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Introduction

This is the final report on NASA contract NAS9-14249 which was held
by the Department of Surgery of Harvard Medical School at the Peter Bent
Brigham Hospital, Boston, Massachusetts 02115 from July 1, 1974 -~ June 30,
1975.

The research conducted under this contract investigated the mechanisms
that underlie the circadian (approximately 24 hour) variations in electrolyte
content in body compartments, and examined the significance of these cir-
cadian oscillations for manned spaceflight. The research program utilized
human volunteer subjects and an unanesthetized, chair-acclimatized monkey
preparation which the principal investigator developed in the laboratories

of the Department of Physiology, Harvard Medical School.

"Background

Circadian rhythms in biological variables are one outward manifestation
of an important evolutionary adaptation to life on a rotating planet: the
ability to measure time. This capability enables organisms to predict
the major changes in environmental conditions and the consequent alterations
in food supply and predator activity which occur with a 24-hour periodicity
because of the earth's rotation. Thus, for example, adaptive physiological
and behavioral responses which may take several hours to be activated can
be initiated in advanqe of the predicted environmental challenge, or
events where timing may be critical for survival, such as emergence in
fiies, can be timed to occur at the point of maximum environmental advantage.

There is now considerablefevidence to indicate that such circadian

time measurement is the product of an oscillating system within the

organism. The responses of this oscillating system to manipulations in

environmental time cues are now well established, but current knowledge
of the anatomical and physiological organization of the circadian timing
systems within advanced multicellular organisms such as mammals is still

very limited.

T e e
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As man ventures out into space, it has become particularly important to in-
vestigate the control of the circadian oscillating system because of its important
adaptive functions under earthbound conditions which no longer apply in space. The
circadian oscillations in physiological functions are normally synchronized to a
strict 24-hour period when man is on the surface of the earth. In space however the
oscillating components of the earth's environment which contribute to the normal ex-
ternal and internal synchronization of the circadian system are no longer present,
unless artificially supplied. It therefore becomes important to examine the effect
of their absence, and to investigate the necessity for supplying circadian oscilia-
tions in the spacecraft environment to achieve optimal physiological functioning.

A system that is particularly important to study in this regard comprises the
circadian oscillations in the body compartmental distribution of electrolytes and
fluids. TFluid and electrolyte balance is subjected to major perturbations in space,
and additional imbalances due to circadian internal desynchronization could have
potentially dangerous consequences. The research performed under this contract
investigated the extent of circadian oscillations in electrolyte distribution be-
tween body fluid compartments and studied the mechanisms which control the oscilla-
tions in order to investigate what effect internal desynchronization in such a
system would have during manned spaceflight. The studies were performed in man, in
both healthy subjects and in patients with specific clinical conditions, and in
addition were supported by further studies into the control mechanisms using a

primate preparation, the squirrel monkey (Saimiri sciureus).

Experimental Studies

A. Basic Studies in Man

Previous analyses of the intercompartmental distribution of potassium in
man have assumed that the system is basically static with zero net fluxes between
compartments except when definable events cause temporary loss of this stcady
state. llowever, the assumption that there is a homeostatically maintained steady
state has now been challenged by studies of the circadian variation in urinary

potassium excretion. Typically the
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rate of urinary potassium excretion has a five-fold variation in each
24-hour day, with minimum rates in the early morning and maximum excretion
around noon. Such a circadian variation might be thought to be a.resu1t
of day-night differences in dietary intake, activity, posture and sleep.
However, the circadian rhythm of urinary potassium excretion persists when
all these variables are kept constant throughout day and night or are
manipulated in a non-circadian pattern.

. Accordingly, we examined the intercompartmental distribution of potassium
in normal men when dietary intake, activity and posture were held constant
throughout each 24-hour day.

Three healthy, normal volunteers were studied for up to 10 days in
the Bartlett Intensive Care Unit of the Peter Bent Brigham Hospital.
Posture, activity and dietary intake was maintained at constant levels
throughout day and night. This was achieved by keeping the subjects on
strict supine bedrest and providing a liquid diet divided into 8 equal
aliquots which were taken at 3-hourly intervals through each 24 hour pericd.
The room lighting was kept on between 08.00 and 23.00 hr and off from
23.00 to 08.00 hr daily (LD 15:9). After the subjects were equilibrated
on this regimen, three hourly urine collections were obtained and blood
samples were drawn from catheters inserted under local anesthesia into
the radial artery and brachial vein of the non-dominant arm. For
48-hours these blood and urine samples were obtained with the subject
continuing on his 3 hourly regimen of constant diet, activity and posture.

These studies demonstrated that there were marked fluxes of potassium

in and out of body compartments over the course of the 24-hour day. A

fi
i

net flux of potassium was observed out of the body cell mass during the
day and a reverse flux from the extracellular fluid into the body cell
mass during the night. These fluxes were measured as reversing polarity

arterio-venous differences across the resting forearm preparation in the

volunteers, and also as changes in red blood cell potassium content. The
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net fluxes were simultaneously estimated by following the content of
potassium in the extracellular compartment using arterial plasma potassium

82 extracellular fluid volume measurements to determine

concentration and Br
extracellular potassium content. (Fig. 1.)

These fluggs out of the body cell mass into the extracellular fluid
were counterbalanced by a circadian variation in urinary potassium excretion
which reached a maximum in the early afternoon and a minimum during the
early morning hours. The counterbalancing of these two directional fluxes
of potassium resulted in little net change in extracellular potassium content
and in plasma potassium concentration.

The existence of these fluxes of potassium despite the maintenance of a
constant level of posture, acfivity and dietary intake throﬁghout day and
night for up to 10days indicates that these fluxes are an endogenous feature
of the control of body potassium distribution. It, however, was apparent
that if the two major fluxes of potassium with respect to the extracellular
compartment (the fluxes in and out of the body cell mass) and the flux through
the kidney (which is seen as urinary potassium excretion) became desynchronized
from one another, that major fluctuations in extracellular potassium content
and therefore plasma potassium concentvation could occur. It was calculated
that if these two fluxes came 180° out of phase that plasma potassium concentra-
tion could drop to a calculated value of 2.2 mEq/1 instead of the normal ap-
proximately 4 mEq/1. (Fig. 2.) Such a transient hypokalemia could quite easily
cause cardiac arrhythmias and it is well worth considering this as a possible
cause of the cardiac arrhythmias that were seen during some of the Apollo
missions. Internal desynchronization of circadian rhythms has been seen in space
in the Biosatellite III mission and if such an evént took place in human
astronauts in the Apollo‘program this mechanism could perhaps accdunt for those
Cardiac arrhythmias. |

This work has been published in the Journal of Applied Physiology

i e LT e e e e e
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38: 163-170, 1975, a copy of which is attached.

B. Mechanisms of Control of Potassium Rhythms in the Squirrel Monkey

The studies that were undertaken in man of the circadian variation of
intercompartmental potassium fluxes indicated that much more information
was needed on the control of these circadian rhythms, and particularly
the way in which they were synchronized with one another. To examine
these questions an animal system was developed wbhich utilized a
chair-acclimatized, unanesthetized squirrel monkey preparation.

The circadian rhythm of urinary potassium excretion in the squirrel

monkey (Saimiri sciereus) were found to have similar characteristics to

those in man. Urinary potassium excretion rose to a maximum during the
afternoon which was four times higher than the nocturnal minimum. The
squirrel monkey is a diurnal animal and this circadian oscillation is
normally synchronized with the environmental light-dark cycle and with the
circadian oscillations of other variables within the animal.

We were particularly interested in the mechanisms of this internal
synchronization. To explain such "internal synchronization", a single
driving oscillator or "clock" in the brain has traditionally been postulated
and attempts have been made to demonstrate control pathways from the driving
oscillator to the circadian oscillations in peripheral tissues. The
postulated control pathways have consisted of sets of oscillating variables

; in series,with the circadian oscillation in each variable passively
dependent on the circadian oscillation in the preceding variable on the
pathway. However, few such pathways have yet been convincingly demonstrated
and it ié therefore possible that the wrong model has been used. An
alternative model of internal synchronization was therefore developed and
its applicability demonstrated in studies of the synchronization of
the circadian rhythm o} urinary potassium excretion in the squirrel monkey.

The alternative model was based on the observation tﬁat circadian

oscillations will persist in isolated tissues in vitro. The model postulated
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that many different tissues in the body can act as spontaneous circadian
oscillators. The circadian rhythm of urinary potassium excretion, for example,
would be determined by a potentially independent circadian oscillation in
potassium flux across the luminal membrane of the cells lining the renal
distal tubule. Each such oscillator ﬁould then be synchronized with the other
tissue oscillators, through nervous and hormonal mediators, by a process
similar to that described for the synchronization of circadian oscillations

by the light-dark cycle.

A1l experiments were conducted in unanesthetized, trained squirrel
monkeys sitting in a metabolism chair within an isolation chamber. (Fig. 3.)
Urine was collected in twoehourly fractions from a funnel between the animal's
legs. With lights on (300 luxj from 08.00 - 20.00 hr and off (€1 lux)
from 20.00 - 08.00 hr daily, urinary potassium excretion in five monkeys
on ad 1lib feeding rose to a maximum. of 274 1_2§A4Eq/hr (mean + SEM) at
17.00 hr and then fell to a minimum of 63 * mEq/hr at 05.00 hr. Renal
potassium excretion thus showed a regular fourfold circadian variation. (Fig. 4.)
While on this ad lib schedule all feeding, drinking and activity occurred
during the lights-on périod of each 24 hours. Independence of the urinary
potassium rhythm from these patterns of dietary intake and activity was
established by a) depriving the monkeys of food and water for 24 hours,
and b) training the monkeys to eat one gram of food pellets every two.
hours throughout each 24-hour period. Rhythm parameters remained unaltered
in both circumstances.

In the next series of experiments, the synchronization of the cir-
cadian oscillation in renalfpotassiﬁm.excretion by the light-dark cycle
was examined. The circadian rhythm of potassium excretion had a 24-hour
period when monkeys were exposed to a light-dark cycle of 12 hours light
alternating with 12 hours of darkness. However, when a moﬁkef was placed
in isolation with constant light throughout day and night for three weeks

the circadian oscillation in regg%mgg;assium‘gxcret@on persisted but
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Figure 4: Chair-acclimatizea squirrel monkey in metabolisnm chair
witpin the ‘isolation chamberf Urine is collected from a funnel
.between the monkeys legs, and passes down to the tubes in the
fraction collector. Catheters and therﬁistot leads pass out from
under the jacket to the ouéside of the chamﬁér. Also note the lever

the monkey operates to gain food pellets, and the ultrasound mction

detector above the animal. - '
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demonstrated a regular 25.1 hour free-running period. The renal potassium
rhythm thus appeared to be normally constrained to a 24 hour period by
the light-dark cycle.

When four monkeys were each subjected to 36 hours of continuous
light followed by 36 hours of continuous darkness, the urinary potassium
oscillation continued with an approximately 24 hour period throughout this
regimen ruling out any passive dependence of the rhythm on the light-dark
cycle. However, the synchronization of the circadian oscillation in
urinary potassium excretion by the light-dark cycle was confirmed in
a further study in which four monkeys were subjected to an eight-hour
phaseshift of the light-dark cycle. The hrinary potassium oscillation
gradually adjusted over a period of seven days to the new phase of the
lighting regimen. The circadian oscillations in body temperature and act-
ivity however resynchronized in 3-4 days. (Fig. 5. and 6.)

To evaluate the mechanism by which synchronization pathways might
operate it was necessary to identify one or more oscillating variables
which mediated in the synchronizétion of the circadian rhythm of urinary
potassium excretion by the light—dark cycle. The potential mediators chosen
for further study were the adrenal steroids, cortisol and aldosterone.

These hormones were selected because each is known to influence the

-rate of urinary potassium excretion and each has been demonstrated to have

a circadian oscillation of comncentration in the plasma which precedes
the urinary potassium rhythm by a time period suggestive of a causal
relationship.

Adrenalectomized monkeys were prepared with chronically indwelling
arterial and venous catheters. By administering a daily intravenous
infusion of 5 mg ¢ortisol and 0.001 mg aldosterone through a catheter
extending outside the isolation chamber, it was possible to reproduce in
adrenalectomized monkeys the circadian patterns of cortisol and aldosterone
secretion found in normal intact animals.

The circadian variation in potassium excretion in adrenalectomized

e o e e - ST [P i e .2
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Figure 6 . Comparison of the rate of resynchronization of the circadian rhythms

of body temperature and urinary potassium excretion after an eight-hour phase-delay
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monkeys receiving cortisol and aldosterone at 08.00 hr daily was not

significantly different from that found in untreated intact animals.

However, when the same daily replacement dose of adrenal steroids was given

as a continuous intravenous infusion throughout each 24 hours in three
adrenalectomized monkeys, urinary potassium excretion continued to oscillate

but lost its normally strict phase-relationship with the light-dark cycle.(Fig. 7.)
Tﬁe renal potassium rhythm oscillated with periods shorter or longer than '

24 hours. The normal synchronization of the urinary potassium rhythm with

the light-dark cycle thus appeared to be mediated by the cifcadian rhythm

of adrenal steroid secretion.

Phaseshifts of the timing of adrenal steroid administration in
adrenalectomized monkeys provided further evidence for the synchronization
of renal potassium excretion by the rhythm of adrenal steroid secretion.(Fig. 8.)
When the timing of.coftisol and aldosterone administration was phaseshifted
by eight hours in four monkeys, with the light-dark cycle unchanged, the
circadian rhythm of urinary potassium excretion phaseshifted by between
4.0 and 9.1 hours. The urinarypotassium oscillation, however, did not
immediately respond to the phaseshift of adrenal steroid administration.

The delay of several cycles before the final phase of the urinary potassium

S oscillation was reached was similar to the delay in the resynchronization
of the urinary potassium rhythm after a light-dark cycle phaseshift.

These findings suggested that circadian rhythms of ‘plasma adrenal

steroid concentration are an important mediator‘in the synchronization of the
ciréadian rhythm of remal potassium excretion with the light-dark cycle.‘
Whiié the responses of urinary potassium excretion to the changes in the
pattern of adrenal steroid administration were predicted by the model

of internal synchronization which we have proposed they were not

compatible with the traditional‘model of the passive dependence’of

| peripheral circadian oscillations on hormonal and nervous mediators.

To distinguish between the influences of the circadian rhythms in 4
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Figure 7. Circadian rhythm of urinary potassium excretion in three
adrenalcctomized monkeys during two days with cortisol infused intravenously’
between 08.00 and 09.00hrs daily and then during the 7 subsequent days ’
with the same dose of cortisol evenly distributed over each 24 hour day.
When the circadian rhythm of plasma cortisolconcentration was thus eliminated
urinarypotassium excretion began to oscillate with free-running periods
which were significantly different from 24 hours.
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aldosterone and cortisol administration, adrenalectomized monkeys were
given the same daily 08.00 hr dose of cortisol (5 mg) but with no
aldosterone, The circadian oscillation in urinary potassium excretion was
indistinguishable from that observed when both cortisol and aldosterone
were administered. Similarly, an eight hour phaseshift in the time of
cortisol administration alone resulted in a phaseshift in the circadian
rhythm of renal potassium excretion which was similar to that seen when
cortisol and aldosterone were both phaseshifted by eight hours. It was
concluded that the synchronization of the circadian oscillation in urinary
potassium excretion is mediated by the circadian rhythm in cortisol
secretion and that aldosterone does not play an essential role in this
process.

The circadian oscillation in urinary potassium excretion was also
shown not to be passively dependent on the circadian rhythm in cortisol
secretion in intact monkeys. Four monkeys were given an infusion of 15
mg cortisol between 20.00 and 23.00 hr on one day. This provided a second
peak of cortisol 12 hours after the normal endogenous peak of cortisol
secretion. However, this cortisol infusion failed to induce a second
peak in urinary potassium excretion.

These responses of the circadian oscillation in renal potassium
excretion to the pattern of cortisol administration in adrenalectomized
monkeys demonstrated that the synchronization of the urinary potassium
rhythm is mediated through the circadian oscillation in cortisol secretion
by the adrenal cortex. The mode of control, however, was not the
traditionally_assumed passive dependence of one oscillating variable on
another. Instead the e;perimental results suggested that the renal distal
tubular cells which control urinary potassium‘excretion, were acting as
a spontaneous circédian oscillator which was synchronized by the circadian
oscilltioﬁé in the plasma concentration of cortisol. Since there is

evidence that membrane potassium fluxes may be a fundamental component
: : L e e T I N T R et
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of cellular circadian oscillators in many species, it is possible that the
synchronization mechanisms described for the circadian potassium flux
across renal distal tubular cells may be common to other systems. This
work has been presented in a Symposium on "Physiological and Biochemical
Aspects of Circadian Rhythms" at FASEB meetings in April, 1975, and has

been submitted in 3 papers to American Journal of Physiology, Federation

Proceedings and Science.

C) Development of Models of Internal Synchronization

As a result of this work we have formalized three models of the circadian
timing system (These are prgsented in Figure 9.). Minor variants of these
models, or combinations of their features are also possible, but the models
presented here emphasize the contrasts between certain possible organizations
of the circadian system.

Model 1, which has been proposed by Mills but has been assumed in
many other investigations of the circadian timing system, consists of
a network of cellular systems (A,B,C,...,etc.) which passively oscillate
as a forced response to a single self-QUStained driving oscillator (D.0.).
Where these cellular’units are non-contiguous in a multicellular animal,
the model requires that oscillating levels of physical or chemical mediators
be postulated (a,b,c,...,etc.), with the period of D.0O. but not mecessarily
the same phase. These mediating systems, which would presumably be nervous
(neurotransmitter release) or endocrine (hormonal concentration), would
transmit the forced oscillating response to D.0. to the various passively
fesponding cellular units. The entire cirqadian system would be entrained
by environmental time cues via exteroceptive sensory inputs to the‘drjving
oscillator. |

Model II describes a netﬁérk of cellular units which are each
themselves se;f—sustained oscillators, able to maintain oscillations with

an independent period in the absence of periodic inputs. One oscillator :

(D.0.) acts as a pacemaker and is entrained by exteroceptive sensory inputs




MODEL I MODEL I .  MODEL I

External @ External @ External \\

J' LY
Inputs Inputs .~ Inputs \

-
L d
PR 4

}/
s

’@ L g
"//

o
S
[~ 2

\\

\\
~

a/

C==on
-
-~
~,
'0

-
S
; *
4
s
-
-
P
-
e mcen---”

g -‘
g.
°

Figure 9. The symbol @ represents an active cellular unit capable of maintaining

a self-sustained oscillation with its own independent period; O
represents a cellular unit that responds passively to an oscillating
driving force; ~ indicates the oscillating concentration of a
chemical mediator; --- dindicates the entrainment of a self-sustained
oscillator by a phase~vesponse mechanism; and —> is the

direction of flow of passive responses to an oscillating driving
force. Model I is therefore a single oscillator system whereas

the other models are multioscillator systems arranged in a
hierarchical (Model II) or non-hierarchical (Model III) manner.




-11-

from environmental time cues. As in Model I it is necessary to postulate
oscillating nervous ov endocrine mediators which maintain synchronization
within the animal. However, the mediators in this model actively entrain

the self-sustained cellular oscillators in a manner similar to the entrain-

ment of the organism's circadian system by cycles of environmental illumination

(3).

Model III also describes a multioscillator model but in this case
no one oscillator consistently acts as a pacemaker. Instead the various
exteroceptive sensory inputs entrain different oscillators. Internal
synchronization within the system is maintained by the positive and
negative feedback action of mediators (a,b,c,..., etc.) on the separate
oscillating units (A,B,C,...,etc.). As in Model II, the mediators syn-
chronize the oscillators by active entrainment.

The evidence we have gained from studies of our squirrel monkey
preparation indicate that the circadian timing system is a multioscillator
system (Model II or III) and not a single oscillator system (Model I).

It therefore seems that there are multiple oscillators in the various
tissues of the body which aré synchronized by hormonal and nervous mediators.
We however as yet havé little evidence to clearly indicate whether the
circadian tiﬁing system is hierarchical (Model II) or non-hieratrchical
(Model III).

There are several further pieces of evidence from other investigators
which suﬁport our conclusion that the circadian timing system in advanced
multicellular animals,such as mammals, is organized as a multioscillator
system (such as Model II or III) rather than having onlyka single
independent osgillator (Model I). Firstly, Aschoff and his colleagues
have demonstrated that although internal synchronization was normally
observed between a wide variety of circadian rhythmic functions iﬁ men

studied under isolation conditions, 15% of their subjects demonstrated
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internal desynchronization, with various monitored rhythmic variables
oscillating with independent free-running periods within the same subject.
This observation i1s incompatible with Model I, but is readily predicted
from Mo&el II or III, since this could occur whenever there was a loss of
the circadian rhythm of a synchronizing mediator. Secondly, several
investigators have been able to demonstrate free-running rhythms in
isolated tissues maintained in vitro under constant conditions; presumably
they have therefore isolated tissue containing self-sustained oscillators
as would be predicted from Model II. Thirdly, it has beéen repeatedly
observed in advanced multicellular animals that after the abrupt phase-
shift of environmental time cues the various monitored circadian rhythms
take different 1eﬁgths of time to resynchrbnize with the new phase of
environmental cues, so that temporary intermal desynchronization occurs.
Fourthly, rhythms in many different species have been observed to split
in a manner suggestive of a multioscillator system under certain environmental
lighting conditions and £ifthly, the extensive data that has been
accumulated on rephasing of the Drosophila eclosion rhythm by pulses of
light can only readly be explained by postulating that there is more than
one independent circadian oscillator in this organism.

Thus our work has shown that the circadian timing system in advanced
multicellular animals, such as primates, appears to be organized as a
set of multiple, potentially-independent oscillators which are normally
synchronized Qith one another through chemical mediators. The further
localization and characterization of these oscillators within the animal
will be necessary for the understanding of the function of this ﬁiming
system, and will form an essential base for examining the physiological

roles which the timing system performs.

D) Applications in Man:  Internal Desynchronization
With the information we gained from the squirrel monkey system we

then moved back to study some of these systems in man. We were particularly
PR B WL R RN LN 1T . R T TP . R R
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interested in applications that were relevant to spaceflight as well as
those which had some clinical applicability.

Some initial studies were conducted in adrenalectomized patients in
whom we administered their replacement adrenal steroids evenly throughout
the 24 hours in order to examine whether free-running rhythms of urinary
potassium excretion were observed in adrenalectomized man as they were
in adrenalectomized squirrel monkeys. In the two patients we have
studied to date, our preliminary findings have shown that there are free-
running rhythms in urinary potassium excretion in these subjects when they
are administered an adrenal steroid replacement regime which provides
no circadian rhythm in plasma cortisol concentration. (Fig. 10.) Thus,
this appears to confirm that the observations that we have made in the squir-
rel monkey are relevant to man,

As has been discussed in section (A) one of the important patho-
physiological events which would cause major changes in potassium balance
and in plasma potassium concentration would be internal desynchronization
of the fluxes of potassium which we have observed. Internal desynchronization
of circadian rhythms has been observed in a number of situations which are |
correlated with emotional stress. it has been particularly observed in
monkeys who have been subjected to stressful circumstances either in
earth-based studies (Stroebel, 1969) or in space experiments such as
the BiosatellitevIII experiment. In this orbiting monkey, internal
desynchronization of the various monitored rhythmic functions was observed
and it is péssible that this was one feature of the pathophysiological
developments which led to his early demise.

Our demonstration that the circadian timing system was a multioscillator
system with various oscillators in peripheral tissues being synchronized
withrpne another through circadian rhythms of hormonal and nervous mediators
suggested to us that this might provide an‘expianation féf the iﬁfernal

desynchronization that is seen in situaitons of emotional stress. Since
" e e E e e e L L T i et L, ) ’ .




Fig. 10  URINARY POTASSIUM CIRCADIAN RHYTHM WITH AND
WITHOUT NORMAL PLASMA CORTISOL RHYTHM
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"stressful' events are known to cause elevations of plasma cortisol concen-
tration, it was postulated that intermittent stresses inducing intermittent
bursts of adrenal cortisol sgcretion might obliterate the circadian rhythm
of plasma cortisol concentravion thus inducing those oscillating functions

which are dependent on the circadian rhythm of plasma cortisol concentration

for their synchronization, to become desynchronized. We have proposed

;

this explanation for circadian internal desynchronization in a paper that

will be presented at the International Society for Chronobiology Mecting

in Washington, D.C. this month. The paper is entitled 'Circadian Internal
Desynchronization: Causation by Circadian Arrhythmias in Hormoqal Mediators?'".

We have tested the proposition that there is a loss in the circadian
rhythm of plasma cortisol concentration in human subjects subjected to
emotional stress by examining the plasma cortisol pattern in patients during
the 24 hours immediately prior to major cardiac surgery and have compared
this pattern with that from normal volunteer subjects with no imminent
anxiety-causing event, but otherwise studied under similar conditions.

We found that in the pre-surgical patients there was a loss of the circadian
rhythm of plasma cortisol concentration as we had predicted and thus, this
would provide an explanation for the internal desynchronization that is
seen in situations of emotional stress. (Fig. 11.)

Because of the great importance of the pathophysiological consequences
of internal desynchronization, particularlyv as they relate to desynchronization
of potassium fluxes in man, we consider it important to pursue these
investigations further. It is a problem particularly relevant to space-
flight because of the already increased risk of internal desynchronization
due to confused time cues in the isolated environment of space.

The results of the study of pre-operative patients were presented

at the American Psychosomatic Society Meeting, New Orleans on March

22, 1975 in a paper gentitled "The Effect of Psychological Stress in the

el

Pre-operative Period on the Episodic 24-Hour Plasma Cortisol Secretion




Figurej), The nycthemeral pattern of plasma cortisol concentragjon in a patient
during the 24 hours prior to major elective cardiac surgery. Time
is plo;ted as hours before and after the time of mean sleep onset
for thé preceding week. Events during the pre-operative day are shown:
=pre-operative teaching, IV=intravenous puncture, E=enema and the
black bar is the time of pre-operative shéving. Also shown (shaded
pattern) is the mean + SD of the plasma cortisol pattern in five -

hospitalized control subjects with no expectation of surgery (Reproduced

from CZEISLER et al.’).
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Pattern'. This paper has also been submitted to the Journal of Clinical

Endocrinology and Metabolism and has been accepted subject to some minor

revisions. The Journal of Clinical Endocrinology and Mctabolism paper is

entitled "Episodic 24-Hour Cortisol Secretory Pattern in Patients Awaiting
Elective Cardiac Surgery".

In summary, therefore, during this 12 month contract we have (1) doc-
umented in man major circadian fluxes of potassium ions between body compart-
ments, (2) have demonstrated the potential for the causation of transient
hypokalemias if these potassium fluxes became desynchronized, (3) have
demonstrated in a squirrel monkey preparation the role of the circadian
thythm of plasma cortisol concentration in synchronizing circadian rhythms
of potassium flux, (4) have developed models to describe the functioning of
this circadian system, (5) have demonstrated a poténtial causc of the de-
synchronization of potassium fluxes involving tﬂe elimination of the plasma
cortisol rhythm, (6) have demonstrated the applicability of these findings in
adrenalectomized man, (7) and have studied human patients under the influence
of environmental stresses to demonstrate that the circadian rhythm of plasma
potassium concentration is indeed lost under conditions associated with

internal desynchronization.




IV. List of Publications

The work performed under this contract has been published or will

be published in the following papers. Reprints are enclosed.

= i s sy

Moore Ede, M.C., Brennan, M.F., and Ball, M.R.: Circadian variation
of intercompartmental potassium fluxes in man. J Appl Physiol 38:
163-170, 1975.

o

2. Moore Ede, M.C., and Herd, J.A.: Renal electrolyte circadian thythms:
independence from feeding and activity patterns. Submitted to
Am J Physiol, 1975.

3. (Czeisler, C.A., Moore Ede, M.C., Regestein, Q.R., Kisch, E.S., Fang, V.S.,
and Ehrligh, E.N.: Episodic 24-hour cortisol secretory pattern
; in patients awaiting elective cardiac surgery. Conditional acceptance,
J Clin Endocrinol Metab, 1975.

§ 4, Moore Ede, M.C., Schmelzer, W.S., Kass, D.A., and Herd, J.A.: Internal
{ organization of the circadian timing system in multicellular animals.
: Submitted to Fed Proc, 1975

5. Moore Ede, M.C., Schmelzer, W.S., Kass, D.A., and Herd, J.A.: Circadian
timing system: organization of multiple oscillators synchronized
by chemical mediators. Submitted to Science, 1975,

? 6. Czeisler, C.A., Moore Ede, M.C., Regestein, Q.R., Kisch, E.S., Fang, V.S.,
i and Ehrlich, E.N.: Effect of psychological sttress in the presurgical
i period on the episodic 24-hour plasma cortisol secretory pattern.

3 Presented at the Annual Meeting of the American Psychosomatic Society,
j : New Orleans, Louisianna, March 22, 1975.

7. Moore Ede, M.C.: Internal synchronization of spontaneovus circadian oscillators:
The identification of the hormonal mediator synchronizing a renal
oscillator. Presented at the Symposium on "Physiological and
Biochemical Aspects of Circadian Rhythms: at the 59th Annual Meeting

* of ‘the Federation of American Societies for Experimental Biology,
Atlantic City, New Jersey, April 15, 1975.

: 8. Moore Ede, M.C., Czeisler, C.A., Schmelzer, W.S., and Kass, D.A.: Circadian

\ internal desynchroniztion: causation by circadian arrhythmias in
hormonal mediators? Presented at the Annual Meeting of the International
Society for Chronobiology, Washington, D.C., August, 1975.(Abstract)

9, Moore Ede, M.C., Schmelzer; W.S., and Herd, J.A.: Plasma cortisol oscillations
synchronize the circadian rhythm of renal potassium excretion in
the squirrel monkey. Presented at the International Congress on
"Rhythmic Functions in Biological Systems", Vienna, Austria, September
1975. (Abstract) :
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V. EQUIPMENT PURCHASED BY NASA GRANT 9610

Pellet Dispensers (5), Ralph Gerbrands Co.
Model 20 Incubator (Modified) (3), Forma Scientific Co.
Harvard Cummulative Recorder (1), Ralph Gerbrands Co.

6-Pen Event Recorder (3), Ralph Gerbrands Co.

$ 642.00
2079.60
770.00

500.00

$4211.60




i VI.  MONTHLY REPORTS

1st monthly report August 1, 1974
2nd monthly report Septémber 1, 1974
3rd monthly report October 1, 1974
4th mbnthly report> November 1, 1974
Sth monthiy report Presented verbally at meeting with Dr. J.A. Rummel
6th monthly report ’ January 1, 1975
7th monthly report ) February 1, 1975
: 8thrmonthiy report Presented vefbally at meeting with D J.A. Rummel
f 9th%month1y report é April 1, 1975
| 10th monthly réport May 1, 1975
11th monthly report Presented verbally at meeting with Dr. J.A. Rummel

12th monthly report ‘ Included in Final Report
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August 1, 1974

John A. Rummel, PhD

Chief, Environmental Physiology Branch
National Aeronautics and Space Administration
Lyndon B. Johnson Space Center

Houston, Texas 77058

Dear.John,

This letter will serve as the first monthly report of the

progress of our NASA contract NAS9-14249 which started on July 1,

1974.

We have now completed the studies of normal volunteer-.
male subjects as were outlined in Sections 4.1-4.3 in the
statement of work. A paper has been prepared for publication
and has been submitted to the Journal of Applied Physiology.
The paper is titled "Circadian Variation of Intercompartmental
Potassium Fluxes in Man". A copy of the submitted manuscript
is enclosed. -7

- The studies on the squirrel monkey preparation are also
proceeding well. Preliminary evidence suggests that the
circadian rhythm in plasma cortisol concentration may act as
the hormonal mediator in the synchronization of the rhythm of
urinary potassium excretion in the squirrel monkey.to the
light-dark cycle. I will give you a fuller report on the
squirrel monkey work in my next monthly report.

If there is any further information you require at any time
please do not hesitate to let me know.

With best wishes.

Sincerély

AN

»

fartin C. Moore Ede, M.B., B.S.

MCME/ st
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September 1, 1974

John A. Rummel, Ph.D.

Chief, Environmental Physiology Branch
National Aeronautics and Space Administration
Lyndon B. Johnson Space Center

Houston, Texas 77058

Dear John

This letter will serve as the second monthly report of the
progress of our NASA contract, NAS9-14249.

Studies are progressing well with the squirrel monkey model.
Using squirrel monkeys with chronically indwelling arterial

and venous catheters which extend outside the isolation ‘
chamber, in which the monkey and metabolism chair are placed, cw<¢
have demonstrated that it is possible to reproduce the natural
circadian patterns of cortisol and aldosterone secretion in
adrenalectomized monkeys by-the infusion of, these hormones
through the venous line. The monkeys are quite unaware of

the timing of infusions since these are all conducted from
outside the isolation chamber. With this preparation it

can be demonstrated that the circadian oscillation in urinary
potassium excretion in these animals is synchronized by

the circadian oscillation in plasma cortisol concentration.
When the timing of the artificial circadian rhythm in plasma
cortisol concentration is phase-shifted by 8 hours this

induces a similar phase-shift in the timing of the urinary
potassium excretory rhythm. The circadian oscillation in
plasma aldosterone concentration, however, does not appear to
play an essential role in this synchronization process.

It is noteworthy that circadian variation in other variables
such as feeding and activity are not influenced by the
phase-shift in the artificial plasma cortisol concentration
rhythm. Thus, we have induced an artificial desynchronization
between the urinary potassium rhythm and the rhythm of food
intake.

However, the urinary potassium circadian rhythm does not appear

to be passively dependent upon the circadian oscillation in
plasma cortisol concentration. After the eight hour plasma
cortisol phase-shift in adrenalectomized monkeys, the circadian
oscillation in urinary potassium excretion does not immediately
phase-shift and in fact takes some three or four days to
resynchronize with the new phase of the plasma cortisol rhythm.
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Similarly, when all circadian oscillations in plasma cortisol
and aldosterone are eliminated by continuously infusing
these substances at a constant level which is equal to the
mean 24 hour.secretory rate the urinary potassium rhythm
continues to oscillate but now has a free-running period
which is quite independent from the period of the light-dark
cycle to which the animal ‘is subjected. Thus, in this
situation, artificial desynchronization between the urinary
potassium rhythm and the light-dark cycle and the rhythms
which are dependent upon the light-dark cycleyhas also

been induced.

These findings have lead us to develop a new model of internal
synchronization of circadian oscillations. It resolves some
of the experimental findings which are incompat#ble with the
classical model of internal synchronization such as that
proposed by Mills (Mills, J.N.: Transmission processes
between the clock and manifestations. 1In: Biological Aspects
of Circadian Rhythms, edited by Mills, J.N., New York:

Plenum Press, 1973, p. 27-84.)¢ “{ith‘model of internal
synchronization enables us to predict situations in which in-
ternal synchronization will occur.. I will give you a more
detailed explanation of this model and the experimental
findings which support it in the next monthly report.

Do let me know when it is time to gather material together
for your next funding review. This squirrel monkey model
is proving most valuable for studies of internal synchroni-
zation mechanisms in a way not possible with previous prep-
arations. If there is any further information you require
at any time, please do not hesitate to let me know. With
best wishes.

Sincerely yours
/"Cr\
Martin C. Moore Ede, M.B., B.S.

MCME/sr
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October 1, 1974

John A. Rummel, Ph.D.

Chief, Environmental Physiology Branch
National Aeronautics and Space Administration
Lyndon B. Johnson Space Center

Houston, Texas 77058

Dear John

This letter will serve as the third monthly report of the
progress of our NASA contract, NAS9-14249.

The squirrel monkey studies on the control of circadian
urinary electrolyte oscillations by the circadian rhythms in
plasma cortisol and aldosterone concentration progress well.
Interestingly, all the adrenal steroids can be produced with
cortisol administration alone at physiological doses, and it does
not seem to make any difference whether aldosterone is infused as
well. 1It, thus, appears that cortisol plays the more important
role in the synchronization of these oscillations. This is not
entirely surprising since Vagnucci and collegues (J Appl Physiol
26: 720-731, 1969) have shown that urinary aldosterone and potas-
sium excretion are poorly correlated while urinary potassium and
17-0HCS excretion are relatively well correlated. This is, of
course, in conflict with the classical view that aldosterone is
by far the most important adrenal steroid in the control of renal
potassium excretion. It may be that while aldosterone plays a
role in the modulation of potassium excretion in response to
homeostatic disturbances the underlying circadian oscillation is
synchronized by the rhythm of plasma cortisol concentration.

This leads me to comment on your interesting paper on
"Temporal Relationships of Urinary Constituents Before and After
Long Duration Space Flight'" which you gave to me when I was
visiting Houston. It is possible that you failure to demonstrate
desynchronization between the urinary variables which you
studied before and after the Skylab missions was due to the se-
lection of variables which are not normally desynchronized from
one another even when other circadian rhythms are desynchronized
within an individual. Our studies in the squirrel monkey are
showing that phaseshifts in the timing of hydrocortisone admin-
istration in adrenalectomized animals results in an equivalent
phaseshift in the rhythms of sodium, potassium and water excretion.
A1l the variables, while remaining synchronized with one another,
became desynchronized from such variables as feeding and activity
patterns., This suggests that different control pathways may
be involved in the synchronization process and that you may have
studied in the Skylab mission oscillating variables which do not
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normally become desynchronized from on another.

In order to detect desynchronization in space flight, I
believe it essential that multiple variables should be monitors ’
which have circadian oscillations which can be readily shown .
desynchronize in the laboratory. An animal preparation such as
our squirrel monkey would make such an investigation feasible.

As I mentioned in last month's report, we are now getting a better
understanding of internal synchronization mechanisms and can induce
desynchronization between oscillating physiological variables

in a reproducible manner.

We currently have journal articles in preparation on this
subject and will inform you as soon as they are submitted. We
look forward to seeing you in Boston soon. Do let me know if there
is any further information which would-be helpful at this stage.
With best wishes.

Sincerely yours

et

Martin C. Moore Ede, M.B., B.S., Ph.D.

MCME/sr
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i ClementY, Sledge, M.D.

! Orthopedist-in-CGhief Dear John

% Leroy . Vandam, M.D, This letter will serve as the fourth monthly report of the
i Anesthesiologist-in-Chief progress of our NASA contract, NAS9-14249.

Pl The studies of the effect of cortisol phaseshifts and the
5 continuous infusion of cortisol in adrenalectomized monkeys

; procede according to plan. We aim soon to have four monkeys

. who have been exposed to an eight hour phaseshift in cortisol

v administration, four monkeys who have been exposed to a phase-

i shift of both aldosterone and cortisol and four monkeys in whom

; the daily dose of cortisol and aldosterone has been given as a

i constant infusion spread evenly over each 24 hour period. The

data from these studies will probably be presented some time in

the spring, probably at the FASEB meeting,

I tlink that you will also be interested to know that
Woodland Hastings and I are planning a symposium to be held at
the Federation meetings in Atlantic City in April of next year.
This will be concerned with the recent studies of the control
and synchonization of circadian oscillators. I think it will
bring together some interesting work and give a good review of
: where we are in this field right now.

I will be grateful for your guidance as to when is the time
to put together an application for continued support beyond
June 30, 1975. We can of course let you have any further in-
formation or material whenever this is appropriate. I am sure
: we should talk more about the potentialities of the squirrel
v monkey preparation for space flight, but perhaps this is best
! done when you come up to visit us.

e s

With best wishes.

Sincerely yours

Martin C. Moore Ede, M.B.,B.S., Ph.D.

MCME/ser
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January 1, 1975

John A. Rummel, Ph.D.

Chief, Environmental Physiology Branch
National Aeronautics and Space Administration
Lyndon B. Johnson Space Center

Houston, Texas 77058

Dear John,

This letter will serve as the sixth monthly report of the
progress of our NASA contract NAS9-14249.

Our studies of the synchronization of the urinary potassium
rhythm in squirrel monkeys by the circadian rhythm of plasma
cortisol concentration continue as scheduled. We have now
extended the studies to adrenalectomized patients using women
who have been adrenalectomized for breast cancer. We find
in the first pilot experiment that the urinary potassium rhythm
persists when cortisone replacement therapy is evenly spread
throughout the 24 hours but the urinary potassium rhythmsg
appears to have a free-running period of approximately 22 hours
so that the peak of urinary potassium excretion sequentially
moves earlier each day. By the end of the seven day study
the peak of urinary potassium excretion was 3AM instead of
approximately 3PM.

We are most encouraged by these results which suggest that
the conclusions that we are reaching with our squirrel monkey
preparation are applicable to man,]that the squirrel monkey
is an excellent model for studying the synchronization and
desynchronization of adrenal controlled circadian rhythms in man.
If we can reproduce these findings in subsequent studies we will
have to investigate whether the circadian rhythms in inter-
compartmental potassium flux desynchronize in such a situation
as was predicted in our Journal of Applied Physiology paper.
This paper, incidentally, is due to be published in this month's
Journal of Applied Physiology.

Other activities this month have centered around the teaching
of a course on the cardiovascular and body fluid adaptations to
weightlessness in which our medical students here have shown
great interest. We are trying out as a class exercise the design
of experiments for space shuttle missions. T will let you know
if anything of interest develops here.

With best wishes.

Sincerely yours

7

R g

v, 2 Marrin £ Moore Fde. MR. . RB. S

Ph




|
i villiam E. Hassan, Jr., Ph.D.
; Directur

3
)
1
H
¥
i

it PETER BENT BRIGHAM HOSPITAL

Eugene Braunwald, M.D. 721 Hunlington Avenue, Boston, Massachusetts 02115 {617) 734-8000
Physician-in-Chief

i
1.
.
i
i
1

Gustaye |. Dammin, M.D.
Pathaliist-in-Chief Febmary 1. 1975
’

% Samuel Hellman, M,D.

Radiotherapist-in-Chief John A. Rummel, Ph.D.
Chief, Environmental Research Division
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Clement B. Stedge, M.D. Houston, Tex 77058

Orthopadist-in-Chief
Dear John

Leray D.‘Vam‘ian}. MD -
Anesthasiologist-in-Chief This letter will serve as the seventh monthly report of the

progress of our NASA contract NAS9-14249,

As you know, our studies in the chair-acclimatized squirrel
monkey preparation have shown that when the normal circadian
rhythm of plasma cortisol concentration is eliminated by

the continuous infusion of cortisol in adrenalectomized
monkeys the rhythm of urinary potassium excretion demonstrates
an apparently free-running period. We have now started to
examine this phenomenon more closely since we believe it
represents some sort of self-sustaining oscillator in the
kidney. We have brought in as a consultant Professor Richard
E. Kronauer, who is professor of Engineering and Appliecd
Physics at Harvard and has considerable experience in the
analysis of oscillating systems. We have one of his students
1 working with us for a thesis project and we are examining

i the influences of different cortisol input patterns in order

) to determine the characteristics of the putative renal oscillator.
I think we are really now beginning to get a grip on the
mechanisms of internal synchronization and the potential
causes of desynchronosis. As you know, desynchronosis was

i one of the major problems of the biosatalite III monkey. It
is perhaps significant that when we desynchronize our monkeys'
activity and urinary potassium rhythms from each other that
we get a significant number of fatalities while the monkeys -
are in this desynchronized condition. This observation is
based on too few animals to permit a statistical analysis but
jt is in line with the observations of mortality induced in
other species by repeated light-dark phaseshifts--which presumably
also cause temporary internal desynchronization. For these
reasons I am sure we should plan to have an experiment which
can investigate changes in the circadian system during space
flight in the Space Shuttle program. We must get together
and talk about the studies that should be done.

[
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Let me know when you think we need to get together again; you are
welcomed to take up the invitation to visit Boston any time, of course.
With best wishes,

Sincerely yours
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721 Huntington Avenue, Boston, Massachusetts 02115 (617) 734-8000

April 1, 1975

John A. Rummel, Ph.D.’

Chief, Environmental Research Branch
National Aeronautics and Space Administration
Lyndon B. Johnson Space Center

Houston, Texas 77058

Dear Jdohn

This letter will serve as the ninth monthly report on the progress
of our NASA contract NAS9-1L2Lk9.

This month, I would like to bring you up to date with the publications
that have come out of our MASA contracted research during this past
9 months.

1. The paper describing the analysis of intercompartmental potassium
fluxes in noxmal volunteers was published in the Journal of Applied
Physiology in Jzauary, 1975. The title was Circadian Variztion of
Intercompartmental Potassium Fluxes in Man by Moore Ede, Brennan,

end Bzll, J Appl Physiol 33: 163-170, 1975. Reprint copies are
enclosed.

2. A paper in which disxruptions of the circedian pattern of plasma
cortisol concentration under conditions of stress were studied in
pre~operative patients wes presented at the American Psychosomatic
Society in lew Orleans on Saturday, Marcn 22, 1975. This peper wes
entitled "The Effect of Psychological Stress in the Preoperative
Period On ‘the Episodic 2h-Hour Plasma Cortisol Secretion Pattexrm”.
A copy of this paper is enclosed.

3. A lccture will he given by myself.at the Symposium on Physiological
and Blochemical Aspects of Circadian Rhythms at the FASEB meeting ’
in Atlantic City or April 15th. This will be entitled "Internal
Synchronization of Spontaneous Circadian Oscillators: the Identification
of the Hormonal Mediators Synchronizing the Renal Oscillator®.

Besides being presented ‘at the symposium, this paper will be published
in Federation Procedings within the year. As soon as a finel copy

is available, I will send this on to you.

4. A paper entitled "Circadian Internal Desynchronization: Causation
by Circadian Arrhythmias in Hormonal Mediators?" will be presented

by me at tre International Society of Chronobiology meeting in
Vashington, D.C. in August. The abstract of this paper is enclosed
end this abstract will be published in Chromobiologica within the
next few months.

5. A paper entitled "Plasma Cortisol Oscillaztions Synchronize the
Circadian Rhythm of Renal Potassium Excretion in the Squirrel Monkey
will be preseénted at the International Congress on Rhythmlce Functions
in Biological Systems in September this yezar. An ahstract of this
paper is also enclosed with this letter.
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6. A paper entitled "Renal Electrolyte Circadign Rhythas in Squirrel lMonkey:
Independence from Feeding and Activity Patterns” will shortly be submitted
to the fmerican Jourral of Physiolosy.

7. A paper entitled ' uy'nchz'mlm.tlon of Renal Electrolyte Circadian Rhythms
Ey the Light-Dark Cycle" a2lso in preparation and will shortly be subaitted
to the American Journal of Physiolozy.

8. A paper entitled "Cortisol Mediated Synchronization of Urinary Potassium
Circadian Rhytham in the Squirre). Monkey" is also in preparation and will
probably be submitted to the American Journal of Physiolozy.

9. A peper entitled "Episodic 2k-Hour Cortisol Secretory Psttern in Patients
awaiting Elective Cardiac Surgery" by Czeisler, Moore Ede, Regestein, Kisch,
Fzng and Ehrlich has been prepared and'is be:.ng submitted to the Journal of
Clinical Endocrinoloy and Matabolism.

In our current research, we are noy moving very rapidly in the mathematical
analysis of the characteristics of the renal oscillator. We are developing
some very potent tests of the coupling function but asre still needing to
develop our methods of Fourier analysis of the oscillations in the data.

Ve would therefore much welcome your help with the program you have designed
and would be grateful if it were possible to have this so that vwe can use

it as a guide, of course, with full acknowledgement to you.sf Awvived }Sdayf M’M-]

I look forward to hearing from you soon and for your advise on submission of
our next annual contract.

VWith best wishes.

Sincerely yours

A=

I’iaﬂin Co MOOI'G Ede, I’i.Bo, Bch, Pthc
Assistant Professor of Physiology

MCME/ser
P.S. I enclose for your interest my reply to Chuck Winget when he asked for my
answers to his set of questions as’'a follow-up to his recent NASA conference.
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May 1, 1975

John A. Rummel, Ph.D.

Chief, Environmental Research Branch
National Aeronautics and Space Administration
Lyndon B. Johnson Space Center

Houston, TX 77058

Dear John

This letter will serve as the tenth monthly report of the progress of our
NASA contract NAS9-14249.

This month we have been continuing our studies of the synchronization
process by which the putative renal oscillator is synchronized with otlier
circadian rhythms within the animal. We have been developing the computer
programs necessary to analyze the data in more detail and have been
greatly aided by your program which you kindly sent to us. We are cur-
rently having to revise some of our computer systems to make it possible
to undertake some of this processing. In addition, we have been designing
a revised edition of our isolation chamber which enables greater isolation
of the animal from experimentrinduced disturbances.

T would welcome your guidance on when we should be proceeding with my
research contract renewal vwhich will be due at the end of June. We will
have to allow some extra time in this process above that we allowed last
year because I will be transferring the contract from the Peter Bent
Brigham Hospital to the Harvard Medical School and this involves jumping
some administrative hurdles which all have inbuilt delays of up to several
weeks.
a capy F K

. b .

I have also recently receive@/ba.lhyiﬁtion to participate in planning the
NASA Life Sciences Program in Space which was just sent out by NASA HQ

in Washington. As you know, this is asking for suggestions for expew:imem:s(r/’érs/-syv‘—‘}h”z

and encourages investigators to put their names forward as part of the
review process. I would much appreciate you adviee on how I should be
responding to this and one whether the internal organizational processes
in NASA have sorted out how the whole Shuttle Program is going to be
organized.

I look forward to hearing from you soon and to getting some clear direction
on these two matters.

With very best wishes.

Sincerely yours,

/¢A/4%: q
a—
Martin C. Moore Ede, M.B., B.S., Ph.D.
Assistant Professor of Physiology

MCME /ser
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Circadian variation of intercompartmental

pot'assium fluxes 1n man

MARTIN C. MOORE EDE, MURRAY F. BRENNAN, AND MARGARET R. BALL
Department of Surgery, Harvard Medical School at Peter Bent Brigham Hospital, and
Department of Physiology, Harvard Medical School, Boston, Massachusetts 02115

Moore Epe, Martin C., Murray F. BrREnNAN, anD MAR-
careT R. Barn. Circadian wvariation of intercompartmental potassium
Jluxes in man. J. Appl. Physiol. 38(1): 163-170. 1975.—Circadian
rhythms of plasma potassium concentration and urinary peiassium
excretion persisted in three nornal volunteers when diurnal varia-
tions in activity, posture, and dietary intake were eliminated for

- 3-10 days. Measurements of the arteriovenous difference in plasma

potassium concentration across the resting forearm and of erythro-
cyte potassium concentration suggested that there is a net flux of
potassium from ICF to ECF in the early morning and a reverse
net flux later in the day. The total net ICF-ECF fluxes were esti-
mated from the diurnal variations in extracellular potassium con-

* tent corrected for dietary intake and urinary potassium loss. The

net fluxes between ICF and ECF were found to be counterbal-
anced by the circadian rhythm in urinary potassium excretion.
Desynchronization of these rhythms would result in marked fluc-
tuations in extraccllular potassium content. These findings suggest
that some revision is required of the concept of basal state in potas-
sium homeostasis.

circadian rhythms of plasma and urinary potassium; forearm
arteriovenous plasma potassium difference; erythrocyte potassium
concentration; extracellular fluid, #Br volume; intercompart-
mental potassium fluxes; potassium homeostasis

A FUNDAMENTAL CONCEPT underlying the principle of homeo-
stasis is the intrinsic stcady state, or basal level to which
physiological systems return when there are no externally
induced perturbations. Thus in the analysis of the inter-
compartmental distribution. of potassium in man (10, 12,
20, 21) it has been assumed that the system is basically
static with zero net fluxes between compartments, except
when definable events cause temporary loss of this steady
state. The assumption of a basically constant distribution
during the course of any 24h period has now been chal-
lenged by studies of the circadian variation in urinary potas-
stum excretion. Typically the rate of urinary potassiuin
excretion has a fivefold variation in each 24-h day, with
minimum rates in the early morniing and maximum excre-
tion around noon (9, 17). Such a circadian variation might
be thought to be a result of day-night differences in dictary
intake, activity, posture, and sleep. However, the circadian
rhythm of urinary potassium excretion persists when these
variables are kept constant throughout day and night or are
manipulated in a noncircadian pattern (18, 19, 22, 30).
These studies suggest that there can be no single steady
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state of compartmental potassium distribution even when
environmental and behavioral variations are eliminated.
We have examined this proposition and have analyzed the
circadian variation in intercompartmental potassiurn move-
ments in normal man when dietary intake, activity, and
posture are held constant throughout each 24-h period.

D

METHODS

Three healthy, normal volunteers were studied from 3 to
10 days in the Bartlett Intensive Care Unit of the Peter Bent
Brigham Hospital. Normality was established by clinical
history, physical examination, and biochemical screening.
Signed informed consent was obtained.

Except where otherwise indicated, posture, activity, and
dictary intake were maintained at constant levels through-
out day and night. This was achieved by keeping the subject
on strict supine bed rest and by providing a liquid diet
divided into eight equal aliquots which were taken at 3-h
intervals throughout each 24-h period. The diet provided
100 meq potassium, 150 meq sodium, 500 mg calcium, 70 g
protein, 260 g carbohydrate, 80 g fat, 2,000 calories, and
3,000 ml fluid per 24 h. In one subject (F/H) the diet was
altered to give 50 meq potassium and 200 meq sodium per
24 h but was otherwise kept the same. The room lighting
was on between 0800 and 2300 h and off from 2300 to 0800
h (LD 15:9). Low illumination was used for brief periods
during sample collection at night. The first subjeet (HH)
was allowed to equilibrate on this regimen for 12 h, The
other subjects, however, were given 4 days to equilibrate so
as to minimize the transients induced by postural ¢hanges
and dictary adjustment. During the equilibration period
3-h urine collections were made. Each collection contained
all urine voided during the 3-h period, including 1 volun-
tary bladder emptying at the end of the period.

At the end of the equilibration period catheters were in-
serted under local ancsthesia into the radial artery and
brachial vein of the nondominant arm. These were kept
open by a 0.05 ml/min infusion of normal (0.9%) saline
through  a Sorenson Intraflo system (Sorenson Rescarch
Corp., Salt Lake City, Utah). A 48-h period of study was
then commenced with the subject continuing on his previous
regimen of constant diet, activity, and posture. Bvery 3 h
blood samples were taken from both arterial and venous
catheters after the forearm had remained at rest for at least
5 win. Urine collections were obtained as before. The 3-h
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food aliquot was given after the sample taking had been
completed. . .

In one subject (4E) the study was repcated under condi-
tions of daytime activity and nocturnal bed rest. He con-
sumed the same 3-h liquid diet as before. Every 3 h from the
time of rising from bed (0800 h) until he retired (2300) he
went through a moderate exercise routine. This involved
sitting in a chair for the Ist h, eycling at a rate of 50-60
rev/min with a 2-kg load for 20 min on an exercise bicycle,
resting on the bicycle for 20 min, followed by a further 20
min of cycling. The {inal hour was spent sitting quietly in a
chair before the 3-h specimens were collected. This regimen
was followed for an cquilibration period of 24 h and then a
48-h study period. During this study period the same meas-
urements were made as in the bed-rest studies.

Polassium estimations. Blood was drawn slowly from the
catheter without tourniquet or fist pumping and carefully
mixed with lithium heparin (1,000 U/100 ml blood) in
potassium-free glassware. Plasina was obtained by spinning
immediately for 20 min at 2,700 rpm at 13-cin radius, and
respinning the supernatant plasma for 10 min.

The plasma was stored in a 4°C refrigerator until analysis
within 5 days. Arterial and venous plasma potassium con-
centration was analyzed in triplicate in an IL flame pho-
tometer model 343 using an internal lithium standard. We
have established that the precision of the deterinination
of plasma potassium concentration by our standard proce-
dure is high; a single sample of blood has a cocflicient of
variation of plasima polassium concentration of 0.39 %.. This
includes the variance due 1o anticoagulation, plasma scpara-
tion, and flame photometer estimation. Thus an estimated
mean value of plasma potassium concéntration of 4.00
meq/l would have a standard deviation of 0.015 meq/! due
to errors in handling and analysis. Plasma concentrations
were corrected to meq/! of plasma water. Plasma water was
estimated by drying 1 ml of plasma at 90°C to constant
weight (approximately 24 h).

Red blood cell potassiuin concentration was determined
from an aliquot of the same blood sample used to estimate
the plasma potassium concentration. This aliquot was
mixed thoroughly by slow rotation for 5 min. It was divided
into duplicate Wintrobe tubes and, by volumetric pipetting
of I-ml portions, into potassium-free test tubes. The Win-
trobe tubes were centrifuged at 2,800 rpm at 15-cm radius
for 55 min. Hematocrit readings were corrected for trapped
plasma by the method of Chaplin and Mollison (8). The
test tubes with I ml of whole blood in each were frozen at
—20°C and then thawed at the time of analysis. Hemolysis
was completed by diluting the whole blood with nine
volumes of distilled water. ‘Whole blood potassium concen-
tration was estimated in the IL flame photometer in the
same manner as plasma potassium concentration. Erythro-
cyte potassium concentration was calculated from the

formula
100 100 — H
R = g [WK - (PK X W)J

where Rg = erythrocyte potassium concentration (meq/1
of cells), H = hematocrit (%), Wx = whole blood potas-
sium concentration (meq/l), and Pg = plasma potassium

MOORE EDE, BRENNAN, AND BALL
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F1G. 1. Circadian variation in urinary potassium excretion (ineq/'3
h) in each subject during the constant bed-rest and 3-h-eal regimen,
Subject AE was restudied on a rest-activity regimen (4£(A)) while still
consuning 3-h meals.

concentration (ineq/! uncorrected for plasina water). In our
laboratory the coeflicient of variation of this method is 1.1 ..

Urine potassium excretion was calculated from the urine
voluine and the urine potassium concentration, The volume
of each 3-h urine collection was measured. A 20-ml aliquot
was acidified with three drops of concentrated sulfuric acid
and then refrigerated at 4°C within a few minutes of collec-
tion. Urinary potassium concentration was estimated on the
IL flarne photometer.

Otlur estimations. The extraccllular flyid volume was esti-
matea at 3-h intervals by #Br isotope dilution (21). A single
injection of 50 xCi *#Br in 50 mil normal saline was given 6 h
prior to the start of each study period to cnsure equilibra-
tion. Thereafter 3-h blood samples were taken and the
separated plasma was counted in a deep-well scintillation
counter. Aliquots of the 3-h urinc samples were also counted
and correction for excreted isotope was made. Because the
sequential measurements of 3Br volume were determined
using the same initial ¥Br injection, crrors in the estimation
of changes in ¥Br volume exclude the major source of error
in this determination—-the initial injected dose error. The
remaining sources of error which apply in this study have a
coeflicient of variation in this laboratory of 0.75 %.

Artcrial plasma aldosteronc and cortisol concentrations
were estimated at 3-h intervals for 48 h in one subject (JG).
The assays! were done by displacement analysis (29).

Analysis of data. A circadian rhythm in a variable y, oscil-
lating between a maximum value yz and a minimum valuc
yx may be described in terms of several basic parameters,
These are the period of the rhythm, the cycle mean (M), the
amplitudes of the maximum (4z) and minimum (4x) points
on the cycle, the phase angles of reference points such as the
maximum (#z) and minimum (@y) and the contour. The

4 In the laboratory of Dr. Gordon Williams.
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TABLE 1. Analyses of variance of data from
48-i inten.rz'uz study period

A) Urinary Potassium DF 8S MS ¥

Excretion

Time of day 7 1,852,77 264,68 27. 15‘
Due to regression 1 1,704.57  1,704.57  174.83*
About regression 6 148.20 24.70 2.63%

Experiments 3 1,015.91 358.64 34.73*

Experiments X time 21 382.95 18.23 1.87
of day v

Replication (error) 32 311.95 9.75

Total 63  3,563.58 56 .56

Regression maximum: 12001500 h collection

Proportion time of day SS unexplained: 8.0%

B) \’enog:[ﬂl::&l:ﬂl;:mssium DF 88 MS F

Time of day 7 0.6971 0.0996 5.19*
Due to regression 1 0.6425 0.6425 33.46%
About regression 6 0.0546 0.0091 0.47

Experiments 3 0.5663 0.1888 9.83*

Experiments X time 21 0.7099 0.0338 1.76
of day

Replication (error) 32 0.6157 0.0192
Total 63 2.5890 0.0411
Regression maximum: 1200 b,

Proportion time of d.ny S8 um.xpl.um.d 7 8%

€) Plsma Pota ,. ' .
,m{rm’\“e'f.'ﬁus'i»?ﬁl'r‘i?.‘u D s M ¥
lnnc- of day 7 0.1746 0.0249 1.47

Due to regression 1 0.1088 0. 1088 6.44%
About regression 6 0.0658 0.0110 0.65
Experiments and days 4 0.0982 0.0246 1.46
Residual (error) 28 0.4741 0.0169
Total 39 0.7464 0.0192

Regression inaximum: 2100 h
Propurtmn time of day SS unuplmncd $7,7%

I)JRHH 1 Celi e e . s

I’olasuu:\( Cﬂ;l)::tntl’f!(l()h DI 85 MS ) I
Tum of day 7 34.58 4,94 3.21%

Duc to regression 1 30.58 30.58 10.86*

About regression ” 6 4.00 0.67 0.44
Experiments 2 131.64 65.82 42.74*
Residual (error) 14 21.55 1.4

Total w77 8.16

chrcssion maximum: 0000 h
Proportlon time of day SS une xplamcd = | ()%

I ) }'.xtr'ncz:l(l)\lx)ltncn;‘ :’nluwum DF ss MS r
Tnn( of day 7 352.138 .34 4.01*
Due to regression 1 206 .46 206,46 23.64*
About regression 6 5H.42 9.32 0.74
Experiments 3. 4,827.83 1,609.28 128.33*
Experiments X time 21 470.76 22.42 1.79
of day :
Replication {crror) 32 401 .17 12,54
Total 63  6,052.14 .07

Regression maximum: 1200 h
Proportion time of day SS unexplained = 1549
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TABLE 1. --«('urzlmued

F) ICF-ECK N s - . .
P)ousmum 3 lugl DF 58 M ¥
Time of day 7 1,571,100 224,44 9,99¢
Due to regression 1 1,100.76  1,109.76  49.41*
About regression 6 461 .34 76.89 3.42%
Experiments 3 83.31 27.77 1.24
Experiments X time 21 1,006,04 47.91 PRE
of day
Replication (error) 32 714.64 22 .46
Total 63 3,379.06 53.64

Regression maximuin: 0800 1200 h period
Proportion time of day 8S unexplained = 29.4%

* Statistically significant at 001, b S!ausucally slgmﬁcant

at 0.05.

symbols used are based on thosc proposed by Aschoff et al.
(8). Because of the maintenance of a strict LD 15:9 reginien
throughout this study, the cireadian rhythms may be as-
sumed to have a period indistinguishable from 24 h. The
cycle mean is therefore a 24-h average of the data for any
given 24-h day. Amplitudes are the maximum absolute
deviations in cither direction from the mean. Thus 4z =
|yz — M| and Ay = | yy — M |. In these terms the circa-
dian variation in a variabic may be exprested as the total

- amplitude relative to the mean [{dz + Awx)/M] %. Phasce

angles, with 24 h cqualing 360° in this case, are caleulated
from the reference point midnight (2400 h = 0°), The
contour is a statement on the shape of the rhythm,

An analysis of variance (ANOVA) was perforined for
cach variable to partition the variance between individuals,
time of day and interaction cffects and @ examine the data
for significant sources of variance. The time of day effect
was fitted to a simple regression model described by the
cquation y = at -+ b, where y is the predicted value of the
variable, ¢ is time of mcasurement expressed in absolute
hours difference from the time when the mean of y is at its
maxinum value, « is the slope of the line, and # is the pre-
dicted maximum value of y. This regression muodel describes
a “‘zig-zag” approximation of the timme of day cffect consist-
ing of the regular alternation of a positive slope for 12 h
rising to a maximum and an equal, but negative, slope for
12 h falling to a minimum. The total time of day effect could
then be subdivided into variance due to regression and
variance about the regression line. Tn most instances a
major portion of the time of day cffect could be described
by the regression model leaving only a small portion un-
accounted for because of the limitations of the simple model
used. I7 variance ratio tests- were applied to determine which
partitions were signilicant contributors of variance to the
data, and specifically 1o test for the significance of variance
attributable to circadian variation. Where there were two
complete days of data from each experiment the replication
variance was wsed as the denominator in the 27 test. How-
ever, when there were less data available the residual vari-
ance was used after other sources of variance had been
subtracted from thetotal sum of squares (8S). The terin
“experiments™ in the ANOVA refers to the four intensive
study periods of 48 h cach. Two of these “experiments’ are
from the onc subjeet who was studied twice (AE and AE(A)).
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RESULTS

Urinary potassium excretion demionstrated a marked
circadian variation [(4; + Awx)/M = 120 — 180%] in all
subjects (Fig. 1) despite the elimination of diurnal varia-
tions in dietary intake, activity, and posture. Table 14 gives
the results of the analysis of variance demonstrating a signifi-
cant (P < 0.01) time of day effect which conformed well
(92.0% of SS) to the “zig-zag” regression model with a
maximum during the 1200-1500 h collection (@, = 203).
The significant between experiment cffect (P < 0.01) is
mostly due to a 60% reduction in 24-h mean in subject HH
who was given a dietary potassium intake 50 % lower than
the other subjects. There was no change in the parameters
of the circadian rhythm of excretion when subject AE was
restudied with daytime activity and night time bedrest
[(42 4+ An)/M = 120%, @, = 158-203°, By = 45-90°].

Plasma potassium concentration also exhibited a circa-
dian rhythm [(4z + Ay)/M = 7.4-12.3%] in all svu jects

VENOUS PLASMA K(mEq/L plasma water)

VENOUS PLASMA K (mEq/L plasma water)

38 ‘\"
42 ) RN R DU IS SV SO f 3ol L L1t [t 1
24 06 12 18 24 24 06 12 18 24

TIME OF DAY {hours)

Fic, 2. Mcan and range of venous plasma potassiuin concentration
at 3-h intervals throughout day and night in cach subject.
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Fi6. 3. Forearm artcriovenous difference in plasma potassium con-
centration (mean == SEM) across the resting forearm during the
constant bedrest and 3-h meal experiments (HH, JG, AE).
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Fic, 4, Circadian variation in erythrocyte potassium concentration.
No measurements were made from subject JG.
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Fic. 5. Mean and SEM of extracellular potassium content, 1CF-
ECF net potassium flux and urinary potassium excretion from all four
experiments (HH, JG, AE, and AE(A)).

despite the constant regimen (Fig. 2). The analysis of vari-
anice (Table 1B) determined that the time of day cffect was
significant (P < 0.01) and was well described (92.2 % of S8)
by the regression model with the maximum at 1200 h
(P2 = 180°) and the minimum at 0000 h (Py = 0°).
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During the equilibration period, prior to the study proper,
even greater amplitude circadian variations were seen.
Subject AE for example, showed a 35 % variation in one day
with maximumn and minimum concentrations of 4.19 and
3.08 ineq/l, respectively. On each day of thesc studies there
were similar patterns of plasma concentration with a risc in
the carly morning and a fall in the evening. However, as can
be scen in Fig. 2, there were some individual differences in
rhythm contour.

Since the rhythms of urinary potassium excretion and
plasma potassiuin concentration are not inversely related,
movements from other potassium containing compartments
must be looked for to explain the circadian variations.
Forearm arteriovenous plasma potassium difference dem-
onstrated a circadian variation (Fig. 3) which could be
fitted to the “zig-zag’ regression model with a maximum
(positive) value at 2100 h (@z = 315°) and a minimum
(maximum negative) value at 0900 h (@ = 135°) (Table
1C). The circadian variance described by the regression
model was significant (2 < 0.05). Thus there was a net flux
of potassium from the resting forearm during the morning
and early afternoon, and a reverse net flux into the forearm
during the evening hours. This was scen in cach subject
although there was some variation in the phase of this
rhythin in the individual subjects with the timing of reversal
from net efflux to net influx ranging between 1200 h (@ =
180°, subj HH) and 2000 h (@ = 300°, subj JG). This ac-
counted for most of the 37.7 % of time of day SS which were
unexplained by the * zig-zag”’ regression model.

A further circadian variation in net potassium flux is
apparent from Fig. 4. Red blood cell potassium concentra-
tion shows a circadian rhythin [(4z + 4y)/M = 3.8-5.6 %]
with a minimum in the middle of the day. The analysis of
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variance (Table D) demonstrated a time of day efleet
which was well deseribed (88.4 % of 88) by the regression
model with a maximum at 0000 h (@ = 0°) and a minimun
at 1200 b (@5 = 180°). This eflect was signilicant (/> <
0.01). Thus during the morning there would appear 10 be a
movement of potassiwin from erythrocytes to plasma and &
net flux in the reverse direction later in the day. This pattern
of potassium movement is similar to that observed frous the
forearni in timing and dircction.

Serial measurcment of the extracellular space with a ®Br
marker indicated a small circadian variation in the voluine of
the extracellular compartinent [(4, + Ay)/M = 2.1-4.5%]
with a maximum at midday (@7 = 180°). A coniputed
“extracellular potassium content” using the arterial potas-
sium concentration demonstrated a circadian rhythim with
a mean amplitude of 7.2 mEq (Fig. 5). The analysis of
variance (Table 1) demonstrated a significant time of day
cfect (£ < 0.01) which could be fitted (84.1 % of 88) to the
regression model with a maximum at 1200 h (, = 180°)
and a minimum at 0000 h (Ax = 0°).

The mean circadian variations of arterial plasma aldo-
sterone and cortisol eoncentration are shown for ene subject
(JG) in Fig. 6. The plasina aldosterone concentration was
approximatcly in phase with the circadian rhythm of ar-
terial plasma potassiwm concentration, but the plasima
cortisol concentration showed a peak phase delay of about
110°. However, plasma potassiuin forearm arteriovenous
difference, correlated well with plasma cortisol concentra-
tion (r = 0.92, P < 0.01, Fig. 7) while there was no signifi-
cant correlation (r = 0.52, 7 = 0.18) with plasina aldo-
sterone concentration.

DISCUSSION

The circadian rhythms of plasina potassiuin concentra-
tion and urinary potassium excretion are clearly not second-
ary to diurnal variation in activity, posture, or dictary
intake. They persisted in this study even though these
hehavioral variables were held strictly constant for up 10 8
days. The sleep-wake cyele or the pattern of disturbances
and noise are unlikely to be major determinants of the
obscrved pattern since the subjects tended to nap through-
outday and night, and noisc and activity in the investigative
unit was evenly spread over each 24 h,
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The lighi-dark cycle (LD 15:9) of the room in which they
were studied was, however, rigidly maintained throughout
this study. Although the lighting regimen does not directly
control circadian rhythins such as urinary potassium excre-
tion (18) it acts as an important Zeitgeber (synchronizer) in
man (4, 9, 24, 31) as well as animals (7, 25, 32). Thus when
the light-dark cycle is shifted by several hours, as after
cast-west travel, the circadian rhythim of urinary potassium
excretion persists with its original phase for several days
hufore adjusting to the new environmental time (13, 28).
This excretory rhythm also persists in subjects conlined to
isolation chambers in constant light and with no time clues;
in such conditions it usually has a period slightly difTerent
from 24 h (2). These studies demonstrate some inherent
stability in the urinary potassiuin rhythim, and it is often
termed ““intrinsic” or “endogenous” (9).

We found that the circadian rhythin of plasina potassium
concentration and urinary potassium excretion were not
180° out of phase with each other. In the constant condi-
tions ‘of the experiments this means that potassiuin move-
ments between body compartments must underlie the ob-
served circadian variations in urinary and plasma potas-
sium. An Investigation of arteriovenous plasma potassium
difference across the resting forearm indicated that there
was an alternation between positive and negative differences
during the course of a 24-h day. Andres ct al. (1) have also
noted the net movement of potassium out of the forearm in
the early morning hours but did not observe the reverse tide
since their studies ended at noon. Our direct incasurement
of erythrocyte potassium concentration, an accessible part
of the intracellular compartment, supported the conclusion
that there is an outward tide of potassium from intracellular
to extracellular compartinents during the early morning,
and a reverse tide in the evening.

Estimations may be made of the extent of these tides using
the extracellular potassium content calculated at 3-h inter-
vals from the *Br extracellular volume and the arterial
plasma concentration. The ICF-ECF net potassium flux can
be calculated from the change in ECF potassium content
over ¢ach 3-h period, after corrections have been made for
urinary excretion of potassium and dietary potassium intake
in the 3-h period. Figure 5 depicts the relationships between
the extracellular potassiiin content, the I1CF-ECI net
potassium flux and urinary potassium excretion, Analyses
of variance on thesc variables (Table 1, 4, E, F) determined
that #ach had a significant (P < 0.01) circadian variation
which was well deseribed by the “zig-zag” regression model
with a maximum at 09001200 h (@, = 158°) for ICF-ECF
net flux, 1200 h (@, = 180°) for ECF puiassiuin confent
and 1200-1500 h (@z = 203°) for urinary potassium exere-
tion.

It is apparent that changes in ECF potassiun content are
minimized by the counterbalancing of the circadian varia-
tion in ICF-ECF net potassium flux by the rhythm of uri-
nary -potassium cxcretion. The synchronization of the
circadian rhythm of urinary potassium excretion with the
other intercompartmental potassium tides i$ thus essential
to the maintenence of extracellular potassium homeostasis.
The large relative amplitude [Az + Ax)/M] % and constant
phase angles (@, @x) of this rhythm are consistently found
under normal conditions (9, 17). However, after time zone
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#16. 8. Predicted circadian variation in extracellular potassium
content for subject AE when urinary potassium is excreted with @) the
observed circadian rhythm, b) no circadian variation, and ¢) a 180°
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shifts or during isolation, the urinary potasstum rhythn
may become desynehronized from circadian rhythms in
other variables such as body temperaturc and urinary
sodiumn cexcretion (2, 13, 28). The possibility of such de-
synchronization occurring between the circadian rhythms
in the various intercompartmental potassium fluxes has not
yet been investigated. Nevertheless, it is important to exam-
ine the probable effects of such internal desynchronization,
as the various potassium fluxes between the extracellular
space and other body compartments are large compared o
the extracellular potassium content. The predicted effect on
the extraccllular potassium content of abolishing the urinary
potassium rhythm or phase-shifting it by 12 h (180°) has
been calculated for subject AE (Fig. 8). With a 180° reversal
of the urinary rhythm the extracellular potassium content
could theoretically fall by 43 % to a minimum value which
represents a plasina concentration of 2.2 meq/1. Extracellu-
lar potassium content is unlikely to fall as far as this because
of other homeostatic adjustments. However, if such de-
synchronization occurs, it could potentially cause serious
disequilibrium in potassium distribution.

It is now well established that urinary potassium excre-
tion is principally a function of potassiun reabsorption and
secretion by the cells of the renal distal tubule (15). The
synchrony between the circadian rhythims of ICF-ECF net
potassium flux and urinary potassium cxcretion suggests
that the renal distal tubular cells may be functioning in a
similar maoner to the rest of the body cell inass., During the
morning while potassium moves from the general cell mass
into the general ECF, potassiuim would appear to be moving
from the distal tubular cells into a spreialized compartmet
of the ECF- -the distal tubular fluid— resulting in an in-
crease in urinary potassium excretion. Similarly in the late
evening when there is a net potassium flux into the body cell
mass, a net reabsorption of potassium by the distal tubular
cells from the distal tubular fluid is probably responsible for
the observed reduction in nrinary potassium excretion. The
attraction ol this hypuothesis is that it suggests that cominon
regulaiory mechanismis conld control the circadian net
fluxes of potassium from both the distal tubular cells and the
body cell wass in general, thus minimizing desynchrony
between the two major determinants of ECF potassium.
content.

The mechanising of control of these intercompartmental
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Huxes are {ar from clear. Diurnal variations in sodium-
potassium activated ATPase activity have been reported in
various tissues (3) and could play a role in these rhythms,
The cireadian rhythn in plasina cortisol concentration may
be an important determinant, Cortisol promotes the move-
ment ol potassium out of the body cell mass (especially
muscle} (11) and causes a rise in plasina potassium concen-
tration and increase in urinary potassium exeretion (6, 16).
In swbject JG the carly morning rise and cevening fall in
plasma cortisol concentration correlated well with the net
movement of potassium to and rom the resting forearm
preparation (Fig. 7). However, limited studies in adrenal-
ectomized or Addisonian patients have shown that the
normal cireadian rhythm of urinary potassium exeretion is
still observed when their replacement steroids and food
intake are cvenly spread over the 24-h day (14, 23). It is
therefore not possible to postulate the simple dependence of
all the circadian intercompartmental potassium fluxes on
the plasima cortisol rhythin. Whatever the echanisms of
cuntrol it appears that such intercompartmental potassiumn
fluses may be fundamental to many systems for they aiso
play an important role in diurnal leal moveinents in plants
(26, 27).

Traditionally homeostasis is viewed as the maintenance of
an internally constant milieu degpite the variations in the
external environment. Studies of plants, animals, and man
have shown that when environmental circadian variation is
minimized or ahseni many circadian rhythins persist, usually
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with a period not greathy ditferent from 24 h €2, 77 Thus
responses that would be “appropriate™ {or the environ-
mentalchange usually oceurvingat a certain time of day sl
are exhibited when that environmental varfation is sup-
pressed. The rise in urinary potassium exeretion in the
middle of the day might be considered a response 1o the
daytime increase in potassium intake from the diet and the
potassium released during daytioe museulin activity, The
observation that the rhythn of potassivm exeretion persists
despite the apparent absence of “causal™ emvirommenal
variation rules out this conclusion. The concept of homeo-
stasis must be refined to inelude eyelical variations in physio-
logical set points, for the observed circadian rhythims do not
appear to be externafly produced pertubations of o homeo-
statically protected base line.
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ABSTRACT
The interrelationships between urinary electrolyte circadian rhythms and
rhythms of feeding, drinking and activity were studied in six conscious chair-

acclimatized squirrel monkeys (Saimiri sciureus) kept in temperature-controlled

iso_laticm chambers on a light-dark (ID) 12:12 hour cycle. With lights on

(600 lux) from 08.00-20.00 hr and off (<1 lux) fram 20.00-08.00 hr, renal
potassium excretion in monkeys fed ad lib fell to a daily minimum of 64 + €
+Eq/hr at 05.00 hr and rose to a maximum of 274 + 23 LEq/hr at 17.00 hr. Sodium
excretion fell to a minimm of 13 + 2 xEg/hr at 10.00 hr and rose to a maximum
of 43 + 6 qu/h.r at 21.00 hr, while water excretion fell to a minimum of

869 + 63 pd/hr at 05.00 hr and rose to a maximm Of 2307 + 222 s /hr at
17.00 hr. Feeding, drinking and activity occurred only during the lights-on
pericd. Independence of the urinary rhythms fram diurnal variations in feeding,
drinking and activity was established a) by depfiving monkeys of food for 24
hours, b) by depriv'ing monkeys of watexr for 24 hours, and c) by training
.monkeys to perform a two—hourly schedule of feeding, drinking and activity
throughout day and night. None of these three regimens resulted in reductions
of the amplitude, or changes in the phase of the circadian rhythms of urinary
electrolyte or water excretion. These findings indicate that the circadian
rhythms 6f urinary potassium, sodium and water =xcretion are controlled by
mechanisms which are independent of the behavioral patterns of feeding,
drinking-and activity.

Index terms -

Circadian internal synchronization, behavioral rhythms, urinary potassium,

sodium and water excretion, squirrel monkey.
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Many physiological functions have been shown to oscillate spontaneously
with a period of 24 t 4 hours when an animal is isolated from environmental
time cues (1,2). There is now considerable evidence to suggest that these
circadian rhythms are generated by one or more oscillators within the organism
(3,4) . Such oscillators appear to serve a variety of timing fuctions which
include the control of develommental sequences (5), the initiation of adaptive
changes before the occurrence of a periodic environmental challenge (6) and
the time-caompensation of sun orientation mechanisms(7). | ‘

When circadian rhythms in several physiological variables are monitored
similtansously in an individual animal they are usually found to have identical
periods and constant phase-relationships. This "interal synchronization”
can be demonstrated whether the rhythms are synchronized with environmental
time cues or are free-running under constant environmental conditions (1,8,9).
The internal synchronization of circadian oscillations in mutually interdependent
processes appears to be an important feature of physiological‘ organization (10),
and events which pramote internal desynchronization are often associated with
deteriorations in psychological and physiological function (11-14).

Little is known about the mechanisms responsible for internal synchronization
in higher animals. This is partly because the extent to which oscillating
phy'sidlogical variables are dependent upon one another has not been .adequately
exainined. The experiments described in this paper were designed t6 investigate
the interdependency of two sets of endogenous circadian rhythms--tﬁe behavioral
rhythms of activity and dietary intake and the renal rhythms of potassium,
sodium and water excretion.. There is evidence to suggest that all these rhythms
are endogenously generated (1,2). However, the internal synchronization that
is seen between these rhythms could be achieved by any of three possible
mechanisms. Firstly, intermal synchron‘ization could be a result of the simple
passive dependence of renal excretory rhythms on endogenous rhythms in those

variables which influence electrolyte excretion, such as dietary intake (15),




aﬁd muscular activity (16). Secondly, the behavioral and renal rhythms could
both be passively dependent upon one central driving oscillator. Thirdly,

the behavioral and renal 1.:hythms could be generated by potentially independent
separate oscillators which are normally kept in synchrony with one ancther.
These questions have been studied using unanesthetized, chair-acclimatized

squirrel monkeys (Saimiri sciureus).

- MATERIALS AND METHODS

The studies were performed using six adult male squirrel monkeys (Saimiri
sciureus) weighing 600-900 gm. For periods of up to three weeks, continuous
urine collections were obtained fram unanesthetized monkeys, conditioned to
sit in a specially designed metabolism chair. Environmental illumination,
temperature and auditory stimuli were controlled by conducting experiments
within an isolation charber. |

Metabolism Chair. The design of this chair (Figl‘n:e 1) was based Upbn

the squirrel monkey chairs used in the behavioral experiments of Kelleher and
Morse (17). The monkey sat on a bar and was restrained by a plexiglass sheet
which served as a table around its waist. The space between the table and
the monkey was sealed by a soft rubber waist cuff. The monkey had freedam
of movemeht about the waist. Below the plexi;_;lass table, it could either
squat with its feet on a footrest or sit on thé perch.

A lever was provided which the animal ocould operate to obtain food
pellets. Pellets were delivered into a tﬁ:ay directly fron£ of the animal fram
a pellet dispenser (Model 11-1, Gerbrands Co., Arlingfon, Massachusetts) .

A row of colored light bulbs were used to train the monkey to perform certain
desired feeding schedules. Drinking water was provided from a calibrated
water bottle. |

A padded funnel, placed between the monkay's legs, enabled the collection
of urine samples uncontaminated by feces and food debris. Urine passed from

the funnel into test tubes within a specially designad automatic fraction
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collector. The apparatus which contained slots for 24 test tubes (100 x 15 mm)
was rotated every two hou;s by a stepping motor (Ledex 24-step digimotor,
Ledex, Inc., Dayton, Ohio). The fraction collector was covered by a sheet

of plexiglass which both prevented particles from falliné into the test tubes
and served as a foot rest for the monkey.

Isolation Chamber. The monkey, chair and fraction collettor were housed

in a temperature-controlled isolation chamber (Forma Scientific, Models

12 or 20, Marietta, Chio). The charber temperature was monitored by a
continuously recording themmameter (Bacharach Instrument Co., Pittsburgh,
Pennsylvania) . To provide ventilation, the fan on the heating-cooling unit
was used to provide a circulation with air fram outside the chamber.

A light source within the chamber, yielding approximately 600 lux of
white light, was switched on each day fram 08.00-20.00 hr and off fram 20.00-
'08.00 hr. When the light wés off there was less than 1 lux of illumination in
the chamber. The animals were thus subjected to a 24-hour light-dark cycle
(LD 12:12; 600:<1). |

The isolation chambers partially attenuated extraneous sounds and a
white noise source was used in addition to provide further muffling. The
white noise was generated by a Grason-Stadler Noise Generator (Model 901-B,
West Concord, Massachusetts). Activities outside the chamber had no discernable
effects on the animal's behavior.

Experimental Control and Recording Systems. The timing and control of the

experimental system were accamplished by an autamatic switchboard. One
section of the switchboard was controlled by a clock which operated switches
in electrical circuits every two hours thus activating the stepping motor of

the fraction collector,-the timing' record on the continuous paper recorders,

and the counter and switch which controlled the illumination cycle of the
isolation chamber. Another part of the switchboard controlled the
food pellet delivery to the monkey. The number of lever operations to gain a



pellet was cantrolled by a counter and the time between pellet deliveries was
controlled by an adjustable timer.

Feeding, drinking and movements in the chair were recorded fram each monkey
continuously using Harvard C-3 cummulative and 6-pen recorders (Gerbrands,
Arlington, Massachusetts). Physical activity was monitored by an ultrasound
motion detector (Alton Electronics Co. ’ Gainesville,’ Florida). Drinking fram
the water bottle was detected by closure of an eléctrical circuit between the
perch, the monkey and the water bottle spout. The volume of water consumed
each day was determined by measuring the fluid level according to calibrations
on the water bottle.

Food pellet lever responses and food pellets cbtained were also recorded.
Electrical pulses were generated fram the autamatic switchboard by the food
lever countdown devices and these were used to activate the recorders. An

additional curmmulative counter was used to record the 'total pellets obtained.

The twenty-four hour food intake could be read fram this counter. By adjusting

the number of responses required to géin a pellet it was possible to ensure
that the monkey would eat all of the food pellets delivered.

Once the monkeys were conditioned they tolerated studies lasting two to
three weeks, and showed no ill effects or loss of agility upon retufn to their
cages. While in the metabolism chalr they behaved nonnally and maintained body
weight.

Control Ad Lib Feeding and Drinking. Five of the conditioned monkeys were

studied for a period of seven days while seated in the metabolism chair within
the isolation cﬁanxber. The monkeys were provided with food and water ad }_Ebi ,
and were maintained on the ID 12:12 hour light-dark cycle, with lights on frdn
08.00 hr to 20.00 hr daily. Two days were allowed for the monkeys to achieve
stable patterns of feeding, drinking, éctivity and urinary excretion. The
following five days served as the experimental period. Urine collections
were obtained £hroughout the sevén days of the experiment as described above.

T
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Urine samples were removed from the chamber once every one or two days at
varied times during the animal's activity pericd.

24-Hour Food Deprivation. Four of the conditioned monkeys were seated in

tha metabolism chairs within the isolation chambers as described for the
control experiments. Two days were allowed for acclimatizatioﬁ as before.
They 'were then studied during one control day of ad lib feeding followed by
a 24 hour perioa when .they were deprived of food. Drinking water remained
available on an ad lib basis. Throughout the experiment the monkeys remained
on the same light-dark schedule (LD 12:12) as in the control experiments.

24-Hour Water Deprivation. After two days of acclimatization in the

isolated metabolism chair, four of the conditioned monkeys were studied during
a control day of ad lib feeding. This was then followed by a 24 hour period
with the water bottle removed fram the chair. Food was available ad lib
throughout. Urine collections and other procedures were carried out as
previously described.

Two-hourly (g2h) Feeding Regimen. Four monkeys fram the original control

group were trained to operate a lever to gain food pellets whenever a small
green signal light came on. The signal light was mounted in front of the
monkey and provided approximately 5 lux of green illumination. Once every

two hours the green light was tumed on for a 10 minute session when the monkey
could obtain up to four pellets (1 g) of food. Operation of the food pellet
lever between sessions did not produce peilets. After two or three days on

this schedule, the monkeys pressed the lever to obtain food only during the

10 nﬁ.nute periods when the signal light was on. Water drmklng and

movements within the chair mostly occurred during these feeding sessions.
Once the monkeys were fully conditioned to this schedule, they were

placed in the metabolism chair in isolation. Three days were allowed to re-

establish the two-hourly pattern of feeding, drinking and activity. Then, for

the next two days urine oollections were cobtained while the monkey followed

e e
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the two-hourly feeding schedule. The light-dark cycle (LD 12:12) and other
experimental procedures were conducted as before.

Urine Analyses. After the urine samples were removed from the fraction

collector they were acidified with two drops of 25% sulfuric acid and refrigerated
at 4°C. Analyses were campleted within one week. The volume of urine in each
tube was measured, and sodium and potassium concentrations were analyzed by

flame photometry (Instrumentation Laboratories, Lexington, Massachusetts).

Urine excretion rates (,.Eg/hr) were then calculated for each electrolyte fram
the volume of each sample, the concentrétion of the electrolyte and the

length of time over which the sample was collected.

Data Processing. The urinary data was expressed as a smoothed three-point

running mean. This was done by averaging the excretory rate during each two-
hourly period with the excretory rates of the two neighboring two~hourly
collections. This procedure reduced the influence of the monkey's irregularly
timad micturitions on the excretory pattern' without significantly éffecti.ng :
the amplitude of any circadian periodicity in the data.

For certain experiments the urinary data was then expressed as percentage
deviation fram a running 24 hour mean. The 24 hour mean was calculated from
the excretory values for 12 hours on either side of each data point. This
procedure enabled any circadian periodicities to be separated out fram occasional
lor;xger term trends in the data. The various computations involved in these
prccedures were performed on a Hewlett-Packard 2116B computer.

RESULTS |
Control Ad Lib Feeding and Drinking. The five squirrel monkeys showed

marked circadian variations in potassium, sodium and water excretion (Figure 2).
The rate of potassium excretion fell to minimum of 64 + 6 pEq/hr (mean # SEM)

at 05.00 hr daily and then rose to a maximum of 274 + 23 /._Eq/hr at 17.00 hr.

This represehted a 115% circadian variation about the 24 hour mean. The

reproducibility of the patterh of potassium excretion is illustrated in Figure 3;
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five consecutive days of data from one monkey are shown.

Sodium excretion fell to a minimum value of 13 + 2 /Mﬂm between 09.00 hr
and 11.00 hr and rose to i:l maximum of 43 + 6 AEg/hr at 21.00 hr; this was
a 113% circadian variation. There was considerably more fluctuation from day
to day and more variation between monkeys in the sodium pattern than that of
potassium. Sodium excretion was on average four hours phase-delayed fram the
urinary potassium rhythm. However, individual subjects had maxima of sodium
excretion that occurred at various times between 17.00 hr and 07.00 hr.

Urinary water excretion also had a marked circadian.rhyt}nﬁ reaching a
minimum of 869 + 68 ,l/hr at 05.00 hr and then rising to a maximm of 2307
+ 222 »l1/hr at 17.00 hr; an 85% circadian variation. The urinary water rhythm
was approximately in phase with the urinary potassium rhythm, although it had
a smaller amplitude. Urinary water excretion did not show the variability
between subjects that was seenwith the sbdimn excretion pattern.

Feeding, drinking and activity occurred only during the light period of
the 24 hour cycle. Figure 4 shows a representative pattem of food and water
intake from one monkey. The total 24 hour eléct-rolyte intakes are shown in
Table 1.

24-Hour Food Deprivation. The excretory patterns of potassium, sodium

and water from four monkeys are shown in Figure 5 during a control day of
normal ad lib feeding which was followed by a 24 hour period when‘ the monkey
wés deprived of food. Despite the absence of feeding and therefore of potassium
or sodium intake, the excretion of potassium and sodium rose to a peak during
the light period with a similar pattern to that abserved during control day.
The rhythm of urinary water excretion was also unchanged.

24-Hour Water Deprivation. Figure 6 presents the excretory patterns of

the four monkeys who were studied during a control day of ad 1ib feeding and
drinkihg,' and then during a day of water deprivation. The patterns of uripary
potassium and sodium excretion were unchanged, but the urinary water rhythm




vas dampad during the 24 hours of water deprivation. The effects of restoring
the drinking water supply after 36 hours of water deprivation are shown in
Figure 7. This had little effect on the rhythm of urinary potassium excretion
although the daily maximum urine flow rates during the four days of this
experiment ranged fram 0.6 mi/hr during water deprivation to 12.0 ml/hr
on the day that drinking water was restored. |

Two-hourly Feeding Regimen. The four monkeys adapted fully to the two-

hourly feeding regimen. In addition, most of their drinking and movements in

the chair occurred during the ten minute feeding periods in every two hours . Thus,
the nomal circadian rhythms of feeding, drinking and activity were eliminated by the

behavioral conditioning. Figure 8 shows that the circadian rhythms of urinary
potassium; sodium and water excretion were not damped by the altered behavioral
patterns of feedihg, drinking and activity. There was no change in the pattern
of potassium excretion and the rhythms of sodium and water excretion were
increased in amplitude as ocompared to the control regimen.
DISCUSSION

All monkeys demonstrated regular circadian rhythms in the rate of urinary
potassium, sodlum and water excretion and in the behavioral patterns of feeding,
drinking ana} activity. Although the monkeys in the control studies had food
and water continuously availabile throughout day and night they undertook most
of their feeding, drinking and nmovements in the chair during the lights-on
period of each 24 hour day. These findings confirmed previous reports that
the behavior of these animals is strictly diurnal, both in their natural
'ha‘nbitat (18) and in the laboratory (19). The circadian rhythms of potassium
and water excretion also reached their maximum rates during the lights-on
period. Sodium excretion, however, rosé to a daily maximum during the first
part of the dark period, on average fou:r hours later than the maximum for
potassium and water excretion.

This study was designed to investigate whether the circadian rhythms




of urmary electrolyte excretion are to any extent determined by the diurnal
patterns of feeding, drinking and activity. These urinary rhythms are normally
internally synchronized with the behavioral rhythms with a phase—relatibnship
suggestive of a direct causal dependence (2,9,20,21). In the rat (20) and

the dog (Moore Ede, Drake and Hotez, unpublished observations) the urinary
electrolyte rhythms are either eliminated or have greatly reduced amplitudes
when food intake is evenly distributed throughout day and night. However,

in man (10,22-24) and in the present studies in the squirrel monkey, the cir-
cadian rhythms of potassium, sodium and water excretion were unaffected when
food and water were withheld for 24 hours,or when the circadian rhythms of
dietary intake and activity were eliminated in regimens where small identical
meals were given at two or three hourly intervals throughqut day and night.
Thus, the renal excretory rhythms in human and non-human primates appear to

be independent of the circadian rhythms in the behavioral patterns of feeding,
drinking and activity. The internal synchronization which is normally observed
between these behavioral and urinary rhythms cannot be explained by any direct
dependence of renal function on behavioral patterns.

Two altérnate mechanisms by which circadian internal synchronization
could be achieved in primates must therefore be considered. Firstly, the
behavioral rhythms and the renal rhythms could both be passively dependent upon
a central circadian oscillator to which they are separately linked. Alternatively,
the various behavioral and renal rhythms could be controlled by separate potentially-
mdependent oscillators which are normally kept in synchrony with one another.

: '.[‘wo main lines of evidence make the latter mechanism of J.nternal synchroni-

zation the most probable. Firstly, Aschoff and his collegues (9) have demon-

strated that while mternal synchronization is normally seen in human subjects

studied in the absence of environmental- time cues, internal desynchro-uzatlon
can occasionally occur. In 15% of their subjects the various monitored rhythms

spontaneously begin to free-run with different pericds, so that-the rhythmic




functions became desynchronized from one anther. This indicates that there
rust be more than one self-sustaining circadian oscillator within an advanced
malticellular animal such és man. A similar conclusion must also be reached
fraom the studies that have been conducted in isolated tissues from multi-
cellular animals. Persistent circadian oscillations have been shown to occur
in various isolated tissues maintained in constant conditions. The preparations
in which free-running circadian rhythms have been demonstrated in vitro
include hamster adrenal glands (25-27), cardiac muscle (28) and the
eye of Aplysia (29,30). |

These two sets of observations strongly suggest that the circadian timing
mechanism is organized as a system of multiple, potentially-independent '
oscillators in the various tissues of an animal. Internal synchronization
would presumably be achieved in this system through oscillations in hormonal
and nervous mediators. This laboratory is currently engaged in the identification
of the anatamical locations and the mechanisms which synchronize these
patative oscillators. The definition of the properties of these oscillators
is important to the understanding of physiological processes such as renal
electrolyte excretion, in which the phase of the circadian cycle is a major

determinant of physiological function.
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Figure 1.

Figure 2.

Figure 3.

Figure 4.

FIGURE LEGENDS

Squirrel monkey seated in metabolism chair within isolation chamber.
Urine passed from a funnel between the animal's legs to the test
tubes in the fraction collector. Food was delivered from the pellet
dispenser in response to operations of the lever in front of the
animal. ‘ihe colored light bulbs above the lever were utilized in
conditioning the animal to certain feediny schedules. Movements

in the chair were detected by an ultrasound activity meter above

the animal and water intake was monitored by a drinkmeter circuit.

Circadian variation in urinary potassium, sodium and water excretion
during the control ad lib feeding studies in ID 12:12 . Mean + SEM
of urinary data fram five monkeys each studied for four days is
plotted on the left side of the figure as s Eg/hr or ),‘L/h.r, and

on the right side as % deviation from a running 24 hour mean.

Circadian rhythm of urinary potassim excretion in one representative
monkey plotted over five consecutive days of a control ad lib
feeding experiment. The pattern of excretion was highly reproducible
in all animals studied.

Pattern of ad lib food and water intake in a monkey. A continuous
paper tape recorded events associated with feeding and drinking
with each event recorded as a single stroke of the pen. This paper
tape was cut into 24 hour strips and the 24 hour strip fram each day
pasted under the previous day's strip for eight consecutive days.
The black bars represent periods of darkness. It can be seen that
all the events associated with feeding and drinking occurred in the

lights-on period of the 24 hours.
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Figure 5.

Figure 6.

Figure 7.

Urinary excretory rhythms during acute food deprivation. The
circadian rhythms of potassium, sodium and water excretion of four
monkeys (mean _t SEM) are plotted during a control day of ad lib
feeding and a day when the am'ma_ls were deprived of food, but were
given free access to water. Despite no dietary intake of pdtassium
and sodium the circadian rhythms in the excretion of these electrolytes
wére unchanged.

Urinary excretory rhythms during acute water deprivation. The

circadian rhythms of potassium, sodium and water excretion of fou.r

monkeys (mean + SEM) are plotted during a control day of ad l:Lb
feeding and drinking followed by a 24 hour period when the water
bottle was removed fram the chair but food remained available ad lib.
The circadian rhythms of potassium and sodium excretion were unaffected
by water deprivation. The amplitude of the circadian rhythm in

water excretion was decreased from 101% to 72;% relative to the

24 hour mean.

The circadian rhythms of urinary potassium, sodium and water excretion
during one control day of ad lib feeding and drinking, 36 hours of
water deprivation and 36 hours with the water supply

returned to the monkey. Despite water excretion rates which ranged
fram 0.6 ml/hr during water deprivation to 12 ml/hr on the day after
the water supply was returned, the circadian rhythm of urinary
potassium excretion remained unchanged. In contrast, the circadian
rhythm of sodium excretion varied markedly in amplitude and a

natriuresis accompanied the high urine flow rates on Day 3.




Figure 8. Urinary excretory rhythms during ad lib and two~hourly (g2h)
feeding. The patterns of urinary potassium, sodium and water
excretion are shown during ad lib feeding (shaded pattern) and in
the same four monkeys during a two-hourly (g2h) feeding regimen.
The rhythm of urinary potassium excretion was uninfluenced by the
change in feeding pattern, but the circadian oscillations of

urinary sodium and water excretion had increased amplitudes.
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Table 1. Average Daily Intakes for Five Monkeys During Control Ad Lib Feeding Schedules

Monkey Pellets* Potassium Sodium Calcium Magnesium Nitrogen
#/day mEqg/day mEq/day mEqg/day mEq/day g/day
A 127 4.78 1.79 6.36 1.73 0.98
B- 172 6.47 2.43 8.62 2.34 1.33
C 200 7.52 2.82 10.02 2.72 1.54
D 114 4.29 1.61 5.71 . 1.55 0.88
E 157 5.90 2.21 7.87 2.14 1.21
Mean 154 5.79 2.17 7.72 2,09  1.19
+ SD +35  +1.30 +0.49 +1.73 +0.47 +0.27

*Each pellet contained 37.6 uEq potassium, 14.1,Eq sodium, 50.1 pic calcium,

13.6 pEq magnesium, and 7.7 mg nitrogen.
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ABSTRACT

The 24-hour pattern of plasma cortisol concentration in four patients
on the day before major elective surgery was compared with that of five |
similarly hospitalized control subjects to study the effect of the expectation
of surgery on the secretion pattern. Using an indwelling venous catheter
which extended outside the patient's room to collect blood samples every
20 minutes for 24 hours, it was found that cortisol was secreted episodically
in both control subjects and presurgical patients. The nychthemeral patterns
of plasma cortisol concentration in the two groups were indistinguishable
for most of the day despite the occurence of intermittent events which
appeared to cause anxiety in the presurgical patients. Hov;rever, between
9 P.M. and 11 P.M., while each presurgical patient was being preoperatively
prepared (body shaving, wash and enema), a major pulse of cortisol secretion
occurred, raising the plasma cortisol concentration to between 6.9-10.5
standard deviations above the control subject mean for that time of day.

We conclude that 1) expectation of a major surgical procedure for
several weeks does not result in chronic activation of the pituitary-
adrenocortical axis, 2) many discrete anxiety-provoking events do not evoke
cortisol secretory episodes, 3) most episodes of cortisol secretion are
part of an endogenous cyclical pattern with a circadian distribution and are
not a direct result of envirommental stimuli, and 4) preoperative preparation
evokes a major cortisol secretory response in patients awaiting surgery.
Whether that release of cortisol is a response to the physical manipulations

or psychological implications of that stimulus is presently unknown.




Anxiety, and particularly the apprehension of personal injury, is
generally considered to be a potent stimulus to ACTH and cortisol secretion
(1-5). Yet attempts to correlate elevations in either plasma cortisol
concentration or urinary 17-hydroxycorticosteroid excretion with psychological-
ly stressful situations (both contrived and real) have often failed to
demonstrate a consistent relationship in man (6-13). Such variability in
the cortisol secretory response to a given situation among and within |
individuals has been explained in several ways. When falling plasma cortisol
concentrations have been observed in the face of apparent stress some investi-
gators have concluded that the psychoendocrine response was being masked by
a concurrent diurnal fall of plasma cortisol concentration (12,13). Other authors
have suggested that personality type was the overriding factor in cortisol
output (14-16) or that increased cortisol secretion was only seen when
an individual's psychological defenses were inadequate to cope with a situation
(7,8,10,17).

While such explanations may yet prove to be valid, another reason for
the lack of a consistent correlation between anxiety-provoking situations and
elevated plasma cortisol concentrations has become apparent from the
demonstration by Weitzman and colleagues that cortisol is secreted episodically
in man (18,19). Their use of frequent (20 minute) plasma sampling has
demonstrated that cortisol secretion is limited to short pulses» with no
themeral pattern of cortisol concentration still demonstrates the p;eviously
reported circadian variation (22-24). This episodic 24~hour pattern of
cortisol secretion explains why attempts to show a precise correlation between
infrequently monitored plasma cortisol concentrations and psychologically

stressful situations have had little success. Accurate definition of any

psychoendocrine response which is superimposed upon a complex, pulsatile
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secretory cycle is simply not possible when only a few blood samples are
taken on each day of study.

One naturally occurring situation which is associated with anxiety is
the prospect of major surgery(25). Patients awaiting elective cardiac surgery
were chosen for this study since most such patients feel that the operation
poses a significant threat which they consent to undertake in the hope of
a successful relief of their symptoms. Consequently, such patients might
be expected to demonstrate a major adrenocortical response (1,2). This
paper reports a study which compared the 24-hour patterns of plasma cortisol
concentration measured at 20 minute intervals in four patients during the
24-hour period just prior to undergoing open-heart surgery with the 24~ﬁour
ocortisol patterns of five control subjects who were similarly hospitalized.

MATERTALS AND METHODS

Control Subjects. Five healthy, normal male subjects (A,B,C,D&E), 21-43

years of age (mean=26.3 years), were studied in the Clinical Research Center
of the Peter Bent Brigham Hospital. Each subject was a personal acquaintance
of one of the authors (C.C.). Normality was established by clinical history,
physical examination and routine clinical biochemical screening. Signed
informed consent was obtained fram each subject.

Each subject received several hours of instruction prior to the
investigation in order to minimize the possible effects of uncertainty
about the experimental procedures (11). For at least one week prior to
the study, each subject kept a daily reocord of their estimated times of
sleep onset and waking. A clinical psychiatrist (Q.R.), interviewed each
subject for between one to three hours. Without prior knowledge of the
endocrine data, he rankea each subject according to manifest display of
emotional responses on a scale from the overt expression of emotionality to

a tendency towards inhibition of emotional responses. This was done in

=
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conformity with studies using similar clinical methods (15,26). On that
scale (overt expression to inhibition) the subjects ranked in the following
order: A,D,E,B,C.

The subjects were admitted to the Clinical Research Center on the day
prior to the study in order to foster adjustment to the hospital environment.
They were provided a normal diet containing 100 mEq potassium and ‘150 mEq
sodium per 24 hours. The subjects were restricted to light activity or
bedrest during the adaptation and experimental days. Lights were switched
out at 11 P.M. and switched on at 7 A.M. daily (ID 16:8).

Venipuncture was perfarmed an each of the control subjects three days
prior to the study in order to reacquaint them with that procedure (27). In
érder that the reported adrenocortical secretory response to intravenous
catheterization (28) would not confound the results of the control studies,
such catheterization was performed at least 12 hours before the 24-hour
blood sampling procedure was begun. A sterile teflon catheter was inserted
into a forearm vein and connected to a 12 foot long section of polyethylene
tubing (1.14 mm ID) which extended out into the hall adjacent to the subject's
room. The tubing was insulated with larger diameter transluscent tubing to
prevent the subject from sensing temperature changes as blood was drawn through
the line. This intravenous line was kept patent with a microdrip infusion
of heparinized saline (500 U sodium heparin and 0.45 g NaCl per 100 ml)
at a rate of 12 ml/hr. Frequent blood samples could thus be obtained from
outside the subject's room without his being aware of ‘the procedure (19).
Blood samples (1.5 ml) were withdrawn fram the extended indwelling catheter
every 20 minutes, starting at 7 A.M. on the day after admission to the
hospital and continuing for the subsequent 25 hour period. The subjects
reported that they slept normally throughout the period of darkness (ﬂll P.M.-

7 AM.).

g e ke G Y S e Do T e L
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The degree of anxiety or apprehension was subjectively assessed
using a 1-5 rating scale (13,29), at twenty minute intervals, fhmughout the
period of the experiment. In.addition, a detailed log was kept of events

which occurred during the day of the experiment.

Presurgical Patients. Four patients age 36-59 (mean=44 years) were studied

during the 24-hour period immediately prior to elective coronary artery bypass
graft surgery. Three patients were men (W,Y& Z2) and one was a waman (X).

They had slept 3 to 8 nights in the hospital just prior to their studies.
Except for a previous history of myocardial infarction in X,Y and Z, and
significant occlusion of one or more coronary arteries as determined by
coronary angiography in all cases, each patient had no other medical abnor-
malities. No patient had any endocrine or metabolic disorder, and specifically
there was no evidence of congestive heart failure, hypertension, hyper- or
hypothyroidism, Cushing's or Addison's disease, or recurrent angina pectoris
although all reported the experience of angina pain on strenous physical
exertion. No episodes of angina occurred at any time during these studies.

One of the patients (Y) had undergone the same operation one year before.

None of the patients were receiving any medication with the following
exceptions: all were given sodium methicillin (Staphcillin, 1 g} prophylacticall'y
at midnight; Y received isosorbide dinitrate (Isordil Tembids, 80 mg/day);

W, X and Y consented to forego the usual preoperative sleep medication,

but Z received glutethimide (Doriden, 0.5 g), a non-barbiturate hypnotic,

at midnight.

All of the patients before cardiac surgery in this study were intellectually
aware of the risks of major cardiac surgery. They each talked about their
fears of the operation repeatedly during the day of study and described them-
selves as anxious.

Blood sampling from outside of the patient's room was accamplished at
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20 minute intervals through an indwelling catheter as described above for the
control subjects, from 6 A.M. on the day before surgery until 7 A.M. on the
day of surgery. For the patient's camfort, the catheter was not placed until
iugt prior to sampling. During the day of the study the patients engaged

in light activity or bedrest similar to that of the normal volunteers. The
degree of anxiety and apprehensicn was estimated as described for the normal
subjects, and a log was kept with particular attention paid to the iiming

of potentially stressful events during the day--such as diagnostic procedures,
venipuncture, etc. -

Plasma Cortisol Assay. After each blood sample had been collected in a heparin-

ized tube it was centrifuged and the plasma aliquot frozen.for subsequent
biochemical assay. The cortisol concentration in each of the 670 plasma
samples drawn in the study was assayed in duplicate using the campetitive
protein binding technique in a modification of the method of Murphy (30) after
Rosenfield et al. (31). The interassay coefficient of variation was 7%.

Presentation of Data. An average time of sleep onset for each subject was

calculated fram his record of the seven nights prior to the study. This
was used as the zero point of the time scale for plotting his cortisol data.

This time of reported mean sleep onset (MSO) for the previous weck was chosen

~as a cammon reference point rather than the actual time of "lights out" on

the night of the experiment because the circadian cortisol secretory pattern
has been shown to persist with unaltered phase for several days after a
phaseshift of the light-dark or sleep-wake cycles (32,33). The actual clock
times of sleep onset and waking on the experimental days are shown in Figures
1 and 3 by downward and upward arrows respectively. »

For purposes of statistical analysis, the 24~hour sleep-wake cycle was
divided into the following 4 phases: Phase I=4 hours before until 2 hours

after MSO, Phase II=2 to 4 hours after MSO, Phase I1I1=4 to 9 hours after



i MSO and Phase IV=15 to 4 hours before MSO. These divisions are similar to

[ those outlined by Weitzman et al.(19), as were the criteria for defining

secretory episodes. Camparisons of the cortisol data between the two experi-

mental groups were made using Student's t test, and linear regression analysis
was used to test for correlations between anxiety ratings and cortisol concen-
tration.

RESULTS

Control Subjects. The pattermns of plasma cortisol concentration for the 24-
| hour study period in the five normal subjects are plotted in Figure 1. The
mean plasma cortisol concentration, range of values, number of secretory
episodes #nd the longest period when the cortisol concentration did not
rise above the mean are presented in Table 1. In each subject the concentra-
tion of cortisol fluctuated widely during the day in a manner suggesting
discrete episodes of cortisol secretion. In the period fram 4 hours before
to 2 hours after mean sleep onset (MSO) there were no secretory pulses which
' ' rose above the 24-hour mean level in the normal subjects. This dormant
. ind reqularly ended between 2 and 3 hours after MSO, with the initiation
oO. a series of major secretory pulses which continued throughout the remainder
of the slezp period. Maximum concentrations were reached about 7 hours after
MSO. A fall in plasma cortisol concentration was then seen in 4 out of the
5 subjects during the morning (16 to 13 hours before MSO). During the
middle of the day, several secretory pulses were observed in each subject;
none of these reached the values observed during the late sleep period. Day-
time ratings of anxiety in these control subjects rarely rose above 2 on a scale
éf 1 low to 5 high. No incidents occurred which produced significant affective
response; even mild apprehension about events in the environment was rare. The
i plasma concentration of cortisol was not significantly correlated with anxiety .ratings
in the twenty minutes immediately before blood sampling in the control subjects
(p > .05). There was also no significant rank-order correlation between
the mean plasma cortisol concentration (Table 1) and the psychiatric rating

: of these subjects on the scale of manifest display of emotional responses. '
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Figure 2 shows the mean pattern of plasma cortisol concentratioh in
the 5 normal subjects. The circadian variation is readily apparent (at the
experse of obscuring the pulsatile nature of the se:cretion) with a maximum
plasma cortisol concentration of 16.9 + 3.9 /ug/loo ml (mean + SD) at 7 hours
after MSO and a minimum level of 1.0 + 1.8/1Ag/100 ml aﬁ 1 hour after MsO.
Thus, although cortisol was secreted episodically, the average pattern of
this group of individuals demonstrated a circadian rhythm.

Presurgical Patients. The pattemns of plasma cortisol concentration in the

four preoperative cardiac surgery patients are shown in Figure 3. Super-
J.mposed on each individual pattern is the mean pattern (+ SD) of the normal
subjects (from Figure 2). For most of the day the patterns of plasma
cortisol concentration in the preoperative patients were very similar to those
seen in the nommal subjects, with a similar number of secretory episodes
(Table 1). However, in Phase I, coincident with preéperative preparation
(consisting of a complete chest, abdamen and leg shaving, antiseptic wash
and enema--indicated in Figure 3 by a black bar with an "E" at the time of
the enema) each patient had a major ;*DiSDde of cortisol secretion. Plasma
cortisol concentration reached values that were between 6.9 and 10.5 standard
deviations above the mean level for the control subjects at the corresponding
time of day. The mean concentration for the presurgical patients during
Phase I (7.1 9/100 nl) vas 3.7 times higher (p € .001) than that of the
normal subjects (1.9 ) §9/100 ml) (Table 2). The difference in Phase I
maximum concentrations (16.4 vs. 4.0 /Lg/lOO ml) was also highly significant
(p €.001), as was the difference between the two groups in the length of the
dormant period (p < .001) (Table 1).

The elevations in plasma cortisol concentration coincident with pre-

operative preparation appeared to represent a discrete pulse of cortisol
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secretion followed by a period of several hours with no further cortisol
secretory pulses while the plasma concentration fell. The secretory pulse
associated with preoperative preparation occurred during the period of the
day when cortisol secretion was at a minimum in the control subjects.

It is difficult to separate out the influence of the different samponents
of the presurgical preparation. For-example, in one pctient (W), the cortisol
secretory episode associated with preoperative preparation preceeded the
enema, whereas in the other patients the enema either just preceeded, or
was coincident with the puise of secretion. While a secretory episode always
began during the period of preparation, no single camponent of that pre-
operative preparation (shaving, enema or antiseptic wash) showed a consistent
temporal relationship with the timing of the secretory response.

Another major pulse of cortisol secretion appeared to be associated in
patient X with the preoperative teaching procedure (shown by a "T" in
Figure 3) in which the patient was instructed about the intensive care
situation in which she would awaken after the operation. However, patients
W and 7 also experienced a similar preoperative teaching procedure and no
major pulse of cortisol secretion immedistely followed in either case, al-
though patient W, who had that experience earlier in the day, did have a minor
pulse afterward. Patient Y received no preoperative teaching because he
had previously undergone }the same operation a year earlier. It is interesting
to note that he had the smallest peak of cortisol secretion in response to the
preoperative shaving procedure.

Other pulses of cortisol secretion which occurred during the day could

not be relatedconsistently to potentially stressful events. For example,

the insertion or reinsertion of an intravenous catheter (for this study or
for laboratory tests which were performed on the patients--indicated in

the Figures by the letters "IV") was occasionally, but not consistently,
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followed by a pulse of cortisol secretion, but such pulses were unremarkable
since cortisol concentration in those cases never rose above 2 standard deviations
framn the control subject mean. Similarly, times of high anxiety ratings
could sametimes, but not consistently, be related to secretory episodes and
no significant correlation could be detected between anxiety rating and
plasma cortisol concentration (p ).05). Secretory episodes of similar
magnitude and timing often occurred in both the control subjects and presurgical
patients with no apparent psychogenic stimulus. In fact, inspection of the
paﬂ:ems either visually (Figures 1 and 3) or by phase statistics (Table 2)
shows that the patterns of the presurgical patients were indistinguishable
from those of the controls at all times except during preoperative prepé.ration.
DISCUSSION

The twenty minute sampling procedure revealed an episodic 24-hour
cortisol secretory pattern in both the control subjects and presurgical
patients. The 24-hour patterns in the control subjects were consistent with
previously published patterns of fréquent plasma cortisol measurements in
normal subjects (18-20,34,35).

The pattern of plasma cortisol concentration in the presurgical patients
remained within the limits established for the normmal controls for most of
the preoperative day. This was in spite of (1) the mean age differences
which existed between the two groups; (2) the fact that those in the control
group vrére personal acquaintances of one of the authors whereas the presurgical
patients were not; (3) differences in the time of catheter placement between
the two groups; (4) the few medications noted in the methods section that
were taken by the presurgical patients, but not the control subjects; and
(5) most importantly, the many incidents during the presdrgical studies which
provoked overt and often verbal expressions of \apprehension and anxiety

relating to the patient's upcoming surgery. Furthermore, these patients who
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had been facing the threat of the operation for same weeks did not have the
kind of psychoendocrine activation of the adrenocortical axis which Sachar
et al. have demonstrated in depressed patients (29). The presurgical patients
neither had markedly elevated plasma cortisol concentrations throughout the
day nor an increased number of daily secretory episodes (Table 1). This
suggests that neither the discrete emotional stresses associated with the
immediate presurgit’:al situatior_x_ not the longer term anticipation of upcoming
surgery resulted in hyperactivation of the hypothalamo-pituitary-adrenocortical
axis. Most episodes of secretion that were observed in both the normal
subjects and the presurgical patients could not be reliably correlated with
envirommental stimuli. These findings thus support the concept that even
during the waking period, the episodic pattern of plasma cortisol concentration
is part of an endogenous cyclical functioning of the pituitary-adrenocortical
axis rather than a series of responses to intermittent environmental stimuli (19).
In contrast, there was a single event during the late evening that
was consistently related to a major pulse of cortisol secretion in the
presurgical patients. Preoperative preparation, which consisted of camplete
chest, abdomen and leg shaving, antiseptic wash, and an enema, induced a
major pulse of cortisol secretion which raised the cortisol concentration
between 6.9 and 10.5 standard deviations above the control subject mean
values for that time of day. This response ofk the pituitary-adrenocortical
axis occurred at whatever time in the evening each patient was preoperatively
prepared. It therefore appears to have been induced by either the psychological
or physiological camponents of that ccmpleﬁc stimulus, since none of the
differences between the two subject groups which were noted in the preceeding
paragraph oould account for such a temporally related change in cortisol
secretion.

It is possible that on the evening before open-heart surgery, body shaving
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could provoke the acute focusing of diffuse and unconscious anxieties about
an approaching surgical procedure, thus seriously challenging and perhaps
temporarily overwhelming a patient's psychological defenses by confronting
him with the reality and the immediacy of his forthooming operation. This
explanation would be consistent with previous abservations on the parents of
fatally-ill children during an acute challenge to psychological defenses (8).
Alternatively, the preoperative preparation could act as a physiological
stimilus since considerable non-specific sensory stimulation was involved
although previous work has suggested that other late evening sensory stimuli
do not always result in an increase in cortisol secretion (36). In either
event, it would appear that while the normal pattern of episodic cortisol
secretion is generated by an endogenocus mechanism, additional secretory
episodes can be specifically induced by episodes of stress.

The present study has shown that secretory episodes induced by
envirormental events during periods of normally mmnnal cortisol secretion
can result in considerable disruption of the ﬁnoz:mai circadian distribution
of plasma cortisol pulses. This finding may provide an explanation for
the occurence of circadian rhythm internal desynchronization in monkeys
subjected to various stressors (37), and human subjects with a high
neurcticism index who are placed in isolation (38). Moore Ede (39) has
recently demonstrated thét the circadian rhythm of plasma cortisol concen-
tration plays an essential role in synchronizing circadian rhythms of
electrolyte metabolism with the circadian rest-activity cycle. Wwhen the
plasma cortisol circadian rhythm is eliminated by the continuous infusion
of replacement corticosteroids in adrenalectamized human or animal subjects,
ciréadian rhythms such as renal potassium excretion become desynchronized
from the rest-activity cycle, and oscillate with their own free-running
period. Environmentally-induced stresses which cause the circadian distribution

of secretory episodes to approach a continuous series of secretory cpisodes



thus might cause the loss of the synchronizing cue normally provided by

the plasma cortisol circadian rhythm. 1In this situation, those circadian

oscillations in physiological variables which are normally synchronized by the -

plasma cortisol rhythm would begin to free-run, while other variables
with circadian rhythms which are not dependent on the plasma cortisol rhythm
would remain normally synchronized with environmental time cues. This
postulated mechanism for the initiation of circadian internal desynchronization
clearly requires further experimental test, but it is possible that this
may be an important process in the pathophysiology of stress.

Another important conclusion fram the present study is that frequent
blood sémpling for at least 24 hours must be used to define the influence
of environmental variables on the pituitary-adrenal axis. The late evening
pulses of secretion demonstrated herein would probably have been overlooked
if samples had been taken infrequently or over limited periods of time. This
explains why earlier studies of plasma cortisol cono'entration measured once
or twice daily in presurgical patients (40-42) yielded inconsistent results.
In the present study, the 8 AM mean cortisol concentration in our four
preoperative patients was 11.6/A~g/100 ml (range 8.4 to 16.2), whereas the
8 AM mean of the normal volunteers was 14.0/4g/100 ml (range 10.5 to 18.0)--
statistics which fail to reflect the consistent differences which did exist
between the two groups at a later time of day. Similarly, the 24-hour
mean plasma cortisol levels did not indicate the differences between the two
groups. Furthermore, it is clear that adequate axﬁlysis of the results of
such frequent blood sampling must include statistical camparisons with a
true control group at corresponding times of day; failure to do so adequately
in an earlier study of multiply-sampled presurgical patients by Wise et al.
led them to overlook the consistent and significant changes demonstrated in
our study, which also, in retrospect, appear to have occurred in their patients

bafore surgery {43).
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In summary, in this study it has been possible to clarify the influence
of envirammental stimuli on the 24-hour seb.retion pattern of plasma cortisol
by using the multiple frequent blood sampling technique. We have shown that
the circadian pattern of plasma cortisol concentration consists of a sequence
of episodic pulses which are normally unrelated to specific environmental
stimuli, even in a situation in which there wers many anxiety provoking events.
However, major secretory pulses can reliably be superimposed on the endogenous
cyclical pattern by certain acute envirommental stimuli, such as preoperative

surgical preparation.




Table 1. Analysis of plasma cortisol pattemns over a full 24-hour period.

Minimum Maximum Length of
. Mean cortisol cortisol conc cortisol conc # Secretory quiescent
Subjects conc (M g/100 ml) (Ag/100 ml) (4g/100 ml) episddes period (hours)
A 6.1 + 4.2 0.2 17.3 7 9.0
B 6.3 + 4.9 0.0 13.9 7 8.9
C 8.3 + 4.5 0.4 21.5 5 9.3
D 7.2 + 4.8 0.0 18.6 7 9.0
E 8.1 + 5.8 0.0 18.0 7 9.7
Mean 7.2 +1.0 0.1t 0.2 17.9+% 2.7 + 0.9 9.2 + 0.3
w 9.6 + 4.7 2.1 20.5 7 7.3
X 9.8 + 4.4 4.6 27.2 7 4.7
Y* 7.9 3.1 16.0 7 4.7
© 2 7.9 + 3.4 0.0 16.8 8 3.3
Mean 8.8 + 1.0 2.5}‘ 2.3 20.1% 5.1 + 0.5 5.0 + 1.7
p value NS <€.05 NS NS <.001

*Samples could not be collected for three hours (fram 3 to 6 hours after MSO in subject Y; his

values in this table are therefore based on the remaining 61 determinations.

NS-not significant (p» .05)
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Table 2. Analysis of cortisol concentration (pg/100 ml) during each phase of the 24-hour cycle.
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+ See footnote about missing samples for "Y" in Table 1.

*Hours before and after mean sleep onset (MSO).

NS=not significant (p?Y .05)




Figure 1.

FIGURE LEGENDS

24-hour plasma cortisol concentration patterns in five control
subjects. Time of mean sleep onset during the preceding week is
shown as zero hours on the time scale. The actual time of lights
out and lights on of the experimental day are shown by downward
and upward arrows, respectively, along with the clock (E.D.T.)

time at those points.

Figure 2. Mean and standard deviation of plasma cortisol concentration at

Figure 3.

20 minute intervals for a 24-hour period in five control subjects.

24-hour plasma cortisol concentration patterns in four patients

on the day prior to elective coronary artery bypass graft surgery
superimposed over the mean pattern (+ SD) from the control subjects
(of Figure 2). Time of mean sleep onset is used as the cammon
time reference, as in Figure 1; the times of iights out and waking
are also similarly indicated. Symbols beneath each graph indicate
the time when certain events occurred: "IV"-insertion of an
intravenous catheter; "T"-preoperative teaching, which involved
instruction designed to acquaint patients with what they should
expect after surgery. The time of presurgical preparation is in-
dicated by a horizontal bar, with the letter "E" specifically

denoting the time of the preoperative enema.
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ABSTRACT

Three models of the organization of the circadian timing system in
multicellular animals are presented. Each can account for the bbserved
internal synchronization of the various circadian rhythms within ‘the
organism and each is also compatible with the known responses of circadian
systems to ﬁanipulations‘of environmental time cues. One is é single’
oscillator system (Model I) while the other two are multioscillator systems
arranged in-a hierarchical (Model II) or non-hierarchical (Moqel III)
manner. Experiﬁents which test the predictions of tpe different models
aré reviewed. ThéQe indicate that the circadian timing éystem in mam@als
is organized as é multioscillafor systen with oscillating concen;rations of
chemical mediators (mervous or endocrine) in:ernaliy synchronizing the
various potentially—independént oscillators by an entrainment mechanism.
However, as yet, there is insufficient evidence toliédica;e whethe; the
oscillators are ar;anged wiéh a predominantly hieratdhicai (Model II) or
non-hierarchical (Model III) organization.
Key Words: Circadian rhyﬁhms, inggrnal synchronization, models, biological

oscillators, nervous and endocrine mediators




Circadian rhythms in biological variables are one outward manifestation
of an important evolutiongry adaptation to life on a rotating planet: the
abiiity to measure time. This capability enables organisms to predict the
major changes in environhental conditions, and the consequent alterations in
food supply énd predator activity, which ;ccur with a 24 hour periodicity
because of the exith's rotation (9). Thus, for example, adaptive physiological
and behavioral reﬁponses'which may take several hours to be activated can be
initiated in advance of the predicted eqvironmental challenge, or events
where timing may be critical for survivai sucg as emérgenceiin flies, can
be timed to occur at the point of‘maximu& environmental advantage (23).

There is now consiaerable evidence to indicate that such circadiaq
time measurement is the product of ;n'oscilléting System within the oéganism
(25,15). ‘Tﬁe responses of this oscillating system to manipulations in

. environmenﬁal time cues are now well established (24,3), but current knowledge
of the anatomical and physiological organization of'the circadian timing
system within advanced multicellular organisms such as mammalé'ié still
very limited. V

In moét studies of the responses of the circadian timing system to environ-
mental periodicities the assumption has been made that the systeﬁ acts as a
single selﬁ-sustained oscillatof and that an endogenous circadian rhythm Vi
in any single physiological variable may be used as a marker for the
reéponse of the system. Thus, the response of only one variable, such as
the rest-activity rhythm (3), has often been used in attempts7to define
the properties of the oscillating system.

This assumption has usually been accepted because in most steady-
state situations within an individual subject the various oscillating
physiological variables with a circadian period are "internally synchron-
ized" with one another. This meahs that they demonstrate identical periods

~and stable phase'relationships as if they were generated by a single oscillagbr.
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For example, in Figure 1 the phase-relationships of the circadian rhythms of @2
urinary potassium excretion and body temperature are plotted for one human
subﬁect vho was entfained-by a normal 24-hour environmental regimen (26) and.
for another subject who was demonstrating free-running rhythms fn the absence
of environmental time cues (5). In both subjects the various circadian
rhytﬁms which wefe moﬁitored under a given set of environmental conditions
demonstrated identical periods and stable phase relationships.

‘Mills has suggested (17,18) that the phenomenon of internal syndhron-
ization implies that the c1rcadian timing system consists of a single self-
sustained oécillato£ﬁand that circadian rhythm= represent passive responses
of physiologiéal'systems to an oscillating driving'force transmitted f;om
the driving oscillator, o; "ecircadian clock". However, it is not necessary
to concludg that tﬁere is only one osciliator; A multioscillator éystém
would alse be compéiiﬂle witﬁ the observed properties of the circadian
system provided that the various oscillators were coupled with one another
éo that i;ternal synchronization was maintained. It is the purpose of
this paper to review.th:ee altérnative models of the ciréadian timing system
which can account for the phenomenon of internal synchrpnization while
at the same time being compatible with the knowm responses of circadian
systems in multicellular animals to manipulations 6f envirommental time

cues.

- ALTERNATIVE MODELS OF THE CIRCADIAN TIMING SYSTEM

Three models of the circadian timing system are presented in Figure 2.
Minor variants of these models, or combinations of their features are also fig
possible, but the models presented here emphasize the contrasts between certain
possible organizationsrof the circadian system. 4

ﬁodel.l, which has been. proposed by Mills (17,18) but has been assumeé
in many other investigations of the circadian timing system; consists of

a network of cellular systems (A,B,C,...,etc.) which passively oscillate as




a forced response to a single self-sustained driving oscillator (D.0.).
Where these cellular units are non~-contiguous in a multicellular animal,
the model requires that oscillating levels of physical or chemical mediators

be postulated (a,b,c,...,etc.), with the period of D.0. but not necessarily

the same phase. These mediating systems, which would presumably be nervous
(neurotransmitter release)‘or endocrine (hormonal concentiation), would
transnit the forced osnillating response to D.0. to the Qgrious passively responding
cellular units. The entire circadian system nould be entrained by ennirOnT
. mental time cues via exteroceptive sensory inputs tn the driving o;cillator.
Model II describes a network of cellulaf units which are each themselves

self—sustained oscillators, able to maintain oscillations with anAindpendent
period in the absence nf periodic 1nput§; One oscillator (D.O.)'acts ;s
a pacémaker and 15 entrained by externceptive sensory innuts‘from environmental
time cues. ‘As in Model I it is necessary to postuiate oscillating nervous
or endocrine mediators which maintain synchronizat;qnvwithin the
animal. However, the mediators in this model actively entrain.the selff
Sustained‘cellulnr nscillators in a manner similar to the entrainment of the
ofganismls circadian system by cyclesaof'environmental illumination (3).

“Model IIX ;1s§ describes a multioscillator model but jn.this case no
one oscillator consistently acts as a pacemaker. Instead the various 'y
exteroceptive;sensofy inputs entraia different oécillators@ Internal |
synchronizafign,witnin the system is_maintained by the positive and negative
‘feedback action of‘mediators (a,b,c,...,etc.) on the separate oscillating
units (A,B,C,...,etc.). As in Model IX, the mediators synchronize the
oscillators by active entrainment. .

SINGLE OR MULTIOSCILLATOR SYSTEM?

There are several ways in which it is possible to differentiate between

WAL L b e

the single oscillator system (Model I) and a multiple oscillator system

(Models II or II;); The evidence is strongly suggestive that the circadian

g2

timing function is a product of a multioscillator system.
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A. Spontaneous Internal Desynchronization. There are two main
situations in which internal desynchronization between different circadian
rhythms in the same animal have been observerl. Firstly, in both experimental
aniaxals and man, rhythms in certain physiological variables take longer to
resynchronize after a phaseshift of the environmental light-dark cycle
than do others (10,12,14), sothat the various monitored circadian rhythms

demonstrate different tran51ent periods and altered phase relationships

. during resynchronization and ‘henée are temporarily intemally desynchronized.

Seé¢ondly, Aschoff and his colleagues (5) have demonstrated that while internal
synchronization is normally observed between a widebvariety of circadian

rhythmic functions in men studied under constant isolation conditions with

no time cues, 15% of their subjectsA demonstrate spontaneous internal de-
synchronization Vith the different rhythmic variables oscillating with

independent free-running periods within the same subject. An example of = -

this phenomenon is illustrated in Figure 3. In this subject the circadian
rhythms 6f rest-activity and urinary calcium excretion spontaneously began -

to oscillate with a period of 32.6 hours while the rhythm of body temperature,
urinary potassium ‘and water excretion continued to oscillate with a period

of 24.7 hours. l‘hus > the circadian rhythms in these two groups .of variables

became spontaneously deeync‘nronize& from one auother. These demonstrations "
of internal desynchronization between the circadian rhythms within an organism
are incompatible with a single oscillator model but would be predicted by

a mode], such as II or III in Figure 2, to occur whenever the coupling
information between individual oscillators was lost.

B. Mode of Synchronization by Chemical Mediaturs. Both the single

oscillator system and the multiple oscillator systems require the postulation
' that there are oscillating concentrations of chemical mediators which
synchronize the potentially-independent oscillators in non-contiginus

tissues. However, the characteristics of the med}iatiog process in Model I
"ry

differs considerably from that which would be predicted in Models II and III, R &



and this offexs a critical test between the models.

Model I as defined by Mills (17,18) predicts that the oscillating
chemical output "e" of cell unit "E", whicli is forced by the os;illation "p"
will have the following characteristics: 1) that a change in the level of
"b" must induce an equivalent change in "e" at any time in the 24-hour day;
2) that "e" must cease to oscillate if "b?vis maintained at a constant
level; ;) phaseshiftiﬁg "b" will produce an eéual.and immediate phaseshift
in "e"; 4) the normal variations in "b" over ;he course of theé 24 hour day
must be app#opriaéelj large to induce the .circadiam 'variation’in. "e".

‘In contrast, Mbdels‘II or III would predict that: i) changes in the

level of "b" will have varigble effects on "E" (aﬁd, hence, "e"f depending

on the circadian phase of the changé (i.é., thére.wili be a chatacteristic
ﬁh;se—respons; funétion); 2) if "b" is maintained at a constant level,
oscillator‘"E"-will yield 5 free-running rhythm in "e" whith'is'ho longer'sinchionize
to other circadian rhythms; 3) a phaseshift in "b" will result in a’ phase- |
shift in "e" but only after a tr;;sieﬁt fesponse; 4) the normal daily

vafiationsiin "b" will not neéessari}y be of'é'size sufficient to passively

induce variations in the level of "e".

To examine these predictions of the single oscillator and multioscillator

modzls, we have studied the process by which,the circadian rhythm in plasma Ty
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cortisol concentration synchronizes the circadian rhythm of urinary _

pbtassium excretion .in the squirrel monkey (Saimiri SCiureué)(ZO,Zl). In

adtenaleétomized, chair-acclimatized squirrel.monkeyé maintained in isolation

if was demonstrated that a phaseshift.in the time of administration of
physiological doses of cortisol resulted in a phaseshift of the rhythm of

uiinary potassium excretion (Figure 4). Thus, the plasma cortisol rhythm F&g Z}
appeared to be the dominant synchronizer of the urinary potassium rhythm in

this animal. However, it can be seen that the phase of the urinary potassium

:
k.
§
b

rhythm did not immediately reset to the new phase of the piasma cortisol
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rhythm. Instead, there was a transient period while'the urinary potassium
rhythm resynchronized slowly over approximately 5 days. This finding
suggests that the rhythm in urinary potassium excretion does not
passively follow | the oscillations in plasma cortisol concentration,
but instead is genérated by a system which is capdblo of oscillating
spontaneously, although normally‘activelyf:entrained by the cortisol cir~
cadiao:thythm:’ |

| To examine thio question further a bolus of 15 mg cortisol was given

between 20 00 and 23.00 hr to squirrel monkeys with intact adrenal glands

(Figure 5). This dose, which was sufficiént to raise the plésxpa cortisol @

concentration to a level comparable or higher than the normal morning
maximum of plasma cortisol concentratlon, did not induce 'a second elevation
in urinary potassium excretion on the day of treatment. This again ‘would

indicate that the oscillation in urinary potassium excretion does not

passively respond to the daily fluctuations in plasma cortisol concentration;.‘

The final critical test ﬁas-to eliminate all circadian oscillations in

the mediator. In ?igure'G the circadian rhythus of'uginary'pofassium ' (E%::}§>

excretion for three adrenalectomized monkeys are plotted during two control
days of cortisol and aldosterone treatment at 08.00 hr daily and then for

up to 7 daYs of infusion of the same 24 hour dose of corticol

and aldosterone, continuously administered,througﬁout day end night. According

to Model I this should result in the elimination of the urinary potassium

rhythm, but according to Models II and III this would result in the ap-
pearance of a free-running oscillation -in orinary potassihm'excretion. In ’
oéch'of these gnimals urinary potassiuﬁ excretion continued to oscillate
ﬁith an independent period which Qas‘clearly different from 24 hours.
Fourier analysis has demonstrated this free-running period is always shorter
than 24 hours; fof example, in monke& E this period was approximately 14

hours. L



Tuese studies indicated that the circadian rhythm of urinary potassium
excretion appears to be generated by a potentially-independent self-sustained
oscillator which is synchronized with the light-dark cycle and with other
oscillators within the animgl through entrainment by the circadian rhythm
in plasma cortisol concenﬁration. These results Qere not compatible with
a single oscillator system proposed in ﬁodel I and were instead suggestive
of a multiple oscillatof systém as outlined in Models II and III.

:

C. Isolation of Circadian Os¢illators in Vitro. If there are circadian

oscillators in peripheral tissues which are oiganized in the manherfsuggested
in Hodelé IT or IXII, then it should Se possible to demonstrate freé-runging
circadian oscillations in Eissues maintained ig_giggg,. This has now been
achieved by several investigators; For exampie, free-running rhythmstﬁave‘~
been demonstrated in vitro in isolated adrénal élands (1;29);,éardiéc muséle’
t31) and lfver (27). 1In Figure 7, tﬁe circadian rhythm of Qérticost;roid . ?% 77 |
secretion by isolated hamster adrenal glands ig.xiggg_maintéined under constant
levels of ACIH is shown.. In the lower two panels of Figure 7 it can be seen
thﬁt the rhythm can be phaseshifted-by a fulse of ACTH when it is a#plied

at certain phases pf'the circadian cycle but not when applied at others.

This is'suggestive of a‘phase—response relationship of the adrenal cortex

" to ACTH administration. This would be predicted'as a general feature of ya

the entrainment of any self-sustained oscillator and has been demonstrated‘
for the response of circadian oscillatory systems:to manipulat;ons of
environmental lighting regimens (3).

HIERARCHICAL OR NON-HIERARCHICAL SYSTEM?

The evidence presented in the previous section indicates that the
circadian timing system is a.multioscillatorfsystem, as depicted in Models
II or III, rather than a single oscillator system as described.’ in Model I.
ﬁnfortunately, only limited evidence is availablerwhich can help us differen-

tiate between Models II and III.




The essential difference between Model II and Médél ITI is that the
former is a hierarchical system with a single oscillator, or synehronous
group of oscillators in a single anatomical location, acting as a pacemaker
to the system, whereas the latter has no such single pacemaker and instead
relies on‘the mutual synchronization of a number of self-sustained oscillating
systems, in various anatomical locations which determine the timing of the
circadian system within the organism.

One testable prediction, which would differentiate between Models II-
and III, is that the h1erarchica1 model (II) requires that all exteroceptive
sensory inputs from environmental time cues be routed through the driving
oscillator. The period and phase of the driving oscillator, which would
thus be 1nfluenced by external time cues, would then determine the period
and phase of the other spontaneous oscillators within the animal. In Médel
III, however, the various exteroceptive inputs would entrain separate oscil—
lators within the organism. Thus, it should be possible, if Model III were
cotrect, to entrain different oscillators, by seperate time cues,‘sudh:as.
the environmental rhythms in illumination (24), temoerature (28), soundv(16),
social cues (4), or food auailability (225. If this'were so, then the
individual oscillators'might be manimulated separately by controlling the
phase and period of the different environmental cues. The- effectiveness
of this approach would depend%oh'the strength ot the eoupling between
environmental cycles and internal oséillators, versus the strength of the
mutual coupling between'the various internal oscillators.

There isbyet little evidence to indicate whether separete oscillators
within an orgenism can_ be entrained by differemt‘time cues. Experiments
where the coupling influences of more than one environmental time cue (such
as environmental temperature and lighting cycles) have been examined have
usually only monitored one rhythmic variable within the organism (8). Where

rhythms in several variables have been monitored simultaneously there is
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some evidence that the phase of certain circadian rhythms are synchronized

by one zeitgeber (such as the rhythm of corneal mitosis by the light-dark
cycle) while other circadian rhythms within the same animal are synchronized
by another.(such as the circadian rhythm of serum corticosterone by the
feeding regimen) (22). However, in such studies it has not been demonstrated
how much of the "synchronization" is a passive response andihow'much is due
to entrainment by an exogenous zeitgeber.' It will be necessary to demonstrate
‘that the new phase-relationships of the separately-synchronized variables

persist for at least several ‘cycles after the periodicities in the individual

zeitgebers are eliminated

Another approach to the differentiation between Models II and IIX is to
attempt to 1dentify the driving oscillator (0.0.), or "pacemaker which
Model II requires. Several investigators have tried to locate central
nervous system.oscillators‘which'control an‘animal's circadian rhythms (6,
7,11,13,19,30). However, usually only one or two .rhythmic variables have
been monitored simultaneously and attempts have not been made to investigate
whether internal desynchronization occurs between the various oscillating
systens in the animal after lesions are placed. It is possible that studies,
such as those of Stephan and Zucker (30), which demonstrated that supra-
dhiasmatic lesions in rats cause the loss of the.restjactivity rhythm, .
may have located.the sitelof the oscillators which control only the '
circadian rhythms in rest and -activity. More elaborate studies will have
to be done before the presence or absence of a driving oscillator can be
asserted with any certainty.

In conclusion, although a single oscillator system may be ruled out,
it is not possible with currently available evidence to differentiate
between the alternatate multios¢illator systems described in Models II and
III. Direct studies must be designed to answer this question. In addition,
‘the localization and characterization of the individual oscillators within

.

the organism must be accomplished before the morphology and physiology of
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Figure 1

- Figure 2

Figure 3

Figure 4

FIGURE LEGENDS

The cummulative phaseshifts of the circadian rhythms in body temperature-and
u;inary potassium excretion in a) a normal human subject demonstrating
free-—running circadian rhythms (e, &) vwhile isolated from environmental time
cues, and b) a normal subject studied while synchronized to a 24-hour environ—-
mental cycle (o,A). Replotted data from Aschoff (5) and Reinberg (26) with
permission. | |

Three alternative models of the mammalian circadian timing system. The

‘symbol &J represents an active cellular unit capable of maintaining a self-

sustained oscillation with its own 1ndependent period- o represents a cellular
unit that responds passively to an oscillating driving force, -~ indicates

the oscillating concentration of a chemical mediator; —-=> indicates the

- entrainment of a self-sustained oscillator by a'phase—résponse mechanism;

and —> is the direction of flow of passive responses to ;an oscillating
driiring force. Model I is therefore a single oscililator system whereas the
éther models are multioscillator systems arranged in a hierarchical (Model II)

or non-hierarchical (Model III) manner.

Internal 'desynchronization of the circadian rhythms of a human subject studied -

in the absence of environmental time cues. From Day 3 the timing of the

activity rhythm (black bar) and the maxima of the rhythm of urinary calcium

excretion (&) demonstrated a spontanecusly free-running period of 32.6 hours, |

whereas the maxima of the rhythms of bc.ydy‘temperature. (e), urinarty potassium
excretion (o) and urinary ‘watﬁer excretion (x) demonstrated a 24.7 hour period.
From Aschoff (2) with permission; copyright 1965 by the Ameri.can Association
for the Advancement of Science.

Phaseshifts of the rhythms of urinary potassium exgretion (solid line) and
feeding (interrupted line) in respoﬁse to aun eight-hour ﬁhase—delay of the |
time of cort‘isol. administration in adrenalectomized squirrel monkeys. The‘

light—-dark cycle phasé~was kept unchanged throughout the experiment. ALl
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Figure 6

. Figure 7

animals continued to feed with a rhythm synchronized to the light-dark cycle,
but thé rhythm of urinary potassium excretion resynchronized with the new
phase of cortisol administtation.

Mean + SEM response of urinary potassium excretion in four intact squirrel
monkeys to the administration of 15 mg cortisol between 20.00 ahd 23.00

hrs on Day 2. No second peak in u<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>