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ABSTRACT 

P l a n t  and c e r t a i n  animal embryos appear  t o  be responsive t o  t h e  g r a v i t y  v e c t o r  
dur ing  e a r l y  s t a g e s  of development. The s ens ing  of g r a v i t y  of i n d i v i d u a l  c e l l s  could 
be based upon convect ion of p a r t i c l e  sed imenta t ion .  Various i n t r a c e l l u l a r  p a r t i c l e s  
have been proposed a s  g r a v i t y  s enso r s  i n  t h e  c e l l s  of developing p l a n t s ,  and t h e  par-  
t i c i p a t i o n  of amyloplasts  and dictyosomes has  been suggested bu t  n o t  proven. An 
e x p l o r a t i o n  of t h e  mammalian c e l l  f o r  sedimenting p a r t i c l e s  r e v e a l s  t h a t  t h e i r  e x i s t e n c e  
is u n l i k e l y ,  e s p e c i a l l y  i n  t h e  presence of a  network of microtubules  and microf i laments  
cons idered  t o  be r e spons ib l e  f o r  i n t r a c e l l u l a r  o rgan i za t i on .  Des t ruc t i on  of t h e s e  
s t r u c t u r e s  renders  t h e  c e l l  s u s c e p t i b l e  t o  a c c e l e r a t i o n s  s e v e r a l  t imes  g. Large dense 
p a r t i c l e s ,  such a s  chromosomes, n u c l e o l i ,  and cytoplasmic o r g a n e l l e s  a r e  a c t e d  upon 
by f o r c e s  much l a r g e r  t h a n  t h a t  due t o  g r a v i t y ,  and t h e i r  p o s i t i o n s  i n  t h e  c e l l  appear  
t o  be  i n s e n s i t i v e  t o  g r av i t y .  

INTRODUCTION 

Space Biology Research was o r i g i n a l l y  designed t o  answer t h e  ques t i on ,  Is Space 
Safe? ,  and t h e  next  phase of r e sea rch  is  designed around t h e  u se  of t h e  c o n d i t i o n s  of 
space  f l i g h t  a s  a  b i o l o g i c a l  r e sea rch  t o o l .  The l a t t e r  phase is designed t o  answer 
such ques t i ons  a s ,  Can We Learn Something of Fundamental S ign i f i cance  by Performing 
Experiments Under Space F l i g h t  Condit ions and Obtain B io log i ca l  I n s i g h t s  t h a t  Cannot 
be  Acquired on t h e  Ground? At t h e  i ncep t ion  of space r e sea rch  some 20 y e a r s  ago, t h e r e  
was concern i n  bo th  t h e  U.S. and t h e  Sovie t  Union about t h e  e f f e c t s  of we igh t l e s snes s  
on l i v i n g  t h ings .  It needed t o  be  known i n  p a r t i c u l a r  whether t h e  absence of g r a v i t y  
had no e f f e c t  o r  a  c a t a s t r o p h i c  e f f e c t  on b i o l o g i c a l  systems under space  f l i g h t  con- 
d i t i o n s .  It was easy  t o  s o l v e  problems introduced by t he  space environment by t h e  u se  
of engineer ing  t o  p r o t e c t  a g a i n s t  t h e  l a c k  of an  atmosphere and t h e  presence  of r a d i a t i o n ,  
bu t  engineer ing  a g a i n s t  weight lessness  and i t s  p o s s i b l e  b i o l o g i c a l  e f f e c t s  proved t o  be  
extremely d i f f i c u l t .  Fo r tuna t e ly ,  e a r l y  experiments i nd i ca t ed  t h a t  t h e  b i o l o g i c a l  
e f f e c t s  of z e ro  G was c e r t a i n l y  n o t  c a t a s t r o p h i c  and t h e  84-day Skylab  miss ion  s u f f e r e d  
no ca t a s t rophes  a s  a  consequence of t h e  absence of a  g r a v i t a t i o n a l  f i e l d .  

I n  view of t h e  conc lus ion  t h a t  t h e  absence of g r a v i t y  ha s  no c a t a s t r o p h i c  e f f e c t  
on man i n  space,  f u t u r e  r e sea rch  is d i r e c t e d  a t  t h e  b a s i c  s tudy  of what we presume t o  
be  g r a v i t y  dependent environmental responses.  I n  o t h e r  words, space  f l i g h t  cond i t i ons  
a r e  t o  be  made a v a i l a b l e  f o r  b a s i c  s c i ence  experiments.  Due t o  volume l i m i t a t i o n s  and 
o t h e r  l i m i t a t i o n s  on s p a c e c r a f t ,  i t  is  l o g i c a l  t o  begin wi th  r e sea rch  a t  t h e  c e l l u l a r  
l e v e l .  

Although we know of many b i o l o g i c a l  phenomena a f f e c t e d  by g r a v i t y ,  t h e i r  connec- 
t i o n  t o  molecular  and phys i ca l  concepts  a r e  extremely poor ly  understood. I n  t h i s  
sense ,  t h e  e f f e c t  of g r a v i t y  i s  paradoxica l  because t h e  c e l l  i s  t h e  b a s i c  s t r u c t u r e  
of l i v i n g  t h i n g s ,  and t h e  organisms' p r o p e r t i e s  depend upon c e l l s .  Yet i t  is much 
e a s i e r  t o  t h i n k  of g r a v i t y  a s  a c t i n g  on l a r g e r  systems a s  c e l l s  a r e  a t  t h e  l i m i t  of 
s i z e  and mass which is  inf luenced  by t h e  g r a v i t a t i o n a l  f i e l d .  

DEVELOPING SYSTEMS 

The e f f e c t  of abnormal g r a v i t a t i o n a l  exposure upon embryonic development was noted 
dur ing  t h e  prev ious  cen tury  (1) .  The most remarkable gravity-dependent phenomena i n  
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developmental biology inc lude  the  obvious p o l a r i z a t i o n  of amphibian egg c e l l  d i v i s i o n  
a t  e a r l y  s t a g e s  and t h e  r e l i a b l e  upward growth of c o l e o p t i l e s  and downward growth of 
r o o t s  i n  germinating p l a n t  seedl ings .  It should be no s u r p r i s e  t h a t  t hese  phenomena 
have been t h e  f a v o r i t e  s u b j e c t s  of i nves t iga t ions  of t h e  e f f e c t s  of g rav i ty  compen- 
s a t i o n  and weight lessness  (2,3) .  

Amphibian Embryos 

The invers ion  of embryos of Rana sp. before  they reach t h e  4-ce l i  s t a g e  can 
lead  t o  t h e  formation of double embryos (1,4) .  Gravity compensat ion  and c e n t r i f u g a t i o n  
can l ead ,  under appropr ia te  condi t ions ,  t o  s i m i l a r  e f f e c t s  (4 ,5) .  Evidently,  very  soon 
a f t e r  f e r t i l i z a t i o n ,  events  occur which o r i e n t  t h e  egg and e s t a b l i s h  t h e  p lanes  of 
f u r t h e r  c e l l  d i v i s i o n s  and t h e  u l t ima te  symmetry of t h e  organism. The g rav i ty  sens ing  
mechanism i n  t h i s  system is  thought t o  be a s soc ia t ed  wi th  a  dens i ty  g rad ien t  i n  t h e  
ma te r i a l s  of t h e  yolk. 

Attempts t o  induce developmental abnormal i t ies  i n  weight lessness  during o r b i t a l  
f l i g h t  of Rana eggs y ie lded  negat ive  r e s u l t s  (6 ,7 ,8) ,  presumably because exposure t o  
weight lessness  d id  no t  adequately coinc ide  wi th  t h e  g rav i ty - sens i t i ve  period of or ien-  
t a t i o n  o r  poss ib ly  because Rana p i p i e n s ,  used i n  o r b i t a l  experiments, is not  a s  s e n s i t i v e  
t o  o r i e n t a t i o n  a s  Rana fusca ,  which was used i n  c l a s s i c a l  experiments (1) .  There was 
a l s o  no microscopic evidence f o r  t h e  r e d i s t r i b u t i o n  of morphological s t r u c t u r e s  dur ing  
o r b i t a l  weight lessness  (8) .  

P l an t  Geotropism 

,Cytological s t u d i e s  on t h e  d i s t r i b u t i o n  of amyloplasts i n  wheat s eed l ings  flown 
on B i o s a t e l l i t e  I1 l e d  t o  t h e  conclusion t h a t  t hese  granules  were d i s t r i b u t e d  a t  random 
under weight lessness ,as  i n  s eed l ings  grown on a c l i n o s t a t ,  r a t h e r  than being clumped on 
t h e  lower c e l l  wa l l  as i n  e r e c t  con t ro l  s eed l ings  (9,lO). F ixa t ion  experiments i nd ica t ed  
t h a t  t h e s e  p l a s t i d s  r e t u r n  t o  t h e i r  normal p o s i t i o n  i n  t h e  c e l l  i n  l e s s  than 4 h r .  
These o rgane l l e s  were observed because they are thought by some (11,12), but  no t  o t h e r s  
(13) t o  p lay  a r o l e  as "stato1iths"--intracellular i n d i c a t o r s  of t h e  g r a v i t y  vec to r .  
The i d e n t i f i c a t i o n  of " s t a t o l i t h s " ,  however, depends on t h e  a b i l i t y  of t he  p l a n t  physio- 
l o g i s t  t o  d i s t i n g u i s h  between cause and e f f e c t .  It remains t o  be  determined whether 
t h e  e longat ion  p l an t  c e l l  responds t o  sedimenting amyloplasts o r  pos i t i ons  i t s  amylo- 
p l a s t s  i n  response t o  a metabolic  gradient  formed by a c t i v i t i e s  o the r  than  sedimentat ion.  

Other p l a n t  c e l l  o rgane l l e s  have been considered wi th  r e spec t  t o  poss ib l e  r o l e s  i n  
geotropism. These inc lude  mitochondria (14) and t h e  Golgi apparatus (15-18). The d ic ty-  
osomes of t h e  Golgi appara tus ,  d e s p i t e  t h e i r  genera l ly  accepted r e l a t i o n s h i p  t o  i n t e r n a l  
membranes, appear t o  be pos i t ioned i n  a  manner s t rong ly  r e l a t e d  t o  t h e  g r a v i t y  vec to r  
6 , 7  Whether they a r e  s e rv ing  a s  s t a t o l i t h  o r  responding t o  metabolic  g rad ien t s  is 
unknown, but  one might cons ider  t h e  fol lowing metabolic  i n t e r r e l a t i o n s h i p s  a s  a  t e s t a b l e  
a l t e r n a t i v e  t o  t h e  s t a t o l i t h  theory: 1 )  C e l l  w a l l  compression produces a  membrane re- 
sponse. 2)  This  response consumes auxin. 3) Auxin is t ranspor ted  down i t s  gradient .  4) 
Ce l l  w a l l  syn thes i s  is  s t imula ted .  5) New w a l l  syn thes i s  dep le t e s  Golgi products .  6) 
The c e l l  produces more a c t i v e  dictyosomes. 7)  Golgi forms i n  d i r e c t i o n  of t he  s e c r e t i o n  
( a s  i n  animal systems). 

ORGANELLES I N  MAMMALIAN CELLS 

Animal c e l l s  d i f f e r  e x p l i c i t l y  from p lan t  c e l l s  i n  t h e i r  l a c k  of a  need t o  synthes- 
i z e  a c e l l  w a l l  i n  a  p a r t i c u l a r  d i r e c t i o n .  I f  p l a n t  c e l l s  need t o  respond t o  g r a v i t y  
f o r  t h i s  purpose only,  then one would not  expect  t h e  i n t r a c e l l u l a r  a c t i v i t i e s  of animal 
c e l l s  t o  be very  responsive t o  g rav i ty .  An ana lys i s  of t h e  c o n s t i t u e n t s  of t h e  mammalian 
c e l l  should i n d i c a t e  whether o r  not  t h e r e  e x i s t  any o rgane l l e s  t h a t  can sediment under 
the inf luence  of g rav i ty .  Biophysical  research  i n  t h e  pas t  decade has added considerably 



t o  our knowledge of t he  s t r u c t u r a l  and hydrodynamic p r o p e r t i e s  of chromosomes, plasma 
membranes, nuc lear  membranes, cytoplasm, nucleoplasm, chromatin, nuc leo lus  and membranous 
o rgane l l e s .  Using recent  measurements, an attempt i s  made he re  t o  e s t ima te  t he  e f f e c t s  
of t h e  g r a v i t a t i o n a l  f i e l d  upon t h e  p o s i t i o n  and motion of t h e  c e l l s '  denses t  s t r u c t u r e s ,  

The Nucleolus 

E a r l i e r  t h e o r e t i c a l  work ind i ca t ed  t h a t  t h e  nuc leo lus  might be  a s u f f i c i e n t l y  
l a r g e  dense s t r u c t u r e  t o  be inf luenced  by g r a v i t y  (19). This  would c e r t a i n l y  be t h e  
case  i f  t h e  nuc leo lus  could be  considered a s  a s o l i d  ob j ec t  suspended i n  a v iscous  
l i q u i d  medium. However, t h i s  is  no t  t h e  case .  Our cu r r en t  understanding of t h e  nucleo- 
l u s  ( s ee  Fig. 1 )  is  t h a t  i t s  r o l e  is  t h e  s y n t h e s i s  of ribosomal RNA and t h e  assembly of 
ribosomes (20,21) .  Although i t  is t r u l y  a dense ly  packed s t r u c t u r e ,  i t  is  no t  i s o l a t e d  
from t h e  surrounding nucleoplasm a s  a s o l i t a r y  hydrodynamic u n i t .  I n s t ead  it has t h r eads  
of chromatin running through it--presumably t h e  chromatin which con ta in s  ribosomal DNA 
genes (21). The nuc leo lus  is t h e r e f o r e  suspended i n  t he  nucleus by a number of t h r eads ,  
and i ts  motion i s  the re fo re  cons t ra ined  by t h e  motion of t h e  chromatin w i th  which it is 
a s soc i a t ed .  Hence, a s  shown i n  t h e  e l e c t r o n  micrographs of Fig.  1, t h e r e  is  l i t t l e  o r  
no evidence f o r  t h e  sedimentat ion of n u c l e o l i  t o  t h e  bottoms of n u c l e i  i n  c u l t u r e d  human 
c e l l s .  On t h e  average, t he  nuc leo lus  is j u s t  about a s  c l o s e  t o  t h e  top of t h e  nuc l ea r  
membrane a s  it i s  t o  t h e  bottom. It is t o  be learned  from t h i s  d i s cus s ion  t h a t  f i b r o u s  
m a t e r i a l s  i n  t h e  c e l l  can g r e a t l y  i n f luence  t h e  response of i ts  o rgane l l e s  t o  g rav i ty .  

The C e l l  Nucleus 

Now l e t  us  consider  t h e  nucleus a s  a whole. Recent s t u d i e s  have ind i ca t ed  t h a t  
t h e  c e l l  cytoplasm can be  considered a s  a network of microfi laments  and microtubules  (23) .  
The inc reas ing  r a t e  a t  which c o n t r a c t i l e  p r o t e i n s  a r e  being discovered i n  so-ca l led  non- 
c o n t r a c t i l e  c e l l s  is  s o  alarming t h a t  we wonder why they were no t  prev ious ly  found. Two 
c l a s s e s  of s t r u c t u r e  a r e  of i n t e r e s t  t o  our  d iscuss ion .  The main p r o t e i n  of microtubules  
i s  t u b u l i n  (24). The t u b u l i n  e x i s t s  i n  sub-units  of microtubules .  The sub-units  a r e  
assembled i n t o  t ubu le s  f o r  such purposes a s  t h e  guiding of chromosomes a t  mi to s i s ,  t h e  
s t r e n g t h  and movement of c i l i a ,  and f o r  axoplasmic flow i n  nerve axons. The assembly of 
t he se  sub-units  i n t o  tubules  is i n h i b i t e d  by co l ch i c ine  and s i m i l a r  v inca  a l k a l o i d s .  
Microfi laments ,  on t h e  o the r  hand, appear  t o  c o n s i s t  of a mixture of a c t i n ,  myosin, and 
o t h e r  c o n t r a c t i l e  muscle p ro t e in s  (25) .  Microfilaments have been considered e s s e n t i a l  
f o r  t h e  normal migratory behavior of cu l tu red  f i b r o b l a s t s  (26) .  Cytochalasin B i n t e r -  
f e r e s  w i th  t h e  normal ac t i on  of microfi laments  (27 ) .  Figure 2 i n d i c a t e s  t h e  presence of 
both a c t i n  and myosin i n  the  microfi laments  of cu l tu red  f i b r o b l a s t s  and shows t h a t  t he se  
microfi laments  envelope t h e  c e l l  nucleus.  

It appears  t h a t  t h e  nucleus is pos i t i oned  i n  t h e  cytoplasm under c o n s t r a i n t s  imposed 
by microfi laments  and/or  microtubules .  I f  cu l tu red  c e l l s  a t t ached  t o  c o v e r s l i p s  a r e  
cen t r i fuged  a t  moderate speed, one f i n d s  t h a t  c e l l s  remain i n t a c t  without  s i g n i f i c a n t  
displacement of t h e i r  nuc l e i .  I f ,  on t h e  o t h e r  hand, one t r e a t s  cu l tu red  c e l l s  a t t ached  
t o  c o v e r s l i p s  wi th  cy tochalas in  B and then  s u b j e c t s  t he  a t t ached  c e l l s  t o  a c e n t r i f u g a l  
f i e l d ,  it is  found t h a t  t he  c e n t r i f u g a l  a c c e l e r a t i o n  is then  adequate t o  enuc l ea t e  t h e  
c e l l s  (28) .  I f  one were t o  assume t h a t  t h e  nucleus is  a hydrodynamic u n i t  approximated 
a s  a sphere  12  microns i n  diameter wi th  dens i ty  1.14 suspended i n  a f l u i d  w i th  v iscos-  
i t y  17 c e n t i p o i s e  and dens i ty  1 .03 , . t hen  one would a n t i c i p a t e  a sedimentat ion v e l o c i t y  
of t h e  c e l l  nuc leus  equal  t o  about 20 micrometers p e r  hour. C lea r ly ,  a l l  n u c l e i  would 
sediment t o  t h e  bottoms of t h e i r  c e l l s  i n  a few minutes. That t h i s  is  not  t h e  ca se  i s  
observable  i n  mammalian t i s s u e  s e c t i o n s  i n  which t h e  n u c l e i  a r e  always c e n t r a l  and i n  
v e r t i c a l  s e c t i o n s  of cu l tu red  c e l l s  (Fig.  I ) ,  where t h e  n u c l e i  a r e  a l s o  r a t h e r  c e n t r a l l y  
pos i t i oned .  Evidently,  microfi laments  o r  o t h e r  c e l l u l a r  s t r u c t u r e s  deny t h e  c e l l  nucleus 
any motion induced by g rav i ty .  

The e f f e c t  of g r a v i t y  on nuc lear  shape is now considered.  It has been noted t h a t  
i s o l a t e d  c e l l  n u c l e i  a r e  more s u s c e p t i b l e  t o  deforming f o r c e s  than a r e  n u c l e i  w i th in  



c e l l s .  Evidently t h e  d e f o m i b i l i t y  of c e l l  n u c l e i  i s  a l s o  influenced by cytoplasmic 
ma te r i a l s .  I f  t h e  nucleus were t o  be p i c tu red  a s  a  c o l l o i d a l  s o l  i n s ide  a  deformable 
bag, one would expect n u c l e i  t o  be broader a t  t h e  bottom than a t  t h e  top where up and 
down a r e  defined by t h e  g r a v i t a t i o n a l  vec tor .  I f  c e l l s  from sec t ioned t i s s u e  ever  
i nd ica t ed  such an an i so t rop ic  f e a t u r e  i t  was never repor ted .  Upon examining human 
c e l l s  i n  c u l t u r e  such a s  i n  F ig .  1, i n  which t h e  g r a v i t y  vec to r  is c l e a r l y  def ined ,  
one might seek  a g r a v i t a t i o n a l  a f f e c t  i n  t h e  form of n u c l e i  which a r e  broader i n  t h e i r  
lower halves than i n  t h e i r  upper halves and i n  which the  top  r ad ius  of cu rva tu re  is  
much l e s s  than the  lower r a d i u s  of curva ture  of t h e  nucleus.  Indeed, one f i n d s  evidence 
f o r  t h i s  occurr ing  i n  a  s i g n i f i c a n t  propor t ion  of c e l l s  examined. It should be caut ioned,  
however, t h a t  such an i so t rop ic  nuclear  shape might have nothing t o  do wi th  the  g r a v i t a t -  
i o n a l  f i e l d  because t h e  nucleus may assume t h i s  shape simply because t h e  c e l l  which 
surrounds it i s  broader a t  t h e  bottom as a consequence of being a t tached and spread a t  
i ts bottom s u r f a c e  and not a t  i t s  top sur face .  There i s ,  t h e r e f o r e ,  no concre te  ev i -  
dence t h a t  g r a v i t y  inf luences  nuclear  p o s i t i o n  o r  nuclear  shape. 

Chromosomes 

F ina l ly ,  l e t  us consider  t h e  p o s s i b i l i t y  of a  g r a v i t a t i o n a l  e f f e c t  on chromosomes 
a t  mi tos i s .  Ever s i n c e  t h e  discovery of chromosomes, s c i e n t i s t s  have been f a sc ina t ed  
by t h e i r  movements during c e l l  d iv i s ion .  Their  kinematics  and mechanics have been con- 
s ide red  i n  d e t a i l e d  phys ica l  t h e o r i e s  of t h e  m i t o t i c  process,  A s  we have done wi th  t h e  
o t h e r  o rgane l l e s ,  l e t  us  consider  t h e  sedimentat ion v e l o c i t y  of a  f r e e  chromosome sus- 
pended i n  t h e  f l u i d  mat r ix  of t h e  m i t o t i c  c e l l .  The genera l  equation of motion f o r  a  
sedimenting p a r t i c l e  is  

2 

where t h e  f r i c t i o n  f a c t o r ,  f ,  f o r  a  long p r o l a t e  e l l i p s o i d  is  est imated a s  

S u b s t i t u t i n g  f o r  f  and so lv ing  equation (1) f o r  t h e  te rminal  v e l o c i t y  we f i n d  t h a t  

i n  which a l l  of  t h e  va lues  i n  equation (3) a r e  known. These va lues  and t h e i r  sources 
a r e  t abu la t ed  i n  Table I, 

We may a l s o  use t h e  equat ion  of motion (equation 1 )  a s  a  f o r c e  balance equation.  By 
using t h e  boundary condi t ions  t h a t  v e l o c i t y  and acce l e ra t ion  equal  0 ,  we may determine 
t h e  d i f f e r e n c e  between t h e  g r a v i t a t i o n a l  and buoyant f o r c e  and thereby e s t ima te  t h e  f o r c e  
requi red  t o  prevent  t h e  chromosome from sedimentat ing i n  t h e  cytoplasm. The cons tants  
needed f o r  t h i s  c a l c u l a t i o n  a r e  given i n  Table I and Figure 3. The ca l cu la t ions  appl ied  
t o  a  " typica l"  mammalian chromosome and i n d i c a t e  t h a t  i f  t h e  chromosome were suspended 
i n  a  f r e e  s o l u t i o n  with cytoplasmic dens i ty  and v i s c o s i t y  i t  would sediment wi th  vz 2 x 
LO-' cm/sec. Assuming v = o i n  equation (1) l eads  t o  a  balancing fo rce  of about lose  
dyne, o r  l e s s  than t h a t  of t h e  covalent  bonds which e x i s t  w i th in  t h e  c ros s  s e c t i o n  of a 
s p i n d l e  f i b r e .  



Mito t i c  Spindle 

One may now quest ion whether o r  not t h e  m i t o t i c  sp ind le  can e x e r t  the  fo rce  re- 
quired t o  prevent chromosome sedimentat ion i n  t h e  cytoplasm, A s e t  of experiments w a s  
done i n  the  following way: cu l tu red  Chinese hamster M3-1 c e l l s  (34) and cu l tu red  human 
kidney T-l c e l l s  (35) were allowed t o  a t t a c h  and grow on t h e  su r f ace  of p l a s t i c  t i s s u e  
c u l t u r e  b o t t l e s  (Falcon #3012) f o r  24 hours i n  t he  ho r i zon ta l  p o s i t i o n ,  a f t e r  which h a l f  
of t h e  sample b o t t l e s  were f i l l e d  wi th  medium and or ien ted  v e r t i c a l l y .  Af t e r  18-20 more 
hours of incubation a t  37OC, the  c u l t u r e s  were r in sed  wi th  Hanks' balanced s a l t s  s o l u t i o n  
and f i x e d  without changing t h e i r  o r i e n t a t i o n .  They were s t a ined  i n  t h e  ho r i zon ta l  posi-  
t i o n  wi th  Har r i s '  hematoxylin and mordanted t ap  water.  The angle  (3 subtended by t h e  
d i r e c t i o n  of t h e  sp ind le  and a  v e r t i c a l  l i n e  (Fig. 4) was est imated wi th in  30' i n t e r v a l s  
microscopica l ly ,  and t h e  number of d iv id ing  c e l l s  l y ing  i n  each 30- degree i n t e r v a l  was 
determined (Table 11) .  The fol lowing r e s u l t s  a r e  t o  be expected: 1 )  I f  mi tos i s  is  
o r i en ted  by t h e  growth su r f ace  only,  t h e r e  w i l l  be an equal  propor t ion  of c e l l s  i n  each 
30-degree i n t e r v a l  i n  both v e r t i c a l  and ho r i zon ta l  c u l t u r e s ,  and a  preference  f o r  chrom- 
osome motion p a r a l l e l  t o  t h e  growth su r f ace .  2) I f  mi tos i s  is o r i en ted  by g r a v i t y  a lone ,  
t h e r e  w i l l  be a  p re fe r r ed  o r i e n t a t i o n  around 0-90' ( i n t e r v a l  3) i n  t h e  v e r t i c a l  c u l t u r e .  
3) I f  both g rav i ty  and the  growth su r f ace  a c t  t o  o r i e n t  m i t o s i s ,  t h e r e  w i l l  be a  p re fe r -  
red  o r i e n t a t i o n  around 0=90° and a  preference  f o r  chromosome motion p a r a l l e l  t o  t h e  
growth su r f ace  i n  t h e  v e r t i c a l  cu l tu re s .  

C e l l s  were assigned t o  groups 1 through 6 according t o  t h e  va lue  of O. An i s o t r o -  
p i c  c u l t u r e  should have roughly equal  numbers of d iv id ing  c e l l s  i n  each group. The 
ex i s t ence  of anisotropy should be ind ica t ed  by an excess of d iv id ing  c e l l s  i n  one o r  
two of t h e  angular  i n t e r v a l s .  I n  ho r i zon ta l  f l a s k s  i s o t r o p i c  d i s t r i b u t i o n s  were gener- 
a l l y  found. Nevertheless ,  t h e  propor t ion  of mitoses o r i en ted  a t  each angle  i n  h o r i z o n t a l  
c u l t u r e s  was used a s  a  base l ine  a g a i n s t  which t o  compare t h e  proport ion a t  t h e  same 
angle  i n  v e r t i c a l  c u l t u r e s ,  and t o  determine t h e  e f f e c t  of growth on the  v e r t i c a l  su r f ace ,  
t h e  fol lowing ve r t i ca l - to -ho r i zon ta l  r a t i o  was defined:  

V = p r o p o r t i o n  of c e l l s  i n  0 i n t e r v a l ,  v e r t i c a l  , - 
H proport ion of c e l l s  i n  O i n t e r v a l ,  ho r i zon ta l  

then  histograms were prepared of V/H v s .  O i n t e r v a l .  

An example of such a  histogram is given i n  Figure 5, which sugges ts  t h a t  t he  pro- 
po r t ion  of  mitoses o r i en ted  a t  each angle d id  not d i f f e r  s i g n i f i c a n t l y  between ho r i zon ta l  
and v e r t i c a l  c u l t u r e s  i n  t h i s  experiment. 

Chinese hamster M3-1 c e l l s  grow i n t o  colonies  wi th  a  l a r g e  a x i a l  r a t i o .  I f  t h e  
p lane  of d i v i s i o n  occurs wi th  g r e a t e r  frequency a t  a  p a r t i c u l a r  p o s i t i o n  f o r  c e l l s  
grown on a  v e r t i c a l  su r f ace ,  then  t h e  long a x i s  of t h e  r e s u l t a n t  co lonies  should be pref-  
e r e n t i a l l y  o r i en ted .  The angle  subtended by t h e . l o n g  a x i s  of t h e  colonies  and t h e  long 
a x i s  of  t h e  b o t t l e  was est imated f o r  v e r t i c a l l y -  and hor izonta l ly-  grown c u l t u r e s  and 
t h e  corresponding V/H r a t i o  determined f o r  each angle i n  Figure 6. 

I n  order  t o  ave r t  t he  ambigui t ies  assoc ia ted  with counting smal l  numbers of d iv id-  
ing  c e l l s  (about 300 c e l l s  pe r  d i s h  were measured), experiments were designed so  t h a t  
t h e  d i r e c t i o n  of d i v i s i o n  could be  determined fo r  a  l a r g e  number of c e l l s  p l a t e d  a t  
r e l a t i v e l y  low dens i ty .  Human kidney T1 c e l l s  were p l a t ed  and t h e  v e r t i c a l  b o t t l e s  were 
o r i en ted  as soon a s  t h e  c e l l s  were f i rmly  a t tached;  t hus ,  t h e  f i r s t  d i v i s i o n  occurred 
a f t e r  t h e  b o t t l e s  had been o r i en ted .  The o r i en ted  b o t t l e s  were then incubated f o r  
exac t ly  one generat ion time (about 24 hours) and s t a ined .  The plane of d i v i s i o n  was 
determined f o r  1,000 c e l l s  i n  two experiments. The V / H  r a t i o  presumably has t h e  same 
meaning a s  i n  experiments i n  which only d iv id ing  c e l l s  were measured, a s  t h e  angles  were 
determined only f o r  co lonies  containing two c e l l s ,  The d i s t r i b u t i o n  of t h e  V/H r a t i o  i s  
given i n  F igure  7 .  



I f  t h e r e  is any e f f e c t  of v e r t i c a l  incubat ion  upon o r i e n t a t i o n  of c e l l  d i v i s i o n ,  
i t  is probably small  and d i f f i c u l t  t o  reproduce. 

Cultured Human C e l l s  i n  Weightlessness 

The above conclusions concerning a l ack  of obvious e f f e c t  of t he  g r a v i t y  vec tor  on 
t h e  o r i e n t a t i o n  of mammalian c e l l  d i v i s i o n  i s  borne out  i n  t h e  s t u d i e s  of Montgomery (36) ,  
i n  which cul tured  human WI-38 f i b r o b l a s t s  were grown during the  59-day mission of Skylab. 
The populat ion doubling time i n  f l i g h t ,  22.3 t 3 . 1  h r  d id  no t  d i f f e r  s i g n i f i c a n t l y  from 
t h a t  a t  l g ,  20.4 t 4.8. The speed of c e l l  migra t ion  on t h e  c u l t u r e  v e s s e l  su r f ace  was 
t h e  same, and no u l t r a s t r u c t u r a l  o r  karyotypic d i f f e rences  could be observed. C e l l s  
t h a t  had rounded f o r  mi tos i s  d id  not  even r equ i r e  t h e  g r a v i t a t i o n a l  f o r c e  t o  r e a t t a c h  
t o  t h e  su r f ace  upon which they were growing. 

Experiments i n  t h e  l abo ra to ry  and i n  space i n d i c a t e  t h a t  t h e  c e l l  d i v i s i o n  process  
i n  cu l tu red  mammalian c e l l s  is r a t h e r  s e n s i t i v e  t o  t h e  inf luence  of g rav i ty .  

DISCUSSION 

Some of t hese  concepts l ead  t o  i n t e r e s t i n g  ques t ions  concerning t h e  r o l e  of g r a v i t y  
i n  organic o r  chemical evolu t ion .  For example, one might a sk  would t h e  i d e a l  shape of 
an organism i n  t h e  absence of g r a v i t y  always be a sphere? I n  o the r  words, would an 
organism evolving i n  space be s p h e r i c a l  r a t h e r  than shapely a s  organisms evolved on 
e a r t h  i n  t h e  presence of g rav i ty?  A t  t he  s u b c e l l u l a r  o r  o rgane l l e  l e v e l  even more 
se r ious  quest ions p e r s i s t :  Do p a r t i c l e s  t h a t  sediment i n  p l a n t  cytoplasm r e a l l y  behave 
a s  geot ropic  sensors?  I f  they do, how do they inform t h e  c e l l  what t o  do? Does gravi-  
t a t i o n a l  stress l ead  t o  an  i n t r a c e l l u l a r  c o n t r a c t i l e  response? Many of t h e s e  consider-  
a t i o n s  overlook t h e  ex i s t ence  of i n t e r n a l  c e l l u l a r  membranes which, i n  eukaryot ic  c e l l s ,  
e x i s t  i n  g r e a t  abundance. 

Perhaps t h e  sedimentat ion of p a r t i c l e s  i n  c e l l s  has  been considered too simplic-  
i s t a l l y  and one needs t o  inc lude  cons idera t ions  of such phenomena a s  t h e  Dorn e f f e c t  i n  
which an e l e c t r i c  f i e l d  r e s u l t s  when a p a r t i c l e  sediments, Such f i e l d s  can be  a s  g r e a t  
a s  20 m i l l i v o l t s .  

Also, d rop le t  sedimentat ion should probably be given more se r ious  cons idera t ion  a s  
i t  is  a phenomenon r e l a t e d  t o  l a r g e r  hydrodynamic u n i t s  whose dens i ty  depends on p a r t i -  
c l e  concent ra t ion .  

Other ques t ions  of b i o l o g i c a l  i n t e r e s t  inc lude ,  Why a r e  p l a n t  tumors not geot ropic?  
Do p l a n t  tumor c e l l s  d i s r ega rd  g rav i ty?  Is something missing i n  t h e i r  d i f f e r e n t i a t e d  
s t r u c t u r e ?  Also, s imple p l a n t s  such a s  t h e  mold, Phycomyces, respond t o  g rav i ty  without  
possessing any apparent sedimenting cytoplasmic p a r t i c l e s .  

Research on e a r t h  and i n  space hes  not  y e t  l e d  t o  concrete evidence t h a t  sedimenting 
i n t r a c e l l u l a r  p a r t i c l e s  p lay  a r o l e  i n  determining the  r e l a t i o n s h i p  between c e l l u l a r  
a c t i v i t i e s  and the  g r a v i t y  vec to r .  
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TABLE I. HYDRODYNAMIC VALUES FOR A METAPHASE CHROMOSOME ( S E E  F I G U R E  3) USED FOR A P P L I -  
CAT ION T O  EQUATION (3) . CHROMOSOMES HAVE BEEN EXAMINED HYDRODYNAMICALLY I N  I S  O U T  I O N  
( 3 1 , 3 2 ) ,  AND CYTOPLASMIC V I S C O S I T Y  HAS BEEN S T U D I E D  BY PARAMAGNETIC RESONANCE (33). 

V = 2 n r 2 k  = 2 5  X 10-l2 cm 3 

g = 9 8 0  cm/sec 2 

p-p, = 1.35-1.04 = 0.31 g/cm 3 

3J3V/4n= 2 .1  x cm 

q = 5 + 2 dyn-sec/cm 2 



TABLE 11. ANGULAR INTERVALS ( S E E  FIGURE 4 )  USED T O  CLASSIFY ORIENTATION OF MITOTIC 
CELLS AND COLONIES ON HORIZONTAL AND VERTICAL CULTURE FLASKS. 



Figure 1.- Electron micrographs of v e r t i c a l  sect ions  of cultured human l i v e r  c e l l s  
grown on horizontal  Millipore f i l t e r s .  The locat ion of nucleoli  i s  var iable ,  and 
t h e  nucle i  tend t o  be  broader a t  t h e  base. ( ~ i c r o ~ r a p h s  courtesy of Helge Dalen 
( r e f .  291.) 

Figure 2.- Fluorescence micrographs of cultured human embryonic lung c e l l s  f ixed i n  
acetone, extracted with glycerol ,  and "stained" with f luorescent antibody agains t  
heavy meromyosin t o  show presence of myosin ( l e f t )  and "stained" with heavy 
meromyosin i n  addit ion t o  t h e  same fluorescent antibody t o  show presence of a c t i n  
i n  filaments ( r i g h t ) .  ( ~ i c r o g r a p h s  courtesy of Alex L.  Miller  ( r e f .  3 0 ) . )  



Figure 3.- Assumed properties of a metaphase chromosome suspended in cytoplasm. 
(See table I.) 
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Figure 4.- Illustration of analysis of orientation of mitosis in horizontal and 
vertical cell culture flasks. The diatram defines the mitosis orientation 
angle 0 .  
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Figure 5.- Histogram showing the ratios of mitoses in vertical to those in 
horizontal culture flasks at each interval of the mitosis orientation angle 9, 
defined in figure 4 and in table 11. 
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Figure 6.- Histogram showing the ratios of M3-1 cell colonies in vertical to those 
in horizontal culture flasks oriented with their long axes in each interval of 
the colony orientation angle 0 ,  defined in figure 4 and in table 11. 
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Figure 7.- Histogram showing the ratios of T-1 (two-cell) colonies in vertical to 
those in horizontal culture flasks having their plane of division in each interval 
of the division plane angle 0 ,  defined in figure 4 and in table 11. 




