   de t e rmines   where  i t s  axon  synapses  cen- 
t r a l l y   i n   t h e   s p i n a l   c o r d   o r   b r a i n .  

A t h i r d  example  of   the  specif icat ion  of   nerves  by the   sk in   t o   wh ich   t hey  
connect i s  t h e   r e s u l t s   o f  a s tudy  of   f rogs  which when tadpoles  had  had s k i n  
g r a f t s   r o t a t e d  180' (148). When the  normal   skin was t i c k l e d ,  a l e g  moved t o  
sc ra t ch   a t   t he   po in t   o f   s t imu la t ion .   Fo r   no rma l   sk in   and   fo r   g ra f t ed   back  
s k i n   t h a t  was r o t a t e d   h e a d - t o - t a i l   t h e   r e f l e x  movements were a c c u r a t e l y   d i -  
r ec t ed .   Fo r   s t imu la t ion   o f   g ra f t ed   be l ly   sk in  on theback ,   the   l eg   wiped  t h e  
be l ly ,   no t   the   back .   S imi la r ly ,   for   back   sk in   on   the   be l ly ,   the   back  was 
wiped. The nerves   to   the   sk in   receptors   were   mos t ly   the   loca l   nerves   and  
each   en tered   the   sk in   wi th in  i t s  own r e c e p t i v e   f i e l d ,  so i t  cannot be t h a t  
nerves   no t   normal ly   found  in   tha t   par t   o f   the  body  had  grown t o   t h e   g r a f t e d  
skin.   Furthermore,  when the   re f lexes   f i r s t   appeared ,   they   were   o f ten   normal ,  
even i n   t h e   g r a f t e d   s k i n .   O n l y   l a t e r   d i d  t h e  reflexes become misd i r ec t ed .  
The recept ive   f ie lds   o f   the   cu taneous   nerves   remained   unchanged,  so i t  must 
have  been  the  central   connect ions  that   changed (149). The conclusion i s  t h a t  
the  cutaneous  nerves  were modified by the  skin  with  which t h e y  connected so a s  
to   spec i fy   t he i r   sp ina l   co rd   connec t ions   w i th   mo toneurons   and   w i th   o the r   cen -  
t r a l   n e u r o n s   t o   b e   a p p r o p r i a t e   f o r   t h e   s k i n   t y p e   r a t h e r   t h a n   f o r   t h e   p o s i t i o n  
a t  which  the  nerve  ended i n   t h e   b o d y ' s   s k i n .  

(2 )  Control  of  muscle ce l l  type by motoneurons. - The higher  ver- 
tebra tes   have  two types   o f   ske l e t a l   musc le   f i be r   o r   ce l l .  The f a s t   f i b e r s  
give a t w i t c h   c o n t r a c t i o n  upon a s ing le   neu rona l   s t imu la t ion .  The slow f i -  
be r s   g ive  a much s lower   mechanica l   response   and   requi re   repe t i t ive   s t imula t ion  
o f   t h e i r  motor   nerve   f ibers   to   g ive  a good mechanical  response.  The slow mus- 
c l e   f i b e r s   a r e   i n n e r v a t e d  by n e r v e   f i b e r s  of smal le r   d iameters   than   those   in -  
n e r v a t i n g   t h e   f a s t   m u s c l e   f i b e r s .  The slow  muscle  f ibers  have m u l t i p l e  nerve 
endings on each   musc le   ce l l ,   whi le   the   fas t   musc le   f ibers   have  a s i n g l e  moto- 
neuron  synapse on e a c h   c e l l .  Some skeletal   muscles  have  only  slow  muscle 
f i b e r s ,  some have  only  fas t   muscle   f ibers ,   and some have a mixture   of   the  two 
types  of muscle f i b e r s .  It  was found in   expe r imen t s   on   k i t t ens   and   r abb i t s  
(150) , r a t s  (151), and  chicks (152) t h a t  when the  motor  neurons  that   normally 
innervated  slow  muscles  were  cut  and  regrown  to  fast   muscles,   the  types  of 
nerve  endings  on  the  muscle  f ibers became those  of   the new type  of  motoneuron 
(s low)   a f te r   regenera t ion   of   the   nerve .   Fur thermore ,   the   musc le   f ibershowing 
o n l y   t h e   e l e c t r i c a l   a n d   m e c h a n i c a l   a c t i v i t y   c h a r a c t e r i s t i c   o f   s l o w   m u s c l e   f i -  
b e r s ,  was shown t o  have  changed i n   s t r u c t u r e   t o   t h a t   c h a r a c t e r i s t i c   o f   s l o w  
f i b e r s ,  and was shown t o  have  changed i t s  conten t   o f  enzymes to   t hose   cha r -  
a c t e r i s t i c   o f   t h e   s l o w   f i b e r s .   I n  a s i m i l a r  way, connect ion  of   the motoneu- 
rons   t ha t   no rma l ly   i nne rva ted   f a s t  muscles t o  slow  muscles  caused  the  slow 
muscle f i b e r s   t o  change i n   a l l   t h e s e  ways t o   f a s t   m u s c l e   f i b e r s .  I t  mus t  be 
concluded  that   the   metabol ic   system, enzyme c o n c e n t r a t i o n ,   r e s u l t i n g   s t r u c t u r e  
and   consequent   e lec t r ica l   and   mechanica l   ac t ion   of   the   ske le ta l   musc le   f ibers  
are   determined by the  nerve  supply.  . I t  i s  n o t   y e t  known whether t h e  d e t e r -  
mination i s  by the   t ype   o f   e l ec t r i c   ac t iv i ty   f rom  the   ne rve   t e rmina t ions   o r  
by subs tances   t ransmi t ted   f rom  the   nerve   t e rmina t ions   to   the   musc le   f iber .  
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A book  which  discusses i n   d e t a i l   t h e  development  of  neuronal  connections 
t o   t h e   l i m b s  of amphibians  has   just  become a v a i l a b l e  (153). 

(d)   Overal l  v i e w  of the   p roblem  of   neuronal   spec i f ic i ty .  - We can  take  
t h e  v i e w  tha t   t he   pa t t e rns   o f   env i ronmen ta l   s t imu la t ion   r each ing   t he   su r f ace  
of   the   an imal  &st be  matched  with  the  pat tern  of   response  (muscle   act ions)  
taken by the  animal .   This  means t h a t   i n f o r m a t i o n   a s   t o   w h a t   p o r t i o n s   o f   t h e  
s k i n  were s t imu la t ed  must somehow be   re ta ined  so tha t   the   appropr ia te   musc les  
can, i n   t u r n ,  be   s t imula ted .  The matching  of  the  input  and  the  output  pat-  
t e r n s  i s  done a t   t h e   c o n n e c t i o n s   i n   t h e   c e n t r a l   n e r v o u s   s y s t e m  so tha t   in forma-  
t i o n   a s   t o   t h e   i n p u t   o r i g i n s  and  the  output  terminations  must somehow be  pre-  
served in   t he   cen t r a l   ne rvous   sys t em  connec t ions .  As was pointed  out   above,  
t he   po la r i za t ions   o f   t he   ou te r   sk in   and   o f   t he   cen t r a l   ne rvous   sys t em were 
both  produced by the  archenteron  roof  during  the  early  embryonic  development 
of   the  animal .   Thus,   matching  polar i t ies   are  set  up which  can  insure  proper 
connec t ions   f rom  the   sensory   receptors   a t   the   ou ter   sk in   v ia   nerves   (which  
a r e  changed i n   c h a r a c t e r  by the   sk in   f rom  which   they   or ig ina te )   to   t e rmina-  
t i ons   o f   t hose   ne rves   a t   t he   ma tch ing   po r t ions   o f  t h e  central   nervous  system. 
Not much seems t o  be known about  the  formation  of  connections  between  the 
central   nervous  system  and  the  muscles.  However, one   can   specula te   tha t   s ince  
t h e  archenteron  roof  t issue is i t s e l f  t h e  source of t h e   c e l l s   t h a t  become t h e  
muscles ,   the   muscles   themselves   re ta in  a po la r i za t ion   t ha t   ma tches  them t o  
the  polar izat ion  of   the  central   nervous  system.  Thus,   the   nerve  f ibers   going 
from  the  central   nervous  system  to   the  muscles  would  match up  wi th   the   cor -  
responding  muscles.  The pa r t i cu la r   t ype   o f   t he  muscle  would then be d e t e r -  
mined  by the   nerve   f ibers   tha t   t e rmina ted   on  i t .  I n   t h i s  way, a matching  of 
connec t ions   f rom  outer   sk in   to   cen t ra l   nervous   sys tem t o  output  motoneurons 
to   musc les  i s  re ta ined ,   and   the   overa l l   input   and   ou tput   pa t te rns   a re  matched 
to   each   o ther .   Natura l ly ,   fur ther   exper iments   a re   needed   to  t e s t  t h i s  hypo- 
t h e s i s .  
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XI. THE CHEMICAL  ORIGINS  OF " M A L I A N  BEHAVIOR 

O r  l i f e   b e g i n s  a t  '300'. We may r e g a r d   t h i s   c a t c h   p h r a s e   a s   s h o r t h a n d  
f o r   t h e   s t a t e m e n t   t h a t   t h e   v e r y   s i m p l e   f o r m s   o f   c e l l u l a r   l i f e   r e q u i r e  a min- 
imum of perhaps 300 enzyme cha ins   t o   run   t he i r   me tabo l i c   mach ine ry .  However, 
a s   f a r  a s  the   behavior   of   the   organism i s  concerned, i t  opera tes   wi th   perhaps  
on ly  two modes. A s  we cl imb  phylogenet ical ly   toward more  complex  organisms, 
t h e  number of  enzyme chains   and  the number of   behavioral  modes both   increase .  

Two of   t he   p reced ing   s ec t ions   o f   t h i s   r epor t   have   dea l t   w i th   behav io r ,  
one  from a neurophysiological   approach,   and  the  other   f rom  an  endocrinological-  
metabol ic   approach .   In   th i s   p resent   sec t ion  we ex tend   t he   d i scuss ion   fu r the r ,  
and   a t t empt   t o   un i fy   t he  two ear l ier  d e s c r i p t i o n s .  

Human behavior  can  be  viewed  from many s tandpoints .   For   example,   the  
psychoanalyt ic  v i e w  emphas izes   t he   gene t i c   and   h i s to r i ca l   o r ig ins   o f   p re sen t  
behavior.  A s  Kurt Lewin has   po in ted   ou t  (l), psychoanalyt ic   theories   of   be-  
havior  are A r i s t o t e l i a n   i n   t h e l r   e m p h a s i s  on h i s t o r i c i t y   i n   c a u s a l i t y .   I n  
sha rp   con t r a s t  i s  the   Ga l i l ean  v i e w  which  emphasizes  that   present  behavior i s  
a v e c t o r  summation  of t h e   f o r c e s   a n d   f i e l d s  now a c t i n g .  

I n   t h i s   s e c t i o n  we analyze human behavior  from s t i l l  another   point   of  
view by asking  whether  the  evidence  previously  presented showing t h a t   t h e  
chemical  machinery  of  the  l iving  organism may be cha rac t e r i zed  by l i m i t  cy- 
c les ,  permits  a spec t r a l   ana lys i s   o f   t he   behav io r   o f  man. Do we f i n d ,  when 
w e  look a t  human behavior , d i s t i n g u i s h a b l e  , r e c u r r i n g  modes? 

1. P e r i o d i c ,  Modal Behavior 

(a) The modal  view  of  behavior. - In   t he   p reced ing   s ec t ions  on  endo- 
cr inology,   metabol ism  and  neurophysiology,   the  concept   that   behavior  i s  modal 
was introduced.  However, a s  K i l m e r ,  McCulloch  and Blum (2)  p o i n t   o u t ,  i t  i s  
not   cus tomary   to   descr ibe  human behav io r   i n   t e rms   o f   moda l i t i e s .  The e f f o r t  
t o  do so has   been  recent ly   led by I b e r a l l  and  McCulloch ( 3 ) ,  who l i s t  twenty 
dis t inguishable   'act ion  modes ' .   These modes have  been  reconsidered  and re- 
named i n  Table 1 which  includes synonyms f o r  some of  them. We w i l l  n o t   a s s e r t  
t h a t   t h e s e  modes a re   fu l ly   independent ,   and  w e  admi t   t ha t   t hey   ce r t a in ly   a r e  
not  'normal modes' i n   t h e   p h y s i c a l   s e n s e .   Y e t ,   a s  w i l l  be  described  below, 
t h e  l i s t  appears   to   furn ish   an   upper  bound t o   t h e  number o f   s a l i e n t  mammalian 
behaviora l   modal i t ies .  

(b)   Separabi l i ty   o f  modes. - In   ou r   expe r i ence ,   d i f f e ren t   i nd iv idua l s  of 
a n  American educated,   upper   middle   c lass ,  when given  the  ass ignment   to   analyze 
i h e i r  own behavior   in to   separable  modes, independent   of   content ,  w i l l  choose 
approximately  twenty  primary modes. A f t e r   c o r r e c t i o n s   a r e  made f o r  synonyms, 
t h e  modes agreed upon a re   t hose  we  have shown i n  Table 1. Thus, t h i s  decom- 
p o s i t i o n   o f  human behavior  has a t   l e a s t   t h e   v a l i d i t y   t h a t   a d u l t s   o f   o u r   c u l -  
t u r e  who are   highly  educated  and  used  to   introspect ion  have l i t t l e  d i f f i c u l t y  
i n   a g r e e i n g  upon it .  T h i s   r e s u l t  was reassur ing ,   and  we t ake  i t  a s   o n e   i n d i -  
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c a t i o n   o f   t h e   r e a l i t y  and   s epa ra t e   i den t i ty   o f   t he  modes des igna ted .   In  com- 
pa r ing   t h i s   r e su l t   w i th   t he   decompos i t ions   o f   behav io r   sugges t ed  by e tho lo -  
gis ts  from a number of   cu l tures   o ther   than   Amer ican   middle  class (however, a l l  
educa ted   and   f rom  technologica l ly   o r ien ted   wes te rn   cu l tures ) ,   as   they   descr ibe  
t h e   b e h a v i o r   o f   o t h e r   m a m l i a n   s p e c i e s ,   t h e r e  are d i f fe rences .   Never the less ,  
t h e   b a s i c   p o l e s   o f   b e h a v i o r   a r e   n o t   r e a l l y   t h a t   d i f f e r e n t .  

The e s s e n t i a l   q u e s t i o n   t h a t  arises abou t   t he   s epa ra t e  modes i n  Table 1 
h a s   t o  do   wi th   the   ex ten t   to   which   they   a re   mutua l ly   exc lus ive .  Some modes 
occur   a lone ,   bu t   o the r s   can   be   c lus t e red   and  combined s imul taneous ly   wi th   o ther  
modes. For  example, i t  i s  p o s s i b l e   t o  b e   j e a l o u s   w h i l e   e a t i n g ,   o r   t o   b e   s e x u a l  
w h i l e   r e l a t i n g   t o   o t h e r s ,   w h e r e a s  i t  i s  not   poss ib le   to   be   sexual   and   to   be  
fear ing ,   s imul taneous ly .  The p o s s i b i l i t y   o f   s i m u l t a n e i t y   d o e s   n o t   b e l i e   t h e  
s e p a r a b i l i t y   o f   t h e   c l u s t e r e d  modes.  Only i f   t h e  modes a lways   c lus te red  would 
the   s epa rab i l i t y   be   ques t ionab le .   The re   a r e   no   ob l iga to ry   c lus t e r s   i n   t he  
l i s t  of  modes p r e s e n t e d   i n   t h e   t a b l e .  

(c )   Per iodic i ty   o f   behavior .  - Table 1 a l s o   p r e s e n t s  a frequency  spectrum 
for  behavior  which shows tha t   i nd iv idua l s   r ecogn ize   i n   t hemse lves  a r e g u l a r  
r ecu r rence   o f  some modes. Human memory i s  such   tha t   an   ind iv idua l   can   sharp ly  
r e c a l l   h i s  own b e h a v i o r a l   s t a t e s   f o r   n o  more than   severa l   days   pas t ,   except  
f o r   c e r t a i n   h i g h l i g h t s   ( " I  was i r r i t a b l e   j u s t   b e f o r e  my mens t rua l   per iod"   o r ,  
I had a good time on my vaca t ion   in   Hawai i" . )   Therefore ,  i t  i s  n o t   s u r p r i s -  

i ng   t ha t   t he   l onges t   pe r iod  remembered f o r   r e c u r r i n g   b e h a v i o r   i n d i c a t e d   i n  
Table 1 i s  only  one week.  However, a s  w i l l  be   s een   l a t e r ,   obse rve r s  may de- 
tect  even   longer   per iods   in   recur ren t   behavior .  

I 1  

I f   p e r i o d i c i t i e s  do ex is t ,  w e  can   then   seek   the   phys ica l -chemica l   bas i s  
o f   t he   unde r ly ing ,   cyc l i c  mechanisms  and  concern  ourselves w i t h  t h e   t r a n s i -  
t i o n a l   p r o b a b i l i t i e s  among the   va r ious  modes.  Because  of  the  apparent  rich- 
ness   o f  human behavior i t  i s  d i f f i c u l t   t o   e x t r a c t  a phys ica l -chemica l   bas i s   for  
t r a n s i t i o n a l   p r o b a b i l i t i e s .  To do so we must f i l t e r   o u t   t h o s e   v e r y   d e t a i l s   o f  
behavior   tha t  make i n d i v i d u a l s   i n t e r e s t i n g .  However, i f  we  succeed i n  doing 
so, the  underlying  machinery may then l i e  more clear ly   exposed.  

We a l s o  can   ask   whether   an   ind iv idua l   personal i ty  i s  c h a r a c t e r i z a b l e  by 
a unique  spectrum  descr ibing  the  f requency  with  which h e  en te r s   each  modal 
s t a t e ,   o r  w e  might   ask  whether   the  behavior   of   an  individual  i s  a Markovian 
p rocess :   t o   wha t   ex t en t   does   t he   pa th   t h rough  n p a s t  states determine  the 
l i k e l i h o o d   o f   e n t r a n c e   t o  a p a r t i c u l a r   f u t u r e   s t a t e ?  

Not a l l  behav io r   r ecu r s   pe r iod ica l ly .  Of the  twenty modes shown i n  Table 
1, f i v e  seem t o   b e  random  and i n t e r m i t t e n t .  We sha l l   ques t ion   t ha t   appea r -  
ance.  

(d) Reactive versus  endogenously-cued  modal  behavior  (non-reactive) . - 
Modes of  behavior,   whether  they are randomly i n t e r m i t t e n t   o r   p e r i o d i c ,   a r e  
def ined a s  ' r e a c t i v e '   i f   t h e y   o c c u r   o n l y   i n   r e s p o n s e   t o   a n   e x t e r n a l   s t i m u l u s .  

A l l  the  modes in   Tab le  1 can  be  sometimes  react ive,   in   the  sense  that   they may 
occur a t  l e a s t   o c c a s i o n a l l y  as a d i r ec t   r e sponse   t o   an   ex te rna l   env i ronmen ta l  
cue.   Because  recurring modes of  behavior  might  be  entrained by per iodic   envi ron-  
men ta l   cue ing ,   t he i r   ex i s t ence   does   no t   necessa r i ly   imp ly   a l so   t he   ex i s t ence  
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of   an   endogenous   o sc i l l a to ry  phenomenon. I n  Table 1 we present   the  proposed 
f requency   spec t rum  for   per iodic   behavior ,   and   a t tempt   to   d i s t inguish  'reactive' 
(social ly   or   environmental ly   entrained)   rhythms  f rom  endogenous  rhythms.  

(e) Sex   d i f fe rences .  - Except   for   the   un ique   reproduct ive ,   materna l  mode 
i n  women (ges ta t ing ,   mother ing ,   nurs ing   and   nes t -bui ld ing)  we f i n d  no s e x   d i f -  
€erence i n   t h e  modes a c c e s s i b l e   t o  men and women. Because t h e   m a t e r n a l   s t a t e  
i s  uniquely  female,  w e  have  omitted i t  f rom  the   t ab le  - e s p e c i a l l y  so, s i n c e  
n o t   a l l  women n e c e s s a r i l y   e n t e r   i n t o   t h a t   s t a t e .  

( f )  Ergodic   hypothesis   appl ied  to   recurrence  of   non-react ive  behaviorL - 
The ergodic  assumption i s  made concerning  the modes l i s t e d .   T h a t  i t ,  i t  i s  
hypo thes i zed   t ha t   w i th in  some epoch - s h o r t   r e l a t i v e   t o   h i s   l i f e t i m e  - every 
i n d i v i d u a l  w i l l  m a n i f e s t   a l l   t h e   b e h a v i o r a l  modes open t o  a populat ion of 
humans. The maternal  s ta te  v i o l a t e s   t h i s   h y p o t h e s i s ,   b u t  no o t h e r  mode, so 
f a r   a s  we a re   ye t   aware ,   does  so. With t h e s e   j u s t i f i c a t i o n s   o f   t h e   s e p d r a b l e  
modes i n  Table 1, w e  cons ider   the   p roblem  of   behavior   to   be   tha t   o f   expla in-  
i n g   t r a j e c t o r i e s   o f   l i f e   a s   s e q u e n c e s   o f  modes,   and  of   ident i fying  the  intern-  
a l  cue ing   t ha t   d i sp l aces   t he  human biosystem  from  one  marginal ly-s table   s ta te  
(mode) i n t o   a n o t h e r .  

Even supe r f i c i a l   r e f l ec t ion   abou t   behav io r   o f   o the r   an ima l s   unde r sco res  
the   margina l   na ture   o f   the   behaviora l   s tab i l i ty   o f   an imal   sys tems:   no   s ing le  
mode of   behavior   can   be   indef in i te ly   sus ta ined .  But i s  t h e r e ,   f o r  a mode of 
behavior ,   an   assoc ia ted  time s c a l e ?   I f  s o ,  when and how o f t e n ?  

(9)   Content .   context   and  imkterminant   gain.  - Three  proposit ions  con- 
cerning human behavior seem t o   u s   t o  have   such   gene ra l   app l i cab i l i t y   t ha t  w e  
r e p e a t  them he re ,   even   t hough   on ly   t he   t h i rd  i s  e s p e c i a l l y   r e l e v a n t   t o   o u r  
p r e s e n t   a n a l y s i s :  

1. Content  of a behav io ra l  mode i s  determined by b o t h   s p e c i f i c  
A r i s t o t e l i a n   ( h i s t o r i c a l ,   g e n e t i c )   a n d   G a l i l e a n   ( f i e l d s   a n d  
f o r c e s  now p r e s e n t )   i n f l u e n c e s .  

2 .  Context i s  the   ope ra to r   ( i n   t r i gge r ing   r eac t ive   behav io r ) .  

3 .  Animal  systems  have  indeterminate  gam a t   ze ro   f r equency .  

The conten t   o f   behavior   tha t  i s  c h a r a c t e r i s t i c   o f   a n   i n d i v i d u a l   i n  a 
p a r t i c u l a r  mode i s  determined by h i s   pe r sona l   h i s to ry ,   gene t i c s ,   memor ie s ,  
experience  and  psychodynamic  processes. The  many c u r r e n t   t h e o r i e s   o f  human 
behavior  extract   psychodynamics  from  such  elements  as  genetic  determination 
of   personal i ty ,   impr in t ing ,   ins t inc t ,   l earn ing ,   t rauma,   o r   hypothes ized   con-  
f l i c t s  among unproven   bra in   ac t iv i ty   complexes   l abe l led   ' id ,   ego ,   superego '  , 
or   'conscious,   subconscious,   unconscious,   preconscious ' ,   e tc .   Certainly,   past  
experiences  and a t  least  t h r e e   a s p e c t s   o f   p e r s o n a l i t y   c r e a t e   c a s t s   o f  mood 
tha t   can   co lo r   behav io r   i n  many o r  a l l  o f   o u r   s p e c i f i e d  modes.  These t h r e e  
a s p e c t s  are:  1) anx ie ty ;  2)  depression,   pessimism; 3)  joy,   optimism,  sense 
of  well-being. These g i v e   c o l o r   t o   t h e  modes of  behavior  but are themselves 
perhaps  not  modes. They form part   of   an  individual ' s   psychodynamics.  We 

296 



d i s c u s s  l a t e r  t h e   p o s s i b i l i t y   t h a t   t h e   c o l o r a t i o n   i t s e l f  i s  per iodic   and  comes 
i n   t i d e s ,   a s  opposed t o   t h e   o t h e r   p o s s i b i l i t i e s   t h a t  i t  i s  e n t i r e l y   r e a c t i v e ,  
o r   permanent ly   de te rmined   in   advance   gene t ica l ly .  

Our ana lys i s   does   no t   d iminish   the   need   for  a theory  of  psychodynamics 
tha t   emphas izes   spec i f ic   behaviora l   conten t   and  i t s  o r i g i n s ,   f o r  w e  do  not  
exp la in  why ind iv idua l s   a r e   mus ic i ans   o r   ma themat i c i ans ,   no r  why they are 
o p t i m i s t s ,   w i t h   c u p s   h a l f   f u l l ,   o r   p e s s i m i s t s ,   w i t h   c u p s   h a l f  empty. We do 
n o t   a s k  why a person i s  a homosexual o r   h e t e r o s e x u a l ,   n o r  why he i s  mastur- 
b a t i n g   o r   f a n t a s i z i n g   i n s t e a d   o f   b e i n g   e n g a g e d   i n   c o i t a l   a c t i v i t y ,   b u t   i n s t e a d  
w e  i n q u i r e  why he i s  i n   t h e   s e x u a l  mode of  behavior a t  a l l ,  independent  of i t s  
con ten t   and   pa r t i cu la r   exp res s ion .  We add t o  psychodynamic  theories  an em- 
phas is   on   the   under ly ing   sys tem  s t ruc ture ,   in   the   hopes   tha t   coupl ing   be tween 
t h e  two viewpoints  may be   r eve la to ry  beyond p r e s e n t   t h e o r i e s   a l o n e .  Our theme 
w i l l  be   that   the   t ra jectory  taken  through  the  twenty  accessible  modes shown i n  
Table 1 i s  n e i t h e r  random, nor   f ree ly   chosen ,   bu t  i s  urged by i n t e r n a l  chem- 
i c a l   c u e s   d e t e r m i n e d   l a r g e l y  by thermodynamic  and s t a b i l i t y   r e q u i r e m e n t s .  The 
i n t e r n a l   c u e s  select the   responses   tha t   can  be made t o   g e o p h y s i c a l   o r   s o c i a l  
t iming   s igna ls   o r   o ther   ex te rna l   per turba t ions   which   l ink   the   in te rna l   behav-  
i o r a l   s t a t e  t o  the   ou t s ide   wor ld .   In   t he   ca se   o f  some behav io r   t he   ex t e rna l  
i n f l u e n c e  i s  overwhelming,  and i n   t h e   c a s e   o f   o t h e r   b e h a v i o r  i t  i s  weak. 

The p r o p o s i t i o n   t h a t   ' c o n t e x t  i s  t h e   o p e r a t o r '   s p e c i f i e s   t h a t   a n   o b s e r v e r  
of  human behav io r   canno t   co r rec t ly   i n t e rp re t   i nd iv idua l   behav io r   w i thou t  know- 
ledge of the   con tex t   i n   wh ich  i t  occurs .  We h a v e   n o t e d   t h e   i r r i t a t i o n   w i t h  
wh ich   pe rcep t ive   peop le   r e spond   t o   mu l t iphas i c   pe r sona l i ty   t e s t s   f ea tu r ing  
ques t ions   such   a s :  "When you a r e   i n  a group,  do you p r e f e r   t o  have o t h e r s  
lead?" A l l  but   the   tes t -makers  know t h a t   t h i s   q u e s t i o n   h a s  no answer  unless  
i t  i s  known what  the  group i s  doing, how l a r g e  i t  i s ,  who a r e   t h e  members, 
and  whether   the  individual   being  quest ioned i s  t i r e d ,   a n x i o u s ,   o r   h a p p i l y  
r e s t f u l   a f t e r  some loving  experience.  The a n s w e r s   t o   t h e   l a t t e r   q u e s t i o n s  
g ive   the   contex t   in   which   the   former   f inds   an   answer .  A r o s e  i s  no t  a r o s e  
i s  no t  a rose .  

The proposi t ion  about   indeterminate   gain  a t   zero  f requency  acknowledges 
t h a t   i n  a su r round   w i thou t   f l uxes   o r   pe r tu rba t ions ,   t he   bas i c   behav io ra l   i n -  
s t ab i l i t y   o f   an ima l   sys t ems  w i l l  become manifested by t h e   i n e v i t a b l e   a d o p t i o n  
o f  some behavior   o ther   than   sus ta ined  res t .  

( h )   I d e n t i f i c a t i o n   o f   t h e   p r e s e n t  mode - t h e  body  image. - Our view of  
behavior   does   no t   suppose   o r   requi re   consc ious  knowledge  of t he   p re sen t  mode 
o r   t h e   s i g n a l s   t h a t   l e a d   t o  i t s  adoption. Some of   the   s igna l l ing   does   reach  
consc iousness ,   bu t   f a r  more does  not .  Modes themselves  are  not  always i m -  
mediately  recognized by the   person   sus ta in ing  them. A person  can be j e a l o u s  
and  deny t h a t   f a c t   e v e n   t o   h i m s e l f ,   a n d   i n s i s t   t h a t   h e  i s  i n  some o t h e r  mode. 
C o n s c i o u s n e s s ,   t o   t h e   e x t e n t   t h a t  i t  e x i s t s ,  i s  a na r row  ang le   d i s to r t ing  
lens  through  which w e  v i e w  the  present.   Whatever i t s  mechanisms, we conclude 
t h a t  i t  en r i ches ,   bu t   does   no t   a lone   f r ee ly  select ,  behavior.  I n  the  absence 
o f   t he   ce reb ra l   co r t ex ,   consc iousness  i s  l o s t .  The behaviora l   modal i t ies  
open t o   t h e   d e c o r t i c a t e   a n i m a l   t h e r e f o r e  become matters o f  interest. To pa ra -  
phrase K i l m e r ,  McCulloch  and Blum (2) : 
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Decerebrate cats possess ing   no   b ra in   above   the   b ra in  stem can   d i s -  
t inguish   be tween  tones ,   bu t   no t   tunes .  They can see br ightness   and  
a t t a c k  small moving forms,  but are devoid  of a l l  v i s u a l   r e f i n e d   p e r -  
cept ion.  They do   no t   o r i en t  well  t o   b o d i l y   t o u c h ,   c o l d ,   p r e s s u r e   o r  
shocks. Movements are   impoverished  and  s tereotyped;   they  are   modal .  
They l i e ,  s i t ,  s t a n d ,   w a l k ,   r u n ,   f i g h t ,   s u r r e n d e r ,   e a t ,   d r i n k ,   v o m i t ,  
de feca te ,   mic tu ra t e   and  mate. They do   no t   pounce ,   cuf f ,   o r   p lay  
s k i l l f u l l y .  They are   s t imulus-bound  and  have  no  capaci ty   for   long-  
r a n g e   i n t e n t i o n s   o r  complex  problem  solving.   Their   res idual   central  
nervous  system i s  busy ju s t   keep ing  them a l i v e .  They cope  only  with 
the  most  urgent  and  important  st imulus  contingencies.  1 

The stimulus-bound,  impoverished  character  of  the  behavior  of  decere- 
b r a t e   a n i m a l s   m i g h t   a t   f i r s t   a p p e a r   t o   c o u n t e r   o u r   p r o p o s i t i o n   t h a t   t h e   c o r -  
tex does   no t   a lone   f r ee ly   s e l ec t   behav io r .  However, i n   o u r   h y p o t h e s i s ,   t h e  
c o r t e x  i s  always  biased by the  mode-select ing  act ions  of   the   re t icular   forma- 
t i o n  and  the  limbic  system.  Models  of  this  mode-selecting  process  have  been 
attempted ( 2 ,  4 ) .  In   these   models ,   the   cor tex ,   inc luding  i t s  proper ty   o f  
consciousness,  chooses  behavior  from a set  of   modal i t ies   being  urged upon i t  
by the   r e t i cu la r   sys t em  o f   t he   b ra in .  The re t icu lar   sys tem  de te rmines   the  
p r i o r i t i e s ,  and   these   change   wi th   t ime.   Therefore ,   for   cer ta in   per iods   the  
cor tex   can   over r ide   an   u rg ing   f rom  the   re t icu lar   core ,   and   re jec t  a p a r t i c u l a r  
mode being  urged,   but   ul t imately  the  cor tex may be   d r iven   t o  make the   choice  
o f   t h a t  mode by increas ing   s t imula t ion   f rom  the   re t icu lar   sys tem.   Thus ,   the  
e x t e n t   t o  which   the   cor tex   ' f ree ly   chooses '   behavior   var ies   accord ing   to   the  
s t r e n g t h   o f   t h e   i n s i s t e n c e   o f   t h e   r e t i c u l a r   s y s t e m   t h a t  a p a r t i c u l a r  mode be 
chosen. A t h r e e   b r a i n  v i e w  of man s t ressing  these  compartments   and  the l i m -  
b ic   system  has   been  s t rongly  sponsored by  MacLean. 

Following K i l m e r  and  McCulloch, w e  p o s t u l a t e   t h a t  some image  of  the 
p r e s e n t   s t a t e   o r  mode, and   t he   t r ans i t i ona l   p robab i l i t i e s   fo r   change   o f  mode 
a r e  computed by pa r t s   o f   t he   b ra in   o the r   t han   t he   co r t ex  - presumably by t h e  
re t icu lar   format ion   and   the   l imbic   sys tem.  From t h e   e a r l i e r   d i s c u s s i o n   o f   t h e  
neurophysiological   aspects   of   mind,  we can  consider   what   might   form  the  basis  
of  the  computation. The b r a i n   h a s   t h r e e   p o s s i b l e   p a t h s   o f   i n f o m t i o n   a b o u t  
t h e   p r e s e n t   s t a t e   o f   t h e  body: 1) the   spec ia l   s enses   ( s ee ing ,   hea r ing ,  smel- 
l i n g ,   t a s t i n g ,   s u r f a c e   r e p o r t i n g  - thermal ,   pa in ,   touch   receptor   repor t s   f rom 
skin  and mucous membranes); 2 )  v i s c e r a l   n e u r a l   s e n s a t i o n s   ( f u l l n e s s ,   p a i n ,  
nausea,   propriocept ion,   muscle   tension,   d izziness ,   impending  syncope);   and 
3) t h e   l e v e l s   o r  rates of  change  of levels of  chemicals - hormones,  drugs, 
me tabo l i t e s  - i n   b lood ,   p rov id ing   t hese   subs t ances   a r e   capab le   o f   a f f ec t ing  
the  above two pathways,   or of c ros s ing   t he   b lood-b ra in   ' ba r r i e r ' .  

On the   o ther   hand ,   p re l iminary   s tud ies   o f   Katcher ,   Turner ,  Jacobowi tz 
(personal  communication),  with  puppies whose per ipheral   sympathet ic   nervous 
systems  have  been  abolished  (by  6-hydroxydopamine) , show l i t t l e  evidence  of 
any  but  'normal '   gross  behavior.  
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We bel ieve   the   above  l ist  of   sensory  reports   includes  most ,   and  perhaps 
a l l   p o s s i b l e   r e p o r t s ,   u n l e s s   s p e c i a l   s t a t e s   s u c h   a s   i m p e n d i n g   s u f f o c a t i o n  - a s  
occur   in   drowning  or   pulmonary edema - are unique,  and  not  merely  combinations 
o f   o t h e r   r e p o r t s .  (Some psych ia t r i s t s   have   r e fe r r ed   t o   " the   Fmge   o f   t he  
heart".)  

Wi th   r e spec t   t o   t he   c r ea t ion   and   upda t ing   o f  a body  image by use   o f   the  
s p e c i a l   o r  visceral s e n s a t i o n s ,  we suppose   t ha t   t he   s igna l l i ng  i s  s t r a i g h t -  
forward,  that   the  pathways are def ined   ana tomica l ly . ,   and   tha t   loca l   receptor  
cha rac t e r i s t i c s   de t e rmine   whe the r   t he   r ecep to r  i s  a c t i v a t e d  by s t r e t c h ,  by 
temperature  change, by potassium  leakage  from  nearby ce l l s ,  etc. Therefore ,  
our   emphas is   ins tead  i s  on  the  problem  of how the   b ra in   c r ea t e s   and   upda te s  
a body image  based  upon the   p ro f i l e   o f   chemica l s   i n   b lood   t ha t   can   c ros s   t he  
b l o o d - b r a i n   b a r r i e r   i n   t h e i r   o r i g i n a l   o r   t r a n s f o r m e d   s t a t e .  

(i) The chemica l   bas i s   o f  a body image, - The b r a i n   c o u l d ,   i n   p r i n c i p l e ,  
read   hormones ,   d rugs   o r   metabol i tes   in   b lood   provid ing   these   can   c ross   the  
b lood-b ra in   ba r r i e r .  We d e f i n e   m e t a b o l i t e s   a s   s u b s t a n c e s ,   o r   t h e i r   b i o t r a n s -  
formation  products   that  serve a s   f u e l d   o r   b u i l d i n g   b l o c k s   f o r   t i s s u e   g r o w t h ,  
ma in tenance ,   o r   ac t iv i ty .   In   t he   ma in ,   t hese  w i l l  be suga r s ,  amino a c i d s ,  
f a t t y   a c i d s   o r   t h e i r   d e r i v a t i v e s ,   o r   c o f a c t o r s   s u c h   a s   v i t a m i n s   a n d   m i n e r a l s .  
There i s ,  however,   another  class of c h e m l c a l   s i g n a l s   i n   b l o o d   t h a t   a r i s e   f r o m  
metabo l i c   ac t iv i ty   o r   immunoreac t iv i ty   o f   pe r iphe ra l  cel ls  and t i s s u e s .  We 
d e s i g n a t e   t h i s   c l a s s   o f   s u b s t a n c e s   a s   ' a u t o c o i d s '  (5). The au tocoids   inc lude :  
h i s tamine ,   b radykinen ,   ka l l ik re in ,   angio tens in ,   se ro tonin .  Many of these  
c h e n u c a l s   a r e   l i s t e d   i n   T a b l e  2.  

It i s  i m p o r t a n t   t o   n o t e   t h a t   t h e   n e u r a l   t r a n s m i t t e r s   i n   t h e   p e r i p h e r a l  
nervous  system  and  spinal   cord,   acetylchol ine,  GABA, norepinephrine  and  gly- 
c ine  cannot  be direct ly   read  f rom  blood  into  brain  because  they do n o t   r e a d i l y  
pass   the   b lood-bra in   bar r ie r ,   except   perhaps   g lyc ine .  However, a r ep resen ta -  
t i o n   o f   t h e  body s t a t e  might   cons is t   o f   the   d i s t r ibu t ion   of   cen t ra l   nervous  
sys t em  neu ra l   t r ansmi t t e r s   w i th in   t he   b ra in .   F ive   subs t ances   a r e  known which 
c o u l d   p l a y   t h i s   r o l e   w i t h i n   t h e   b r a i n :   a c e t y l c h o l i n e ,   n o r e p i n e p h r i n e ,   s e r o -  
t o n i n ,  GAM and  dopamine.  Substance P may a l s o  have a cen t r a l   neu ro t r ans -  
mitter f u n c t i o n .   I f   t h e  body  image i s  represented by t h e   d i s t r i b u t i o n  of 
t r a n s m i t t e r s   i n   t h e   b r a i n ,   w h i c h  may i n   t u r n   r e f l e c t   p r i o r   p a t t e r n s   o f   e l e c -  
t r i c a l  a c t i v i t y  and  synaptic  growth,  then a f a l s e  image - a phantom - might 
be  produced were t h e   b r a i n   i t s e l f   t o   s u f f e r  a derangement in   t he   me tabo l i sm 
o f  i t s  own s y n a p t i c   t r a n s m i t t e r s .  An abe r ran t   t r a j ec to ry   t h rough   t he  modes 
of   behavior   might   then  resul t .  The content   of   the  modes might   a lso  be  pro-  
found ly   a l t e r ed .  

( j )  Updating  the body image. - Whether t h e  body  image i s  cont inuously 
c r e a t e d   o r   i n t e r m i t t e n t l y   u p d a t e d  i s  no t  known. 
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2 .  Chemical  Communication  Pathways To and From Brain 

The e a r l i e r   s e c t i o n   i n   t h i s   r e p o r t   d e a l i n g   w i t h   t h e   b r a i n   i n t r o d u c e d   t h e  
s u b j e c t  of neuroendocrinology. Here w e  apply  the  information more d i r e c t l y  
t o  human behavior.  

(a) The b lood-bra in   bar r ie r .  - The b lood-bra in   bar r ie r  i s  both  an  ana-  
tomical  ( 6 )  and   func t iona l   ba r r i e r  ( 7 ) .  Anatomically i t  c o n s i s t s   o f  a mole- 
cu la r   s i eve :   t he   cap i l l a ry   endo the l ium,  basememt membrane and g l i a l  c e l l  
foot   p rocesses .   Funct iona l ly  i t  inc ludes  enzymes i n   o r  on t h e   e n d o t h e l i a l  
c e l l s   t h a t   a l t e r   s u b s t a n c e s   p a s s i n g   t h r o u g h   t h e   c a p i l l a r y   b a r r i e r ,   a s  wel l  
a s   s e l e c t i v e   a c t i v e   t r a n s p o r t   p r o c e s s e s   a n d   p i n o c y t o s i s .  The b a r r i e r ,   b e i n g  
f u r k t i o n a l ,  i s  no t   cons t an t .  An i n c r e a s e   i n   n e u r o n a l   a c t i v i t y   o r   t h y r o i d  
func t ion   increases   the   up take   o f   l abe l led  amino ac ids   i n to   neu rons  (8).  I n  
f a c t ,   w i t h  respect t o  most  amino a c i d s ,   t h e   t e r m   ' b a r r i e r '  i s  somewhat inappro- 
p r i a t e ,   y e t  G A M  i s  excluded  ' from  brain (7) .  For  each  substance i t  must  be 
separately  determined  whether   t ransfer   f rom  blood  to   brain  can  occur   readi ly  
o r   n o t .  

"- 

(b)  Chemical  communication  pathways  from  brain - I. Neurosecretion.. - 
J u s t   a s  a chemical  signal  f low  from  blood t o  b r a i n  i s  s e l e c t i v e ,  so i s  t h a t  
f rom  b ra in   t o   b lood .   Norma l ly ,   a s   f a r   a s  i s  now known, t h e   b r a i n   d e l i v e r s  
on ly  two c h e m i c a l   s i g n a l s   i n t o   t h e   g e n e r a l   c i r c u l a t i o n   ( o t h e r   t h a n   t h e   u s u a l  
m e t a b o l i t e s   s u c h   a s  CO2 r e s u l t i n g  from i t s  own respirat ion  and  metabol ism).  
These two s u b s t a n c e s   a r e   t h e   p o s t e r i o r   p i t u i t a r y  hormones oxytocin  and  vaso- 
p r e s s i n .  The de l ive ry   p rocess  i s  ca l led   'neurosecre t ion ' .  

"" 

(c) Chemical  communication  pathways  from  brain - 11. Releasing/- inhibi t -  
i n 8   f a c t o r s   a f f e c t i n g   t h e  adenohypop$ysics. - T h e - b r a i n   d e l i v e r s   a t   l e a s t  

. -  

- ~ - -  -~ 
s e v e n   c h e m i c a l   s i g n a l s   t o   t h e   p a r s - t u b e r a l i s ,   d i s t a l i s   o r   i n t e r m e d i a   o f   t h e  
p i t u i t a r y   t h r o u g h   t h e   p i t u i t a r y - p o r t a l   c i r c u l a t i o n  ( 9 ) .  These  substances 
have  been  mentioned i n   t h e   p r e c e d i n g   s e c t i o n   o f   t h i s   r e p o r t   d e a l i n g   w i t h  
neu rophys io log ica l   p r inc ip l e s .  They are   the  hypothalamic  re leasing  and  in-  
h i b i t i n g   f a c t o r s  a n d   t h e y   i n c l u d e :   f o l l i c l e   s t i m u l a t i n g  hormone r e l e a s i n g  
f a c t o r  (FRF), l u t e i n i z i n g  hormone r e l e a s i n g   f a c t o r  (LRF), p r o l a c t i n   i n h i b i t -  
i n g   f a c t o r   ( P I F ) ,   c o r t i c o t r o p i n   r e l e a s i n g   f a c t o r  (CRF),  melanocyte   s t imulat ing 
hormone r e l e a s i n g   f a c t o r  (MSH-RF) , t h y r o i d   s t i m u l a t i n g  hormone r e l e a s i n g   f a c -  
t o r  (TRF), and  growth hormone r e l e a s i n g   f a c t o r  (GRF). A r e l e a s i n g   f a c t o r   f o r  
p r o l a c t i n  (PRF) and   an   i nh ib i t i ng   f ac to r   fo r   g rowth  hormone (GIF) may exis t  
also.   Although a l l   t h e s e   s u b s t a n c e s   a r e   s t o r e d   i n   t h e   m e d i a l ,   b a s a l  hypo- 
thalamus,  they do n o t   n e c e s s a r i l y   a r i s e   t h e r e .  The evidence i s  not  yet   con- 
v inc ing ,   bu t  a pa thway  f rom  neurons   o r   g l ia   th rough  cerebra l   sp ina l   f lu id   to  
t he  ependymal c e l l s   o f   t h e   t h i r d   v e n t r i c l e  a n d   t h e n c e   t o   t h e   p i t u i t a r y   p o r t a l  
system may e x i s t ,  and i t  could  provide  chemical  communication  between many 
p a r t s   o f   t h e   b r a i n  - other  than  hypothalamus - and  the  adenohypophysis. The 
ev idence   for   th i s   pa thway  has   recent ly   been   c r i t i ca l ly   rev iewed ( 9 ) .  

The a n t e r i o r   p i t u i t a r y   i n   a n y   c a s e   s e r v e s   a s   a n   a m p l i f i c a t i o n   s t a g e   i n  
chemical   t ransmission  f rom  brain  to   the  endocrine  systems  involving  the  thy-  
roid,   gonads,   adrenal   glucocort icoid  cor tex,   growth hormone, p ro lac t in   and  
MSH; these   sys t ems   a f f ec t   t he   s t a t e   o f  much o f   t h e   r e s t   o f   t h e  body. 
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Much more i s  known about  the  chemical  transmission  from  brain  than  about 
chemica l   t ransmiss ion   to   b ra in .  Both p r o c e s s e s   o c c u r ,   a n d   a r e   e s s e n t i a l   i n  
t he   ana lys i s   o f   behav io r  w e  develop  here,   because  the  parameters  of  the  meta- 
bo l i c   mach ine ry   t ha t   de t e rmine   t he   marg ina l ly - s t ab le ,   o sc i l l a to ry   s t a t e  
adopted   or  set  by  hormones a s  w e l l  a s  by nerves .  

Examples of chemica l   t ransmiss ion   to   b ra in  w i l l  be   g iven   l a t e r ,   s ince  
th i s   aspec t   o f   neuroendocr inology i s  new and  rapidly-developing. The o l d e r  
branch  of   neuroendocrinology,   that   of   chemical   t ransmission  f rom  brain  through 
the  adenohypophysis  to  the rest  of   the body w i l l  no t   be   de t a i l ed ,   s ince  i t  i s  
now a mature   and   ex tens ive   subjec t ,   ra ther  wel l  deve loped ,   a s   no ted   i n  a p r e -  
c e d i n g   s e c t i o n   o f   t h i s   r e p o r t .  A recent   rev iew  concerns   th i s   mater ia l  (9) .  

3.  Thermodynamics  and  Behavior 

(a)  Summational  invariances.  - Closed   s ta t i s t ica l   mechanica l   sys tems  a re  
c h a r a c t e r i z e d  by a t   l ea s t   t h ree   summat iona l   i nva r i an t s :   1 )   conse rva t ion   o f  
momentum; 2 )  conservation  of  mass;  3)  conservation  of  energy. 

In  the  case  of  biosystems  which  are  thermodynamically  open,  exchanging 
both mass  and  energy  with  their   surroundings,   other  summational  invariances 
may be   p resent .   I f   these   could  be i d e n t i f i e d ,  much of  the  design  and  behavior 
of  complex  biological  systems  might seem s impl i f ied   and  more eas i ly   unders tood .  
Unfo r tuna te ly ,   t he   add i t iona l   summat iona l   i nva r i an t s   a r e   no t   a s   ye t   i den t i f i ed ,  
a n d   s o   f a r   a s  w e  know, the   ma t t e r   o f   t he i r   ex i s t ence   has   no t   p rev ious ly   been  
a s   e x p l i c i t l y   r a i s e d  a s  w e  do  here. We suspect ,   however ,   that   the   'value 
funct ion '   proposed by Manfred  Eigen,  discussed i n   a n   e a r l i e r   s e c t i o n  of  t h i s  
r e p o r t ,  may involve   an   un ident i f ied   invar iance   o f  t h i s  kind a t   t h e   m o l e c u l a r  
l e v e l .  

(b)   Closure  over   duty  cycles .  - For   the   p resent ,  we can  only  point   out  
aga in   what   the   b io logis t   has   long  known - namely,   that   over   any  duty  cycle ,  a 
biosystem  must meet the  thermodynamic requirements of energy  and mass balance 
i f  i t  i s  ever t o ' r e c o v e r  i t s  i n i t i a l   c o n d i t i o n   a n d   p r e s e r v e  i t s  i d e n t i t y .   I n  
p e r i o d s   s h o r t   r e l a t i v e   t o   h i s   l i f e t i m e ,  a human i s  assumed t o   r e c o v e r   t o  a 
c lose   approx ima t ion   any   pa r t i cu la r   i n i t i a l   cond i t ion   r epea ted ly ,   even   t hough  
w e  r ecogn ize   t ha t   i n   t he   t ime  domain of  seventy  years  he i s  aging  progres-  
s i v e l y  and i r r e v e r s i b l y  so tha t   exac t   recovery   o f  a p r i o r   s t a t e  i s  impossible .  

(c)  Behavioral - - ~- modes most ~ c l e a r l y  ~~ r e l a t e d  t o  thermodynamic requirements.  - It i s  to   be  expected  that- these thermodynamic i s s u e s   a r e   a s s u r e d   o f   s e t t l e -  
ment  by appropr ia te   behavior   s t rongly   d r iven .  The f i r s t   f i v e  items i n  Table 
1 show examples   o f   s t rongly-dr iven ,   recur ren t   behavior  modes, a l l  concerned 
with  recovery  of   the thermodynamic i n i t i a l   c o n d i t i o n   a f t e r  a duty  cycle   con-  
s i s t i n g   o f  some t r a j e c t o r y   t o   o t h e r  modes of   behavior .   Rest ing,   eat ing,  
dr inking ,   s leep ing   and   vo id ing   a re   unmis takably   s t rongly   ob l iga ted   behaviora l  
modes, no t   eas i ly   over r iden   even   temporar i ly  by ' w i l l ' .  

~~ ~~~ ~ 

(d)   In te rna l   behaviora l   cues .  - The i n t e r n a l   c u e s   f o r   e a t i n g ,   d r i n k i n g ,  
o r   v o i d i n g   a r e  w e l l  i d e n t i f i e d   i n   p h y s i o l o g i c a l   l i t e r a t u r e .  They invo lve  
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r ecep to r s   and   neu ra l   s igna l s   s ens i t i ve   t o   phys i ca l   ( s t r e t ch ,   musc le   t ens ion  
i n  stomach  walls)  and  chemical  (blood levels of  glucose,   and amino a c i d s )   o r  
phys ica l -chemica l   (p lasma  or   cerebrospina l   f lu id   osmola l i ty )   var iab les  , o r  
t h e i r   r a t e s   o f   c h a n g e .  The s t r e t c h  a n d   t e n s i o n   r e c e p t o r s   a r e   i n   t h e  p e r i -  
phe ra l   ne rvous   sys t em,   bu t   t he   chemica l   de t ec to r s   a r e   i n   t he   b ra in   i t s e l f ,   a s  
noted i n   a n   e a r l i e r   s e c t i o n .   R e p o r t s  f rom  these   r ecep to r s   u l t ima te ly   cause  
the   b ra in   ( the   re t icu lar   format ion   and   l imbic   sys tem)   to  commit t he   co r t ex  
t o  a mode of   behavior   su i tab le   for   reducing   the   receptor   nerve  i m p u l s e  t r a f -  
f i c .  The c y c l i c   b e h a v i o r   r e s u l t i n g  i s  r e l a x a t i o n a l   i n   c h a r a c t e r ,   a n d   t h e  
a n a l y s i s  i s  n o t   p a r t i c u l a r l y   d i f f i c u l t .   P e r i o d i c  mass in takes   ( food ,   water )  
and   ou tpu t s   (u r ine ,   f eces )   r e su l t .  

The i n t e r n a l   c u e s   f o r  rest and  sleep  have  not  been  so wel l  i d e n t i f i e d .  
However, t he   d i e t a ry   and   mo to r   ac t iv i ty   pa t t e rns   o f  humans both  tend  to   pro-  
duce  acidosis ,   and so w e  p r o p o s e   t h a t   a t  a time a t  which   the   p rof i le   o f  chem- 
i c a l   c o n c e n t r a t i o n s   d e f i n i n g   t h e   a c i d o s i s   h a s   r e a c h e d  some c r i t i c a l   p o i n t   i n  
t h e   b r a i n ,   t h e  rest mode i s  switched  on.  There i s  a s low  r e sp i r a to ry  blow o f f  
and   rena l   excre t ion   of   ac id   p roducts   wi th  a time cons tan t   o f   the   o rder   o f   four  
hours .   In   four   hours ,   one i s  s u f f i c i e n t l y   r e s t e d  so chat  he  could resume an 
a c t i v i t y   s t a t e .  However, fo r   t he   c i r cad ian ,   s l eep -wakefu lness   cyc le   s igna l   t o  
c l ea r ly   t u rn   on ,   t he   r e l axa t ion   mus t   be  more complete - and  extended  for a t  
l e a s t  a few time cons tan ts   o f   the   ac idos is - reducing   process .   This   ex tens ion  
comprises   the  near ly   e ight-hour  rest  period  customary  for  sleep.  Thus,   the 
r e s t   s t a t e  i s  viewed a s   be ing  a follower,   and i s  n o t   i t s e l f  a t iming   s igna l .  

In   t he   ca se   o f   ea t ing ,   t he   r e in fo rc ing   da i ly   bu i ldup   o f  somnambulance - 
s m a l l   a f t e r   b r e a k f a s t ,   b i g g e r   a f t e r   l u n c h ,   a l m o s t   i r r e s i s t i b l e   a f t e r   d i n n e r  
( i n d i c a t i n g   i n s i p i e n t   i n s t a b i l i t y )  - i s  qu i t e   appa ren t .  

It i s  poss ib l e   t ha t   t he   ac id i c   cond i t ion   pu t s   t he   ne rvous   sys t em  in to   an  
u n s t a b l e   s t a t e  between two b r a i n - s t a t e s ,   c h a r a c t e r i z e d   d u r i n g   s l e e p   a s  R E M  
and non-REM. (These two s t a t e s   a r e   p o s s i b l y   i d e n t i f i a b l e   d u r i n g   w a k e f u l n e s s  
a l s o ,  we be l i eve ) .   Dur ing   t h i s   uns t ab le   s t a t e   t he   d reaming  (REM) i n s t a b i l i t y  
emerges, whose experimental   occurrence  provides   evidence  of   the  biological  
need f o r  a f ixed  number o f   r e l a x i n g   p h a s e s ,   o c c u r r i n g   a s   r e l a x a t i o n   o s c i l -  
l a t i o n s .  Thus dreams may be   involved   wi th   the   ac id ic   b iochemica l   s ta te   o f  
t h e   b r a i n .  It i sn ' t   un t i l   t he   ac ido t i c   p rocesses   and   byproduc t s   a r e   su f f i -  
c i en t ly   r educed   t ha t   t he   c i r cqd ian   c lock  w i l l  t u r n   t h e   a c t i v i t y   p a t t e r n   o n  
again.  A l l  o f   t hese   op in ions   a r e ,   o f   cou r se ,   qu i t e   specu la t ive  , hut  they f i t  
known fac ts   toge ther ,   and   sugges t  modelF that  can  be  experimentally  probed. 

With r ega rd   t o   t he   o the r   pe r iod ic ,   non- reac t ive   behav io r  shown i n  Table 
I, t h e   a n a l y s i s  i s  handicapped  by  lack  of  knowledge  concerning  the  internal 
cues.  A t  l eas t   seven  modes l i s t e d   f a l l   i n t o   t h i s   c a t e g o r y :  grooming,  changing 
pos tu re ,   u s ing  body i n  motor   p lay ,   working ,   be ing   sexual ,   re la t ing   to   o ther ,  
f a n t a s i z i n g .  Of these  modes, t he   f i r s t   f ou r   i nvo lve   mo to r   s t a t e s ,   and   t h ree  
( b e i n g   s e x u a l ,   r e l a t i n g   t o   o t h e r s ,   f a n t a s i z i n g )  do no t   o r ig ina t e   a s   mo to r  
s t a t e s .  

(e)  Modes wi thou t   a s s igned   pe r iod ic i t i e s .  - The res idue   o f  modes i n  
Table 1 a l l   i n v o l v e   ' s t a t e s   o f  mind' t h a t  may u l t imate ly   mani fes t   themselves  
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i n  motor   act ions,   but   need  not   do so i n i t i a l l y ,  and   the   ind iv idua l   observer  
i s  n o t   a b l e   t o   d e t e c t   p e r i o d i c i t y   i n   t h e s e  modes i n   h i m s e l f ,   n o r   a r e   t h e  
i n t e r n a l   c u e s  known. 

4 .  Long-Term P e r i o d i c i t i e s   o f  Human Behavior 

Before  proceeding  fur ther  i n  the   ana lys i s   o f  human behavior ,  i t  i s  neces- 
s a r y   t o   d e c i d e   w h e t h e s   a l l   t h e   p e r i o d i c i t i e s   a c t u a l l y   p r e s e n t   a r e   d e s i g n a t e d  
i n  Table 1, which  was  based  upon se l f -ana lys i s   o f   behavior .   Rich ter  (10, 11) 
has  presented  s t rong  evidence  that   normal  humans have  'c locks '   wi th   per iods 
of  1%-2 hours,  2 4  hours,  28-30 days,  280 days.   These  are shown i n  Table 3 A ,  
modified  from  Richter.  From the   s tudy   of   one   ind iv idua l   wi th   per iodic   somat ic  
o r   m e n t a l   i l l n e s s e s ,   s t r i k i n g   e v i d e n c e   f o r   t h e   e x i s t e n c e   o f   ' c l o c k s '   w i t h  
periods  from 12 hours   to  2 years   has   been  obtained  (Table   3B).   In  one c a s e ,  
a 10 year   per iod  of   recurrence was observed,  but  with  such a long  per iod,   very 
few cyc les   can  be obse rved   i n  a l i f e t i m e ,  so tha t   t he   p roo f   o f   t rue   pe r iod i -  
c i t y  i s  d i f f i c u l t .  

We w i l l  no t   here   descr ibe   the   d i seases   tha t   mani fes ted   the   ind ica ted  
p e r i o d s ,   s i n c e   R i c h t e r   h a s   d o n e   s o   i n   d e t a i l  (10). We wish  to  emphasize 
though,   h i s   conc lus ion   tha t   the   d i seases   d id   no t   p roduce   the   per iods :   the  
presence  of  the  disease  merely  provided  an  unaccustomed,  conspicuous  marker 
or   ' hand '   to   revea l   the   p resence   o f   an   under ly ing   (presumably   normal )   c lock  
mechanism.  While th i s   conc lus ion   can   be   cha l lenged ,  w e  t e n t a t i v e l y   a c c e p t  
i t ,  a n d   t h e n   t u r n   o u r   a t t e n t i o n   t o   t h e   n a t u r e   o f   t h e   u n d e r l y i n g   c l o c k s .  

The ex i s t ence   o f   cyc le s   w i th   l ong   pe r iods   r a i se s   t he   poss ib i l i t y   t ha t  
many o r   a l l   o f   t h e   b e h a v i o r a l  modes l i s t e d   i n   T a b l e  1 as   non-per iodic ,  may i n  
f a c t  be   per iodic   over   in te rva ls   too   long   to  be  remembered d u r i n g   s e l f - r e f l e c t i o n .  
New observat ions  are   very  badly  needed  to   confirm  or  deny the   conten t ion   tha t  
a l l   t h e  modes of   behavior   l i s ted   in   Table  1 are   per iodic .   Furthermore,   even 
t h e   g l o b a l   c o l o r a t i o n s   o f  modes (anxie ty ,   depress ion ,   joy)   p rev ious ly   descr ibed ,  
could be s i m i l a r l y   p e r i o d i c .  

(a)  The modal hypothesis  extended. - The f a c t s   a r e   n o t   y e t   c l e a r ,   b u t  we 
predic t   tha t   the   c locks   wi th   long   per iods   descr ibed  by R i c h t e r   a r e   p r e s e n t   i n  
normal humans and  they  they  manifest   themselves   through  per iodici t ies   . in   the 
20  modes and 3 co lo ra t ions   o f  modes t h a t  we believe  encompass  most human be- 
hav io r .  Thus, i n   s u m m a r y ,  we hypo thes i ze   t ha t   a l l   non- reac t ive   behav io r  i s  
both modal  and pe r iod ic .  

(b) Timers  and  followers. - Some behavior   tha t  ::s p e r i o d i c ,  modal and 
non- reac t ive   occu r s   fo l lowing   l imi t - cyc le s   i n   me tabohc   p rocesses   a s soc ia t ed  
wi th   o the r  modes. The occurrence   o f   res t   o r   s leep   fo l lowing   ea t ing   and   ac-  
t i v i t y  was given  as   an  example  above.   In  some cases  i t  i s  no t   ea sy   t o   d i sce rn  
which modes and   processes   a re   the   fo l lowers ,   and   which   a re   the   t iming   osc i l -  
l a t i o n s   e n t r a i n i n g  them. A fol lower may serve as   an   in te rmedia te   s tage   be tween 
a t iming   osc i l la tor   and   another   fo l lower .  
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Thus ,   for   example ,   the   c i rcadian   ac t iv i ty  timer, whatever i t  may be,  
en t r a ins   such  modes a s  res t ;  ea t ing ,   d r ink ing ;   mine ra l   ba l ances ;   ac t iv i ty ;  
o r   d a i l y   p s y c h i c   c h a n g e s .   E a c h   i n   t u r n ,   a c t i n g   a s  a s u b i n t e r v a l  timer, may 
cue  another   of   these modes a s  a subsequent  follower.  Longer-term timers 
would inc lude   t he   mens t rua l   cyc le   i n  women, for  example.  

5 .  The Ful l   Spectrum  for   the  Life   Phase  of   Adults  

(a) The zones  of  the  spectrum.. - The l o n g e s t   p e r i o d   i n  a man's l i f e  i s  
h i s   l i f e   i t s e l f ,  from f e r t i l i z a t i o n   o f   t h e  ovum t o   d e a t h .  A s  w i t h  t h e   l i f e  
o f   a n y   f a c t o r y ,   t h e   t o t a l   l i f e   o f  man  may be   subdiv ided   in to   the   s tages   o f  
cons t ruc t ion   (growth ,   deve lopment ,   d i f fe ren t ia t ion)  , s t a r t - u p ,   r e g u l a t e d  
matur i ty   and   dec l ine .   Al though  the   dec l ine   o f  man begins  almost  immediately 
a f t e r   c e s s a t i o n   o f   g r o w t h ,  i t  i s  s u f f i c i e n t l y   s l o w   i n  m o s t   c a s e s   t o   j u s t i f y  
our   des igna t ing   the   ages   o f  18 t o  60 a s   r e g u l a t e d   m a t u r i t y .  

(b)  Frequency  ranges i n   r e g u l a t e d   m a t u r i t y .  - During   regula ted   matur i ty  
the   va r ious  timers and   en t r a ined   fo l lower   p rocesses   o sc i l l a t e   w i th   pe r iods  
ranging   f rom  mi l l i seconds   to   severa l   years .  The l ine-spec t rum  tha t  we be- 
lieve desc r ibes   t he  human biosystem  can be convenient ly  subdivi$jed i n t o   h i g h  
frequency  (0.1-100  sec) , medium frequency (2  minutes  to  one  day)  and low f r e -  
quency  (one  day t o  two years)   ranges.  Some o f   t he  medium and low frequency 
processes  and behavior  have  already  been  discussed  (Tables 1 and 3 ) .  E a r l i e r ,  
provisional  accounts  of  the  spectrum  have  been  published ( 1 3 ,   1 4 ) .  

In   add i t ion   t o   t he   behav io ra l   spec t r a   sugges t ed  by Tables 1 and 3 ,  i t  
would  be d e s i r a b l e   t o  have a spec t rum  for   the   ind iv idua l   metabol ic   and   hor -  
monal  components  of  the human b iosys tem.   Spec i f ica l ly ,   for   each  item i n  
Table 2 w e  would l i k e   t o  know the   answers   to   the   fo l lowing   ques t ions :  

1. What i s  t h e   l a g  time t o   t h e   f i r s t   d e t e c t a b l e   e f f e c t  when the  sub- 
s t ance  i s  g iven   ( f rom  seve ra l   i n i t i a l   cond i t ions   o r   ope ra t ing  
points  of  the  system,  and by s e v e r a l   i n p u t  wave forms - s i n c e  
the  system i s  n o n l i n e a r ) ?  

2 .  What i s  the   t ime   t o   peak   e f f ec t ?  

3 .  How fas t   does   t he   s igna l   decay  when the   i npu t  i s  removed? 

4 .  Does the  component subs t ance   r evea l   cyc l i c   change   i n  i t s  
levels when the  system i s  not   forced by i t ?  

5 .  What i s  the  per iod  of   any  observed  cycle? 

Such a spectrum i s  v e r y   d i f f i c u l t   t o   c o n s t r u c t   b e c a u s e   t h e   e x i s t i n g   b i o -  
l o g i c a l   l i t e r a t u r e   d e a l s   m a i n l y   w i t h   i d e n t i f i c a t i o n   o f   s . u b s t a n c e s   a n d   t h e i r  
causa l   r e l a t ionsh ips ,   bu t  now with  dynamics. Time i s  a lmos t   neve r   exp l i c i t l y  
considered i n   b i o l o g i c a l   w o r k ,   a n d   t h e   p h y s i c a l l y - o r i e n t e d   s c i e n t i s t   l o o k s  
with  dismay upon the   vas t   and   var iega ted  monument t o   l o s t   o p p o r t u n i t y   f o r  
dynamic a n a l y s i s   e n s h r i n e d   i n   t h e   l i t e r a t u r e   o f   t h e   f i e l d s   o f   e n d o c r i n o l o g y  
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and  metabolism. I f   o u r   e f f o r t s   h e r e  do  no more than   p rovoke   b io log i s t s   t o  
remedy t h i s   g l a r i n g   d e f e c t   i n   t h e i r   d a t a   b a n k ,  we  w i l l  have  served them w e l l . .  

Table 4 p r e s e n t s  a mere shadow of   the  component spec t rum  tha t  i s  re- 
qui red   for   dynamic   ana lys i s .  Almost  no da t a  were a v a i l a b l e   f o r   t h e  human bio-  
system.  Table 5 i s  based  upon a s e a r c h   o f   t h e   r e c e n t   e n d o c r i n e   l i t e r a t u r e ,  
and   presents  some data   on time domains  of hormone a c t i o n   i n  humans, but a 
much more ex tens ive   search  i s  needed. We e x p e c t   t h a t   e n t i r e l y   f r e s h   r e s e a r c h .  
w i l l  have t o  be  undertaken. 

(c) Cor re l a t ion   o f   spec t r a .  - In   the .   sec t ion   of   Metabol ic   Sys tems we 
po in ted   ou t   t ha t  i t  i s  d i f f i c u l t   t o   p r o v e   c a u s a l   r e l a t i o n s h i p s   i n   t h e   b i o -  
system by  means of   spectroscopy,   because  f requency  mult ipl icat ions  or  demul- 
t i p l i c a t i o n s  may occur   in   nonl inear   sys tems.  We added,  however,   that   the 
spec t roscopic   approach   might   sugges t   the   ex is tence   o f   causa l   re la t ionships  
previously  unsuspected  or  underemphasized. 

I n   t h i s   s e c t i o n  we have   p re sen ted   t h ree   pa r t i a l   spec t r a :   a )  human be- 
havior ;   b)   metabol ic  component l eve l s   i n   b lood ,   and  3)  hormonal leve ls   and  
times of   act ion.   These  three  spectra   can be c o r r e l a t e d  by imagining a matr ix  
whose  columns represent   chemical   mater ia ls ,   chemical   process   change,  hormones 
and  behavioral  modes,  and whose  rows r e p r e s e n t   d i s c r e t e  t i m e  i n t e r v a l s   ( p e r -  
iods)   f rom  shor tes t   to   longes t ,   encompass ing   a l l   the   l ines   found  in   the   var -  
i o u s   s p e c t r a .  Not a l l   t h e   i n t e r s e c t i o n s  of rows  and  columns a r e   f i l l e d .  
However, i n  any  column,  the many temporal   levels   of   regulat ion  of   that   mate-  
r i a l ,   p r o c e s s   o r  mode are   ca ta logued .  I n  any  row,  the  elements may o r  may 
not  be  coupled,  but i t  i s  he re   t ha t   causa l i t i e s   ( coup l ings )   a r e   sugges t ed .  

We have no t   exp l i c i t l y   p re sen ted   t he   r e su l t i ng   ma t r ix   he re ,   because   t he  
da ta   a re   too   scanty ,   bu t   the   p r inc ip le   remains   impor tan t .  The d i scuss ion  
tha t   fo l lows   sugges ts  some of t h e   f e a t u r e s   t h a t  emerge  even  from  the  very 
incomple te   mat r ix ,   and   these   a re  summarized  below. 

Hormone P rocess   o r  Component Line  Period 

I n  suLi n Glucose levels 30-60 seconds 

Epinephrine  Heat  production 2 minutes 
V e n t i l a t i o n  
Red ce l l  flow 
Glucose  levels  
Pos  tura 1 changes 

Vasopressin V e n t i l a t i o n  
Oxygen balance 
Surface  temperature 
Glucose   l eve ls  

7 minutes 

305 

I 



Line  Period 

20-30 minutes 

Hormone Process  o r  Component 

C02 balance 
Glucose levels 

Vasopressin 
Epinephrine 
Cor t i cos t e rone  
I n s u l i n  
Glucagon 

C o r t i s o l  R E M  e f f e c t  90 minutes 

Growth  hormone Motor a c t i v i t y  
Fan ta s i z ing  

C o r t i s o l  Therma 1 balance 3-4 hours 

MSH Food i n t a k e  
Growth hormone F a t t y   a c i d  levels 

Working 
R e l a t i n g   t o   o t h e r s  

Cort isol   Sleep-wakefulness  1 day 

Tes tos te rone   in   males  Water  and  mineral  balance 
(coarse   tuning)  

Aldosterone  Water  balance  (fine  tuning) 3 days 

Testosterone  Mineral   balance  ( f ine  tuning)  

Es t r ad io l   Sexua l   f ee l ings  

Thyroxin  Work-rest  cycle 1 week 
Testosterone 
Growth hormone 

Progesterone  Menstrual   cycle  1 month 
E s t r a d i o l  Mood cyc le s  
Gonadotropins 

Again, we r e p e a t ,  w e  do no t   a s se r t   t ha t   sha r ing   o f   spec t r a l   l i nes   neces -  
s a r i l y   i nd ica t e s   t he   p re sence   o f   coup l ing ,   bu t  i t  does   sugges t   the   poss ib i l i ty .  
In   the   t ab le   g iven   above ,   the   coupl ings  may/b%ween hormones  and processes  
o r  components, o r  among the  processes   and  components   themselves   l is ted  in   the 
c e n t e r .  
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6 .  Hormones and  Behavior - Sexual  Behavior 

The most thoroughly   s tud ied   re la t ionship   be tween hormones  and  behavior 
concerns   sexual   behavior .   Ef fec ts   o f  hormones on many aspec ts   o f   behavior  
including  sexual  have  recently  been  reviewed  (19).  The dependence  of  sexual 
behavior upon  gonadal  hormones  has  been  obvious  for  centuries.  For  example, 
Leonardo da Vinc i   (1452-1519)   appl ied   h i s   formidable   in te l l igence   to   th i s  
ma t t e r ,   and   i n   h i s , j ou rna l s   he   no te s   t ha t   he   shou ld  "show how the  ardour  and 
v igour   o f   the   an imals  i s  caused  by  the t.esticles" (20).  (Leonardo  designated 
o v a r i e s   a s   f e m a l e  tes t ic les ,  and so h i s  word "testicles" i s  e q u i v a l e n t   t o   o u r  
word  "gonads".)  Subsequent  work  has shown t h a t  Leonardo was q u i t e   c o r r e c t ,  
and  both  sexual   and  aggressive  behavior   in  subhuman primates i s  dependent i n  
p a r t  on secre tory   p roducts   o f   the   gonads .  It i s  t o  be expec ted   tha t   th i s   de-  
pendence  would  have  been  thoroughly  explored by b i o l o g i s t s ,  a n d   t h e   l i t e r a t u r e  
i s  l a r g e .  

The dependence  of  behavior on the   gonads   occurs   in   s tages .  A s  n o t e d   i n  
a n   e a r l i e r   s e c t i o n  of t h i s   r e p o r t ,   a n d r o g e n s   ( w h i c h   a r e   p r e s e n t   i n   b o t h   s e x e s ,  
w i t h   t e s t o s t e r o n e   a s   a r c h e t y p e )   a f f e c t   b r a i n   s t r u c t u r e   i f   t h e y   a r e   p r e s e n t   i n  
h igh   leve ls   dur ing  a c r i t i c a l   p e r i o d   i n   t h e   p r e n a t a l - n e o n a t a l   p e r i o d .  They 
cause   l o s s  of  t h e   c y c l i c  mechanism f o r   g o n a d o t r o p i n   r e l e a s e   t h a t   i n   a d u l t  
f ema les   l eads   t o   e s t rus   o r   mens t rua l   cyc le s .  The l o s s  i s  permanent. Later, 
i n   a d u l t   l i f e ,   a n d r o g e n s   a f f e c t   a g g r e s s i v e n e s s   a n d  dominance ( 2 1 ,  2 2 ) .  

The major sex hormones a re   e s t r ad io l ,   p roges t e rone   and   t e s tos t e rone .  A l l  
t h r ee   subs t ances   r ead i ly   c ros s   t he   b lood-b ra in   ba r r i e r .  The ex tens ive   recent  
work  upon d i s t r ibu t ion   o f   e s t rogens   i n   b ra in   has   been   r ev iewed   (9 ) .   I n   b r i e f ,  
e s t r a d i o l  i s  taken up  and  concentrated i n   t h o s e   r e g i o n s  of t h e   b r a i n  known 
on   t he   bas i s   o f   s tud ie s   w i th   l e s ions   and   e l ec t r i ca l   s t imu la t ion   t o   a f f ec t  
sexua 1 behavicm. 

The coupling  between human behavior   and  the  menstrual   cycle  i s  we l l  
known (23,   24) ,   but   the   evidence i s  l a r g e l y   a n e c d o t a l .  The best-known  study 
of  human sexual i ty   and  the  menstrual   cycle  i s  tha t   o f  Udry and  Morris (25) .  
They found t h a t   b o t h   r a t e s  of intercourse,   and  achievement  of orgasm  were 
h igher   a t   the   middle   (ovula tory)   reg ion   of   the   cyc le ,  and t h e n   a g a i n   j u s t  
be fo re   mens t rua t ion ,   t han   a t   o the r  times. S imi l a r  r e s u l t s  on copu la to ry   f r e -  
quencies ,  showing a midcycle  peak,  have  been  found i n   t h e  Rhesus monkey (26 ,  
27). 

In   t he   ca se   o f  monkeys,   male  sexual  behavior  cycles  also  (27),   but i t  
i s  cued by pheromones ( ' s m e l l s ' )   r e l e a s e d  by t h e  g e n i t a l   a r e a   o f   t h e   c y c l i n g  
female .   These   smel l s   bo th   exc i te   and   inh ib i t   (a t   d i f fe ren t   t imes)   the  male 
behavior.  Thus, i n   t h i s  t i m e  domain w e  f ind   s t rong   ex te rna l   cue ing   fo r  some 
of  the  behavior  observed,  but  autonomous,  endogenous  rhythms  for  other compo- 
nents   of   behavior .  

The androgens  of  the  female  adrenal  support   sexual  behavior (28, 29) ,  
as   does   es t rogen   (29 ,  30, 31) .   Proges te rone   in   the   female   s t rongly   suppres-  
ses male i n t e r e s t   i n  h e r  (32,  33).  I t  i s  c l e a r   t h a t  sex hormones a f f ec t   sub -  
human primate  sexual  behavior,  and do so I n  a somewhat selective manner. 
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The r e s u l t s   o f   s t u d i e s  on  monkeys,  though s t r i k i n g ,  do n o t   j u s t i f y   a n  
u n c r i t i c a l   a p p l i c a t i o n   t o   t h e   e x p l a n a t i o n   o f  human sexual   behavior ,   s ince  much 
b e h a v i o r   i n  humans i s  condi t ioned   or   l earned .  However,  what l i t t l e  evidence 
t h e r e  i s  s u g g e s t s   t h a t  women a r e   i n t e r n a l l y  cued i n   t h e i r   s e x u a l   b e h a v i o r   a s  
a r e  monkeys,  and t h a t   p e r i o d i c i t i e s   r e l a t i n g   t o   t h e   m e n s t r u a l   c y c l e  are common. 

7 .  Hormones, Metabolites  and  Behavior - Summary 

The number o f   c l e a r l y   d e f i n a b l e   m e t a b o l i c   s t a t e s   a p p e a r s   t o   b e   s m a l l ,   a s  
no ted   in   the   sec t ion   on   metabol ic   sys tems,   and  much less than   the  2 0  modes 
shown i n  Table 1. However, the hormones cons ide red   a s   a f f ec t ing   t he   me ta -  
b o l i c   s t a t e  numbered on ly  s ix ,  whereas humans have  about 40 hormones o v e r a l l ,  
and many metabol i tes .   S ince  a human p o s s e s s e s   a t   l e a s t  lo5 d i f f e r e n t   p r o t e i n  
species, t he  number of   degrees   o f   f reedom  for   in te rna l   s ta tes   could   poss ib ly  
be ve ry   l a rge .  

P h y s i c a l   s c i e n t i s t s   m i g h t   t h i n k   o f   t h i s   p r o b l e m   i n   t h e   f o l l o w i n g  way. 
I n   o r d e r   t o   g e t   a t  a continuum  or  macroscopic  physics  from  an  atomistic  base, 
one  tends  to   c lass i fy   molecular-atomist ic   degrees   of   f reedom  as  3 t r a n s l a t i o n a l  
p l u s  3 r o t a t i o n a l   r i g i d  body degrees   of   f reedom,  and  then  other   rotat ional  
and v ibra t iona l   degre .es   o f   f reedom  a re   inc luded .   In   the   b io logica l   sys tem,  
the   a tomis t ic   degree   o f   f reedom  inc ludes  a much l a r g e r  number. The a t o m i s t ' c  
e lements   a re  made up  of  even more pr imit ive  e lements .   There  are   perhaps  10 - 
10  degrees  of  freedom  involving  biochemical  chains.  Most of   these   a re   the  
pro te in   syntheses   dea l ing   wi th   immunologica l   p roblems  and   se l f - recogni t ion  
o f   p ro t e in  by pro te in ,   which   provide   spec i f ic i ty   for   the   o rganism.   There  i s  
no guarantee  that   these  'degrees   of   f reedom'   are   independent ,   or   independent ly  
invoked. 

3 
4 

The degrees   of   f reedom  associated  with  biochemical   chains   represent  t h e  
poss ib l e  maximum number of chemica l   modal i t ies   in   the   sys tem.  The g r e a t  num- 
be r   o f   t hese   poss ib l e   moda l i t i e s   c r ea t e s  a tremendous amount o f   b i o l o g i c a l  
d i v e r s i t y .  It may h e l p   t o   c o n t r a s t   t h i s  w i t h  a hydrodynamic o r   e l a s t i c   s y s -  
tem,  which  can  have  an i n f i n i t e  number of  degrees  of  freedom  (e.g. ,   those 
a r i s i n g  from  harmonic  quantization by t he   wa l l s ) ,   bu t   on ly  a few m o d a l i t i e s .  
For  example,  the  hydrodynamic  field may have only a wave-like,  a v i scous -d i f -  
f u s i v e ,   o r  a thermal   d i f fus ive  mode. Thus,  most  hydrodynamic  systems  look 
s imi la r   in   the   macroscopic  domain. B i o l o g i c a l   s y s t e m s ,   i n   c o n t r a s t   w i t h  
f i n i t e  numbers of  degrees  of  freedom,  but r i c h  m o d a l i t i e s ,   l o o k   d i v e r s i f i e d .  
However,  most o f   t h e   d i v e r s i t y  i s  i n   a p p e a r a n c e ,   a n d   n o t   i n   f u n c t i o n   ( t h e  
s t ruc tu ra l   enve lope   l ooks   d i f f e ren t ;   t he   func t iona l   ac t ion  may remain  the 
same f rom  one   spec ies   to   another ) .  

Modal i t ies   a re   concerned  w i t h  a b s t r a c t   p r o p e r t i e s   i n   s p a c e   a n d  time. I f  
the  'atoms'  have a l l   t h e s e  complex m o d a l i t i e s ,   w h a t   s o r t   o f   s t a t i s t i c a l  mech- 
a n i c s   a r e  we t o   e x p e c t ?  What sort  of  phenomenological  macro-continuum w i l l  
be   revea led?  We do well t o   r ecogn ize   t ha t  most of the   modal i t ies   concern  
s t r u c t u r a l   r a t h e r   t h a n   f u n c t i o n a l   e l e m e n t s ,   a s   p r e v i o u s l y   m e n t i o n e d ,   a n d   i n  
most  operative  domains  they  are  frozen  out  degrees  of  freedom.  Since compo- 
nen t s   o f   b io log ica l   sys t ems   u sua l ly  show rap id   t u rnove r ,   i n   wh ich   t he   a tomis t i c  
time domain i s  n o t   f a r  removed from  the  macroscopic  time  domain, so t h a t   t h e  

308 

I 



system i s  ' f luid ' ,   the   problem  can  be  viewed  as   t ransformation  of   form  into 
f u n c t i o n   g o i n g   o n   a t   a l l  levels a t   a l l  times. I n   t h a t   c a s e ,  i t  i s  probable 
t h a t ,   a s  we  have  proposed, a 'quantum'  spectroscopy i s  t h e   a p p r o p r i a t e   a n a l y t i c  
t o o l .  

A t  t h e   p r e s e n t  t i m e ,  i n   t he   absence   o f   fu r the r   i n fo rma t ion ,  w e  can  only 
p r o p o s e ,   f o r   f u r t h e r   i n v e s t i g a t i o n ,   t h a t   t h e  20 modes of   behavior   in   Table  1 
a re   exp res s ions   o f   a s  many cons te l la t ions   o f   hormonal -metabol ic   s ta tes ,   each  
of  which i s  only   margina l ly   s tab le .  

8 .  Summary of   the   Phys ica l  View of  Behavior 

The b i o l o g i c a l   l i t e r a t u r e  w i l l  r e fe r   the   reader   to   homeos tas i s ,   the   con-  
cept  developed by Bernard,  Sechenov,  Cannon, by which  the  complex  system  re- 
t a i n s  a near-constancy of i t s  in te rna l   parameters ,   independent   o f   condi t ions  
i n  t h e  ex te rna l   env i ronmen t   a f t e r   d i s tu rbances   a r e  removed. I n   p h y s i c a l  
t e rmino logy ,   quas i - s t a t i c   r egu la t ion  i s  implied,   not  simply a force-balancing 
equi l ibr ium. 

However,  measurement  of many phys io logica l   parameters ,   under   s teady   s ta te  
or   very   s lowly   changing   condi t ions ,   revea ls   no t  a near-constancy  or   small  
f l uc tua t ion   o f   s imp le   s t a t i c   r egu la t ion   o r   l i nea r   f eedback   con t ro l ,   bu t   l a rge  
s c a l e   o s c i l l a t i o n s .  It i s  the  average  values   which seem t o  be r egu la t ed ,  
thus  the  term  'homeokinesis '  i s  in t roduced   t o   r ep resen t  a dynamic r e g u l a t i o n  - 
much more n e a r l y   l i k e  bang-bang c o n t r o l  - by which t h e  ave rage   s t a t e   o f   t he  
system i s  achieved. 

However, i t  i s  not   on ly   the   in te rna l   o rgan   sys tems  which   opera te   in  t h i s  
mode of   biochemical   regulat ion  via  a l a r g e  number o f   s p e c t r a l   l i n e s ,   b u t   a l s o  
the   behaviora l   sys tem  ( represent ing  a general ized  bio-spectroscopy) .  

The complex  organism a s  a whole i s  n o t   s t a b l e .   I f  you put  i t  down, i t  
w i l l  soon  begin  to  move. I f   w i l d l y   u n s t a b l e ,   a n d   p l a c e d   i n  a f i e l d   o r   e n c l o -  
sure,  i t  w i l l  s e t t l e  down f o r  a time. Thus, the  system i s  margina l ly   uns tab le ,  
and   r ep resen tab le   a s  a s e l f - ac tua t ed   mo to r   sys t em  tha t   i n t e rmi t t en t ly   hu r l s  
i t s e l f   i n t o   s e a r c h  modes. I t s  pr imary  a lgori thm i s  t h a t  i t  e a t s  and moves 
about so t h a t  i t  can  cont inue  to   eat   and move abou t ;   and   ape r iod ica l ly   t o  
couple so a s   t o  produce a r e p l i c a t e d   o f f s p r i n g   t h a t  w i l l  grow t o   f u l l   s c a l e  
and  cont inue  to   eat   and move about.  

Opera t iona l ly ,   there   a re   about  20  f o c a l   c e n t e r s  - hungers' - among which 
the   sys t em  pa t t e rns  i t s  behavior.  The system  motion  consis ts   of  open r e l a x -  
a t ional   'motional '   phases ,   fol lowed by locked-up  orbi ts   in   which t h e  system 
circles i t s  ' f o c i '  (which c o n t r i b u t e   t o  i t s  behavioral   spectrum). A success fu l  
i n d i v i d u a l  i s  one who p a t t e r n s   h i s   b e h a v i o r   s a t i s f a c t o r i l y  among a l l   h i s  hun- 
g e r s   w i t h o u t   s a t u r a t i n g ,  o r  becoming uns t ab le  among only a few poles .  A suc- 
c e s s f u l   s p e c i e s   c a n ,   a s  a r e s u l t   o f  i t s  gene t i c   cod ing ,   ep igene t i ca l ly   un fo ld  
s a t i s f a c t o r y   a d a p t i v e   b e h a v i o r a l   p a t t e r n s  , as   t he   eco log ica l   env i ronmen t  
changes,  and a new higher  level of  behavior  emerges. 
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1 1 . 1 1 1  

M a  

Rest ing 

Table 1 

Behavior Modes of  Man 

Es t imated   f ree- running   Ent ra inable  by environ- 
Per iodic?   per iod  or frequency  mental   (social)   cues? 

Yes 10 min, 2-3 h r s ,  
5 days,  3 months 

no 

Eat ing Yes 2 -4lday Yes 

Drinking Yes 4 hours 

Sleeping 
REM 
non-REM 

Voiding 

Yes 1-2 /day 

Yes 4 /day   ur ine  
l / d a y   f e c e s  

yes  (weakly) 

........................................ 

Grooming Yes 10 mins Yes 

Changing  posture Yes 1-2  mins  no 

Using  body ( exe rc i se  Yes 90 mins 
play,   gross   motion)  

no 

Working Yes 2 -3/day Yes 

Being sexual  Yes 3 days 

R e l a t i n g   t o   o t h e r s  Yes 4lday 
Loving 
Caring 
Cooperating 
Stroking , touching 
Conversing 
She l t e r ing  

Fan ta s i z ing  

Withdrawing 
escaping 

Attending 
Arranging 
Planning 
Problem-solving 
Learning 
Studying 
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Creat ing  
Being i n t r o s p e c t i v e  
Reading 
Thinking 

Being  aggressive 
Competing 
S t r i v i n g  

Contending 
F igh t ing  
Hating 
Being h o s t i l e  
Being  angry 

Being a c q u i s i t i v e  
Being greedy 
S t e a l i n g  
Cheat ing 

Envying 
Being j ea  lous 

Fee l ing  loss 
Grieving 

Fearing 

'Table 1 (Cont'd. 

Est imated  f ree-running  Entrainable  by environ-  
Pe r iod ic?   pe r iod   o r   f r equency   men ta l   ( soc i a l )   cues?  

Yes 

no 

no 

no 

no 

" 

" 

" 

" 

" 

no 

Yes 

no 
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Table 2 

Endogenous Substances Normally in Blood that Might 
Strongly Affect Mamalian Behavior 

I. Hormones 

A. 
B. 
C.  
D. 
E. 
F .  
G. 
H. 
I. 

ACTH 
MSH 
GH 
AVP,  LVP 
Prolactin 
Corticosterone, cortisol 

Epinephrine, norepinephrine 
Estradiol 

T4 

J. Progesterone 
K. Testosterone 

11. Metabolites 

A. Glucose 
B. Amino acids 
C .   F F A  
D. Cyclic AMP 
E. Hydrogen ion 

G. Sodium ion 
F .  C o p  

111. Autocoids 

A .  Histamine 
B. Bradykinin 
C .  Kallikrein 
D. Angiotensin 
E. Serotonin 
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Table 3 

A .  Per iods  of behavior i n  normal humans 

Period P rocess   o r  Mode 

1%-2 hours*  General   motor   act ivi ty  

2 4  hours   Sleep-wakefulness   cycle ,   defecat ion 

28-30 days 

280 days 

Mens t rua l   cyc le   wi th   a t tendant  
mood changes 

Durat ion  of   pregnancy,   with  a t -  
tendant  behavioral   changes 

*Recently  rediscovered ( 1 2 )  

B. 'Clock'  found i n  p a t i e n t s   w i t h   p e r i o d i c   s o m a t i c   o r   m e n t a l   i l l n e s s e s  

Per iods  observed 

12 hours 
2 4  hours 
48 hours 

5 days 
7 days 

13  days 
17-19 days 

2 1  days 
24-25 days 
20-30 days 

40 days 
40-60 days 

4-5 months 
1 year  1.a yea r s  
2 y e a r s  

(10 yea r s )  
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Table 4 

Periods  or  Frequencies  of  Cycles for  Metabolic  Consti tuents 

Common metabol ic   cons t i tuents  
of a r t e r i a l  blood  Species 

Oxygen guinea  pig , c a t  , man 

c02 guinea  pig,  man 

Glucose  ra ts ,   dogs,  man 

F a t t y   a c i d s  
( a t   l e a s t  3 ind iv idua l  
substances) 

Amino ac ids  
(20 individual   substances)  

Glycerol 

Lactate  

H+ 

Etc.  

Temp. of a r t e r i a l  blood  guinea  pig,  man 

Periods  or   f requency  of   osci l la t ions  Reference 

30-60 secs; 100-200 secs; 400-500 secs  (16,34,35) 

1-2 mins; 6-8 mins; 30-60 mins; 100  mins  (16,35) 

40 secs ;  100 secs (15,17 , 18;- 

None yet   looked  for  

II 

11  

3-5 secs ;  30 secs ;  60 secs; 100-200 (14,161 
secs ;  325-400 secs  

(A summary of var ious  data  may be  found i n   ( 3 6 ) .  



Table 5 

Time Domains f o r  Hormones 

Relaxa t ion  
Time t o   f i r s t   H a l f - l i f e  

-~ Hormone- - -d-ecegcable . _ _  e f f e c t -  (humans) Per iods  

C o r t i s o l ,  5  min 90 min 3 h r s  
Cort icosterone  (negat ive  feedback)  ( c o r t i s o l )  24 hrs 

1-2 h r s  30 min 
1 day   (cor t icos te rone)  

- _ _  3 d a y s  

Epinephrine  30  sec 1 min 

" . - "~-=_ 

____ .. - . . .  " 2 5 1 ~ " -  .. ~ ~~ - 1- min 

T4, T3 1 min 
10 min 
6 h r s  
1 day 

E s t r a d i o l  1-10 min 70 min 
1 h r  
6 h r s  

1 2  h r s  
48 h r s  

~~ ~ - - 

Testos te rone  1 day 
2 days 

90 mins c i r c a d i a n   i n  men 

7 days 

Progesterone 

ACTH 2 mins 5-20 mins 

FMSH "- 4 h r s  

GH 20  mins 
1 h r  
6 h r s  

24 h r s  
48 h r s  

20-35  mins 

AVP, LVP 5 min 

Epinephrine 5 secs  
5"15 mins _" "" ~ " "" "_ " 
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X I I .  SUMMARY, OVERVIEW, AND DISCUSSION 

A se t  of   pr inciples   have  been set  f o r t h  by which  the complex biosystem 
may be  regarded  within  both a phys ica l   and   b io log ica l   con tex t .  With a de- 
c e p t i v e   s i m p l i c i t y ,  i t s  paradigm  might  be  summarized by t h e   s t a t e m e n t   t h a t   t o  
t h e   s p a t i a l   t o o l   p a r   e x c e l l e n c e   o f   t h e   b i o l o g i s t ,   m i c r o s c o p y ,  w e  have  added 
the   t empora l   t oo l   o f   t he   phys i c i s t ,   spec t roscopy ,   t o   a id   i n   t he   s ea rch   o f  
form  and func t ion .  

These  pr inciples   fnclude:  

Homeokinesis - In t e rna l   sys t ems   w i th in   t he   b io log ica l   o rgan i sm  a re  
caught  up i n   c l o s e d ,   r e p e t i t i v e   c h a i n s ,   o s c i l l a t o r s ,  and the  system i s  govern- 
ed both  chemically and e l e c t r i c a l l y  by m e d i a t i n g   t h e   s t a b i l i t y  and ope ra t ing  
p o i n t   o f   t h e s e   p e r i o d i c a l l y   r e p e t i t i v e   c h a i n s   o f   e v e n t s .  The t o t a l   c o l l e c t i o n  
of t h e s e   o s c i l l a t o r   c h a i n s  may be  regarded as making up a c o n s t e l l a t i o n .  The 
mechanisms fo r   med ia t ing   t he   ope ra t ing   po in t s  of these   cha ins  may themselves 
form  an  autonomous o s c i l l a t o r   c h a i n   ( l i k e  a r i n g   o s c i l l a t o r ) ,   o r   t h e y  may 
aper iodica l ly   change   in   accordance   wi th   condi t ions   in   the   sur rounding   mi l ieu .  

The p r i n c i p l e  of  homeokinesis  assumes a t  i t s  base,  Claude  Bernard's 
p r inc ip le   o f   the   cons tancy   of   the   in te rna l   envi ronment   as   the   condi t ions  of 
f r e e  and  independent  l ife,   (1859).  We can  take  hear t   f rom  the words  of L .  J.  
Henderson  (1926), i n  commenting on th i s   p r inc ip le ,   tha t   "This   should   no t   be  
thought of  as absolu te   cons tancy ,  and i t  should   be   unders tood   tha t   var ia t ions  
i n  the   p roper t ies   o f   the   in te rna l   envi ronment  may be   bo th   cyc l ica l  and 
a d a p t i v e ,   t h a t  i s  f u n c t i o n a l ,   b u t   i n   g e n e r a l  may not  be random  and funct ion-  
less.  Claude  Bernard 's   pr inciple  i s  t h e   f i r s t   a p p r o x i m a t i o n  which s u f f i c i e s  
un t i l   the   subjec t   has   been   broadly   deve loped" .  In our  opinion,  horneokinesis 
i s  the  second  approximation. 

However, homeokinesis   a lso  expands  the  concept  of  dynamic mediation  of 
per iodic   chains   to   include  external   environmental   boundary  condi t ions.  Some 
cha ins   a r e   on ly   c losed   i n t e rna l ly ,   o the r s   ex t e rna l ly .  

A v i a b l e   b i o l o g i c a l   o r g a n i s m ,   i n   t h e  words  of  Sechenov, ' I . .  . . is  incon- 
ce ivable   wi thout   an   ex te rna l   envi ronment   for  i t s  e x i s t e n c e  ... a s c i e n t i f i c  
def ini t ion  of   the  organism  should  include  a lso  the  environment  by  which i t  
is  influenced"  (1861). 

S p a t i a l  and  Temporal  Biospectroscopy - This i s  a ma t r ix  whose columns 
represent   the   chemica l   mater ia l s ,   the   chemica l   p rocess   cha ins ,  and t h e  complex 
behaviora l   modal i t ies   o f   the   l iv ing   sys tem,   and  whose  rows represent   ordered 
time s c a l e s .   I n   a n y  column, t h e  many tempora l   l eve ls   o f   regula t ion  of t h a t  
m a t e r i a l ,   p r o c e s s ,   o r   m o d a l i t y   a r e   c a t e g o r i z e d .  

It i s  our   surmise   tha t   the  mechanisms t h a t  exis t  beh ind   t h i s   ma t r ix  
r e p r e s e n t   t h e   p h y s i o l o g i c a l  - b e h a v i o r a l   r e a l i z a t i o n  of Mackay's "condi t ional  - 
probabi l i ty   rnatr ix" . l   Conceived  of   in   an  information  theory  context ,   the  

'See C.  Cherry,  "Information  Theory",  1956. 
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c o n d i t i o n a l   p r o b a b i l i t y   m a t r i x  may be  viewed a s   t h e   s t a t e s  and the  f requen-  
c i e s  of   occur rence   o f   these   s ta tes   to   be   found  in  a viable   organism.  

System I n s t a b i l i t y  - The biosystem is  margina l ly   uns tab le .  When a t  
rest, i t  cannot  remain a t  rest; when in motion, i t  cannot  remain  in  motion. 
Thus, i t s  behavior   can   on ly   be   s tab i l ized  as a s t e a d y   s t a t e   p a t t e r n   o f  
p e r i o d i c   v a r i a t i o n  among a l l  of   the   major   var iables  and s t a t e s .  

Behavioral   Modal i t ies  - The result  of t h i s   i n s t a b i l i t y  and the   cha ins  
of   o rganiza t ion   tha t   emerge ,   wi th   bo th   gene t ic   and   ep igenet ic   l inks ,  is  t h e  
development of a pa t te rn   o f   behaviora l   modal i t ies ,   perhaps   10-20   in   a l l .  
These   moda l i t i e s   o rches t r a t e   t he   ac t ions   o f   t he   o sc i l l a to ry   cha ins   a round  
major  melodic  themes,  the  emergent  'hungers'  of  the  organism.  In  the  simpler 
organisms,  these may be  s imple  pat terns   of  grow - div ide ,   inges t ,   photosyn-  
t h e s i z e ,  move, e l i m i n a t e ,   e t c .   I n  more  complex  organisms  they  begin  to 
involve   the   ex te rna l ly   l inked   psychologica l   complexes   o f   mat ing ,   ch i ld   care ,  
and play.  

Hierarch ica l   Regula t ion  - A s  a coro l la ry   o f   the   emergent   behaviora l  
modal i t ies ,   the   matr ix   of   funct ion  that   emerges  within  the  complex  biosystem 
i s  not   s imply  spat ia l ly   (morphological ly)   organized,   nor   temporal ly   organized.  
Ins tead   there  is a  complex  of  space - t i m e  s t r u c t u r e s  and func t ions   t ha t   t end  
t o   b e   t i e d   t o   e t h e r   t o   e x h i b i t   t h e   h i e r a r c h i c a l   c a t e g o r i e s   o r   ' l e v e l s '  of 
o rgan iza t ion .  f 

The concept i s  s t i l l  vague ,   bu t   loose ly ,   the   fo l lowing   leve ls  may be 
noted. 

a .  The i n d i v i d u a l   c e l l ,   r e g a r d l e s s  of type,   has i t s  own l i f e  
scheme wi th in  i t s  operative  environment,   (eat   from  surround - grow - d i v i d e ) .  

b .  A s  a r e s u l t  of i n t e r c e l l u l a r  communica t ion ,   spec ia l ized   ce l l s  
a r e  yoked toge ther   to   form a f u n c t i o n a l   u n i t .   T h i s  i s  reasonably well defined 
in   o rgans .  

c .  The f u n c t i o n a l   u n i t s   a r e   t i e d   t o g e t h e r   t o  form  an  organ. It 
is  the  organ and i t s  connec t ions   t ha t   c r ea t e   t h i s   o rgan i smic   ope ra t iona l  
l e v e l .  The whole  organ  probably  very  rarely, i f   e v e r ,   p a r t i c i p a t e s   i n  i t s  
c h a r a c t e r i s t i c   f u n c t i o n ,   u s u a l l y  112 t o  114 o r  less o f   t h e   f u n c t i o n a l   u n i t s  
of the  organ  are   involved.  

d .  The complex of   o rganismic   s t ruc tures  and the i r   connec t ions  
which a r e   s u f f i c i e n t   t o  make a biochemical ly   operable   system  represents   the 
lowest  organism  level.  However, t h i s   h a s   t h e   c h a r a c t e r i s t i c s   o f  a l i g h t l y  
anesthet ized  animal ,   or   animal   in  coma. It cannot   pers i s t   wi thout   suppor t  
func t ions .  

'At any h i e r a r c h i c a l   l e v e l ,   t h e r e  may be  a ' h e t e r a r c h y '   o r   d i s s i m i l a r   s t r u c -  
tures o r   f u n c t i o n s   t h a t   a r e  yoked toge the r   t o   p rov ide   t he   s cena r io   o r  melody 
f o r   t h a t  one l e v e l .  We use   t he   s imi l e  of o r c h e s t r a  and  music  because, i n   t h e  
melodic   l ine,   the   heterarchy  of   inst ruments ,   the   orchestra ,  and the   o rches t r a -  
t i o n ,   t h e  complex  of b i o l o g i c a l   f u n c t i o n  is most e a s i l y   d i s c e r n e d .  
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e. I f  w e  add t o   t h i s   s y s t e m  enough  autonomic  system  function  to 
cope  with i t s  ex te rna l   env i ronmen t   fo r   t he   s a t i s f ac t ion   o f  i t s  major   behavioral  
modal i t ies ,   then  w e  c a n   i d e n t i f y   t h i s   a s  a ' sent ient '   organism.   This   rep-  
resents   the  reaches  of   most   plant  and  animal   species ,   or  of a simple  minded 
human being. 

f .  A t  t h e   h i g h e s t  known level ,  we  f i n a l l y   h a v e   t h e   ' s a p i e n t '  
level, which is capable  of  interacting  with  and  modifying i t s  envir0nmen.t 
by t h e  u s e  of  complex abs t r ac t   i n t e rna l   l anguages .  The e s s e n t i a l   s a p i e n t  
c h a r a c t e r i s t i c  i s  l i k e l y   t h e   a b i l i t y   t o   t r a n s l a t e  among i t s  many i n t e r n a l  
languages. 

The study is then  concerned  with  a t tempting  to   deal   wi th some of 
t h e  more rud imen ta ry   h i e ra rch ica l   l eve l s  i n  the  biosystem  within  the  frame- 
work  of t h e s e   p r i n c i p l e s ,   i n   p a r t i c u l a r   t h e   m e t a b o l i c   l e v e l .  

A f t e r  a l ong   i n t roduc t ion   (Pa r t  A) to   the   a forement ioned   phys ica l   ideas ,  
i n  which p h y s i c a l   s c i e n t i s t  and b io log i s t   a t t empt   t o   r each  a mutual  acceptance 
on how t h e i r   p o i n t s  of  view may be d e s c r i p t i v e l y   r e l a t e d   t o   t h e   b i o l o g i c a l  
o rgan i sm,   t he   b io log i s t   i n   t u rn   (Pa r t  B) a t t empt s   t o   r eexamine   h i s   b io log ica l  
i d e a s  so a s   t o  conform t o  some ex ten t   w i th   t he   phys i ca l   desc r ip t ion .  

The f i r s t   e s s a y   d i s c u s s e s   t h e   c h a r a c t e r i s t i c s  of the  membrane a s  i t  i s  
known and d e s c r i b e d   w i t h i n   t h e   c u r r e n t   l i t e r a t u r e .  It touches ,   in   pass ing ,  
on some o f   t h e   c u r r e n t   c o n t r o v e r s i e s   t h a t   e x i s t   i n   t h i s   f i e l d .  It would be 
d i f f i c u l t   a t   p r e s e n t   t o   d e v e l o p  a sys t ems   s c i ence   t ha t   i nc ludes   t h i s   l eve l  
o f   b io log ica l   ac t ion   w i th in   an   ope ra t iona l   fo rma t .  Yet  the  dynamics  of  the 
membrane s i ts  on top  of a l l  biochemical,  metabolic,  and  communications  pro- 
ces ses .  

Electron  microscopy  has  brought many o f   t he   appa ren t   f ea tu re s  of the  
membrane i n t o  view. It h a s   n o t   b e e n   a b l e ,   a s   y e t ,   t o   c l a r i f y  and guarantee 
t h e   t r a n s p o r t  and  exchange  processes. A t  p r e s e n t   t h e r e  is  vigorous  debate 
going on with  regard  to   both  passive  and  act ive  t ransport   through membrane 
wa l l s  of both small and large  molecules.   There i s  also  an  encouraging  beg- 
i n n i n g   a t   e l u c i d a t i n g   i n t e r c e l l u l a r  communications a t   t h e  common membrane 
junc t ion ,   bo th   pas s ive   o r   ac t ive .  It would only  be  speculat ive and r i s k y  
fo r   ou r   g roup   t o   a t t empt  any d e t a i l e d   c o n t r i b u t i o n s   t o   t h i s   b i o s y s t e m s   l e v e l ,  
o the r   t han   an   occas iona l   phys i ca l   ana lys i s  and  commentary. 

A s  an  example  of  such  commentary,  a t h e o r e t i c a l   n o t e  is added desc r ib -  
i ng  how t h e   e v e r p r e s e n t   f l u c t u a t i n g   p r o c e s s e s   a t  a lower   h ie rarch ica l  level 
c a n   b e   ' r e c t i f i e d '   t o   p r o v i d e   a c t i v e   s o u r c e s  for t ransport   of   the   succeeding 
l eve l .   Th i s  i s  s u g g e s t e d   a s   t h e   f o r m a l   b a s i s   f o r   a c t i v e   t r a n s p o r t   a t   t h e  
membrane l e v e l ,  and i n   p r i n c i p l e ,   i n   e x t e n s i o n ,   a t   e v e r y   s u c c e e d i n g   h i e r -  
a r c h i c a l   l e v e l .   I n  one  view t h i s   r e p r e s e n t s   t h e   s t a t i s t i c a l   m e c h a n i c a l  
o r   ' a tomis t i c '   bas i s   fo r   homeok ines i s .  

The  second b i o l o g i c a l   e s s a y   d i s c u s s e s   t h e   s y s t e m   a t   t h e   l e v e l   o f   t h e  
microvascula ture .  As f a r   a s   p o s s i b l e  i t  a t tempts   to   d i scuss   the   dynamics  
of  form  and the  dynamics  of  function  as  viewed  from  the  microcirculation 
system. It s t a r t s  f rom  the  premise  that  it w i l l  a t tempt   to   dea l   wi th   bo th  
m a t e r i a l s   t r a n s p o r t  and  communications i n   v e s s e l s   u n d e r  112 mm. diameter.  
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It discusses   the  dynamics  of   'vasomotion ' ,   the   changing  diameter   of  
small vessels, and leaves u n c e r t a i n t i e s  as  t o   t h e   a c t i o n   o f   t h e   p r e c a p i l l a r y  
level.  It is  s u g g e s t i v e   t h a t   a n   a c t u a l   p i c t u r e   o f   n o r m a l   r e s i s t i v e   c o n t r o l  
i n   a c t i v e   o r g a n s   a n d   t i s s u e s  is  wanting. 

A c o r o l l a r y ,   a n   o p e r a t i o n a l   d e s c r i p t i o n  of t he   ne rvous   con t ro l  a t  t h e  
microvasculature ,  i s  a l so   incomple te .  Here both  morphology  and  the  dynamics 
o f   t h e   c o n t r o l   a c t i o n  i s  i n  i t s  infancy.  

One v e r y   p o s i t i v e ,   b a s i c   t h o u g h t   t h a t  arises i s  t h e  need t o   d e f i n e   t h e  
funct ional   uni t   of   each  organ  system. The func t iona l   un i t   compr ises  a l l  t h e  
c e l l u l a r  components  which make the  organ  unique. It: i n c l u d e s   t h e   c e l l u l a r  
elements  of  the  organ,  and  the c e l l u l a r  e lements   tha t  make up the   microvascular  
supply and the  nervous  supply.  The complexi ty   o f   the   def in ing   task  i s  
i l l u s t r a t e d   f o r   o n e   f u n c t i o n a l   u n i t ,   w h e r e  i t  i s  moderately well known, t h e  
1 i v e r  . 

However, t h i s   e s s e n t i a l l y   m o r p h o l o g i c a l   d e s c r i p t i o n   b r i n g s  up t h e   i s s u e  
again  of  the  dynamics of r egu la t ion   and   con t ro l  a t  t h e   c a p i l l a r y   l e v e l ,   t h i s  
t i m e  a t  a metabol ic  level .  Here the   i s sue   t ends   t o   be   chemica l   con t ro l   o f  
t he   ve ry  small vesse ls .   Again  a sa t i s fac tory   agreement   on   bo th  a d e s c r i p t i o n  
and theory   o f   ac t ion  i s  wanting. 

Another  unsolved  problem i s  t h e  moment t o  moment control   of   blood 
volume. It i s  presumed to   be   under   the   cont ro l   o f   the   venous   sys tem  and  
t h e   l i v e r .  

F i n a l l y ,   t h e   e s s a y   t o u c h e s   o n   t h e   d i f f i c u l t i e s  of obtaining  agreement  
on t h e   a c t u a l   s t r u c t u r a l   p i c t u r e   o f   c o n t r o l   o f   v a s c u l a r   p e r m e a b i l i t y ,   t h e  
t r anspor t   p rob lem  in   t he   mic rovascu la tu re .   In   one  view, i t  is  a s t a t i c   n e a r -  
pass ive   p ic ture   based  on f ixed   po res ;   i n   ano the r  a more  dynamic  model i s  
r equ i r ed .  The e s s a y   e n d s   o n   t h e   n o t e   t h a t   i n   s i t u   ' m i c r o s c o p y '   i n   t h e   l i v i n g  
unanes the t ized   an imal ,   p referab ly   for  a large  animal  such  as  the  dog,  should 
current ly   permit   an  adequate  dynamic d e f i n i t i o n   o f  some of the   bas i c   p rocesses  
i n  a microvascular bed such  as   the  funct ional   uni t   of   muscle .  

The sec t ion   on   the   microvascula ture   has  two addenda ,   one   tha t   ou t l ines  
the  geometr ic  - topological   design  in   the  microvasculature ,   and  the  second 
t h a t   i l l u s t r a t e s  some o f   t h e   d i f f i c u l t i e s   t h a t  l i e  i n   a t t e m p t i n g   t o  model t h e  
capi l lary  exchange  process .   Water   t ransport  by t h e   S t a r l i n g  model  (outward 
f i l t r a t i o n   i n   t h e   c a p i l l a r y   e n t r a n c e ;   r e a b s o r p t i o n   i n   t h e   c a p i l l a r y  ex i t  by 
the in t e rp l ay   o f   hydros t a t i c . and   o smot i c   ' d r ives ' )  i s  examined.  There i s  
d i f f i c u l t y   i n   a c c o u n t i n g   f o r   t h e   S t a r l i n g   t r a n s p o r t  and for   the   p resence   o f  
f ixed   pores .  

The th i rd   essay   presents   an   up- to-da te   v iew  of  how the  autonomic  nervous 
system may b e   r e l a t e d ,  by i t s  inne rva t ion ,   t o   t he   pe r iphe ra l   o rgans .  It uses 
the  avenues opened  by h i s t o f l u o r i m e t r i c   s t u d y   t o   t r a c e   o u t  and specu la t e  
about   the   ac t ions   and  si tes o f   ac t ion   o f   neu ro t r ansmi t t e r s .  The autonomic 
gangl ia   begin   to   media te  the p a t h   f o r  dynamic r e g u l a t i o n  by rate governing 
t h e   i n p u t  ( i .e . ,  i t  f i l t e r s  i t ) .  However, it i s  no t  clear how s u c h   f i l t e r e d  
communications  by  neurotransmitters relates to   t he   s lower   au tonomic   ac t iv i ty  
a t  end organs.   Perhaps  the end organs  themselves m e d i a t e  t h e  release of 
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t r a n s m i t t e r   f r o m   t h e   a d r e n e r g i c   t e r m i n a l s .  Such poss ib le   ' f eedback '   cont ro l  
i s  d i s c u s s e d   f o r   t h e   h e a r t ,   t h e   g u t ,  a g l and   l i ke   t he   p inea l ,  and the   ca rd io -  
vascular   sys tem more gene ra l ly .  

B e s i d e s   t h e   a c t i o n   o f   t h e   c h o l i n e r g i c  and adrenerg ic   nerves   (wi th in   the  , 

autonomic   gangl ia ) ,   the   poss ib le   s ign i f icance  of c h r o m a f f i n   c e l l s ,   l y i n g   i n  
t h e   v i c i n i t y  o f   t h e   g a n g l i a   i n   t h e  many spec ie s   s tud ied ,  is  ou t l ined .  They 
appea r   t o   ac t   t o   i n f luence   gang l ion ic   t r ansmiss ion ,   augmen t ing   ad rene rg ic  
func t ion   by   media t ing   chol inerg ic   t ransmiss ion .  The l o c a l i z a t i o n   o f  chroma- 
f f i n  cel ls  and t h e i r   l a r g e   c a t e c h o l a m i n e   r e l e a s e   i n   t h e   v i c i n i t y   o f  blood 
vesse ls   p rovides  a p o t e n t i a l  d i r ec t  pa th   in to   b lood .  How t h e s e   c e l l s  may a c t  
a s   a n   e x t e r n a l l y   d i s t r i b u t e d  dynamic  catecholamine  re lease  system,  'as   they  act  
i n   t h e   a d r e n a l   m e d u l l a ,  is s u g g e s t e d   f o r   h e a r t ,   c o r o t i d  and a o r t i c   b o d i e s ,  
pancreas ,   thyro id ,   and   in   sympathe t ic   p rever tebra l   gangl ia .  The e s say   c loses  
with  the  unsolved  problem  of   account ing  for  a theory   o f   the   au tonomic   cont ro l  
o f   p e r i p h e r a l   c i r c u l a t i o n .  

The fou r th   e s say   d i scusses   t he   ca rd iovascu la r   sys t em.   F i r s t ,  i t  p resen t s  
some of   the  pr imary  propert ies   of   blood  f low  and  metabol ism,   to   es tabl ish  the 
d e s i g n   r e l a t i o n s   t h a t   a r e   l i k e l y  common t o   a l l  mammals. A weigh t   spec i f i c  
nature  of  oxygen  uptake  and  blood  flow i s  suggested.  

The developmental   character  of CV performance i s  o u t l i n e d   i n   h i e r -  
a r c h i c a l   f a s h i o n .  It i s  proposed  then  to   develop  an  engineer ing  descr ipt ion 
o f   t he   ope ra t iona l   nea r - s t eady- s t a t e   o f   t he  CV system. T h i s  i s  p resen ted   a s  
t he   cha rac t e r  of 400 second  epochs  of  behavior. 'me r a t i o n a l e   f o r   t h i s  time 
s t a t e  i s  p resen ted   a s   one   fo r  which  near  equilibrium  metabolic  events  can  be 
characterized;  both  the  divisions  of  blood  f low  and  the  oxygen  uptake w i l l  
be   near   equi l ibr ium.  The d e s c r i p t i o n  i s  developed  as   an  engineer ing model 
of  how the  operat ing  condi t ions  of   cardiac  output   and a 'grounded'  venous 
p re s su re  i s  achieved   in   the   c losed  cv system. The necess i ty   o f   r e l a t ing   t he  
ope ra t ing   cha rac t e r i s t i c s   u l t ima te ly   t o   mic rovascu la r   pa rame te r s  i s  aga in  
stressed. 

The f i f t h   e s s a y  is  a most  unusual  at tempt  to  bridge  the  gap  from  the  bio- 
chemistry of the   molecular   b io logica l   l eve l   to   the   opera t ive   concepts   govern-  
i ng   t he   b iochemis t ry   a t   t he   o rgan   l eve l .  It makes ou t  a c a s e   f o r   t h e  dynamic 
homeokinetic  model  proposed i n   t h e   i n t r o d u c t o r y   s e c t i o n s ,  and a l s o   f o r   t h e  
need t o   f o c u s  on t h e   f u n c t i o n a l   u n i t   i n   o r g a n s .  It i s  c l e a r   t h a t   t h e   o r g a n  
e lement ,   the   card iovascular   e lement ,  and the  nervous  element  are a l l   i n t i m a t e l y  
involved   in   the   b iochemica l   cha in .  

The s i x t h   e s s a y  i s  a ra ther   ex tens ive   ou t l ine   o f   neurophys io logy .  It 
was w r i t t e n   t o   a t t e m p t   t o   b r i d g e   t h e   g a p ,   a s   f a r   a s   p o s s i b l e ,   b e t w e e n   t h e  
c o m u n i c a t i o n s   c h a r a c t e r i s t i c s  of the  nervous  system  and a syn thes i s   o f  
behavior  - i n   t h e   f u l l   p e r i o d i c ,   e p i s o d i c ,  and r e p e t i t i o u s   c h a r a c t e r   t h a t  
might  be  seen  to  emerge  from  the  higher  centers  of  the  brain,   notably  from 
t h e   c o r t e x ,   r e t i c u l a r   c o r e ,  and  l imbic  system.  (That   f inal   synthesis  we 
expected  from  Warren  McCulloch. It i s  n o t   w r i t t e n .  We have,  however, l e f t  
the   l engthy   neurophys io logica l   in t roduct ion . ) .  

This   essay  starts from  what i s  known a b o u t   i n t e r c e l l u l a r   c o m u n i c a t i o n s .  
It p u t s   f o r t h  some of  the modern  views  on how s p a t i a l  - t empora l   pa t te rns  of 
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c e l l u l a r   d i f f e r e n t i a t i o n   d e v e l o p .  It d i scusses   i n fo rma t ion   t r ansmiss ion   i n  
the  nervous  system. It leans  very  heavi ly   on  sensory  information,   par t icu-  
l a r l y  visual.  

It begins  a d i scuss ion  on how the  nervous  system  achieves  subgoals ,  
'sets' o f   t h e   e n t i r e   o r g a n i s m ,   a s   p a r t   o f  i t s  h i e r a r c h i c a l   s t r u c t u r e .  The 
r o l e   o f   t h e   r e t i c u l a r   s y s t e m  is  ou t l ined ,  and  of  the  autonomic  system. The 
hypothalamic - p i t u i t a r y   l i n k  is  d iscussed ,   and   regula t ion   th rough  p i tu i ta ry  
hormones i s  ou t l ined .  The  combined ac t ion   of   nerves  and  hormones i n   c o n t r o l l i n g  
a c t i o n s   o f   t h e  body i s  touched  on. The essay  ends  with a d i scuss ion   of   the  
ontogeny  of   behavior .   In   par t icu lar  i t  uses the  genet ic   development   of   the  
v isua l   sys tem,   f rom  eye   to   b ra in ,   as  a m a j o r   i l l u s t r a t i o n .  

The l a s t   e s say   p rov ides   an   i n t roduc to ry   mode l l ing  of how behavior  i s  
r e l a t ed   t o   t he   endoc r ine   sys t em.   Th i s   f i na l   e s say   a t t empt s   t o   un i fy   t he   des -  
c r ip t ion   of   behavior   based  upon neurophysical   approaches  with  that   based 
upon endocrinology and  metabolism. It de f ines  a modal  view  of human behavior  
and  compares  those modes wi th   the  smaller number of metabol ic  modes pre-  
v ious ly   def ined .  It a t t e m p t s   t o   j u s t i f y   t h e   p o s t u l a t e   t h a t   a l l   n o n - r e a c t i v e  
human behavior  is both modal  and p e r i o d i c ,   t h a t   t h e   b r a i n   h a s  a chemical 
bas i s   fo r   fo rming  a  body  image of i t s  s t r u c t u r a l  and func t iona l   condi t ion ,  
and t h a t   t h e  body  image i s  p a r t i a l l y   d e p e n d e n t  upon  modal cons t e l l a t ions   o f  
hormones  and metabol i tes   in   b lood .   These   cons te l la t ions   forming   the  body 
image a r e  used by t h e   r e t i c u l a r   c o r e  and l imbic   sys tem  to   u rge   dec is ions  
upon the   co r t ex ,   and   i n f luence   p r io r i t i e s  among behaviora l   choices .  
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What h a s   b e e n   c l e a r   t o   t h e   c o n t r i b u t e r s  is  t h a t   t h e ' t a s k  o f   p u t t i n g   t h e  
s p e c i a l i z e d   s u b f i e l d s  of b io logy  1 i n t o  a dynamic  connected  framework f o r  form 
and func t ion  is  i n o r d i n a t e l y   d i f f i c u l t .  However, f o r  a f i r s t  round  of 
e f f o r t ,   t h e   t a s k  is done. It w i l l  have  to  be  redone a  number of times, 
before  i t  comes f o r t h   i n  a s a t i s f a c t o r i l y   i n t e g r a t e d  form.  However, t h i s  is  
not   our   inmedia te   in ten t ion .  Our problem i s  t o   t r y   t o   d e c i d e ,  of   the v.ery 
many problems that  remain,   what  problems  can  be  fruitfully  tackled. 

W e  would l i ke   t o   fu rn i sh   t he   fo l lowing   nex t   keyno te .  The opera t ion   of  a 
system  can  be  pursued  through i t s  ' e n e r g e t i c s ' ,  'pdwer  engineer ing '   or  
'metabol ic '   p rocesses ,   those   tha t  show the   f l ow,   d i s t r ibu t ion ,  and  consumption 
of   energy .   In   the   main   th i s   has   been   our   f i r s t   round  of   e f for t .   In  a very 
r i g i d l y  yoked or   coupled  system,  one  that   responds  very  mechanis t ical ly  and 
d e t e r m i n i s t i c a l l y   t o  i t s  environment - even i f   t he   sys t em i s  autonomous - t h i s  
would be  the  major  method  of  tackling  the  system. 

However, t h e r e  i s  a  second d i r e c t i o n  of pursuit ,   the  'communications'  
c h a r a c t e r i s t i c s   o f   t h e   s y s t e m .   I n   t h i s  we i n c l u d e   t h e  complex  of r e g u l a t i o n  
and c o n t r o l  by which a f i x i t y  of form  and func t ion  manage t o  come off ,   even 
though  the  environment  changes  considerably. We b e l i e v e   t h a t  we  may be up t o  
the  second  kind  of  question. 

However, f o r  a f i r s t   e f f o r t ,  we b e l i e v e   t h a t   t o o  wide  a  scope to   s ea rch  
ou t   t he   i n fo rma t ion  and  communications c h a r a c t e r i s t i c s  of the complex b io -  
system would defea t   us .   Ins tead  it i s  t i m e l y   t h a t  we r e s t r i c t   o u r  view. A 
p a r t i c u l a r   s y s t e m   t h a t  may f i t  o u r   t a l e n t s  and  be  of  considerable  immediate 
re levance  i s  the  reaches  of  the  organism  touched by the   card iovascular   sys tem 

L e t  u s  c o n s i d e r   b r i e f l y  what i s  requi red  by a  change  (or  upgrading) i n  
point  of  view  from t h e   e n e r g e t i c s   t o   t h e  connnand - control   v iew of  a  system. 

a .  First ,  in   order   that   the   system  be  autonomously  operat ive,  i t  
must  be  nonl inear   and  contain  degradat ive  sources .  

b.  Second, i t  must  form  autonomous  thermodynamic  engine  cycles so 
t h a t  i t  can  feed  autonomously  from  the  potential   sources  in  the  environment.  

c .   T h i r d ,   i f  i t  i s  to   pe r s i s t   au tonomous ly   i n  i t s  environment it 
must  have a command - cont ro l   sys tem  tha t   can   s tore  and  respond to   ' informa- 
t ion'   from  the  environment.  

Thus, w e  a r e  up t o   t h e   q u e s t i o n ,  what is  information? 

Informat ion  is  a small ampl i tude   energe t ic   s igna l ,   pa t te rned  among 
a l l   o t h e r   s i g n a l s   i n   t h e   e n v i r o n m e n t ,   t h a t   h a s   t h e   c a p a b i l i t y  of modifying  the 
o p e r a t i v e   s t a t e  of  a  system. The system  must   thus  be  capable   of   abstract ing,  
s t o r i n g  and t r a n s f o r m i n g   t h e s e   s i g n a l s .  

As w e  have  preceded,   hierarchical ly  up t h e   b i o s y s t e m ' s   l e v e l s ,   a t   t h e  

1 Confined i n   t h i s   r e p o r t   t o  membrane, microvascular,  nervous  autonomic,  cardio- 
vascular ,   hormonal ,   h igher   nervous   s t ruc ture  and func t ion .  
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h i g h e s t   ' s a p i e n t '  level, t he   capab i l i t y   o f   s to rage   and   t r ans fo rma t ion  i s  
t h e   g r e a t e s t .   I n   f a c t  we have   sugges t ed   t ha t   t he   ' s ap ien t '   cha rac t e r  i s  
t o   b e   a s s o c i a t e d   w i t h   t h e   a b i l i t y   t o   t r a n s f o r m   b y   ' t r a n s l a t i n g '   s i g n a l  
among  many modes. 

Thus, in   deve loping   an   in format ion   theory  view of   the   b iosys tem - i n  
p a r t i c u l a r   i n   t h e   l a n g u a g e s  of the   card iovascular   sys tem - w e  s h a l l  have t o  
begin  to  introduce  the  following  language,  which may a p p e a r   q u i t e   s t r a n g e   t o  
biology . 

language - code,   s ignals ,   s ignal l ing  e lement ,   s ign,   symbol ,  
c h a r a c t e r , l e t t e r ,  phoneme, word,  sentence,  message, 
s equences ,   d i c t iona ry ,   r epe r to i r e .  

n o i s e  

t ransmiss ion   capac i ty  

a m p l i f i e r  

r e c e i v e r  

sender  

encoder 

t r a n s l a t o r  

t ransponder  

t ransducer  

channel,  band  width 

information  source 

t r a n s m i t t e r  

message  entropy 

redundancy 

Markov cha in  

pa t t e rn   r ecogn i t ion  

logon,  metron 

semiot ics  - syntac t ics ,   semant ics ,   p ragmat ics  

cybe rne t i c s  

Roughly, as   an  inrroductory  paragraph,  we can  view  the  problem  of  the 
ca rd iovascu la r   sys t em  in   t he   fo l lowing   l i gh t .   The re  i s  an  autonomous l i m i t  
c y c l e   o s c i l l a t o r   ( t h e  S - A node,   with  back-up  systems  should  that   fa i l ) .   This  
a c t s   a s  a thermodynamic  engine  uti l izing small power. T h i s   o s c i l l a t o r  i s  used 
as  an  escapement  on a l a r g e r   o s c i l l a t o r ,   t h e   i n t e r m i t t e n t l y   e x c i t e d   h e a r t .  
The hear t ,   suppl ied  by i t s  power system, a c t s   a s  a thermodynamic  engine. 

This   hear t   engine  pumps blood. It does so within  the  body.  However, 
it can  perform  autonomously  outside  the  body  too.  Within a s e c t i o n   o f   t h i s  
r e p o r t ,  w e  have  out l ined i t s  nomina l   mechan i s t i c   cha rac t e r i s t i c s ;  how i t  
responds   to   quas i - s ta t ic   changes   in   motor   ac t iv i ty   l eve l   o f   the   o rganism;   and  
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how it changes   adapt ive ly   to   longer   t e rm  changes   in   motor   ac t iv i ty .  We have 
thus  discussed  both i t s  source  and r e c e i v e r   c h a r a c t e r i s t i c s ,   a s   a n   e n e r g e t i c  
sys tem. 

We have  not  discussed,  however,  i t s  in fo rma t ion   t heo ry   cha rac t e r i s t i c s .  
This i s  how it  responds  to   'communicat ions '   s ignals ,   both  t ransient  and 
behaviora l ;  how i t  r e sponds   t o   t he   chang ing   v i s i s s i tudes  of t he   mi l i eu .  We 
do  not know what  languages it i s  communicated w i t h ,   n o r   t o  which i t  transponds.  
We have  to   descr ibe  the  ' language '  of the  exchange  processes. 

A l l  o f   these   t asks   a re   thus   des igned   to   t ry   to   b r ing   the   ac t ive   p ro-  
ces ses   i n   t he   ca rd iovascu la r   sys t em,   i n   t he   r ange   o f   sma l l   s igna l   chemica l ,  
c a t a l y t i c ,  and chemo e l e c t r i c   c h a r a c t e r i s t i c s ,   w i t h i n   t h e   s c o p e   o f  a com- 
municat ions  theory  descr ipt ion.  What a re   the   chemica l  and e l e c t r i c a l  
languages  of   the   hear t  and the   sys tems  connec ted   to   the   hear t?  
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