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Phase Control of Activity in a Rodent

Patricia J. DECOURSEY

University of Wisconstn, Madison, Wisconsin

Two main approaches to the problems of circadian
rhythms have become apparent at this symposium,
that of determining the underlying physiological
mechanism or cause of the rthythms, and secondly that
of determining their adaptive features. In relation to
this sccond problem it has been noted that for a bio-
logical clock to be useful it must be maintained in
phase with the environment. The mechanism of phase
control resulting in synchronization of an animal’s
biological clock with its environment will be the sub-
ject of this paper.

The activity rhythms of many species show definite
phase relationships with the day-night cycle. Nocturnal
species such as Peromyscus [1], the poor-will [2], or
bats [3, 4] start activity at a particular light intensity
near sunset time and become inactive at dawn, while
many day-active species of birds [5, 6] start activity at a
certain level of dawn light intensity and cease activity
about dusk. In my laboratory a study of the factors
important in such phase control of activity has been
carried out with nocturnal rodents; the results will be
reported here for the flying squirrel, Glaucomys volans.

[t has been possible to study the activity patterns
of this species under natural daylight conditions
hoth with captive and wild populations. In their natural
habitat the flying squirrels are gregarious during the
fall and winter months, and in this period the observa-
tion of the times when the squirrels left and returned
to their den tree indicated the time of activity. A close
correlation was scen between the time of departure
from the den tree and the time of sunset. Similarly,
with squirrels in a large outdoor enclosure, or in in-
dividual recording cages, the time that the squirrels
hecame active could be accurately determined and the
weather factors measured (Fig. 1). In these cases,
also, a close parallel between the onset of activity and
the time of sunset was noted. An even stronger correla-
tion was seen with a narrow range of light intensities
at dusk [7].

Such a correlation between activity onset and a
particular light intensity clearly suggested a regulatory
effect of the environment upon activity. It has been
pointed out, however, by numerous speakers at this
symposium and in the published work particularly
of Aschoff [8, 9], Pittendrigh [11, 12, 13], and Rawson
[14, 15] that activity rhythms characteristically drift
out of phase with the outside world when light and
temperature clues are removed. Activity rhythms in
most species are not purely an exogenous response to
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favorable environmental conditions but are responses
to both exogenous and endogenous factors.

In order to study the frec running rhythms and their
role in regulating activity, a number of flying squirrels
were housed individually in recording wheel cages at
20°C. in darkness for various periods of time. Revolu-
tions of the wheel for each animal were recorded on an
Esterline-Angus Recorder. The daily records of an
individual were subsequently mounted in a vertical
series to give a concise graph of activity for extended
periods of time. Several features are apparent in these
records. The rhythm of locomotor activity continued
to exist in the absence of rhythmic light and tempera-
turc clues; a period of strong running in the wheel
alternated with a period of almost eomplete inactivity
approximately every 24 hours (Fig. 2). The activity
period drifted out of phase with normal day-night
changes. Using the abrupt “onset” of activity as a
measuring point, it was possible to calculate the average
frequency of the free running rhythm for the period
of darkness, and thus to measure the rate and direction
of drift. Calculations of the average frequencies for
48 such test periods of 18 individuals in periods of
darkness from 10 to 123 days showed a range from
22:58-24:21 (Fig. 3). The animals differed strikingly
from onc another in average frequency, but the varia-
tion from day to day for an individual during one test
period was only several minutes. Thus the outstanding
characteristics of the activity rhythms in darkness
appearcd to be (a) their persistent and apparently
endogenous nature, (b) the stable frequency for one
individual during one test period, (¢) the restriction of
the free running frequency to a narrow range close to
and usually less than 24 hours with a resultant drift of
the activity period, and (d) the very high aceuracy of
the rhythm of an individual.

What are the phase controlling agents in the natural
environment, and what is their mechanism of action?
Aschoff [9] has pointed out that within a limited band of
frequencics repeated eyeles of light or other agents may
be effective “Zeitgeber.”

Two chief methods have been used to distinguish the
role of these regulatory agents. The first has been to
change an animal from constant environmental con-
ditions to an environment with one rhythmically
fluctuating factor out of phase with the animal’s free
running rhyvthm, and finally to return the animal to
constant conditions. This method was used in about 30
experiments, with various phase relationships between



mt12
Typewritten Text
Cold Spring Harbor Symposia on Quantitative Biology 1960;29:49-55

mt12
Typewritten Text

mt12
Typewritten Text

mt12
Typewritten Text

mt12
Typewritten Text

mt12
Typewritten Text

mt12
Typewritten Text


DeCOURSEY

8:00

T

7:00 ;

I

7:00
630} o
600} T o

5:30

TIME OF AFTERNOCON IN MINUTES CST

500 s o
4:30}"

400

' Jan. '

1958

Feb.  Mar | Apr

MONTH

' May " June IJuly

T T

Nov. Dec ’ Jan

1959

' Aug. ISept Oct

Ficure 1. Onset of running wheel activity for one flying squirrel in natural daylight conditions throughout the year.
Dots indicate the time of local sunset; circles indicate onset time: O with less than .7 of sky cloudy, Q with .7-.8

cloudy, ® with more than .8 sky cloudy.

the animal’s endogenous rhythm and a 24 hour light-
dark schedule. The records of activity indicated that
light was a very effective synchronizing agent (Fig. 4).
The usc of 24 hour light-dark cycles, and the distinetion
of animals with free running rhythms in darkness of
less than 24 hours from those with rhythms longer than
24 hours, is considered pertinent because this species
in its natural environment is exposed to eyclic factors
having a frequency of almost cxactly 24 hours.

The pattern of synchronization depended upon the
length of the free running rhythm and upon the rela-
tion of light to the animal’s activity cycle. When the
free running rhythm in darkness was less than 24
hours, and the rephasing light fell during the subjective
night period of the animal, synchronization was accom-
plished by the characteristic stepwise delay noted in
many previous experiments [9, 14, 15, 16]. The activity
onset stabilized shortly after the light-dark change.
Subsequently, when the animal was returned to con-
stant darkness, the onset resumed its forward drift.
A summary of the chief types of synchronization
found in these experiments is shown diagrammatically
in Fig. 5. Animal %1 corresponds to the case discussed
above. Figure 5— %2 represents animals with a free
running rhythm of less than 24 hours, where the
rephasing light did not fall during their subjective
night, but only during their subjective day. Here the

free running rhythm continued unchanged until the
onset drifted up against the “dusk” light change and
was then prevented from drifting forward by the delay-
ing action of light. With a free running rhythm longer
than 24 hours and the rephasing light occurring only
during their subjective day (Fig. 5— %3), the animals
would drift later each day until their activity onset
fell 10-14 hours before the “dawn” light change.
At this point they would stabilize. It appeared that
light at the subjective dawn was shortening the activity
rhythm, and thus synchronization was achieved by pre-
venting the activity period from drifting back into the
light period. In animals with rhythms in darkness longer
than 24 hours and with light falling during the sub-
jective night (Fig. 5— %4), the onset would be delayed
in stepwise fashion through the light period and then
would continue to drift later each day until it stablized
with respect to the dawn light as described for %3.
It should be pointed out that these longer than 24
hour rhythms occurred only infrequently (Fig. 3),
and appearcd relatively unstable. In controlled lab-
oratory conditions they persisted only relatively short
periods of time; for reasons too lengthy to discuss here
it seems likely that such a method of synchroniza-
tion with respecet to “dawn” rarely oceurs in free living
populations of flying squirrels.

Similar types of synchronization have been observed
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F1Gure 2. Activity graph of one flying squirrel in a re-
cording wheel cage in continuous darkness at 20°C. from
June 14~July 8, 1959. Solid triangles indicate the time of
feeding in darkness; = the time of dim light during an
equipment repair.

60

50—

40—

30

20—

FREQUENCY IN PERCENT

T T L T T T T Al T
23:00  :20 :40 24:00  :20
AVERAGE CYCLE LENGTH IN HOURS
Fiaure 3. Histogram showing the distribution of the
average activity rhythm frequency for each test period
of continuous darkness. For further explanation see text.

with other nocturnal rodents, both in my own research
(unpublished experiments) and in other laboratories
[9, 10, 13, 14, 15]. They suggested that the direction
of resetting depended upon the time that light had
occurred (Fig. 5—lower part). It seemed feasible that
synchronization to rhythmic time-givers by stepwise
phase-resetting might be due, as postulated by Rawson
[14], to a daily rhythm of response to light.

The above experiments could not pinpoint the effect
of light, but led to a second method of studying the
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Frcurg 4. Synchronization of a flying squirrel to a
12L:12D cycle out of phase with its endogenous activity
rhythm. Days 1-4 in DD, day 5 with 1.0 ft.c. of light for
24 hours (for an unrelated experiment) with light indi-
cated by horizontal underlining; days 6-7 in DD; days
8-481in 12L:12D with 1.0 ft.c. of light indicated by under-
lining; days 49-53 in DD. Symbols indicate the time of
disturbances for feeding (triangles) or repair of equip-
ment (). For further explanation see text.

problem by using short, isolated, single exposures to
light. Similar “light-shock” techniques have been used
by Pittendrigh [11, 12, 13, 17, 18], Biinning {19],
Rawson [14, 15], Hastings and Sweeney [20], and others
to detect rhythms of response of organisms to light.
An animal was kept in darkness for a period of several
days or weeks in order to measure its free running
rhythm in a steady state, and then at a specific time it
was exposed to a standard light exposure (10 minutes
at 0.5 ft. c¢. for most individuals). From the slope of
the free running rhythm it was possible to calculate the
expected time of activity onset. Any differcnce hetween
the expected and actual onset was considered a phase
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Fraure 5 A ,B. Diagrammatic representation of synchronization for (A) squirrels with DD activity rhythms less
than 24 hours in length, and (B) for squirrels with DD rhythms greater than 24 hours. The onsets of activity for
the days of the experiments are shown above; light response profiles are shown below. For further explanation see text.

shift due to light (method shown diagrammatically in
Fig. 6),

In making these caleulations it was apparent that
several precautions were necessary. First of all, the
squirrels were not perfect time pieces. The precision of
animals was evaluated by calculating the standard
deviation of the activity rhythm. For the test periods
in darkness (Fig. 3) values ranging from =+2 to =15
minutes for different animals were found. By selecting
the highly “accurate” runners the expected error in
phase shift calculations could be reduced to a few
minutes. It also seemed possible that the response of an
animal to a test light depended in part upon exposures
to light or other stimuli in its previous history. Changes
in frequency of free running rhythms, such as Dr.
Pittendrigh pointed out in his lecture, have also been
noted in Glaucomys. The use of a control period of
darkness immediately before each light shock eliminated
some of the difficulties. The response to a standard
test point repeated after a variety of light schedules
suggested that shifts in light responsiveness had not
oceurred.

These single light stimuli demonstrated that in
Glaucomys the direction and amount of shift in phase
depended upon the time during the animal’s subjective
eyele at which light oceurred [21]. Light had a maximal
delaying effect at the onset of activity. Delay responses
gradually declined during the six or seven hours after
onset, followed by a 3-5 hour period of advancing

responses (Fig. 5, 6). Light during the animal’s sub-
jective day had no phase shifting effect until about an
hour before the onset of running. Such a system of
responses involving resetting in opposite directions
secmed  capable of giving conflicting instructions.
However, a series of experiments in which a delaying
and an advancing signal were given during onc activity
period indicated that only the delay effect occurred
in case of conflict of signals,

The single isolated light stimuli clarified the light
response rhythm first suggested by the synchroniza-
tion experiments. They suggested even more con-
vineingly that synchronization was a series of daily
resetting or phase shifting phenomena, with the light
response rhythm as the phase controlling agent,.

A few clear demonstrations of phase controlling
agents other than light have been pointed out in the
papers and discussions at this symposium, Temperature
and sound have been considered important secondary,
latent Zeitgeber. With Glaucomys the effect of tem-
perature and sound as phase controlling agents was
tested using both rhythmically repeated 24 hour cyeles
and also using the single stimuli technique (unpublished
experiments). Fluctuating temperature cycles (12
hours 25°C:12 hours 15°C.) were not cffective in
modifying the timing of the free running rhythm. In
some cases an inhibition of activity during the warm
period occurred, but wuen the animal was returned to
constant temperature conditions it was apparent that
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Fictre 6 A-C. Light shock technique showing (A)
light in subjective day, (B) light in subjective night, and
() light at subjective dawn. Arrows indicate one light
shock lasting 10 minutes with 0.5 ft.c. of light. For fur-
ther explanation see text.

no true synchronization or phasc shifting had occurred
(Fig. 7). The rhythms continued to drift across the
trangition points in various kinds of noise eyeles with
no indication of synchronization. In marked contrast to
the light signals, the single temperature or sound stimuli
had no effect in modifying the activity rhythm fre-
quency at any time during the animal’s daily cycle.

Thus in Glaucomys light appears to be a strong and
vory speeifie phase controlling agent. 1t has been pointed
out by scveral of the symposium speakers and in the
work of Tribukait [22] that a strong synchronizer such
as light may be able to entrain a biological clock over a
relatively wide range of frequencies, whercas latent,
weaker ones may be effective only in a very narrow
zone. While temperature and sound were not able to
entrain the activity rhythm of Glaueomys under the
conditions tested, it is possible that these stimuli are
very weak synchronizers and could be effective in
certain conditions.
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F1GuRrE 7. Temperature synchronization experiment for
one flying squirrel. Days 1-10in DD at 15°C.; days 11-56
in DD with 12 hours 25°C.: 12 hours 15°C.; days 5764 in
DD at 20°C. Solid triangles indicate feeding time. For
further explanation see text.

In summary, it may be said that in Glaucomys the
activity in natural conditions coincides with the period
of darkness, and this relationship is maintained through-
out the course of the year by the interaction of an
endogenous activity rhythm and a related daily rhythm
of responsiveness to light, Such a resetting rhythm
could not be demonstrated to a variety of temperature
or sound stimuli.
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DISCUSSION

Bionniva: The rule that a short light shock may delay,
advance, or be without any phase shifting influence,
depending on the time of its presentation, holds for
plants too. The first to observe this was Kleinhoonte
in her experiments on leaf movements in Canavalia.
DeCoursky: I quite agree with Dr. Biinning that daily
rhythms of response to light have been known for
many vears in both plants and animals. However, it
was not recognized that such a daily rhythm of light
responsiveness could account for phase control in
organisms until Rawson’s clear demonstration of this
a few years ago i Peromyscus.
Barvow: With respeet to “social entrainment,” ie.,
mutual entrainment of a population of organisms, the
apparently predominating effect of light as a stimulus
in many situations suggests that those forms be ex-
amined for entrainment for which emission of light as
well as reception of light occur in normal behavior.
One possibility is that of the firefly, a suggestion which
Professor Norbert Wiener has made elsewhere. Dr.
Hastings has pointed out to me that there are spe-
cies of fireflies, in Southeast Asia at least, for which
mutual entrainment, with respect to rhythmic flashing,
appears to be well established. Quantitative studies of
such phenomena are of some importance from the
standpoint of understanding the basic nature of the
rhythms, for, as has been indicated by Wiener,
mutual entrainment of an ensemble of oscillators is
only possible if the individual oscillators concerned are
of a non-linear type. Dr. Klotter has already indicated
in his paper at this Symposium that it is not possible
to drive or to entrain a linear oscillator at a frequency
different from its natural or free-running frequeney.
An ensemble of mutually entrained non-linear
oscillators, in fact, has a most interesting characteristic:
the frequency resulting from mutual entrainment is
more stable than the frequeney of any of the individual
oscillators in isolation. Consider an ensemble of iden-
tically constructed oscillators, for which in the un-

Frequency in cps

Ficurg L. Spectrum of an ensemble of mutually coupled
non-linear oscillators. The spectrum shows a peak, with
dips on either side, instead of the normal (gaussian) dis-
tribution characteristic of such an ensemble in the ab-
sence of coupling.

Reproduced by permission from figure 8.2 in Nonlinear
Problems in Random Theory, by Norbert Wiener, Tech-
nology Press and John Wiley and Sons, Cambridge,
Mass., 1958.
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coupled state, the frequency spectrum of the ensemble
is normal or gaussian. Now let the oscillators be
mutually coupled; the speetrum of the ensemble is no
longer gaussian, but has the shape shown in Fig. 1,
exhibiting a peak with dips on either side. This shape
results from the fact that, in the center part of the
speetrum, the frequencies are “pulled together,” and
the two regions on either side of the peak, from which
this attraction has taken place, are left as dips in the
spectrum. The result has been to generate a narrow
band of frequencies, from an initial relatively broad
band. Now Fig. 1 represents a measurement over the
ensemble of oscillators, but by the ergodie theorem,
under appropriate conditions, a measurement over an
ensemble s equivalent to a measurement over fime,
and with respeet to the latter we can state that the
cffect of coupling has been to generate a more stable
frequency (or actually, a narrow band of frequencies)
in time,

TFrom the above considerations, one might expect,
then, that the rhythm of flashing of a large mutually
entrained group of fireflies would be more stable in

time under constant conditions (of temperature for
example) than the rhythm of flashing of any one of the
fireflics isolated from all the rest. More generally, with
respect to other types of mutual entrainment, the above
characteristic of an ensemble of mutually-entrained
non-lincar oscillators suggests itself as a property
that might well be found in individual organisms, and
from a purely theoretical standpoint, it would lend
support to Dr. Pittendrigh’s concept of “ensembles of
oscillators” instead of a single central clock, [t should
perhaps be noted, however, that with respect to the
problem of relative temperature insensitivity exhibited
by many biological systems, the above considerations
pertain only to generation of a more stable rhythm at a
particular temperature, i.c., the Qo of the ensemble
would be the same as the @y of the individual oscillators,
which we have assumed to be identical. Stability with

respeet to temperature as well as time could perhaps
result if the @y’s of the individual oscillators were
not indentical, but instead included
and less than one.

ralues greater






