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Summary. The arousal caused by the 3 h presenta-
tion of female socio-sexual cues to male hamsters
given an 8 h advance of the light-dark cycle caused
an acceleration in the rate of re-entrainment to
this new light-dark cycle. This accelerating effect
was seen most clearly in animals allowed to run
in their wheels in response to a nearby female ham-
ster in estrous condition. However, wheel-running
was not a necessary condition for enhancement.
In one experiment, males with their wheels pre-
vented from rotating also showed an accelerated
rate of re-entrainment; in another experiment, the
effect was almost significant (P=0.058). Mating
itself seemed to counteract this accelerating effect.
Males aroused by nearby but inaccessible estrous
females re-entrained quicker than males allowed
to mate with an estrous female. Lastly, male ham-
sters placed in a novel wheel but not allowed to
run showed a variable rate of re-entrainment to
an 8 h light-dark cycle advance; individuals judged
to be sleeping during most of the 3 h in the novel
wheel took longer to re-entrain than those judged
to be awake during most of the 3 h. These results
suggest that there is a general arousal mechanism
through which non-specific, non-photic events can
enhance the phase advancing actions of a light-
entrainable clock.

Introduction

Investigations of entrainment of circadian rhythms
have concentrated on the role of light-dark cycles.
However, it has also become apparent that a
number of non-photic stimuli can entrain other-
wise free-running rhythms. These stimuli include
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temperature (Lindberg and Hayden 1974; Tokura
and Aschoff 1983), playback of conspecific song
and other auditory stimuli in birds (Gwinner 1966;
Menaker and Eskin 1966; Lohmann and Enright
1967), periodic cage changing (Mrosovsky 1988),
social interactions (Marimuthu et al. 1981; Hon-
rado 1987; Mrosovsky 1988; see Regal and Con-
nolly 1980 for review) and induced wheel-running
activity (Reebs and Mrosovsky 1989). In addition,
periodic feeding can entrain a component of the
activity rhythm (Boulos and Terman 1980; Ste-
phan 1984).

Functionally speaking, it seems reasonable that
a variety of periodically repeated events relating
to food supplies, territory, predators, conspecifics,
and temperature would have effects on the pro-
gramming of behavior over the course of the day.
However, in terms of mechanism, it does not seem
necessary to postulate separate oscillators for dif-
ferent non-photic events. It is more plausible that
various non-photic events exert their effects
through some common arousal oscillator, or that
arousal, in whatever way it is produced, modifies
the operation of the light-entrainable oscillator(s)
(Honrado 1987; Mrosovsky 1988).

If this view is correct, then a variety of arous-
ing, non-photic events should have fairly similar
effects on circadian rhythms. In this paper, we re-
port experiments on the effects of arousal by sexual
cues on the circadian activity rhythm of male ham-
sters. When male hamsters encounter a female
hamster in heat, they become very active. Surpr-
isingly, a recent study by Davis et al. (1987) failed
to show a synchronizing influence of a contin-
uously nearby female hamster on the free-running
activity rhythm of the male, although the latter
did become more active on days when the former
was in estrus. Similarly, Aschoff and von Goetz
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(1988) found that the activity rhythm of blinded
male hamsters were not entrained by the daily pre-
sentation of females. However, the females stimu-
lated activity in the males and produced a masking
effect. In the present experiment, male hamsters
were only exposed to females actually in estrous
condition; this should be the most arousing socio-
sexual stimulus.

Arousal is not a well defined term, operation-
ally or otherwise. When a sleeping male hamster
is presented with a female that is in heat, it receives
not only specific sexual cues but it is also woken
up, is more active, and is probably in a different
physiological state than when awake on its own.
To investigate the matter of non-specificity of non-
photic effects on the circadian system, a number
of additional experiments were run. In some cases
hamsters were prevented from mating. In this situ-
ation, males are generally very active, running vi-
gorously if wheels are available; the amount of
activity was manipulated by preventing the run-
ning wheels from rotating. In other cases, mating
was allowed. It is known that after bouts of mat-
ing, there is a refractory period during which the
male is relatively inactive. Finally, in one experi-
ment without any females present at all, we investi-
gated the effects of being awake (but without the
opportunity to run in a wheel) on the state of the
activity rhythm.

In all these experiments, the testing method
chosen to investigate the effects of non-photic stim-
uli was to combine them with an advance in the
light-dark cycle and then measure how much the
rate of re-entrainment was accelerated. This meth-
od has several advantages. Because the light-dark
cycles are always present, rhythm anomalies asso-
ciated with continuous light and decreasing activity
associated with continuous dark are avoided. On-
set of activity remains clearly defined. Because the
non-photic stimuli occur only on occasional days
when the light-dark cycle is shifted, rather than
repeatedly, habituation is avoided. Finally, the ef-
fects seen in this method are consistent with those
seen with other testing methods. For instance,
phase response curves for non-photic stimuli pre-
sented in constant conditions predict that these
stimuli should accelerate entrainment when given
6 h before the onset of activity during adjustment
to advanced light-dark cycles, and indeed this is
what has been found (Turek and Losee-Olson
1986; Van Reeth and Turek 1987; Mrosovsky
1988 ; Reebs and Mrosovsky 1989; Mrosovsky and
Salmon 1987). For the present work, the phase
shift method was not only easier to quantify, it
was also more convenient.

Methods

Subjects and housing conditions

Golden hamsters Mesocricetus auratus
[Hsd:(SYR) BR], aged 6-7 weeks, were purchased
from Harlan Sprague-Dawley Inc. (Indianapolis)
for use in Experiments I and II. The male hamsters
used in Experiment ITI, 20 weeks old at the time
of testing, were obtained from Charles River,
Montreal (LAK:LVG).

The males were housed individually in solid
walled metal cages (36 x20x30cm, L xW xH)
containing an activity wheel (17.5 cm diameter).
The females were kept in a different room and
also housed in individual cages (37 x22x 19 cm,
L x W x H), with no access to running wheels. Lab-
oratory Rodent Chow (Purina #5001) and water
were available ad libitum.

Room temperatures for the different rooms
were maintained at approximately 20°+2° C.
Light intensity during the day portion of the light
cycles used in the male rooms was about 100 lux
(measured by Gossen light meters).

Experimental design

Experimental and control tests for the effects of
female hamsters in estrous condition were run se-
quentially. We were unable to test control animals
not presented with females at the same time be-
cause odor cues from females with the experimen-
tal animals were liable to permeate the whole
room. The sequential design used instead had the
added advantage of controlling for individual dif-
ferences in the rate of phase shifting; individuals
were tested first with the experimental manipula-
tion and control tests on the same individuals took
place subsequently.

Arousal by socio-sexual cues

Shift 1: Socio-sexual cues. Upon arrival, the fe-
males were put in a separate room, in another part
of the building from the males. Vaginal smears
were taken daily. Nineteen males were placed in
their cages and their running wheel activities moni-
tored on an Esterline Angus event recorder. All
animals were placed under a 14:10 LD cycle. For
the females, dark onset occurred at 1600 h; they
were kept on this cycle throughout the course of
the project. For the males, dark onset occurred
at 0200 h for the first 17 days. On day 18, starting
with an advance of the dark onset, their light cycle
was advanced by 8 h so that dark onset was now
at 1800 h.



The males were divided into 3 groups:

Group 1. One hour after the new dark onset (ie.,
1900 h, or about 7 h before the previous onset of
activity) estrous females were introduced into the
cages of 9 males. To prevent fighting and mating,
the female was enclosed in a small restraining cage
(19.5x8x 11 cm, L xW xH) suspended at one
end of the male’s cage. After 3 h the females were
removed. Wheels were free to turn.

Group 2. Six other males in the same room were
similarly exposed to estrous females in the restrain-
ing cages. However, for this group, the running
wheels were prevented from rotating by wiring
them to the cage cover. Three hours later the fe-
males were removed. The wheels remained blocked
until 0100 h, about 1 h before the previous activity
onset.

Group 3. This group consisted of 4 other males
in the same room. They were not directly exposed
to females, but presumably received olfactory and
auditory cues from the estrous females introduced
into the cages of the males in the other groups.

Shift 2: First control manipulation. Twenty-seven
days after the first phase shift, all the males were
given a second 8-h phase advance of the light-dark
cycle so that now dark onset was at 1000 h. One
hour after the new dark onset (1100 h), a clean,
empty restraining cage was placed into each male’s
home cage. Three hours later, the restraining cage
was removed.

Shift 3: Second control manipulation. After another
27 days, a third phase advance took place; dark
onset now occurred at 0200 h once again. The
room was not entered at the time of the dark onset;
the timer was adjusted previously with minimal
disturbance to the animals.

Mating

The aim of this experiment was to discover whether
actual mating was capable of accelerating the rate
of re-entrainment to a light cycle advance. The
same hamsters from Experiment I, now 18-19
weeks old, were used. Again, the males were ex-
posed to an 8-h phase advance of the light-dark
cycle, starting with a new dark omset at 1800 h.
The animals were divided into two groups:

Mated group: One hour after the new onset of
darkness (1900 h), estrous female hamsters were
introduced into the cages of 8 males. After a 1-h
interaction, the females were removed. The males’
wheels were prevented from rotating for 6 h, ie.,
until 0100 h, 1 h before the former dark onset.
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Non-mated group: Just as in the mated group,
these animals had an estrous female nearby but
they were not allowed to mate. The females were
held within small restraining cages. Additionally,
the males’ wheels were blocked. In other words,
this group was similar to group 2 of Experiment
I except that here the females were available for
only 1 h.

The data on the rate of re-entrainment for these
2 groups were compared with those shown by the
same individuals when previously given an §-h ad-
vance in the light-dark cycle but no additional
stimulation (Experiment I, Shift 3).

Wakefulness

The aim of this experiment was to assess the infiu-
ence of being awake, but without wheel running,
on the rate of re-entrainment. Nineteen male ham-
sters (LAK:LVG) were used. These animals had
previously been given a number of phase advances
as described in Mrosovsky and Salmon (1987). The
present experiment took place 25 days after the
last phase shift described previously. The hamsters
were divided into three groups:

Group 1: Six males were confined to novel running
wheels for 3 h on the same day they were given
an 8-h phase advance. The period in the novel
wheels started 1 h after the advanced onset of
darkness (see Mrosovsky and Salmon 1987 for de-
tails).

Group 2: Seven males were moved into the novel
wheels at the same time and for the same duration
as group 1. However, for these animals, the wheels
were prevented from turning. The behavior of
these animals was briefly and quietly observed us-
ing an infrared nightscope viewer at 1-h intervals
during the time they were in the novel wheels. If
the animals were curled up and immobile, they
were scored as being asleep (score=1); if they were
sitting or moving with their eyes open they were
scored as being awake (score=0). Sleep scores
(possible range 0-3) were obtained by combining
data from 3 observation times, ie., a score of 3
meant an animal was observed to be sleeping at
all 3 observation times.

Group 3: The remaining 6 animals were left undis-
turbed in their home cage on the day of the phase
shift.

Data analysis

For each experiment, the dependent variable mea-
sured was the number of days it took the animal
to re-entrain to each new 8-h light cycle phase shift.
The criterion for re-entrainment was that activity



60

onset had to occur within 30 min of the time of
the new dark onset (Van Reeth and Turek 1987,
Mrosovsky and Salmon 1987). Activity onset was
defined as 5 min of continuous wheel running fol-
lowed by at least another continuous 5-min burst
of running within the next 30 min (Lees et al.
1983).

Analyses of variance were performed on data
from Experiments I and III. One-tailed, paired
comparison t-tests were nsed to analyze data from
Experiments I and II.

To ensure that the effects obtained were not
due to differences in pre-shift phase angles for the
three groups, a 3 x 3 (group x shift) ANOVA was
performed on the average onset time for the 5 days
preceding cach of the three phase shifts in the light
cycle. There was no significant group effect (P>
0.315) and no significant interaction effect (P>
0.194). The shift effect was significant (P <0.001)
as expected since each new light cycle was 8 h
phase advanced from the previous one.

Results

Arousal effects

Phase shifting occurred considerably faster when
estrous female hamsters were introduced into the
room than on the two subsequent occasions when
they were absent (Fig. 1; see Fig. 2 for individual
records). The shift effect (shift 1 vs shift 2 vs shift
3) was highly significant (3 x 3, mixed design AN-
OVA; F(2,32)=15.17, P<0.001). Other experi-
ments with an 8-h advance of the LD cycle have
shown that earlier activity onsets following non-
photic events do indeed represent the position of
the pacemaker: if hamsters are placed in continu-

ous darkness one day after a nonphotically acceler- -

ated phase shift, their free-running rhythms take
off from a time near the advanced activity onsets
rather than from near their pre-shift activity onsets
(Mrosovsky, in press).

There was no significant difference between the
two control manipulations, i.e., placing an empty
restraining cage into the male’s cage did not accel-
erate phase shifting when compared to not entering
the room at all (2 x 3, mixed design ANOVA using
only shift 2 and shift 3 data; F(1,15)=0.11, P=
0.746). Although on average introducing the res-
training cage did not have an effect, a few animals
did entrain rapidly. Perhaps placing a different ob-
ject in their cage caused some disturbance.

The results establish that socio-sexual stimuli
occurring during a few hours before normal activi-
ty omset, when coupled with a phase advanced
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Fig. 1. Mean number of days to re-entrain (+SEM) to three,
8-h phase advances of the light-dark cycle for each of three
different groups of animals. Each group was given a different
type of socio-sexual arousal on the day of the first light shift.
For the second 8-h light-dark cycle advance, a small restraining
cage was placed into the males’ cages for 3 h. The third shift
consisted of advancing the light-dark cycle with minimum dis-
turbance to the animals

GROUP 1. # 11 GROUP 1:# 11

——==—— P\
= ~SHIFT

GROUP 2: # 8 GROUP 2. # 8

PHASE
SHIFT

e

GROUP 3: # 13

GROUP3: # 13

Fig. 2. Activity records for typical animals from the three exper-
imental groups in Experiment I. The records on the left show
shift 1, during which the animals were exposed to socio-sexual
cues for 3 h (downward pointing arrows). The records on the
right show shift 3, a control manipulation, for the same individ-
val animals. Each line shows 24 h, with each day mounted
below the previous day. Black marks indicate wheel-running.
Open and solid horizontal bars depict the light-dark cycles pre-
vailing before and after the 8-h phase shift

light-dark cycle, accelerate re-entrainment to this
new light-dark cycle. However, it is not simply be-
ing exposed to estrous females that produces this
effect; how the animal behaves in this situation
is also important. The rate of re-entrainment was
faster when an animal could run in its wheel (3 x 3
ANOVA, significant group effect: F(2,16)=3.81,
P<0.05; 1-way ANOVA for shift 1 data only:
F(2,16)=4.54, P<0.028). In fact, the latter analy-
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Fig. 3. The relationship between the number of days it took
to re-entrain to phase shifts 1 and 3, and the amount of activity
exhibited by the animals during those shifts. Open figures are
shift 1 animals; closed figures are shift 3 animals. Stars are
group 1 animals; circles are group 2 animals and; triangles
are group 3 animals

sis showed that having an estrous female and a
wheel to run in was most conducive to accelerated
re-entrainment; having a female but no wheel to
run in was the least conducive.

The importance of being able to run in the
wheel while being aroused by an estrous female
can be illustrated in another way. The number of
10-min bins in which animals registered wheel run-
ning over the 6-h period starting from the intro-
duction of the non-photic manipulations (i.e.,
starting 1 h after the advanced onset of darkness)
was scored for all tests where an animal had access
to a rotating wheel (i.e., excluding group 2, shift
1). Data from shift 3, when the room was not en-
tered, were also excluded, because there was vir-
tually no running exhibited by any of the animals.
The activity scores were negatively correlated with
the number of days taken to re-entrain (r= —0.82,
adjusted R-square=0.66). A regression ANOVA
yielded a very significant correlation (F(1,30)=
60.08; P<0.00001; sce Fig. 3).

Nevertheless, even with a locked wheel, there
was some enhancement of phase shifting with a
female present. In Experiment 1, the difference be-
tween the rate of re-entrainment on shift 1 versus
shift 3 for the group 2 animals fell just short of
significance (paired t-test; #(5)=1.93, P=0.058;
see Fig. 2, group 2). In Experiment I, the non-
mated control animals showed a significantly acce-
lerated rate of re-entrainment [paired t-test; #(4)=
2.80, P<0.025].

Mating effects

Mated animals did not shift faster than they had
when tested previously without any change other
than that in the LD cycle, i.e., without any non-
photic input [paired t-test; #7)=0.45, P=0.34].
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Fig. 4. Mean number of days (+SEM) to re-entrain to two,
8-h phase advances of the light-dark cycle. Shift 3 is the control
manipulation; shift 4 consists of either mating the males with
estrous females or arousing them with cage-restrained estrous
females

However, as already mentioned, the non-mated
males exposed to an estrous female within a res-
training cage did shift faster than they had when
merely given a phase shift in the light cycle [#(4)=
2.80, P<0.025], even though their wheels were
blocked for 6 h (see Fig. 4).

All mated females became pregnant. At the end
of the 1-h interaction period, when the females
were removed, some of the mated pairs were fight-
ing.

Wakefulness effects

Animals placed in novel wheels shifted much faster
(mean: 1.3 days; range: 1-2 days) than those left
undisturbed in their home cages (mean: 10.3 days;
range: 6-17 days). This confirms previous results
(Mrosovsky and Salmon 1987). The rate of re-en-
trainment of animals moved to novel wheels that
were prevented from rotating was highly variable
(range: 1-17 days). However, animals with the
lowest sleep scores re-entrained rapidly (1-3 days)
while those with the higher sleep scores took much
longer to re-entrain their activity rhythm (12-17
days). The number of days it took to re-entrain
was positively correlated with the sleep score (r=
0.81, regression ANOVA: F(1,5=9.44, P<
0.026).
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Discussion

Socio-sexual cues from female hamsters greatly ac-
celerate re-entrainment of males exposed to ad-
vanced light-dark cycles. These cues need be no
more than the smell, and perhaps the sound, of
an estrous female, or both. Males left alone in their
home cages at the time females were put into the
cages of other animals in the room also re-en-
trained much faster than they did without a non-
photic enhancer (Fig. 2, group 3). Extreme care
was taken to exclude any light at the time the es-
trous females were brought into and later removed
from the room; thus, the effects were definitely
nonphotic. Moreover, had any light been present
at the time, the phase response curve for light
pulses in constant dark would have predicted a
delay or no shift at all (Daan and Pittendrigh 1976;
Ellis et al. 1982) instead of the advances seen here.

The rapid phase shift is not only dependent
on what stimuli the hamsters receive, but also on
how they are able to react to these stimuli. Several
pieces of evidence show that the accessibility and
use of a running wheel is very important (cf. Ya-
mada etal. 1988). First, when the wheels are
blocked, the enhancing effect of the estrous female
is diminished (Fig. 1, Group 2 vs Group 1). Sec-
ond, the rate of re-entrainment correlates strongly
with the amount of time spent wheel running
(Fig. 3). Possibly, failure to obtain entrainment by
social stimuli (Aschoff and von Goetz 1988 ; Davis
et al. 1987) may be accounted for by inadequate
durations of induced activity.

While wheel running is a good predictor of fast
shifting, such activity is not essential for there to
be some enhancing effect. Animals with blocked
wheels shifted slightly faster when estrous females
were in the room than when there were no non-
photic stimuli; one animal in this group adjusted
to the new light-dark cycle in 2 days. In the third
experiment, where no females were present, simply
being in a novel wheel, even though it was locked,
produced rapid re-entrainment in those hamsters
that kept active rather than curled up. In the pres-
ent experiments with the estrous females, we did
not observe the animals during the 3-h period lest
our presence introduce confounding stimuli. Pre-
sumably, when an animal re-entrains rapidly with-
out wheel running, it is because it is active outside
its wheel.

In considering the importance of running activ-
ity, a more interesting casc is that of an animal
that runs but does not phase shift especially rapid-
ly. The clearest example of this in the present ex-
periment comes from an animal in group 3 (open

triangle on right of Fig. 3). This animal took 7
days to re-entrain whereas other animals that ran
just as long took only 1-3 days. Because of this
animal and similar though less extreme cases, it
would not be justified to say that running activity
necessarily produces rapid re-entrainment.

Thus, while wheel running and fast phase shift-
ing are clearly correlated in these experiments, it
is possible that rapid re-entrainment results not
from wheel running itself, but from something that
is often, but not invariably, associated with wheel
running. This state can also be associated with ac-
tivity outside the wheel, but is usually less pro-
nounced in these circumstances.

Whatever the critical factor or factors asso-
ciated with these enhancers of phase shifting may
be, they are probably relatively non-specific. Non-
photic enhancement has been produced by triazo-
lam injections (Van Reeth and Turek 1987); with
the doses used in hamsters, this benzodiazepine
often produces prolonged activity bouts. Non-
photic enhancement has also been seen after peri-
ods in novel cages (Mrosovsky and Salmon 1987)
and with socio-sexual cues in the present experi-
ments. Additionally, single presentations of var-
ious non-photic stimuli given about 6 h before the
activity onset of free-running animals result in
phase advances. In hamsters, this effect occurs with
cage-changing, social interactions between pairs of
males (Mrosovsky 1988), induced wheel running
in novel wheels (Reebs and Mrosovsky 1989), and
triazolam (Turek and Losee-Olson 1986). In spar-
rows, diurnal animals, both playback of conspe-
cific song and a non-conspecific sound have phase
advancing effects (Reebs 1989). Since the enhance-
ment of rate of re-entrainment is consistent with
an advance portion of the phase response curve
in the middle of the normal inactive phase of the
cycle, these various manipulations might all in-
volve a common non-specific factor, possibly some
form of arousal.

Whatever this state is, for hamsters, mating it-
self is not sufficient to produce it. In Experiment
11, wheel running was prevented for 6 h, virtually
the whole time until activity onset would normally
have occurred under the previous light cycle. How-
ever, since other hamsters with their wheels locked
for a similar time, but not allowed to mate with
an estrous female, did show some enhancement
of re-entrainment rate, it may be inferred that
something about the mating experience of ham-
sters may be counteracting the phase advancing
effect of the female within a small restraining cage.
This counteracting process may be related to the
refractory period. To impregnate a female, a male



hamster has to intromit and ejaculate a certain
number of times, which takes approximately 20
to 30 min (Bunnell et al. 1977; Huck et al. 1986;
Honrado, unpublished), after which the male usu-
ally becomes unsolicitous of the same female (Bun-
nell et al. 1977). It is not suggested that mating
itself is not arousing but that the arousal induced
by mating may not last long enough. It is clear
from Fig. 3 that activity has to persist for 1 to
2 h to produce rapid phase shifts. Often after mat-
ing, the male ignores the female or falls asleep.
The male’s sexual interest can only be renewed
with the passage of time or by the presentation
of a novel estrous female (Coolidge Effect). Addi-
tionally, female receptive and proceptive behaviors
decline after mating (Steel 1979). It remains possi-
ble that mating would have effects on rate of re-
entrainment if presented at a different phase of
the cycle, or in a phase delay test. These aspects
of non-photic stimuli have not been given as much
attention as the phase advancing effect.

The non-specificity of socio-sexual cues in ham-
sters, or of conspecific song in birds, does not de-
tract from the possibility that non-photic stimuli
may play a role in the organization of circadian
activity. Non-specific mediation would permit a
variety of events, including arousal by sexual stim-
uli, to modify the timing of an animal’s behavior.
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