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Mistlberger, R. E., and M. M. Holmes. Behavioral feed-
back regulation of circadian rhythm phase angle in light-
dark entrained mice. Am J Physiol Regulatory Integrative
Comp Physiol 279: R813–R821, 2000.—Induced and sponta-
neous wheel running can alter the phase and period (t) of
circadian rhythms in rodents. The relationship between
spontaneous running and the phase angle (c) of entrainment
to 24-h light-dark (LD) cycles was evaluated in C57BL/6j
mice. With a wheel freely available, c was significantly cor-
related with the absolute (r 5 0.32) and relative (r 5 0.44)
amount of activity during the first 2 h of the activity period.
When wheels were locked during the first half of the night in
LD and then unlocked in constant dark (DD), mice exhibited
a delayed c and lengthened t compared with mice that had
wheels locked during the second half of the night. In DD, t
correlated negatively with total daily activity. To evaluate if
wheel running modulates the phase-resetting actions of LD,
phase shifts to light pulses were measured at two time points
in DD, when daily activity levels differed by 40%. Phase
delays to light were 56% greater when activity levels were
lower. However, in a counterbalanced follow-up experiment,
phase advances and delays to light pulses were not affected
by the availability of wheels, although an effect of time in DD
was replicated. Spontaneous activity can regulate c and t
without altering the response of the pacemaker to light.

wheel running; entrainment; nonphotic zeitgeber; phase
shifts; light pulses

FOR MOST MAMMALIAN SPECIES, the daily light-dark (LD)
cycle is the dominant entrainment cue (zeitgeber) for
synchronizing circadian rhythms of behavior and phys-
iology to local time. However, the circadian timekeep-
ing system in mammals also exploits nonphotic cues to
coordinate the organism with its environment. De-
pending on the species, these zeitgebers may include
daily cycles of food availability, ambient temperature,
or social interactions (1, 8, 11, 18, 37). A more recently
characterized, and unexpected, nonphotic zeitgeber is
the organism’s own behavior. In constant light or dark
(DD), free-running circadian rhythms in several rodent
species can be phase shifted or entrained by the induc-
tion of running or arousal during the usual rest phase
of the rest-activity cycle (e.g., Refs. 6, 10, 15, 16, 23, 24,
38). In addition, the period (t) of free-running rhythms
can be modulated by spontaneous running in a wheel;
t is shortened by access to a running wheel and is

negatively correlated with the daily amount of wheel
running or with the relative amount of activity occur-
ring early in the active period (a) (7, 21, 41, 42). This
adjustment of the rate of clock cycling by neural or
endocrine correlates of spontaneous locomotor activity
defines a feedback pathway from a behavioral “hand” of
the clock to its molecular gears.

Nonphotic inputs to the circadian clock have adap-
tive significance only if they contribute in some way to
setting (or resetting) the phase angle (c) of entrained
circadian rhythms. Because most animals are exposed
to daily photic cues in their natural habitats, the im-
portance of nonphotic zeitgebers therefore turns on
whether or not they are sufficiently potent to modulate
entrainment to LD cycles. Several studies have shown
that c can be significantly modified by daily schedules
or single episodes of behavioral activation induced by
confinement to a novel wheel, social interactions, or
feeding (4, 11, 12, 17, 35). However, there are no
reports yet of whether variations in spontaneous,
clock-controlled locomotor activity might also contrib-
ute to phase control. Given that a short free-running t
in mice is associated with a concentration of activity
early in a (7) and with an advanced phase of photic
entrainment (28), the following predictions can be
made: 1) during stable entrainment to LD, c may be
related to the distribution of spontaneous activity
within a and 2) c may be altered by manipulations of
the distribution of spontaneous activity within a. The
results of the present study are consistent with these
predictions.

There are several possible mechanisms by which
nonphotic cues might alter c. One possibility is that c
is the net result of multiple daily phase shifts induced
by photic and nonphotic inputs in succession. Stable c
might thus be predictable from the known photic and
nonphotic phase-response curves (PRCs; a plot of the
relationship between the circadian phase at which a
stimulus is applied and the direction and magnitude of
the resulting phase shift).

Alternatively, nonphotic cues may adjust c by mod-
ulating pacemaker t or the response of the pacemaker
to photic inputs. In hamsters and mice, phase shifts to
light pulses can be attenuated by concurrent behav-
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ioral activation at circadian phases when behavioral
activation alone has little or no phase-shifting effect
(19, 22, 29). These results raise the possibility that
spontaneous wheel running activity just after lights-
out or just before lights-on may regulate the gain of
photic phase resetting in mice. The results of the
present study, however, do not provide support for this
hypothesis.

METHODS

Subjects and Apparatus

Male C57BL/6j mice were obtained at 8 wk age (Charles
River, Quebec, Canada) and housed in separate plastic cages
(45 3 25 3 20 cm) equipped with running wheels (17 cm
diameter), contact drinkometers, and wire mesh floors over
litter trays in a climate-controlled vivarium. Wheel running
and drinking activity were monitored continuously by micro-
computer and stored on disk at 10-min intervals. Illumina-
tion during lights-on (;100 lx) was provided by overhead
fluorescent fixtures.

Procedures

Experiment 1. Correlational study of c and activity. A
group of 39 mice was maintained in a 12:12-h LD cycle for 14
days and then in DD for 1 day. The onset of nocturnal a (i.e.,
c) was quantified and correlated with the level and distribu-
tion of wheel running revolutions during the last 5 days of LD
and the first day of DD.

Experiment 2. Experimental study of c and activity. A
second group of 40 mice was maintained in DD for 32 days, in
LD for 40 days, then in DD again for 21 days. An infrared
viewer was used for checking food and water in the dark as
necessary. Free-running t was measured before and after
LD. During the last 20 days of LD, the home cage running
wheel was locked from zeitgeber time (ZT) 11 to 18 (where
ZT12 is dark onset, by convention) in 20 mice and from ZT18
to 11 in the other 20 mice. Wheels were locked by inserting a
metal rod through the bars of the cage top and the running
wheel. The rod could be installed or removed in a few seconds
without disturbing the mice. Activity restriction ended on the
last day of LD. The time of a onset (i.e., c) was quantified for
the 5 days before the activity restriction procedure, the first
5 and last 5 days of the restriction schedule, and the first day
of DD.

Experiment 3. Correlational study of photic resetting and
activity. A group of 20 mice was maintained in DD for 170
days. The mice were subjected to light pulses (40 lx, 20 min)
at circadian time (CT) 16 (where CT12 is the onset of a) on
DD days 54 and 156. Light pulses were applied by placing the
subjects’ home cage in a shielded light box in the recording
room. Mean activity levels and t during the week before each
light pulse were calculated. Phase shifts in response to the
two light pulses were also measured and compared.

Experiment 4. Experimental study of photic resetting and
activity. A group of 20 mice were maintained in DD for 151
days. Wheel running and drinking were monitored. During
the first 65 days, the running wheels were locked in one
group of 10 mice and left open in the other group. On day 47,
all of the mice received a light pulse (4 lx, 10 min) at CT16,
using a light-box as in experiment 3. On day 65, the wheel-
lock condition was reversed. On day 82, a second light pulse
was delivered at CT16. On day 99, a light pulse was delivered
at CT23. On day 116, the wheel-lock conditions were re-
versed again, and on day 133, a final light pulse was deliv-

ered at CT23. For each wheel-access condition, the timing of
light exposure was determined by regression lines fit to
drinking data (see below).

Data Analysis

Activity data were transferred to a Macintosh computer for
plotting and analyses using Circadia (Behavioral Cybernet-
ics, available from the author for correspondence), SPSS
(SPSS Inc.), and CricketGraph (Computer Associates Inter-
national). For experiments 1–3, the onset of a each day was
defined as the first 10-min bin in which wheel revolutions
exceeded 25 or 50 after an interval of 240 min during which
this threshold was not exceeded. Occasional spurious onsets
were deleted (i.e., onsets deviating by .3 h from the previous
day’s onset). c was expressed as the difference in minutes
between the average time of a onset and the time of lights-off
(where positive values represent a onset in advance of lights-
off). The criteria for detecting a onsets using drinking data
(experiment 4) were modified such that the threshold levels
were set individually for each animal. In most cases there
were still many “spurious” onsets. Consequently, computer-
identified onsets retained for line fits were based on careful
inspection of the data by two raters. A typical example of the
results of this “subjective” method is illustrated in Fig. 6B
and demonstrates a good correspondence with onsets fit by
computer algorithm to wheel running data where available.
To estimate t in DD, a least-squares regression line was fit to
a onsets. Phase shifts to light pulses in DD were measured by
calculating the displacement between regression lines fit to a
onsets for 7–10 days before and 7–10 days after a light pulse,
excluding the first 3–5 days after the light pulse to ensure
that the phase-shifting process was complete. Associations
between wheel running, t, and c were evaluated using the
Pearson bivariate correlation procedure. In the text, means
are reported 6 SE.

RESULTS

Experiment 1. The Relation Between Activity and c

In LD, nocturnal wheel running began on average
18 6 2 min after dark onset. Mean activity levels
across animals ranged from 1,100 to 12,860 wheel
revolutions/day (group mean 5 4,931 6 474 revolu-
tions/day) and did not correlate significantly with c.
Inspection of the scatterplot suggests that the correla-
tion coefficient may have been substantially influenced
by 3 of 40 data points in which very high levels of wheel
running were associated with a negative c (Fig. 1A).

To determine if c was related to the amount of
activity early in a, activity was quantified during the
first 2-h after a onset (CT12–13). This analysis re-
vealed that a more positive c was associated with
higher levels of activity early in a (r 5 0.32, P 5 0.04).

To determine if c was related to the relative distri-
bution of activity within a, the percentage of total daily
activity occurring from CT12 to 13 was calculated.
Again a significant positive correlation was revealed; c
was increasingly positive as more of the total daily
wheel running was concentrated within the first 2 h of
a (r 5 0.44, P 5 0.004; Fig. 1B).

To determine if the LD cycle masked a stronger
relation between c and activity, the time of a onset was
correlated with the percentage of total activity occur-
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ring from CT12 to 13 on the first day of DD. The
correlation was positive and significant, but not appre-
ciably more robust, than for the LD data (r 5 0.46, P 5
0.003; Fig. 1C).

Experiment 2. Effects of Activity Restriction
on c and t

Experiment 1 revealed that c tends to be more pos-
itive when spontaneous activity is concentrated early
in a. If there is a causal relationship between c and the

distribution of activity within a, then restricting spon-
taneous activity to the first or the second half of the
night should differentially affect c. Running wheels
were locked from ZT11 to 18 or from ZT18 to 11 (Fig. 2).
Visual observation of the mice and inspection of the
activity records revealed that the locking/unlocking
procedure at ZT11 produced little or no behavioral
activation. The two groups showed a similar average c
before wheel restriction (216 6 2 and 215 6 1 min,
respectively). During wheel restriction, mice with
wheel access during the first half of the dark period
showed a small phase advance of activity onset, which
was significant for the last block of 5 days of wheel
restriction, by comparison with onsets before wheel
restriction (mean advance 5 6 6 2 min; t 5 3.81, P ,
0.001). Mice with wheel access during the second half
of the night began to run as soon as the wheel was
unlocked at ZT18.

On the first day of DD, with wheels freely available,
a onset began 31 6 7 min (paired t 5 6.81, P , 0.001
vs. baseline) before the usual time of lights-off in mice
that had been permitted to run in the first half of the
night and 23 6 9 min (paired t 5 2.4, P , 0.05 vs.
baseline) after the usual time of lights-off in mice that
had been permitted to run in the second half of the
night (Fig. 3A). These onset times differed significantly
between groups (t 5 4.66, P , 0.001) and also by

Fig. 2. Wheel running records of 2 representative mice from experi-
ment 2. Each line represents 24 h, plotted in 10-min bins from the
left, with consecutive days aligned top to bottom. Vertical deflections
on the lines represent time bins in which wheel running was regis-
tered. Running wheels were locked during the hours enclosed by the
box. Lights-out is denoted by shading. A: wheels locked from zeitge-
ber time (ZT) 11 to ZT18. B: wheels locked from ZT18 to ZT11.

Fig. 1. The relationship between daily wheel running activity and
phase angle (c), where c is expressed as the difference in minutes
between active period (a) and lights-off. A: total daily activity. B: the
ratio of activity during circadian time (CT) 12 to 13 to total daily
activity. C: the ratio of activity from CT12 to 13 to total daily activity
on the first day in constant dark (DD). Positive values indicate a in
advance of lights-off (or the prior time of lights-off in C). LD, light-
dark. revs, Revolutions.
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comparison with mean a onset time on the first day of
DD in the 39 mice used in experiment 1 (14 6 7 min;
t 5 3.1, P , 0.01 and t 5 3.5, P , 0.01, compared with
early and late wheel-access groups, respectively; Fig.
3A).

During the first week of DD, mice that had wheel
access in the first half of the night in LD exhibited
significantly longer t values than mice that had wheel
access during the second half of the night (23.81 6 0.04
vs. 23.65 6 0.03 h, t 5 3.41, P 5 0.002, Fig. 3B). By
days 10–18 in DD, the difference was smaller and not
statistically significant (23.79 6 0.06 vs. 23.69 6
0.03 h, P . 0.1).

Correlation coefficients were calculated between
mean daily activity and t during DD before and after
the LD wheel-restriction condition. A significant (P ,
0.01) negative correlation was evident at all three time
blocks assessed, including week 3 before LD (r 5
20.40) and days 1–8 (r 5 20.51) and 10–18 (r 5 20.59)
after LD (Fig. 4).

Experiment 3. Relationships Between Activity, t,
and Phase Shifts to Light

Twenty mice received two light pulses separated by
102 days in DD. Group mean activity levels declined
from 12,230 6 1,542 wheel revolutions/day during the
week before the first light pulse (DD days 47–54) to
7,415 6 942 revolutions/day during the week before the
second light pulse (DD days 149–156; t 5 4.17, P 5
0.006; Fig. 5A). Phase delay shifts to light pulses at
CT16 were significantly smaller at the first time point
(22.43 6 0.27 vs. 23.81 6 0.33 h, respectively; t 5
3.61, P 5 0.002; Fig. 5B). The magnitude of the shifts
did not correlate significantly with the mean level of
activity during the prior week at either time point (r 5
0.07 and 0.18, respectively, P . 0.1). Despite the sig-
nificant decline in mean daily activity over time, there
was no significant difference in mean t at the two time
points (23.79 6 0.04 and 23.86 6 0.07 h, respectively; t
5 1.04, P . 0.1; Fig. 5C). However, mean daily activity
levels were significantly correlated with t before the

first light pulse (r 5 20.48, P , .01), although this was
not the case for the week before the second light pulse
(r 5 20.07).

Experiment 4. Phase Shifts to Light With
and Without Wheel Access

To determine if the increase in the mean size of
phase delay shifts in experiment 3 might be caused by
decreased activity levels, phase shifts to light pulses at
CT16 and CT23 were assessed twice each, once after
the wheel was locked for 3 wk and once when the wheel
was freely available. Light pulses at CT16 induced
group mean phase delay shifts of 22.30 6 0.14 h in the
wheel-unlocked condition, and 22.15 6 0.15 h in the
wheel-locked condition (paired t 5 1.27, P . 0.1; Figs.

Fig. 3. A: the c of group mean a onset on the first day of DD in
experiment 2 expressed in minutes difference from the time of lights-
off during the preceding LD cycle. Positive values indicate that a
onsets, on average, preceded the usual time of lights-off. B: period (t)
during days 1–8 of DD.

Fig. 4. Scatterplots of mean daily wheel running/10-min bin and t in
DD in experiment 2 the week before LD (A), days 1–8 (B), and days
10–18 (C) after LD.
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6 and 7). Light pulses at CT23 induced group mean
phase advances of 0.88 6 0.16 h in the wheel-unlocked
condition, and 0.99 6 0.17 h in the wheel-locked con-
dition (paired t 5 0.48, P . 0.1; Figs. 6 and 7). In the
wheel-unlocked condition, phase shifts measured using
wheel running data did not differ significantly from
shifts measured using drinking data (paired t 5 0.60,
P . 0.1).

When data from the wheel-locked and wheel-opened
conditions were combined at each of the two time
points (days 42 and 84 in DD), mean phase delay shifts
were significantly larger at the second time point
(22.03 6 0.13 vs. 22.42 6 0.14 min, respectively;

1-tailed paired t 5 2.01, P 5 0.03), which is consistent
with predictions based on the results of experiment 3.
However, there was no difference in mean phase ad-
vance shifts to light pulses at CT23 on days 102 and
138 of DD (1.1 6 0.16 vs. 0.8 6 0.17, t 5 0.5, P . 0.1).

Wheel running levels (5-day means before the light
pulse days in those mice with wheel access) also did not
differ across time when data were compared from the
first two light pulses (days 42 vs. 84; 7,616 6 2,368 vs.
8,035 6 1,748 revolutions/day, respectively), the sec-
ond two light pulses (days 102 vs. 138; 6,973 6 1,594
vs. 7,877 6 1,743 revolutions/day, respectively), or the
first two and second two combined (days 42 1 84 vs.
days 102 1 138; 7,815 6 1,458 vs. 7,403 6 1,152
revolutions/day). This lack of effect of time in DD on
wheel running levels may be due to the intermittent
wheel access.

DISCUSSION

Previous studies have shown that 1) free access to a
running wheel in DD shortens t in rats (41, 42) and
mice (7, 21), 2) the total amount of daily running
correlates negatively with t in rats (34) and hamsters
(26), and 3) the relative amount of wheel running early
in a correlates negatively with t in mice (7). The
present study extends these observations in two ways.
First, we found that variations in the amount of spon-
taneous daily wheel running can be significantly asso-
ciated with variations of t in DD in mice. In one sample
of 40 mice (experiment 2), the greater the average
number of wheel revolutions per day, the shorter the t.
In another sample of 20 mice (experiment 3), the same
significant association between the level of activity and
t was evident at one time point, although not at a
second time point 102 days later. This may be due to
the reduced range of activity levels at the second time,
a factor suggested to account for inconsistent results
found across separate groups of hamsters (26). Vari-
able results may also be expected if the effect size is
small and if t can be changed by aftereffects or occa-
sional variations in the distribution of activity within a
caused by cage servicing or other sources of behavioral
arousal (e.g., Ref. 39).

Second, we found a significant relationship between
c and the distribution of spontaneous wheel running
within a. The greater the absolute or relative amount
of activity early in a, the more advanced the c. On the
basis of the correlation coefficients obtained, 10–21% of
the variance of c can be attributed to variations in the
distribution of activity, a significant, albeit modest,
proportion. This relationship was of similar magnitude
when the first day of DD was used to assess phase,
indicating that the LD cycle did not significantly mask
pacemaker phase in the entrained state. This led us to
predict that c would be relatively advanced if sponta-
neous wheel running was restricted to the first half of
the night and relatively delayed if running was re-
stricted to the second half of the night. The results of
experiment 2 were consistent with this prediction.

Fig. 5. A: mean daily wheel revolutions/10-min bin during weeks
47–54 and 149–156 of DD in experiment 3. B: group mean phase
delay shifts to lights pulses at CT19 on days 54 and 156 of DD. C:
group mean t (in h) during weeks 47–54 and 149–156 of DD.
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The relationship between the distribution of wheel
running within a and the timing of a onset relative to
the LD cycle could reflect a direct effect of activity on
state parameters of the clock (e.g., t) or an indirect
effect mediated by modulation of the photic input path-
way to the clock. Evidence for the latter, indirect mech-
anism follows from observations that wheel running
stimulated by confinement to a novel wheel or by drug
injection can attenuate phase shifts to light pulses in
hamsters and mice in DD (19, 22, 29). According to
nonparametric entrainment theory, light exposure at

the beginning and the end of the photoperiod (i.e.,
dawn and dusk) is sufficient to mediate entrainment
and is likely of predominant importance (28). Indeed,
some nocturnal animals require only a very brief expo-
sure to evening light every few days to remain synchro-
nized to local time (5). If behavioral activation can
inhibit the response of the pacemaker to light pulses in
DD, then it is conceivable that spontaneous, clock-
controlled activity may modulate the response of the
pacemaker to the light that serves as “dawn” or “dusk”
in LD. We evaluated this hypothesis in two ways. First,

Fig. 6. Wheel running (A) and drinking (B)
activity of a representative mouse in exper-
iment 4. The charts are double-plotted (i.e.,
consecutive days are aligned both vertically
and horizontally). {, Light pulses; h, lock-
ing or unlocking of the running wheel. See
Fig. 1 for other plotting conventions.
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in experiment 3, we measured the magnitude of phase
shifts to a light pulse delivered at two times in DD,
separated by just over 3 mo. During the week before
the second light pulse test, mean daily activity levels
were reduced by 40% compared with the first test,
whereas the mean phase delay shift to light was en-
hanced by 56%. These results are consistent with the
idea that the gain of photic phase resetting can be
modulated by the level of spontaneous wheel running
activity.

However, in experiment 4, using a within-subjects
counterbalanced design, we found no effect of wheel
access on the size of phase delay or phase advance
shifts to light, although there was an effect of time in
DD (i.e., days 42 vs. 84) on the size of delay shifts, as in
experiment 3. This suggests that the increased size of
light-induced phase delays after the second light pulse
test in experiment 3 (and similar reports of increased
phase shifts to light with time in DD in hamsters; Refs.
32 and 33) was probably not a direct consequence of the
reduced level of spontaneous wheel running at that
time. Instead, it could reflect changes in the photic
PRC caused by gradual damping of pacemaker ampli-
tude or altered internal coupling between component
oscillators of the pacemaker (a possible basis for am-
plitude changes), which theoretically should increase
the magnitude of phase resetting responses. Changes
in pacemaker amplitude or internal coupling could be
caused by one or more of the following: the extended
absence of an entraining zeitgeber, the (modestly) in-
creased age of the animals, or the reduced level of
wheel running, as wheel running has been shown to
enhance sleep-wake rhythm amplitude (40). Photore-
ceptor adaptation with time in DD also cannot be ruled
out but seems an unlikely explanation given that the
first light pulse in experiment 3 did not occur until day
54 of DD.

The failure of wheel access to affect the size of phase
shifts to light suggests that spontaneous wheel run-
ning alters c by virtue of direct phase or t modulation
of the pacemaker, independent of the light input path-
way. Evidence for t modulation was obtained in exper-

iment 2; mice allowed to run in wheels only during the
first half of the night exhibited significantly shorter t
values during subsequent DD than mice allowed to run
only during the second half of the night. Nonparamet-
ric entrainment models predict that a shorter t should
result in an advance and a longer t a delay of c, thus
the group difference evident in c could be explained by
activity-induced changes in t (28).

Changes of t after a single exposure to a photic or
nonphotic zeitgeber and aftereffects after entrainment
to these zeitgebers, alone or in combination, have been
noted in previous studies (e.g., Refs. 13, 17, 25, 27, 39).
Generally, light pulses that advance the clock shorten
t, whereas pulses that delay the clock lengthen t (27).
Quantitative simulations suggest that this relation
may serve to increase the stability of c (3). Phase shifts
and t changes induced by nonphotic stimuli, however,
do not show this relationship, as both phase advance
and phase delay shifts are associated with t lengthen-
ing in some studies (e.g., Ref. 25). A lengthening of t
after an advance is not conducive to stable entrain-
ment, thus t changes caused by nonphotic stimuli
likely serve a different function (3). This is not surpris-
ing. Given that spontaneous activity is presumed to be
a hand of the clock and a clock cannot entrain (by
definition) to itself, a role for activity-induced t changes
in phase stabilization would not, a priori, be expected.

The sensitivity of pacemaker t (and therefore phase)
to concentrations of activity at certain circadian phases
more likely reflects the adaptive value of adjusting
phase to coordinate behavior optimally with significant
events, such as encounters with mates or food sources,
that may occur at particular times of day (e.g., Ref. 11).
Small phase adjustments caused by variations in levels
of activity early or late in the night are evidently not at
odds with a general requirement for mice to remain
predominantly nocturnal. Very large (;3–12 h) phase
shifts that can be induced by activity stimulated in the
middle of the sleep period in hamsters demonstrate the
potential magnitude of nonphotic effects (e.g., Refs. 9
and 35), but the presence of photic cues in natural
habitats likely prevents such dramatic phase inver-
sions (35).

In two previous studies, running stimulated by con-
finement to a novel wheel for 30–50 min was shown to
attenuate phase advance shifts to 15-min light pulses
of 8–40 lx (19, 29). The failure of wheel access to affect
phase advance or delay shifts to 10-min, 4-lx light
pulses in experiment 4 would appear to conflict with
those earlier results. However, light pulses inhibit
spontaneous wheel running in hamsters (19, 30). In
previous studies, the use of a novel running wheel to
stimulate activity was shown to override this “mask-
ing” effect of light (19). Inspection of the activity
records from experiment 4 indicates that running dur-
ing and for as much as 1 h after the light pulses was
considerably lower than in the studies employing novel
wheels. Pacemaker responses to light may be vulnera-
ble to behavioral inhibition only for a limited temporal
window during and immediately after the photic stim-

Fig. 7. Group mean phase shifts to light pulses at 2 circadian phases
with running wheels either locked or unlocked. nwd, No wheel
available (phase shift measured using drinking rhythm); w, wheel
available (phase shift measured using the wheel running rhythm);
wd, wheel available (phase shifts measured using the drinking
rhythm). Mean shifts did not differ significantly between wheel
access conditions at either circadian phase.
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ulus. If light inhibits activity at this time, this may
prevent shift attenuation.

In this study we directly measured wheel running
and drinking activity. Recently, we found that, in Syr-
ian hamsters, the prominent phase-shifting effects of
3 h of continuous wheel running, stimulated by con-
finement to a novel wheel, can be mimicked by keeping
hamsters awake by gentle handling (20). Total locomo-
tion (calculated as distance traveled) during this sleep-
deprivation procedure was estimated at ;1 order of
magnitude or less than in wheel-confinement studies.
This indicates that wheel running per se is not critical
for behavioral modulation of circadian rhythms, a pos-
sibility that has been noted previously (e.g., Refs. 11
and 17). In the present study, we found significant
relationships between wheel running, t, and c. It may
be that wheel running alters circadian parameters by
its effects on the sleep-wake states. Consistent with
this idea, previous studies in mice have shown that
wheel running increases the consolidation of sleep-
wake states and the circadian amplitude of the sleep-
wake cycle (40). From this we would predict that c
might be altered by sleep deprivation procedures used
to consolidate the wake state early or late in the usual
active period.

A final point of methodology concerns the use of
behavioral activity as a phase marker of the position of
the pacemaker relative to zeitgeber time (i.e., c LD).
We have reported that c is correlated with the distri-
bution of wheel running within a and is altered by
manipulations of this distribution. The onset of wheel
running is assumed to represent a more or less invari-
ant phase of the pacemaker. It is this assumption that
predicates the conventional use of running onset (or
other observable behaviors or physiological events) to
construct PRCs for zeitgebers such as behavioral
arousal and light. However, in this exercise we take on
faith that the phase relationship between the pace-
maker and the presumed hand of the clock (i.e., activity
onset) has not changed as a consequence of the manip-
ulation or the animal’s spontaneous behavior. Activity
onset is one part of the daily temporal program of
behavior, and it is conceivable that the phase relation
between pacemaker and one or all parts of this pro-
gram can change. Unless the molecular gears that
constitute pacemaker state (i.e., the state variables)
are observed directly, conclusions derived from indirect
measures of pacemaker phase must be made with
caution.

Perspectives

This study provides additional empirical evidence
that variations in the expression of a clock-controlled
behavior (e.g., spontaneous nocturnal wheel running)
can alter functional properties of the clock (e.g., t) in
ways that would likely have adaptive significance in
natural habitats (e.g., modulation of c). The results
have broader implications that also merit attention.
First, it is widely recognized that physical and biolog-
ical phenomena can be altered by the process of obser-

vation and measurement. An example from the field of
chronobiology is the dependence of circadian behav-
ioral phenotype (i.e., nocturnality vs. diurnality and t
length) on the tool used to measure rhythmicity (e.g.,
Refs. 2, 7, 14, 21, 41, 42). Earlier demonstrations that
novelty-evoked wheel running can alter pacemaker
responses to light pulses raised the possibility that
quantitative features of photic PRCs for rodents reflect
the use of running wheels to measure pacemaker
phase. Our finding that spontaneous activity in home
cage wheels does not alter the magnitude of phase
shifts to light allays this concern. Second, it is widely
recognized that the timing and amplitude of circadian
rhythms is altered in endogenous depression and other
psychological disorders (31, 36). These disorders may
also be characterized by changes in the amount and
distribution of physical activity. Our finding that the
amount and distribution of spontaneous wheel running
can affect pacemaker phase in LD raises the possibility
that changes in activity with mood may precipitate or
exacerbate changes in circadian phasing. The role of
such phase changes in the depressogenic process is
unknown.

We are grateful to Mike Antle and Mary An for assistance with
various portions of this study.

Funding was provided by the National Science and Engineering
Research Council of Canada (to R. E. Mistlberger) and an undergrad-
uate Challenge Research Fellowship (to M. M. Holmes).

Present address of M. M. Holmes: Department of Psychology, The
University of British Columbia, 2136 West Mall, Vancouver, British
Columbia, V6T 1Z4, Canada.

REFERENCES

1. Aschoff J, Fatranska M, Giedke H, Doerr P, Stamm D, and
Wisser H. Human circadian rhythms in continuous darkness:
entrainment by social cues. Science 171: 213–215, 1971.

2. Blanchong JA, McElhinny TL, Mahoney MM, and Smale L.
Nocturnal and diurnal rhythms in the unstriped Nile rat, Arvi-
canthis niloticus. J Biol Rhythms 14: 364–377, 1999.

3. Beersma DG, Daan S, and Hut RA. Accuracy of circadian
entrainment under fluctuating light conditions: contributions of
phase and period responses. J Biol Rhythms 14: 320–329, 1999.

4. Challet E, Pevet P, Vivien-Roels B, and Malan A. Phase-
advanced daily rhythms of melatonin, body temperature, and
locomotor activity in food-restricted rats fed during daytime.
J Biol Rhythms 12: 65–79, 1997.

5. DeCoursey PJ. Light-sampling behavior in photoentrainment
of a rodent circadian rhythm. J Comp Physiol [A] 159: 161–169,
1986.

6. Edgar DM and Dement WC. Regularly scheduled voluntary
exercise synchronizes the mouse circadian clock. Am J Physiol
Regulatory Integrative Comp Physiol 261: R928–R933, 1991.

7. Edgar DM, Martin CE, and Dement WC. Activity feedback to
the mammalian circadian pacemaker: influence on observed
measures of rhythm period length. J Biol Rhythms 6: 185–199,
1991.

8. Francis AJ and Coleman GJ. The effect of ambient tempera-
ture cycles upon circadian running and drinking activity in male
and female laboratory rats. Physiol Behav 43: 471–477, 1988.

9. Gannon RL and Rea MA. Twelve-hour phase shifts of hamster
circadian rhythms elicited by voluntary wheel running. Biol
Rhythms 10: 196–210, 1995.

10. Hastings MH, Mead SM, Vindlacheruvu RR, Ebling FJP,
Maywood ES, and Grosse J. Non-photic phase shifting of the
circadian activity rhythm of Syrian hamsters: the relative po-
tency of arousal and melatonin. Brain Res 591: 20–26, 1992.

11. Honrado GI and Mrosovsky N. Interaction between periodic
socio-sexual cues and light-dark cycles in controlling the phasing

R820 BEHAVIORAL MODULATION OF CIRCADIAN PHASE ANGLE



of activity rhythms in golden hamsters. Ethol Ecol Evol 3:
221–232, 1991.

12. Janik D, Godfrey M, and Mrosovsky N. Phase angle changes
of photically entrained circadian rhythms following a single
nonphotic stimulus. Physiol Behav 55: 103–107, 1994.

13. Joy JE, Losee-Olson S, and Turek FW. Single injections of
triazolam, a short-acting benzodiazepine, lengthen the period of
the circadian activity rhythm in golden hamsters. Experientia
45: 152–154, 1989.

14. Kas MJH and Edgar DM. A nonphotic stimulus inverts the
diurnal-nocturnal phase preference in Octodon degus. J Neuro-
sci 19: 328–333, 1999.

15. Marchant EG and Mistlberger RE. Entrainment and shifting
of circadian rhythms in mice by forced treadmill running.
Physiol Behav 60: 657–663, 1996.

16. Mistlberger RE. Effects of daily schedules of forced activity on
free-running circadian rhythms in the rat. J Biol Rhythms 6:
71–80, 1991.

17. Mistlberger RE. Scheduled daily exercise or feeding alters the
phase of photic entrainment in Syrian hamsters. Physiol Behav
50: 1257–1260, 1991.

18. Mistlberger RE. Circadian food anticipatory activity: formal
models and physiological mechanisms. Neurosci Biobehav Rev
18: 171–195, 1994.

19. Mistlberger RE and Antle MC. Inhibition of light-induced
circadian phase resetting by running activity is phase and sero-
tonin dependent. Brain Res 786: 31–38, 1998.

20. Mistlberger RE, Antle MC, Dane L, and Wood A. Sleep
deprivation resets the circadian clock in the Syrian hamster. Soc
Neurosci Abstr 25: 868, 1999.

21. Mistlberger RE, Bossert JM, Holmes MM, and Marchant
EG. Serotonin and feedback effects of behavioral activity on
circadian rhythms in mice. Behav Brain Res 96: 93–99, 1998.

22. Mistlberger RE and Holmes MM. Morphine-induced activity
attenuates phase shifts to light pulses in C57BL/6j mice. Brain
Res 829: 113–119, 1999.

23. Mistlberger RE, Marchant EG, and Sinclair SV. Nonphotic
phase shifting and the motivation to run: cold exposure reexam-
ined. J Biol Rhythms 11: 208–215, 1996.

24. Mrosovsky N. Phase response curves for social entrainment.
J Comp Physiol [A] 162: 35–46, 1988.

25. Mrosovsky N. Tau changes after single nonphotic events. Chro-
nobiol Int 10: 271–276, 1993.

26. Mrosovsky N. Further experiments on the relationship be-
tween the period of circadian rhythms and locomotor activity
levels in hamsters. Physiol Behav 66: 797–801, 1999.

27. Pittendrigh CS and Daan S. A functional analysis of circadian
pacemakers in nocturnal rodents. I. The stability and lability of
spontaneous frequency. J Comp Physiol [A] 106: 333–355, 1976.

28. Pittendrigh CS and Daan S. A functional analysis of circadian
pacemakers in nocturnal rodents. IV. Entrainment: pacemaker
as clock. J Comp Physiol [A] 106: 291–331, 1976.

29. Ralph MR and Mrosovsky N. Behavioral inhibition of circa-
dian responses to light. J Biol Rhythms 7: 353–359, 1992.

30. Redlin U and Mrosovsky N. Masking of locomotor activity in
hamsters. J Comp Physiol [A] 184:429–437, 1999.

31. Rosenwasser AM and Wirz-Justice AA. Circadian rhythms
and depression: clinical and experimental models. In: Handbook
of Experimental Pharmacology: Physiology and Pharmacology of
Biological Rhythms, edited by Redfern PH and Lemmer B. Ber-
lin: Springer-Verlag, 1997, p. 457–486.

32. Shimomura K, Kornhauser JM, Wisor JP, Umezu T,
Yamazaki S, Ihara NL, Takahashi JS, and Menaker M.
Circadian behavior and plasticity of light-induced c-fos expres-
sion in SCN of tau mutant hamsters. J Biol Rhythms 13: 305–
314, 1998.

33. Shimomura K and Menaker M. Light-induced phase shifts in
tau mutant hamsters. J Biol Rhythms 9: 97–110, 1994.

34. Shioiri T, Takahashi K, Yamada N, and Takahashi SS.
Motor activity correlates negatively with free-running period,
while positively with serotonin contents in SCN in free-running
rats. Physiol Behav 49: 779–786, 1991.

35. Sinclair SV and Mistlberger RE. Scheduled activity reorga-
nizes circadian phase of Syrian hamsters under full and skeleton
photoperiods. Behav Brain Res 87: 127–137, 1997.

36. Stampfer HG. The relationship between psychiatric illness and
the circadian pattern of heart rate. Aust NZ J Psychiatry 32:
187–198, 1998.

37. Tokura H and Aschoff J. Effects of temperature on the circa-
dian rhythm of pig-tailed macaques Macaca nemestrina. Am J
Physiol Regulatory Integrative Comp Physiol 245: R800–R804,
1983.

38. Van Reeth O and Turek FW. Stimulated activity mediates
phase shifts in the hamster circadian clock induced by dark
pulses or benzodiazepines. Nature 339: 49–51, 1989.

39. Weisgerber D, Redlin U, and Mrosovsky N. Lengthening of
circadian period in hamsters by novelty-induced wheel running.
Physiol Behav 62: 759–765, 1997.

40. Welsh D, Richardson GS, and Dement WC. Effect of running
wheel availability on circadian patterns of sleep and wakeful-
ness in mice. Physiol Behav 43: 771–777, 1988.

41. Yamada N, Shimoda K, Takahashi K, and Takahashi S.
Change in period of free-running rhythms determined by two
different tools in blinded rats. Physiol Behav 36: 357–362, 1986.

42. Yamada N, Shimoda K, Ohi K, Takahashi S, and Taka-
hashi KK. Free-access to a running wheel shortens the period of
free-running rhythm in blinded rats. Physiol Behav 42: 87–91,
1988.

R821BEHAVIORAL MODULATION OF CIRCADIAN PHASE ANGLE


