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Abstract

Circadian rhythms in Syrian hamsters can be phase shifted by light exposure during the subjective night and by a bout of wheel
running induced during the subjective day. Interactions between photic and behavioral stimuli were examined by comparing phase shifts
to 15 min, 50 lux light pulses with and without a bout of running induced by confinement to a novel wheel 30 min prior to and extending
through light exposure. Light pulses 6 h after dark onset on the first night of constant dark induced phase advance shifts averaging 80

Ž .min. Wheel running attenuated these shifts by 45% on average p-0.01 . Light pulses 1 h or 2.25 h after dark onset induced phase delay
shifts averaging 50 min and 20 min, respectively, that were not affected by stimulated running. A significant running response to the
novel wheel was evident at all 3 time points, but was greater to wheel confinement at both times early in the night. Stimulated running
alone early or late in the night did not produce significant phase shifts. Behavioral attenuation of phase advances to light late in the night

Ž .was prevented by pretreatment with the general 5HT1 antagonist metergoline 2 mgrkg i.p. . Metergoline did not significantly attenuate
running in novel wheels. These results indicate that modulation of light-induced phase shifts by behavior is phase dependent and may
involve direct or indirect actions of serotonin within the circadian system. q 1998 Elsevier Science B.V.

Keywords: Circadian rhythm; Nonphotic zeitgeber; Wheel running; Metergoline; Syrian hamster

1. Introduction

Ž .The principle entraining stimulus zeitgeber for circa-
dian rhythms in most species is the daily cycle of light and

Ž .dark LD . However, circadian rhythms in some species
can also be affected by nonphotic stimuli, including daily
cycles of feeding, temperature social interactions and be-

Žhavioral activity or arousal reviewed in Refs.
w x.25,26,29,39 . The effects of behavior on circadian
rhythms have attracted considerable recent attention.
Scheduled running in rodents can phase shift or entrain

w xcircadian rhythms 10,20,24,35 and spontaneous running
in home cage wheels can modulate both the circadian

w x w xperiod 12,42 and waveform 41 . This raises the issue of
whether behavioral activity plays a significant role in
setting the phase of circadian rhythms in the presence of
natural LD zeitgebers. The available evidence suggests that
it may; daily or single bouts of stimulated running can

w xalter the phase angle of entrainment to LD cycles 17,38
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and can influence the rate at which rhythms reentrain to a
w xshifted LD cycle 16,30 .

Other studies indicate that interactions between behav-
ioral and photic stimuli may be complex. One set of
observations indicates that at certain phases light can

Žinhibit nonphotic inputs to the circadian pacemaker the
.suprachiasmatic nuclei, SCN . During the mid-subjective

Ž .day the rest phase in nocturnal rodents , scheduled activ-
ity can induce phase advance shifts of circadian rhythms,
and light can block these shifts, despite having no indepen-

w xdent shifting effect at this phase 28 . Transmitters in-
volved in nonphotic phase shifting include neuropeptide Y
Ž . Ž . w xNPY and possibly also serotonin 5HT 5,11,21,29 .
Injections of NPY or 5HT agonists during the subjective
day induce activity-like phase shifts, and these shifts can

w xbe blocked by a subsequent light pulse 6,31 . In vitro,
phase shifts of SCN neural activity induced by NPY can

w xbe blocked by glutamate 4 , which is the most likely
w xneurochemical mediator of photic inputs to the SCN 9 .

Another set of observations indicates that at other circa-
dian phases, nonphotic stimuli may inhibit photic inputs to
the pacemaker. Phase shifts to light during the subjective

Ž .night the active phase in nocturnal rodents can be attenu-
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w xated by NPY or 5HT agonists 14,34,40 or potentiated by
w xantagonists to NPY or to 5HT 6,33 , and phase shifts to

w xglutamate in vitro can be blocked by NPY 4 . In addition,
it has been reported in scorpions that behavioral activity at
night can block the normal phase shift response to light

w xpulses 15 .
A similar behavioral result has been reported in one

mammalian species; hamsters that were spontaneously ac-
tive or induced to run by confinement to a novel running
wheel cage during a light pulse scheduled late in the night
showed a significant reduction in the size of the phase

w xadvance shift to the photic stimulus 32 . However, the
between-group design of that study raises interpretive am-
biguities. Animals were divided post hoc into ‘runners’
and ‘non-runners’, and runners were found to exhibit
smaller shifts to light. Light inhibits activity in nocturnal

w xrodents 2 , including hamsters. Thus, it is conceivable that
‘runners’ ran more and shifted less because they were less
sensitive to light or received a weaker photic stimulus due
to cage positioning or other factors. A within-subjects
design is necessary to rule this out. In addition, subjects
differed in the phase of light exposure, and, in at least part

Ž .of the data set experiment 1 , there is a significant unre-
ported correlation between the size of the phase shifts and

Žthe phase of light exposure rs0.57, p-0.001, calcu-
w xlated from raw data provided in Fig. 1 32 . Runners and

non-runners were not equally distributed across these
phases, thus group differences in shift size could be sec-
ondary to group differences in phase of light exposure.

Behavioral modulation of photic phase control of circa-
dian rhythms may be of considerable practical importance.
Therefore, the aims of the present study were to establish
more clearly that wheel running in hamsters can alter
phase shifts induced by brief light exposure late in the
night and to extend these observations to include early
night. In addition, given the evidence that behavioral activ-

w xity is associated with 5HT release 8,18,37 , and that 5HT
w xcan antagonize pacemaker responses to light 13,14,34,36 ,

a final aim was to evaluate a role for 5HT in modulation of
light-induced phase resetting by behavior.

2. Materials and methods

2.1. Procedures

Ž .Adult male Syrian hamsters Charles River, Montreal
Žwere housed individually in opaque plastic cages 45=25

.=20 cm with wire covers and floors and 17 cm running
wheels. The cages were housed in isolation cabinets with
controlled incandescent lighting and ventilation fans. Wheel
revolutions were detected by microswitch closures moni-
tored continuously by computer using the Activity Count-

Žing System interface and software Simon Fraser Univer-
.sity . Phase shifts in response to light, running activity and

the combination were assessed using the Aschoff Type II

Ž .Fig. 1. A Group mean phase shifts"S.E. in response to constant dark
Ž . Ž .DD , a 45 min bout of wheel running from ZT17.5–18.25 R , a 15-min

Ž .light pulse at ZT18 L , the combination of wheel running and a light
Ž . Ž .pulse RL , a light pulse following metergoline administration ML , and

Ž .wheel running combined with light following metergoline MRL . The
mean for the DD condition represents the phase shift with respect to LD,
while the other means represent the phase shifts adjusted by subtracting

Ž .these DD shifts. B Group mean wheel revolutions from ZT17.5–18.33
Ž . )50 min in each of the treatment conditions. Denotes significant

Ž .difference between pairs p-0.05 . In panel A, the values for A, L, RL,
Ž .ML and MRL are all significantly different from DD and R p-0.05 .

w xprocedure 1 , as follows: Hamsters were first maintained
Ž .in a 14:10 LD cycle 50 lux:0 lux for at least 10 days and

Ž .were then exposed to constant dark DD for 5–10 days,
beginning at the usual time of dark onset. On the first night

Žof DD, the hamsters received a light pulse 15 min, 50
.lux , or were induced to run for 45 min by transfer to a

novel 17 cm running wheel, or received both treatments,
with the light pulse occurring during the last 15 min of the
induced running bout. The novel wheels were mounted in
plastic bins with sawdust floors, and were placed in the
same cabinet position as the home cage, to ensure the same
light levels across light pulse tests. Cage transfers were
performed with the aid of an infrared viewer. The animals
were then left undisturbed for the remaining days in DD.
To quantify a phase shift associated with each treatment,
the phase of activity onset during DD was compared with
the average onset of activity during the last 5 days of LD.

Three groups of hamsters were tested. Group 1 ham-
Ž .sters Ns16 were subjected to the following sequence of

Ž . Žtreatments; 1 a control DD test no light pulse or activity
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. Ž .stimulus , counterbalanced for order with 2 a 45 min
Ž . Žbout of running induced at zeitgeber time ZT 17.5 5.5 h

.after dark onset, which is designated ZT12 by convention ,
Ž .3 a 15-min light pulse beginning at ZT18, counterbal-

Ž .anced with 4 a bout of running combined with a light
Ž . Žpulse, 5 an injection of metergoline Research Biochemi-

cals International, 2 mgrkg, i.p., in DMSO vehicle with a
.concentration of 2 mgrml at ZT17, followed by a light

Ž .pulse at ZT18, counterbalanced with 6 an injection of
metergoline followed by the combination of a running bout
and a light pulse. Previous observations indicate that me-

Žtergoline alone does not alter circadian phase Antle and
.Mistlberger, unpublished data or pacemaker responses to

w xlight 14 . DD tests lasted 10 days in each case, and were
separated by 10 days in LD to ensure that the hamsters
were reentrained prior to the next test.

Ž .The second group of hamsters Ns19 was subjected
Ž . Ž .to 1 a light pulse at ZT14.25 counterbalanced with 2 a

bout of running at ZT13.75 combined with a light pulse at
Ž . Ž .ZT14.25, 3 a control DD test, 4 a light pulse at ZT13,

Ž .counterbalanced with 5 a running bout at ZT12.5 with a
light pulse at ZT13. A third group of age-matched ham-

Ž .sters Ns33 were used to assess the effects of induced
wheel running or wheel-locking at ZT13.75–14.5. DD
tests lasted for 5 days and were followed by 10 days in LD
for reentrainment.

2.2. Data analyses

Activity data were summed and stored to disc at 10 min
intervals, and were inspected visually in the form of
standard ‘actograms’. Phase shifts were quantified by a

Ž .Fig. 2. Spontaneous home cage wheel running activity of a representative hamster in LD and DD indicated by shading . Each line represents 24 h, in
10-min time bins plotted from left to right. Time bins during which activity counts were registered are indicated by bars proportional in height to the

Ž Ž . . Ž . Ž .amount of activity 3 pts heights1–9 revolutions revs , 5 ptss10–19 revs, 7 ptsG19 revs . A Constant dark, no stimulus, B A bout of wheel
Ž . Ž . Ž . Ž .running induced by confinement to a novel wheel for 45 min at ZT17.5 denoted by arrowhead , C A light pulse at ZT18 circle , D The combination of

Ž . Ž . Ž .induced running and a light pulse, E Metergoline diamond followed by a light pulse, and F Metergoline followed by novel wheel confinement and a
light pulse. In this example, the phase advance in response to light, measured on day 5 of DD, was 157 min, while in response to light combined with
stimulated running was only 28 min.
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computer algorithm for identifying the onset of the daily
Žactive period the 10 min bin exceeding 50 wheel revolu-

tions preceded by a 240 min interval in which counts did
.not exceed 50 in any bin . Light at ZT18 was expected to

induce advance phase shifts stabilizing after several days
w xof transient cycles 19 . Regression lines were therefore fit

by computer to activity onsets for days 5–10 in DD, and
this was extrapolated back to the day after the treatment.
The phase shift was recorded as the difference in minutes
between this intercept and that predicted on the basis of
activity onsets during the last 5 days of LD. A second
measure of phase shift was obtained by comparing the
average activity onset during LD with activity onset on
day 5 of DD. The advantage of using a single day 5 onset
is that transient cycles were complete by this day, and a
single day onset minimizes any contribution that a non-24

Ž .h free-running period t makes to the phase shifts ob-
tained using regression lines. Light exposure at ZT13 and
14 was expected to induce delay phase shifts with few or
no transient cycles, therefore activity onset on day 3 of DD
was used to quantify phase shifts, as described previously
w x Ž27 . Phase shifts evident in the control condition no

.treatments were subtracted from phase shifts in response
to light, activity and the combination, and the adjusted
shifts were then compared by repeated measures ANOVA
and two-tailed paired t-tests. Wheel revolutions during
novel wheel confinement, light pulses and in the home
cage were also quantified and compared by paired t-tests.
Because activity was collected in 10 min intervals, the
cumulative activity scores for wheel confinement and light
pulses include the first 5 min following the end of the
treatments.

3. Results

3.1. Phase shifts to light and actiÕity at ZT18

Regression lines fit to days 5–10 of DD and activity
onset on day 5 of DD produced very similar phase shift
estimates. The slope of the regression lines yielded t

Žestimates that were slightly different from 24 h range
.23.97–24.05 . However, there was no significant effect of

Ž .treatment condition on t F s1.65, p)0.1 thereforeŽ4,60.
t is not likely to account for differences in phase shifts
across treatments. Nonetheless, to minimize any contribu-
tion of t , phase shift estimates obtained using day 5
activity onsets were used for statistical comparisons among
treatments.

Mean phase shifts and running levels are summarized in
Fig. 1a,b. Light pulses at ZT18 induced phase advance

Žshifts of 81"8 min ts8.79, p-0.001, non-adjusted
.scores compared with DD alone; e.g., Fig. 2a,c . Wheel

running induced by 45 min confinement to a novel wheel
did not induce significant shifts by comparison to the

Ž .control condition ts0.28, p)0.1; Fig. 2b , but did

attenuate the phase shifting effect of light by ;45%
Žmean shift 43"11 min; ts2.9, p-0.01 by comparison

.with light pulse alone; e.g., Fig. 2d .
Wheel running levels during novel wheel confinement

were ;400% greater than spontaneous running levels in
Žthe home cage for that ZT during the control DD test Fig.

.1b . When novel wheel confinement was combined with a
light pulse, activity levels were ;300% greater than in

Ž .the light pulse alone condition ts2.47, p-0.02 .

3.2. Effects of metergoline on inhibition of light-induced
shifts at ZT18 by actiÕity

Pretreatment with metergoline did not significantly alter
Ž .the phase shift in response to light Fig. 2e , but did

prevent the attenuation of light-induced shifting by novel

Ž .Fig. 3. A Group mean phase shifts"S.E. in response to constant dark
Ž . Ž .DD , a 15-min light pulse at ZT14.25 L14 , the combination of 45 min
of wheel running beginning at ZT13.75 and a light pulse at ZT14.25
Ž . Ž .RL14 , a light pulse at ZT13 L13 , the combination of 45 min of wheel

Ž .running beginning at ZT12.5 and light at ZT13 RL13 , 45 min of wheel
Ž .running beginning at ZT13.75 R13 , and 45 min with the running wheel

Ž .locked NR13 . The mean for the DD condition represents the phase shift
with respect to LD, while the means for the L and RL conditions
represent the phase shifts adjusted by subtracting these DD shifts. The
means for the R and NR conditions were from a separate group of

Ž .hamsters, and represent shifts relative to LD. B Group mean wheel
revolutions in 50 min at the ZT corresponding to novel wheel confine-
ment. In panel A, ) denotes significant difference from DD, R13 and
NR13, and in panel B, ) denotes significant difference between pairs
Ž .p-0.05 .
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wheel running, i.e., following metergoline treatment, there
was no significant difference between phase shifts in re-
sponse to light alone and the combination of light and

Ž .wheel running ts0.04, p)0.1; e.g., Fig. 2f . Metergo-
line did not, on average, significantly suppress the running

Ž .response to novel wheel confinement tsy0.92, p)0.1 ,
indicating that inhibition of wheel running was not the
mechanism by which metergoline prevented the inhibitory
effects of novel wheel confinement on light-induced phase
shifts. This interpretation was further evaluated by select-
ing 10 hamsters with the smallest difference in activity
levels between the light pulse-novel wheel condition and

Žthe metergoline-light pulse-novel wheel condition mean
.difference 40"64 revolutions in 45 min . Although me-

tergoline had virtually no effect on activity levels in this
subsample, it nonetheless prevented inhibition of light-in-

Ž .duced shifting by wheel running ts1.08, p)0.05 .

3.3. Phase shifts to light and actiÕity at ZT13 and 14.25

Mean phase shifts and running levels are summarized in
Fig. 3a,b. Light pulses at ZT14.25 induced small phase

Ždelays that were significant by day 3 of DD y22"9
.min, ts3.81, p-0.001 . Phase shifts to light at this ZT

were not significantly altered by combining light pulses
Ž .with confinement to a novel wheel ts0.5, p)0.1 ,

Fig. 4. Spontaneous home cage wheel running activity a hamster in LD
Ž . Ž .and DD. A Control DD test, no stimulus, B A light pulse at ZT13

Ž . Ž .circle , C Wheel running induced by confinement to a novel wheel for
Ž .45 min at ZT12.5 arrowhead combined with a light pulse at ZT13.

Other plotting conventions as in Fig. 2. Mean phase delay to light was 40
min, and to light combined with activity was 35 min.

Ž .Fig. 5. A Group mean wheel revolutions"S.E. for the 20 min period
Ž .beginning at the ZT of light exposure in the light pulse L condition and

Ž .the wheel running combined with light condition RL , and at that ZT in
Ž . Ž .the control condition DD, no stimulus . B Group mean wheel revolu-

tions"S.E. for the 60 min period beginning 5 min after the end of light
exposure in the L and RL conditions, and at that ZT in the control DD
condition. Within each triad, letters denote means that are significantly
different at p-0.05.

although the novel wheel did induce a significant running
response by comparison with the light-alone condition
Ž .ts4.28, p-0.001 .

ŽLight pulses at ZT13 induced larger phase delays y50
."8 min; e.g., Fig. 4b by comparison with light pulses at

ZT14.25, and these were also not affected by running in a
Ž .novel wheel ts0.1, p)0.1; e.g., Fig. 4c , although

running counts were significantly higher when hamsters
where confined to novel wheels compared to the light

Ž .pulse alone condition ts2.61, p-0.01 .
Running levels during wheel confinement did not differ

significantly between the ZT13 and ZT14.25 light pulse
conditions, and also did not differ significantly from home
cage running levels at those ZTs on the DD control day.
Home cage wheel running typically was at its highest
levels early in the night in these hamsters, and this may
represent a ceiling on wheel running that is not exceeded
even by the stimulation of a novel wheel. Novelty-induced
running levels during the ZT13 and ZT14.25 light pulses
were greater than in the ZT18 condition, although this
reached significance only for the ZT14.25–ZT18 compari-

Ž .son independent ts2.45, p-0.02 .
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Neither confinement to novel wheels nor locking of
home cage wheels for 45 min at ZT13.75 induced signifi-
cant phase shifts by comparison with control DD tests
Ž .Fig. 3a .

3.4. Stability of entrained phase oÕer time

Repeated measures ANOVA revealed no effect of time
on the average phase of activity onset during LD prior to

Ž .each DD test in group 1 ZT18; F s1.11, p)0.05Ž4,60.
Ž .and group 2 ZT13,14; F s0.68, p)0.05 hamsters,Ž4,70.

indicating that there was no systematic change in the phase
angle of entrainment as a consequence of repeated expo-
sures to DD with and without light pulses and novel wheel
confinement.

3.5. Extended inhibition of actiÕity by light pulses

Activity levels were lower during the 15 min light
pulses at ZT13 and ZT14.25, by comparison with the same
ZTs during the DD control day, but variability was high
and these differences did not reach the 0.05 level of

Ž .significance Fig. 5a . However, during the hour following
the light pulses at both ZTs, activity was significantly
attenuated by comparison with the same ZTs during the

ŽDD control day p-0.01 for both comparisons; Fig. 5b,
.Fig. 6a,b . This extended inhibition of activity following

light pulses was attenuated when light was combined with
Ž .novel wheel-induced running Fig. 5b, Fig. 6c . The dura-

Žtion of quiescence following light pulses defined as the
time until at least 1 wheel revolution was recorded in each

.of 3 successive 10 min bins was approximately 60–90
min, and tended to be shorter when light was paired with
novelty-induced running, although this difference reached

Fig. 6. Wheel running activity in a representitive hamster exposed to light
Ž . Ž .pulses at ZT14.25 A , ZT13 B , and ZT13 concurrent with a bout of

Ž .novel wheel-induced running C . Plotting conventions as in Fig. 2.

Žsignificance only in the ZT14.25 comparison ts3.51,
.p-0.005 .

Light pulses at ZT18 did not significantly attenuate
home cage wheel running, because activity levels were

Ž .already quite low at that phase Fig. 5a . However, many
animals exhibited bimodal activity patterns, with a minor
peak of activity beginning late in the night. Consequently,
average home cage activity levels were increased after

Ž .ZT18, although group variability was high Fig. 5b . Dur-
ing the hour following the light pulse, activity levels were
strongly suppressed by comparison with the control DD

Ž .day ts2.75, p-0.02 . Confinement to a novel wheel
Ž .during the light pulse prevented this effect Fig. 5b .

4. Discussion

This study demonstrates that behavioral activity stimu-
lated by confinement to a novel wheel can attenuate the
phase advancing effect of a light pulse presented late in the
subjective night in hamsters. These results therefore con-
firm one previous study that used a different design with

w xpotential confounds 32 .
Stimulated running alone did not have a significant

phase shifting effect late in the subjective night, therefore
attenuation of light-induced phase advances was not due to
induction of a competing phase delay. This finding is
consistent with other studies showing that phase shifts to
novelty-induced running in hamsters housed with free
access to running wheels are consistently induced only
when running exceeds 4000–5000 revolutions in a 3 h
period, and that even at those high levels phase shifts to
running late in the subjective night are small or absent
w x29 .

A more likely explanation for attenuation of light-in-
duced phase advances is that behavioral activity modulates
transmission of photic information within the circadian
system. Converging lines of evidence suggest that the
mechanism by which behavior alters photic phase shifting
may involve 5HT. The raphe nuclei are well positioned to
modulate activity within the circadian system via direct
projections from the median raphe to the SCN, and via
projections from the dorsal raphe to the intergeniculate

Ž .leaflet IGL , which is a second major source of afferents
w xto the SCN 22 . Numerous studies indicate that motor

activity in several species is associated with increased
neural activity in raphe nuclei and release of 5HT in
terminal fields throughout the forebrain, including the SCN
w x8,18,37 . In addition, 5HT agonists can attenuate molecu-
lar and electrophysiological responses to light in the SCN
w x w x13,34,36 as well as behavioral phase shifts to light 14,34 ,
and mixed 5HT1a antagonists can potentiate phase shifts

w xto light 33 . Our observation that the general 5HT1 antag-
onist metergoline can prevent an inhibitory effect of be-
havior on light-induced phase shifting provides an impor-
tant link between these previous findings, and supports a
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hypothesis that a major function of 5HT afferants within
the circadian system is to mediate the effects of behavior
or arousal on the response of the circadian pacemaker to
light.

Although 5HT receptors in the SCN seem obvious
candidates to mediate effects of activity-related 5HT re-
lease on photic shifts, an indirect effect via the IGL is also
conceivable. Activation of serotonergic raphe units could
result in autoinhibition via somatodendritic 5HT1a autore-

w xceptors. 5HT inhibits IGL neurons 43 . Attenuation of
5HT output by autoinhibition could thus disinhibit NPY
containing cells of the IGL that project to the SCN. This
could result in inhibition of SCN responses to light, as
peri-SCN injections of NPY can block phase shifts to light

w xin vivo 40 , and NPY microdrops can block phase shifts to
w xglutamate applied to SCN slices in vitro 4 . In addition,

peri-SCN injections of anti-NPY have been shown to
w xpotentiate light-induced phase shifts in vivo 3 . Metergo-

line could prevent activation of NPY cells by blocking the
somatodendritic 5HT1a raphe autoreceptors. A critical test
of this model requires measurement of 5HT levels in the
IGL during behavioral activity late in the subjective night,
and preliminary observations indicate that the model may

Žhave some validity Glass, personal communication; see
w x.also Ref. 23 .

Consistent with known phase-response curves to light
w xpulses in hamsters 19 , brief light exposure early in the

night induced significant phase delays of activity onset,
and phase delays were greater to light at ZT13 than
ZT14.25. Unlike phase advances to light late in the night,
these phase delays were not affected by novel wheel-in-
duced running. Neither running nor the absence of running
early in the subjective night significantly altered circadian
phase, so failure to observe attenuated photic shifting at
this phase was not due to induction of a compensating
phase delay. Also, novel wheel-induced running early in
the night was marginally greater than that evident late in
the night, so failure to observe an effect of activity early in
the night was not due to low levels of stimulated running.
Conceivably, behavioral activity might attenuate photic
shifting early in the subjective night if the light pulse were
dimmer or shorter, although we note that the light pulses
used were below saturation, as we get larger shifts to light

Ž .pulses of 300 lux at these ZTs unpublished observations .
The results, in any case, constitute evidence of circadian
modulation of behavioral effects on light-induced phase
resetting.

Failure of activity to modulate light-induced phase de-
lays may be related to the high levels of home cage wheel
running activity that are characteristically expressed during
the first few hours of the night in hamsters entrained to LD

Ž .14:10 e.g., Figs. 2, 4 and 6 . Conceivably, 5HT receptors
may be fully occupied or functionally downregulated at
this time as a consequence of 5HT release associated with
home cage running or other circadian factors, and these
effects may persist through the 15 min light pulse, whether

or not the animals are induced to run during that time. The
available evidence does indicate that extracellular 5HT

w xlevels in the SCN are maximal early in the night 37 . A
ceiling effect on 5HT transmission may thus preclude
detection of any modulating influence of behavior on
light-induced phase shifts at this circadian phase. This
model implies that light-induced phase shifts early in the
subjective night may be larger if animals are sedentary or

Ž w x.if 5HT activity is experimentally reduced e.g., Ref. 33 .
In addition to its phase-shifting effects on activity

rhythms, light can also acutely suppress activity in noctur-
nal rodents, thereby ‘masking’ the phase of the circadian

w xpacemaker 2 . Suppression of activity by light was evident
in the present study, although light did not prevent stimula-
tion of activity by confinement to a novel wheel. An
unexpected observation was that activity was significantly
suppressed for 60–90 min after the light pulse was termi-
nated. More detailed behavioral observations will be nec-
essary to determine whether this period of quiescence is
limited to wheel running or extends to other behaviors,
including sleep. Evidence for such an effect has not been
explicitly noted in the literature, possibly because the use
of event records to represent activity data prior to the
advent of microcomputers precluded analyses of wheel
running levels. A possibly analogous finding was reported
in a study of nocturnal flying squirrels housed in a semi-
natural environment with a light-tight nest box; if at the
end of their inactive phase the animals emerged from the
nest while the lights were still on, they retreated to the nest
and were quiescent for about 20 min, which approximated
the size of the phase delay induced by the brief light

w xexposure 7 . It remains to be determined whether the
circadian system mediates, gates or plays any role in
extended effects of light on behavior.

It may also be of interest that the period of quiescence
evident following light exposure in the present study was
attenuated when light was paired with novelty-induced
running. This may be due to extended arousal induced by
running, possibly involving compensatory eating, drinking
or grooming behaviors, or it may be an indication that
activity can attenuate an extended effect of light on behav-
ioral state, as well as its effect on circadian phase.

Nonphotic stimuli can have surprisingly robust effects
on the phase, period and form of circadian rhythms in the
few species studied to date. The role of these effects in the
behavioral ecology of any species is not yet well under-
stood, and a major part of the task of unraveling their
significance will be careful phase-response and dose-re-
sponse analyses of nonphotic and photic stimuli in combi-
nation.
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