Temporal Precision in Circadian Systems:

A Reliable Neuronal Clock from Unreliable Components?

Abstract. Mutual coupling among oscillators of an ensemble has been proposed to
explain the precision of some circadian rhythms. Reciprocal triggering is one of the
most familiar forms of mutual coupling in nervous systems, but it can at best produce
only modest improvement in temporal precision. Nevertheless, models with an ele-
mentary elaboration of such coupling show that circadian precision could be derived
from oscillators that are intrinsically “‘sloppy’’; sufficient conditions are that output
of the individual components be summed and that mutual triggering be mediated by
a nonlinear phenomenon, such as a threshold.

Circadian rhythms of higher verte-
brates exhibit remarkable temporal pre-
cision. Cycle-to-cycle variability in peri-
od of the free-running rhythm of a bird or
a rodent under constant conditions is of-
ten on the order of 3 to 5 minutes (stan-
dard deviation), that is, 1 part in 300 to 1
part in 500. Such reproducibility con-
trasts with the behavior of most other
unsynchronized biological rhythms. In
systems as diverse as single spontane-
ously firing neurons (/), the human men-
strual cycle, the chirping of crickets, or
the heartbeat of sleeping subjects (2),
even when the rhythms seem to be quite
regular, cycle-to-cycle variation is typi-
cally on the order of 1 part in 10 to 1 part
in 50. Precision greater than circadian
performances has been reported only
from one highly specialized biological
rhythm: the high-frequency electric-or-
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gan discharge patterns of certain gymno-
toid and gymnarchid fish. Cycle-to-cycle
variability of as little as 1 part in 8000 has
been observed in the discharge patterns
over intervals of a few seconds (3), and
hour-to-hour and day-to-day reproduc-
ibility of mean frequency is also impres-
sive (commonly only 1 or 2 percent).
The cycle-to-cycle reliability of the
high-frequency discharges of electric
fish is clearly superior to that of cir-
cadian systems, but in view of the time
scale involved, circadian precision re-
mains an astonishing phenomenon. It is
conceivable that intense natural selection
has led to the evolution of extremely pre-
cise oscillators in the form of specialized
single cells in the nervous or hormonal
system, but such an ad hoc explanation
has apparently never been invoked for
circadian rhythms. The only alternative
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Fig. 1. Properties of a class of
models describing an ensemble of
pacemakers that interact by recip-
rocal triggering. (A) Schematic il-
lustration of the stochastic behav-
ior of the individual pacemaker.
The several related models de-
scribed in (7) differ only in the for-
mulation chosen for R(z). (B) Re-
lation between standard deviation
of intervals between events and
standard deviation of gaussian
noise, o of n(t), derived from sim-
ulations with the model in (A);
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values of 50 for R(0), 0 for E, and
—1 for the slope of R(t) were
used. Horizontal bars represent
estimates from 1000 simulated in-

tervals; vertical lines indicate range of values from ten subsamples of 100 intervals each. The
most accurate line to the data would have slightly lower slope than that dictated by direct
proportionality between variables. (C) Comparison of the theoretical distribution of max[n(t)]
for N = 25 with a gaussian approximation which has a mean of 20" and standard deviation of

a/2.
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proposed ¢, 5) is that coupling within a
large ensemble of circadian oscillators,
presumably single cells, might produce
whole-animal precision far greater than
that of any single cellular pacemaker.
This hypothesis is intuitively appealing
since mutual coupling suggests the pos-
sibility that errors in the performance of
the single elements could ‘‘average out.”
Beyond such qualitative reasoning, the
ergodic theorems of Von Neumann (6)
and Birkhoff (6) have been invoked. That
body of theory demonstrates that the
‘“‘time average’’ for a single element over
a sufficiently long time can be replaced
by an ‘‘ensemble average’’ over many
similar elements (6). This means that the
average instantaneous frequency of a set
of equivalent oscillators that are station-
ary and independent is equivalent to
the average frequency of a single such
oscillator over time. Noting that some
kinds of mutual coupling among oscilla-
tors with different average frequencies
can reduce variability in the instanta-
neous frequency distribution of the en-
semble, both Barlow and Winfree )
have concluded from ergodic theory that
coupling among circadian oscillators
should also reduce variability of frequen-
cy over time and lead to more precise
system output.

A counierexample, however, demon-
strates that this particular application of
ergodic theory can be misleading. Con-
sider a set of oscillators in which the ele-
ments differ in intrinsic frequency and in
which rhythmic group performance is
triggered in each cycle by that element
which discharges first, Such reciprocal
excitatory coupling is seen in the several
distinct potential pacemaker tissues in
the vertebrate heart and also occurs in
many other multiunit structures of ner-
vous systems (5). The result is that all
elements achieve the same average fre-
quency, but if stochastic variation is
small, the cycle-to-cycle reproducibility
of period would be no greater than that
of the single pacemaker with the highest
intrinsic frequency.

As this example demonstrates, achiev-
ing homogeneity of average frequency
across an ensemble through coupling is
not directly comparable with improving
cycle-to-cycle precision of the system.
Coupling invalidates the assumption of
independence that underlies ergodic the-
ory. Nevertheless, in the type of system
considered here, one might suspect that
coupling could be beneficial if the sto-
chastic variability of the higher frequen-
cy elements were large enough so that
the role of ‘‘leadership’’ would often be
exchanged among members of the group.
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What would happen, for example, if an
idealized array of pacemakers, inter-
acting by such triggering, all had identi-
cal intrinsic frequency, and each element
had equal opportunity in each cycle to
trigger the rest? To examine this ques-
tion, an explicit model is needed for the
behavior of the individual pacemaker.
For this purpose, an elementary model
of relaxation-oscillator dynamics, often
proposed to describe stochastic variation
in the behavior of spontaneously firing
neurons (7), can be invoked.

In these models a gradual recovery of
sensitivity, R(¢), which is analogous to a
progressive decrease in threshold, be-
gins from a fixed, high level immediately
after the neuron has fired. A long-term
average value of excitatory state, E, is
dictated by the neuron’s milieu, includ-
ing possible tonic input; and the momen-
tary value of excitatory state is subject to
a stochastic noise process, n(t), which is
represented by a one-per-unit-time addi-
tive element chosen at random from a
gaussian distribution (mean of zero and
standard deviation of o). According to
such models (Fig. 1A), the oscillator, in
isolation, discharges as soon as

E + n@t) > R(@) (¢))

Such a system is simulated by asking, in
each successive time unit after the last
nerve impulse, whether this inequality is
fulfilled. Models of this sort are, of
course, gross oversimplifications of the
many complex processes that underlie
neuronal rhythmicity. Their virtue lies in
the demonstration that, when attention is
focused only on major events (spikes),
the models are adequate to describe sev-
eral complex temporal properties of the
discharge patterns under steady-state
conditions, even with varying levels of
tonic stimulation (/). With given values
of E and R(t), the distribution of inter-
spike intervals is determined solely by
the gaussian distribution of noise. Simu-
lations have shown that if the slope of
R(?) is roughly commensurate with o, the
standard deviation of intervals between
events is approximately proportional to
the standard deviation of the noise pro-
cess (Fig. 1B).

Consider now an ensemble, consisting
of 25 such pacemakers, all identical, in
which the first member to discharge im-
mediately triggers all others. Intrinsic
identity of the pacemakers is taken here
to mean identity in the values of R(¢), E,
and o. The ensemble will be triggered as
soon as any element has fulfilled the in-
equality shown in Eq. 1, that is, when

E + max[n(?)] > R() 2)
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where max[rn(t)] is the largest (positive)
gaussian variate in a sample of 25 values
from a distribution with mean of zero
and standard deviation of o. The proba-
bility-density function of max[n(t)] for
any value of N (the number of elements
in the system) can be readily derived
from the gaussian distribution (8). These
curves are slightly skewed, but with N
equal to 25, the probability-density func-
tion can be satisfactorily approximated
by a new gaussian distribution with a
mean of about 2o and a standard devia-
tion of 0.50 (Fig. 1C). This approxima-
tion permits an ensemble model, based
on inequality (Eq. 2), to be treated as
equivalent to the single-element model
of inequality (Eq. 1) simply by adding
20 units to E, and by specifying that
the relevant gaussian distribution has
half as large a standard deviation as that
of the single elements in the set. Increas-
ing the value of E means that the en-
semble would have a somewhat shorter
average cycle length than each element
in isolation; reduction of o to /2 means
that the 25-element array would have a
cycle-to-cycle variability about half that
of any constituent oscillator (Fig. 1B).
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This result looks promising. If 25 ele-
ments, so coupled, can be twice as pre-
cise as a single unit, adding more ele-
ments should lead to further improve-
ment. Investigation of that possibility,
however, proves to be disappointing.
Comparable calculations demonstrate
that nearly 10° elements are required to
improve precision by another factor of 2,
beyond that obtainable with 25 elements.
Modest improvement in precision can be
achieved by coupling a few identical ele-
ments in this way, but further improve-
ment requires a disproportionate in-
crease in the size of the ensemble (9).
The identity of components assumed
here represents the optimal case; if,
more realistically, the elements of the
ensemble are permitted to diverge from
each other in intrinsic frequency, the im-
provements in performance calculated
here for identical pacemakers will deteri-
orate, asymptotically approaching the
variability of the single highest frequen-
cy oscillator.

Now consider a slight elaboration on
this sort of coupling. Assume that reset-
ting of the ensemble is evoked not by the
first element which discharges spontane-
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Fig. 2. Properties of a modified model for an ensemble of coupled pacemakers. (A) Schematic

illustration of connectivity envisioned between pacemakers (P, P,,

... Py) and discriminator

D. (B) Schematic illustration of the behavior envisioned. Each pacemaker, during its discharge
phase, provides unitary input to the discriminator; when the summed discharges exceeds
threshold, discriminator activity is evoked, leading to an explosive triggering and a resetting of
other nondischarging pacemakers. (C) Relation between temporal variability in onset of dis-
criminator activity and number of pacemakers in the ensemble, derived from simulations with a
model of the sort shown in (A) and (B). Horizontal bars represent median estimates for standard
deviation of period; vertical bars represent the range of estimates from the number of simula-
tions, indicated beneath each bar. Because this is a double-logarithmic plot, a line with slope of
—1/2 corresponds to an equation of the form Y = ¢X~"2, In these simulations, the overall mean
period of the pacemakers, when uncoupled, was 25.5 hours, with inter-pacemaker standard
deviation of about 4.9 hours; standard deviation of stochastic intra-pacemaker variability was
about 3.8 hours; threshold was 3N/10. (D) Sigmoid alternative for the relation between pace-
maker input to the discriminator and its output, measured as the magnitude of period shortening
experienced by nondischarging pacemakers. The step function corresponds to behavior illus-

trated in (B).
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ously, but by the ith element, where 7 is
an appreciable fraction of the total num-
ber of pacemakers present. For example,
one might assume that each element,
once triggered, produces a sustained dis-
charge and that the sum of these dis-
charges from all active elements is the
stimulus that, if of sufficient magnitude,
S;, can trigger and reset all other non-
discharging elements. Figure 2A pre-
sents a hypothetical structural arrange-
ment by which such coupling might be
mediated; Fig. 2B is a schematic illustra-
tion of the behavior envisioned. As soon
as the summed discharge of the (sponta-
neously triggered) individual rhythmic
elements exceeds some threshold value,
each nondischarging element receives
excitatory input from the integrating
component D (discriminator), thereby
greatly increasing the probability that the
nondischarging elements will also be ac-
tivated. A simple way in which such cou-
pling can be formally specified is to in-
voke a model similar to that in Fig. 1A
for each pacemaker and to postulate that
suprathreshold output of the discrimina-
tor increases the value of E for all pace-
makers.

Extensive Monte Carlo simulation
with such models has shown that this
sort of mutual coupling is capable of
greatly improving precision in system
output from an ensemble of ‘‘sloppy”’
oscillators, that is, elements which differ
markedly from each other in their in-
trinsic average frequencies and which
are individually unreliable on a cycle-to-
cycle basis (10). With a given set of pa-
rameter values, the standard deviation of
cycle length between successive onsets
of discriminator activity has been found
to be proportional to N4 where N is
the number of elements in the ensemble
(Fig. 2C). This empirical result can be ra-
tionalized in terms of Poisson processes
(11). The result holds for many models
with different sets of parameters (for ex-
ample, threshold values between N/5
and N/2) and applies also to a variety of
alternative formulations (for example,
replacing threshold of the discriminator
with a continuous, nonlinear relationship
between summed pacemaker discharge
and discriminator output, as shown in
Fig. 2D).

Other parameters of such a model,
which affect precision in output, are the
variability of mean period length in the
array of elements (inter-pacemaker in-
trinsic variability) and the cycle-to-cycle
variability in period of a single element in
isolation (intra-pacemaker stochastic
variability). When 1.66 and 1.88 hours
were used for the standard deviations of
these distributions—values commensu-
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rate with the inter- and intracellular cir-
cadian variability (1.9 and 2.1 hours, re-
spectively), which were derived from the
only available experimental data, from
the alga Acetabularia (12)—and N was
set at 100 pacemakers, replicate 20-cycle
simulations had values for standard de-
viation of period in the range from 12 to
21 minutes. Invoking the proportionality
between standard deviation and N~'%,
we find that an ensemble of about 1600
elements with these properties—a not
implausible number—would be as pre-
cise as the best of circadian records
(standard deviation equal to 3 to 5 min-
utes). If one assumes a more homoge-
neous population of more reliable ele-
ments, the required number of oscilla-
tors would be reduced.

These calculations assume that thresh-
old of the discriminator (Fig. 2B) is in-
variant with time; more realistically, sto-
chastic variation in threshold must even-
tually set an upper limit on the precision
attainable by increasing the size of the
array. With the ensemble of 1600 pace-
makers, it can be shown (10, pp. 77-79
and 113) that low-frequency fluctuations
in threshold (those with periods of many
hours) with standard deviation less than
about 3 percent of the mean will have
little effect on system precision; high-fre-
quency fluctuations of even larger mag-
nitude are also unimportant. If the dis-
crete step function for threshold is re-
placed by a continuous, nonlinear in-
teraction (Fig. 2D), low-frequency sto-
chastic variation of as much as 25 per-
cent in the output-input relation (effect of
the discriminator for a given value of
summed pacemaker discharge) can be
present before such effects limit preci-
sion in a 1600-element ensemble (/0, pp.
77-79 and 113).

These calculations demonstrate that
mutual coupling among stochastic relax-
ation-oscillator elements could account
for circadian precision without requiring
outrageous assumptions about the prop-
erties of the cellular oscillators, their
numbers, or their coupling. If one makes
the supplementary assumption that dis-
criminator threshold (or its equivalent in
Fig. 2D) varies with light intensity (light
increases threshold for nocturnal ani-
mals and decreases it for diurnal ani-
mals), then models of this type can also
account in considerable detail for a large
body of experimental data on the com-
plex effects of lighting regimes on the cir-
cadian rhythms of birds and rodents. The
simulations that demonstrate these cor-
respondences (/0, pp. 82-104 and 120-
198) have also shown that the coupling
envisioned here confers on the models a
number of properties that are intuitively

unexpected for an ensemble of station-
ary relaxation oscillators. For example,
a single stimulus can either accelerate or
delay the ensemble rhythm, depending
on its timing, although the individual os-
cillator can only be accelerated by the
discriminator. Transients that persist for
several cycles can arise after certain
types of perturbation, although no single
component has this property. The free-
running period of the system is plastic
and can be molded by its past history; a
long-term ‘‘memory’’ is stored dynami-
cally in the phase relations among the
elements, although no component alone
can ‘‘remember’’ beyond its single cycle
(10, pp. 82-104 and 120-198). Hence, the
replication of similar elements in such a
composite pacemaker could serve not
only to enhance temporal precision but
also to confer on the organism adaptive
capabilities which are not inherent in the
single cellular oscillators.

J. T. ENRIGHT
Scripps Institution of Oceanography,
University of California, La Jolla 92093
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Mood and Behavioral Effects of Physostigmine on Humans Are

Accompanied by Elevations in Plasma 3-Endorphin and Cortisol

Abstract. Administration of physostigmine to normal volunteers produced signifi-
cant elevations in plasma cortisol and B-endorphin immunoreactivity as well as alter-
ations in mood, cognition, and behavior. These observations might be explained by a
cholinergically mediated stress syndrome. However, peak elevations in plasma -
endorphin immunoreactivity (but not in plasma cortisol) were significantly correlated
with physostigmine-induced increases in depression ratings. These results suggest
that a cholinergically mediated B-endorphin pathway may be involved in the ob-

served affective changes.

The intravenous administration of
physostigmine leads to decreases in
speech and spontaneous behavior,
slowed thoughts, sedation, and occa-
sionally nausea (/). Individuals with a
“past history of affective disorder fre-
quently experience a brief recurrence of
depressive symptomatology when given
physostigmine (2). The drug also has
antimanic properties (3). Although phy-
sostigmine is known to be a cholineste-
rase inhibitor, with both nicotinic and
muscarinic cholinomimetic properties,
other aspects of its biological effects on
humans have been little explored. Pre-
liminary evidence has suggested that, in
some individuals, elevations in cortisol
accompany physostigmine administra-
tion ¢, 5).

Elevations in plasma cortisol levels
have been observed in animals and hu-
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Fig. 1. Changes in plasma cortisol levels

(means + standard errors) after administra-
tion of physostigmine or saline in nine sub-
jects. Blood samples were drawn 30, 15, and 0
minutes before the 10-minute infusions and
20, 40, 55, 70, and 130 minutes after beginning
them. Paired 7-tests were performed to test for
significant differences between means.
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mans under stress and in some psychiat-
ric states, such as depression (6). The
preliminary reports of elevated plasma
cortisol after physostigmine administra-
tion raise the possibility that plasma S-
endorphin might also be elevated, since
cortisol is regulated by adrenocortico-
tropic hormone (ACTH), and since evi-
dence from animal studies suggests that
ACTH and B-endorphin are released to-
gether from the anterior pituitary (7).
Concurrent elevations in ACTH and 8-
endorphin occur in rats stressed by limb
fracture or foot shock; such elevations
do not occur in hypophysectomized rats
(7). Similarly, the synthetic glucocorti-
coids dexamethasone and prednisolone,
which suppress pituitary ACTH release
in animals and humans, also suppress, in
a dose-dependent manner, the secretion
of B-endorphin from normal pituitary
gland cultures and from the mouse pitui-
tary cell line AtT-20 (8).

We gave physostigmine to normal vol-
unteers in a random-assignment, double-
blind crossover study to evaluate wheth-
er the behavioral and psychological
changes produced by the drug are associ-
ated with observable biological (espe-
cially neuroendocrine) changes. Nine
volunteers, who were screened for the
absence of psychiatric illness, were
treated with methscopolamine (1.0 mg,
intramuscularly) and 20 minutes later

. with physostigmine (22 ug/kg) or saline

intravenously over a 10-minute period.
Subjects rated themselves and were
rated by a trained observer before and at
intervals after the infusions. Blood sam-
ples were taken repeatedly for several
neuroendocrine measures, including
plasma cortisol and B-endorphin immu-
noreactivity (9).

0036-8075/80/0926-1545$00.50/0 Copyright © 1980 AAAS

There were significant increases in
plasma cortisol (P < .001, one-tailed z-
test) (Fig. 1) and B-endorphin immuno-
reactivity (P < .005) (Fig. 2) after ad-
ministration of physostigmine, but not
after saline. There was no significant cor-
relation between the increases in plasma
B-endorphin and cortisol—surprising,
since current evidence supports a com-
mon ACTH-B-endorphin pituitary regu-
latory system. This may reflect recent
findings of hypothalamic (/0) or periph-
eral (11) sources of B-endorphin that are
independent of the pituitary regulatory
system. Alternatively, since all nine of
our subjects had large increases in
plasma cortisol while only six had in-
creases in plasma B-endorphin, pituitary
ACTH release may be more sensitive to
cholinergic stimulation than pituitary 8-
endorphin release.

In all our subjects, increases in plasma
cortisol were 1.9-fold or greater, in con-
trast to the 17 individuals studied by Da-
vis and Davis (5), only six of whom
manifested plasma cortisol elevations af-
ter intravenous doses of physostigmine
(1 to 2 mg). The six also experienced
nausea or vomiting, and Davis and Davis
(5) interpreted the cortisol increase as
the sign of a nonspecific stress syn-
drome. Only three of our subjects devel-
oped nausea or vomiting, and there was
no significant correlation between self-
ratings of nausea or the occurrence of
vomiting and changes in plasma cortisol
or B-endorphin immunoreactivity.

Our first interpretation of these data,
nonetheless, was that the higher frequen-
cy of cortisol increases was due to the
use of a 10-minute rather than 60-minute
physostigmine infusion period, and that
the elevations in.concentration of the
two hormones in the plasma might be re-
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Fig. 2. Changes in plasma B-endorphin immu-
noreactivity (means =+ standard errors) after
administration of physostigmine or saline in
nine subjects. Blood samples were drawn 30
and 15 minutes before the infusions and 20
and 40 minutes later. Paired ¢-tests were per-
formed to test for significant differences be-
tween means.
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