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Circadian rhythms in several species can be phase-shifted by
procedures that stimulate locomotor activity (“exercise”) during
the usual sleep period. The role of arousal or sleep loss, inde-
pendent of activity, in this effect has not been adequately re-
solved. We show here, using the sleep deprivation procedure of
gentle handling, that comparably large phase shifts (up to 240
min advances) of the rest–activity cycle can be induced in Syrian
hamsters by 3 hr of behavioral arousal, with minimal locomotion,
beginning 6 hr before the usual active period. Horizontal distance
traveled during the deprivation procedure averaged ;0.08 km,
compared to 2.5 km typical in exercise studies. Hamsters requir-
ing fewer interventions exhibited larger shifts, suggesting that the

level or continuity of spontaneous arousal determines shift size.
The circadian rhythm of light-induced c-fos expression in the
suprachiasmatic nucleus (SCN) was used as a phase marker to
further demonstrate that the clock is reset within 1 hr after a 3 hr
deprivation. Sleep deprivation mimicked the effects of exercise
on basal c-fos expression in two components of the circadian
system, suppressing basal Fos immunoreactivity in the SCN, and
increasing Fos in the intergeniculate leaflet. Sleep deprivation
without exercise in hamsters can rapidly reset the circadian clock
and alter gene expression within the circadian system.
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Forty years ago, it was first suggested that an animal’s state of
arousal or level of locomotor activity might affect properties of its
circadian clock (Aschoff, 1960). Convincing evidence followed
some 25 years later, when it was demonstrated that running in an
activity wheel can alter the period (Yamada et al., 1986) or shift the
phase (Reebs and Mrosovsky, 1989) of circadian rhythms in noc-
turnal rodents. Since then, it has been shown repeatedly, using a
range of arousing stimuli applied during the usual rest phase of the
circadian sleep–wake cycle, that substantial phase advance shifts
(up to 4 hr) are induced if subjects run during or after the stimulus
but usually not if running is absent or prevented (Hastings et al.,
1998; Mistlberger et al., 2000). Both the magnitude and the direc-
tion of these shifts are gated by circadian phase, with maximal
phase advance shifts evident when activity is stimulated near the
middle of the rest period and small phase delays (#1 hr) when
activity is stimulated during the latter half of the usual wake phase
of the circadian cycle (Bobrzynska and Mrosovsky, 1998).

Although these studies implicate high intensity locomotor activ-
ity (i.e., exercise) as the behavioral stimulus critical for phase
resetting in response to at least some arousing stimuli, the contri-
bution that sleep loss or nonspecific arousal makes to the phase
shifting process, independent of locomotion, has not been ade-
quately resolved. Animals that run little after an arousing stimulus
may fail to shift because they do not stay awake, whereas the
occasional animal that shifts despite little running may do so
because it does remain awake. This latter possibility, and potential
contributions of nonspecific arousal to shifts induced by nonphotic
stimuli, was noted in some of the earliest work on phase resetting
by behavioral manipulations (Mrosovsky, 1988; Rusak et al., 1988;
Honrado and Mrosovsky, 1989; Turek, 1989). More recently, it has
been reported that brief episodes of arousal, induced by a single
intraperitoneal injection of saline, can induce phase advance shifts

without substantial locomotor activity, although these shifts are
much smaller (;60 min) and exhibit a more constrained circadian
phase dependence than those induced by exercise procedures
(Mead et al., 1992; Hastings et al., 1998). The possibility that longer
episodes of arousal, without intense activity, might reliably pro-
duce larger shifts has not been systematically examined. This issue
remains of broad interest, because it informs the neurobiological
analysis of nonphotic entrainment and has implications for under-
standing circadian rhythm adaptation in humans after procedures
that displace the normal timing of sleep–wake states (e.g., jet
travel, shift work rotations, and antidepressant treatments such as
early morning light therapy, phase advance of sleep–wake schedule,
and short-term sleep deprivation).

We show here, using Syrian hamsters, that the phase-shifting
effects of intense running can be fully mimicked by keeping sub-
jects awake by gentle handling, with minimal activity. We used Fos
immunocytochemistry (ICC) to further show that phase resetting
is rapid (i.e., accomplished within 1 hr of the end of the procedure)
and that the deprivation procedure mimics the effects of intense
exercise on immediate early gene expression in components of the
circadian system.

MATERIALS AND METHODS
Animals and sleep deprivation procedures. Syrian hamsters (male, 90 gm;
Charles River, Montreal, Quebec, Canada) were housed under a 14:10
light /dark (LD) cycle (;30:0 lux) in plastic cages (47 3 26 3 20 cm)
equipped with 17.5 cm running wheels connected to an interface and
microcomputer to monitor daily activity rhythms. Hamsters (n 5 9) were
sleep-deprived for 3 hr in their home cages, beginning 6 hr before the usual
time of dark onset [zeitgeber time (ZT) 6, during which dark onset is
designated ZT12, by convention]. This time was selected because it is
normally occupied by sleep (on average, 91% of total time; our unpub-
lished observations) and because continuous exercise at this time reliably
induces large phase shifts. Deprivation was accomplished by the method of
gentle handling (Tobler and Jaggi, 1987). Briefly, cage tops were removed,
and the hamsters were observed continuously. If the hamsters attempted to
adopt a sleep posture they were stimulated by a light puff of air, touch of
the whiskers, or gentle prod. Running wheels were locked during the
procedure, and the lights were dimmed (;1 lux, red). After deprivation,
the animals were left undisturbed for 3 d in constant dark (DD), after
which they were re-entrained to LD for 7 d. The sleep deprivation test was
conducted in counterbalanced order with a control test, in which the
lighting conditions were duplicated without behavioral disturbance. After
these tests, the hamsters were subjected at 10 d intervals to a 1 hr sleep
deprivation beginning at ZT6 and a second 3 hr sleep deprivation begin-
ning at ZT6, with home cage running wheels locked until ZT12. In
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replication experiments, 24 additional hamsters were subjected to the 3 hr
sleep deprivation and control procedures.

Locomotor activity analysis. To quantify locomotor activity during the 3
hr sleep deprivation procedure, four hamsters used for immunocytochem-
istry (see below) and two hamsters used for behavioral phase shifting
studies were videotaped with an infrared digital camcorder (Handycam;
Sony, Tokyo, Japan), and total movement was scored by image analysis.
The camera was mounted on a tripod, and aimed directly down over the
cages. During playback, animal movements were traced on an acetate slide,
which was then scanned into a digital file and loaded into MCID (Imaging
Research, St. Catherine’s, Ontario, Canada). A module for object area
detection was used, and this area was divided by the width of the line
giving an approximation of path length.

Immunocytochemistry. To evaluate the rate of clock resetting in response
to sleep deprivation, separate groups of hamsters (n 5 7) were subjected to
either a 3 hr deprivation or the control procedure, and then exposed to a
10 min, 30 lux pulse of light 1 hr later (ZT10). Three additional control
hamsters were exposed to light at ZT12. Light pulses during the usual
nighttime (ZT12–24) induce heavy fos expression in the suprachiasmatic
nucleus (SCN), the site of the primary circadian pacemaker in mammals
(Rea, 1989; Kornhauser et al., 1990; Rusak et al., 1990). At ZT10, photic
induction of Fos protein in the SCN is minimal. Animals were killed 90
min after the light pulse and processed for Fos ICC.

An additional experiment was run to test whether wheel running from
ZT9–10, in the interval between sleep deprivation and light exposure,
contributed to the Fos induction observed. Six hamsters were placed into
DD at ZT6, exposed to a 10 min light pulse at ZT10, and killed for Fos
ICC at ZT11.5. Two of these hamsters were sleep-deprived from ZT6–9,
two were not disturbed until ZT9, when they were placed into a novel
wheel to stimulate running, and two were not disturbed before the light
pulse.

All animals were processed in tandem with their respective controls.
Briefly, animals were given an overdose of sodium pentobarbital in the
dark with the aid of an infrared camera (Find-R-Scope; FJW Optical, IL)
and then blind-folded with aluminum foil to prevent any retinal illumina-
tion. Animals were perfused transcardially with 50 ml of cold PBS, pH 7.4,
followed by 50 ml of cold 4% paraformaldehyde. Brains were removed and
post-fixed in paraformaldehyde for 17 hr, and then cryoprotected in 20%
sucrose for 24 hr. Alternate 50 mm sections were collected into PBS-filled
wells. Sections were first rinsed in a 0.3% H2O2 in PBSx (0.3% Triton
X-100 in PBS) bath to inactivate endogenous peroxidase and then in PBSx
(rinsed 33 for 10 min each). The tissue was incubated in 10% normal goat
serum (NGS; Vector Laboratories, Burlingame, CA) in PBSx for 90 min
followed by 48 hr at 4°C in the primary fos antibody (1:80,000 in 1%
NGS-PBSx) raised in rabbits against residues 4–17 of human fos (Onco-
gene Science; c-fos, AB-5). The tissue was rinsed through PBSx baths (33
for 10 min) and incubated in the secondary goat anti-rabbit antibody
(Vectastain Elite kit; Vector Laboratories). After another set of PBSx
baths (33 for 10 min), the tissue was incubated in an avidin–biotin
complex (ABC, Vectastain Elite kit; Vector Laboratories) bath for 60 min.
After a final set of PBSx baths (33 for 10 min), the tissue was developed
with a diaminobenzidine (DAB) reaction for 5 min (0.04% DAB in Tris
buffer 6 60 ml of 8% NiCl and 10 ml of 30% H2O2). The reaction was
quenched in PBSx rinses, and tissue was mounted on slides, dehydrated,
and coverslipped. Maintaining the same light column, digital images were
captured and flat field-corrected using MCID. Fos-IR in the midcaudal
SCN was counted bilaterally using the automatic target counting routine.

To evaluate the effect of sleep deprivation on basal expression of Fos
protein within the circadian system, separate groups of hamsters (n 5 8)
were subjected to either the 3 hr sleep deprivation or control procedures
and killed for Fos-ICC at ZT11.5. Quantification of SCN Fos-IR was as
above.

Digital pictures were also made of the intergeniculate leaflet (IGL), a
retinorecipient thalamic cell group with a major neuropeptide Y (NPY)
projection to the SCN that has been implicated in nonphotic phase shifting
(Janik and Mrosovsky, 1994; Wickland and Turek, 1994; Marchant et al.,
1997; Maywood et al., 1997; Mikkelsen et al., 1998). Fos-positive cells in
the IGL were scored visually by two observers, one blind to the treatment
conditions, and the average of both scores for each animal was used for
analysis. A Pearson product moment correlation was performed to assess
inter-rater reliability (r 5 60.976; p 5 0.0001)

Data analysis. Activity data were displayed in the form of actograms
using Circadia (Behavioral Cybernetics, MA). Phase shifts were measured
using a modification of the Aschoff Type II procedure (Aschoff, 1965;
Mrosovsky, 1996), i.e., the time of nocturnal activity onset during the
second day after sleep deprivation or the control procedure was compared
to the average time of activity onset during the previous 5 d in LD. Activity
onsets were identified by computer algorithm (the first 10 min bin after
light-onset in which running exceeded 50 revolutions after 240 min during
which it did not exceed this threshold). Differences between conditions
were evaluated by independent t tests or repeated measures ANOVA, with
post hoc pairwise comparisons using the Student–Newman–Keuls’ test.
Means in the text are reported 6 SD.

RESULTS
Sleep deprivation by gentle handling induces large
phase-advance shifts
By the second complete day of DD, activity onset was phase-
advanced 9 6 20 min in the control condition, 102 6 53 min in the
first 3 hr sleep deprivation condition (ZT6–9), and 151 6 48 min in
the 1 hr deprivation condition (ZT6–7; F(3,24) 5 40.5; p ,, 0.001;
Figs. 1A-C, 2). Post hoc analysis revealed that phase shifts after
sleep deprivation differed significantly from the control condition.

Similar results were obtained in the replication experiments. The
mean phase shift to sleep deprivation in the pooled sample (n 5 33)
was 90 6 67 min. Twenty-one hamsters shifted by an amount (139 6
40 min; range, 58–208 min) .2 SDs beyond the mean shift in the
control condition, whereas 12 hamsters shifted by an amount (13 6
12 min; range, 26 to 30 min) that was within 1 SD of the mean
control shift.

Clock resetting by sleep deprivation occurs despite low
levels of activity
Activity during sleep deprivation was limited to occasional walk-
ing, rearing, nest building, and grooming. In a group of six ham-

Figure 1. Wheel-running activity records of representative hamsters. Each
line represents 24 hr plotted in 10 min bins from lef t to right. Vertical
deflections on the line indicate time bins in which wheel-running activity
occurred. Shading represents lights-off (LD 14:10). A, Control test, with
constant dark beginning 6 hr before usual dark onset and no behavioral
disturbance. A 38 min phase advance was evident on the second day after
the procedure, relative to the average time of activity onset in LD before
the first day of constant dark. B, 1 hr sleep deprivation (shaded rectangle)
that induced a 180 min phase advance. C, 3 hr deprivation that induced a
165 min advance. D, 3 hr sleep deprivation with the home cage wheel locked
for 6 hr, which induced a 190 min phase advance.
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sters, the total linear distance traveled within the cage during a 3 hr
sleep deprivation averaged 87.2 6 22.8 m. Four of these hamsters
were subsequently processed for Fos ICC, and all four showed
suppression of SCN Fos relative to control animals (see below).
Behavioral phase shifts were measured in the other two hamsters;
one of these moved 65.6 m during the sleep deprivation, and shifted
110 min, whereas the other moved 111 m, and shifted 2 min. The
group mean of 87.2 m corresponds to the linear distance traveled
by running 158 revolutions in a 17.5-cm-diameter running wheel. By
comparison, the typical minimum distance traveled by hamsters
that run and phase shift maximally when confined to a novel wheel
for 3 hr in the midsubjective day is ;30 times this distance (;2.5
km; Bobrzynska and Mrosovsky, 1998). Because running in a wheel
is physiologically more demanding than walking on the cage floor,
this simple transformation of linear distance into revolutions no
doubt understates the difference between these two forms of
activity.

Immediately after sleep deprivation, many hamsters did not
attempt to sleep, but instead exhibited high levels of wheel running,
as if the circadian clock was already advanced by ;3 hr to the onset
of the daily active phase. The group mean latency to running after
the 3 hr and 1 hr sleep deprivation tests was 55 6 69 min and 74 6
107 min, respectively, and the mean duration of the first bout of
running was 196 6 72 min and 100 6 87 min, respectively. To
determine whether intense wheel running after sleep deprivation
was the stimulus for phase shifting, the initial group of nine ham-
sters was subjected to a second 3 hr sleep deprivation in which
home cage running wheels were locked for 6 hr until ZT12. Phase
shifts in this condition averaged 162 6 53 min, which was signifi-
cantly greater than the shifts that followed the control and their
first 3 hr sleep deprivation tests (Figs. 1D, 2). Wheel running
immediately after sleep deprivation is clearly not necessary for a
full phase shift response.

Clock resetting by sleep deprivation is rapid
The wheel lock procedure does not prevent hamsters from engag-
ing in other locomotor activities in the home cage after sleep
deprivation. However, if the circadian clock is substantially or
completely reset by the end of sleep deprivation, then behaviors
that occur after the sleep deprivation procedure logically cannot be
claimed to cause the phase shift. To estimate the rate of clock
resetting more directly, we used ICC to measure light-induced c-fos
expression in the SCN. Fos protein in SCN neurons is rapidly
induced by brief light pulses only during the “subjective night” (the

active phase of the daily rest–activity cycle in nocturnal animals),
when light induces phase shifts (Rea, 1989; Kornhauser et al., 1990;
Rusak et al., 1990). Fos expression can thus serve as a cellular
marker of pacemaker phase in cases in which behavioral assess-
ments are impossible or ambiguous. Separate groups of hamsters
were subjected to either 3 hr sleep deprivation or the control
procedure at ZT6 and then exposed to a 10 min, 30 lux light pulse
at ZT10. SCN from the sleep deprivation group exhibited mark-
edly more Fos-IR cells and more intense labeling than SCN from
the control group (t5 5 4.538; p , 0.01; Fig. 3A,B) and from two
control hamsters exposed to light at ZT12 (Fig. 3C; visual estima-
tion only). The levels were more similar to those expected after
light exposure 1–2 hr later in the active phase (Schwartz et al.,
1994). These results indicate that a phase advance of .2 hr in the
circadian rhythm of SCN sensitivity to light is accomplished within
1 hr after the sleep deprivation procedure.

To evaluate whether spontaneous activity during the 1 hr inter-
val between the end of the sleep deprivation procedure and the
onset of the light pulse contributed to the phase shifts inferred from
the photic induction of Fos protein, a control experiment was run
in which hamsters were placed into DD at ZT6, and then into a
novel wheel for 1 hr at ZT9, before a light pulse at ZT10. The
number of Fos-IR cells in these animals (52 6 18) was virtually
identical to the number in control animals run in parallel that
received neither sleep deprivation nor stimulated running (52 6
72). Hamsters run in parallel but subjected to 3 hr sleep deprivation
(ZT6–9) before the light pulse (ZT10) showed a substantially
higher number of IR cells (233 6 48), replicating the pattern of
light-induced Fos expression reported above.

Sleep deprivation alters c-fos expression in the
circadian system
If arousal, independent of exercise, accounts for the phase resetting
response to procedures that induce continuous wheel running, then
sleep deprivation by gentle handling should also mimic the effects
of wheel running on Fos expression in the circadian system. To
examine this, Fos-IR in the SCN and IGL was quantified in
hamsters subjected to the 3 hr sleep deprivation or control proce-
dures. Compared to hamsters in the control condition, sleep-
deprived hamsters exhibited a significant suppression of basal
Fos-IR in the SCN (t6 5 4.323; p , 0.01; Fig. 3D–F) and a
significant increase in the number of Fos-positive nuclei in the IGL
(t6 5 4.07; p , 0.01; Figure 3G–I). These results are very similar to
those recently reported for 3 hr of continuous wheel running
(Mikkelsen et al., 1998), indicating that arousal with or without
exercise has a common effect on immediate early gene expression
in the circadian system. These results also demonstrate that the
increased levels of SCN Fos evident in sleep-deprived hamsters
exposed to light was a response to the light pulse and was not
directly evoked by sleep deprivation.

Low levels of SCN Fos after sleep deprivation could represent
either a direct cellular response to a nonphotic stimulus or adop-
tion of a new circadian phase. As noted, the magnitude of Fos
induction by light after sleep deprivation suggested that SCN
pacemaker phase had advanced as much as 3 hr. If Fos levels
measured at ZT11.5 after sleep deprivation reflect a new circadian
phase, then these levels should be comparable to basal SCN Fos
levels in undisturbed control hamsters perfused at ZT14.5. To test
this prediction, two hamsters were placed into DD at ZT6 (8.5 hr
of darkness before perfusion, but controlling for phase of dark
onset) and two at ZT9 (5.5 hr of darkness, matching duration of
darkness before perfusion), and then perfused at ZT14.5. These
four hamsters were compared with four that were placed into DD
at ZT6 and perfused at ZT11.5. Two of this latter group were
sleep-deprived from ZT6–9, and two served as undisturbed con-
trols. As illustrated in Figure 4, Fos levels after sleep deprivation
were very similar to basal Fos levels at ZT14.5, after either 5.5 or
8.5 hr of darkness (F(2,13) 510.3; p 5 0.002).

As noted, wheel running induces fos expression in the IGL. To
ensure that IGL Fos expression after sleep deprivation was not

Figure 2. Group mean phase shifts (6 SEM). DD, Control condition in
which lights were turned out 6 hr before the usual time of dark onset. SD,
3 hr sleep deprivation, beginning 6 hr before the usual time of dark onset.
SD1WL, 3 hr sleep deprivation with home cage running wheel locked for
6 hr. 1hr SD, 1 hr sleep deprivation beginning 6 hr before the usual time of
dark onset. *p , 0.05 versus DD; **p , 0.05 versus DD and 3hr SD.

9328 J. Neurosci., December 15, 2000, 20(24):9326–9332 Antle and Mistlberger • Sleep Deprivation Shifts the Clock



caused by activity in the interval between sleep deprivation and
perfusion, four additional hamsters were sleep-deprived for 3 hr
beginning at ZT6 and killed for Fos ICC at ZT9, along with four
control hamsters exposed to DD but not disturbed. Fos-positive
cells in the IGL averaged 12 6 5 in the sleep-deprived hamsters,
compared to 2 6 4 in the control hamsters (t6 5 3.04; p , 0.02).
These results indicate that the 3 hr period of sleep deprivation is
sufficient to account for IGL Fos expression and that 1 hr of activity
after sleep deprivation is not necessary.

Phase-shift magnitude is inversely related to the
number of interventions needed to prevent behavioral
sleep
As noted, some hamsters showed small (,30 min) phase shifts in
response to sleep deprivation. These animals were observed to be
more difficult to keep awake. Two groups of six hamsters (n 5 12)
were sleep-deprived for 3 hr, and the number of interventions
necessary to prevent the sleep posture was recorded as an indirect
measure of arousal or sleepiness. There was a strong negative
correlation between the total number of interventions and the
magnitude of the resulting shift (r 5 20.72; p 5 0.008; Fig. 5a). On
average, 47 6 22 interventions were needed over the 3 hr sleep
deprivation. There was also a weak positive association between
the latency to the first intervention and shift magnitude (r 5 0.54,
p . 0.05; Fig. 5b; n 5 9, latency data not collected in three cases).

Phase shifts are smaller when sleep deprivation is
conducted in the light
Light attenuates arousal in nocturnal rodents (Borbély, 1978;
Benca et al., 1998). A group of hamsters (n 5 5) were sleep-
deprived twice for 3 hr, once under ;1 lux light, and once under
;10 lux light. Phase shifts were significantly attenuated in the ;10
lux condition (88 6 61 vs 14 6 12 min; one-tailed paired t4 5 2.36;
p , 0.05). The hamsters were also noted to require many more
interventions in this condition.

DISCUSSION
It is by now widely recognized that induction of activity in the usual
sleep period can shift the phase of the circadian clock in several
species. However, it has remained unresolved as to “whether in-
duced activity is the mediator of nonphotic entrainment or . . . is a
correlate of an internal state necessary for resetting” (Hastings et
al., 1998). Most work, based largely on studies of Syrian hamsters,
has implicated high-intensity locomotor activity as necessary for a
shift response, but occasionally hamsters exhibit shifts without
substantial running (Antle et al., 1998). Using a gentle procedure
applied for 3 hr starting in the middle of the usual sleep period, we
have demonstrated here that sleep deprivation that invokes little
activity can fully mimic the phase shifting effects of sustained wheel
running. Phase shifts previously attributed to exercise may be

Figure 3. Fos-IR in the SCN (A–E) and IGL (G, H ) from representative hamsters in the following conditions: A, no sleep deprivation, light pulse at
ZT10; B, 3 hr deprivation with light pulse at ZT10; C, no deprivation, light pulse at ZT12; D, no deprivation or light pulse; E, 3 hr deprivation, no light
pulse; F, Nissl-stained section illustrating SCN. G, No deprivation or light pulse. IGL borders indicated by arrows; H, 3 hr deprivation, no light pulse; I,
Nissl-stained section illustrating IGL. Animals were killed at ZT11.5, except for those subjected to a light pulse at ZT12 ( C). Scale bars, 200 mm.

Antle and Mistlberger • Sleep Deprivation Shifts the Clock J. Neurosci., December 15, 2000, 20(24):9326–9332 9329



attributable entirely to the state of aroused waking, or the absence
of sleep, associated with activity in the usual rest period. This
interpretation is supported by the similar effects of these proce-
dures on Fos expression in both the SCN and the IGL (present
study; Mikkelsen et al., 1998). Presumably, animals that fail to run
or are prevented from running in response to some arousing stimuli
typically fail to shift because they do not stay awake. Conversely,
some animals that run little may shift because they remain awake
and sufficiently aroused.

Estimating circadian phase by Fos expression
Many hamsters expressed high levels of spontaneous wheel running
in the home cage for several hr immediately after the deprivation
procedure. At this time of day, hamsters normally sleep much and
run little (Tobler and Jaggi, 1987). The running response may
reflect continued arousal from the deprivation procedure, and
conceivably this could have contributed to the phase shifts evident
the next day. However, a probe of circadian phase using photic
induction of Fos protein within the SCN demonstrated that the
pacemaker was already reset within 1 hr after the deprivation was
completed. This is consistent with estimates of clock resetting rates
after saline injections late in the day or light pulses at night, also
obtained using the phase–response curve for photic induction of

SCN c-fos (Mead et al., 1992; Best et al., 1999). Spontaneous
activity after sleep deprivation thus likely reflects an advanced
onset of the active phase of the circadian cycle, in addition to any
residual arousal from the deprivation procedure.

Consistent with this interpretation, basal Fos expression within
the SCN, measured 2.5 hr after the sleep deprivation procedure,
was significantly suppressed relative to control animals and was
comparable to basal levels of Fos expression at ;ZT14.5 in control
animals matched for light history. Fos suppression may be part of
the mechanism by which behavioral manipulations in the subjective
day induce a phase shift (Wollnik et al., 1995). Alternatively, low
Fos levels may be a consequence (i.e., a correlate of a new phase),
rather than a cause of phase shifting.

Conceptual issues: arousal, sleep loss, and stress
Sleep deprivation is a complex stimulus that invokes arousal, dis-
places sleep, and is probably at least mildly stressful. We hypoth-
esize that clock resetting is induced by neural correlates of non-
specific arousal and that these correlates vary in intensity. Thus,
when spontaneous arousal is high, hamsters require fewer inter-
ventions to maintain sustained waking for 3 hr, and phase shifts are
large. When arousal level is low, because of individual differences
or the presence of brighter light (which suppresses activity and
promotes sleep in nocturnal rodents; Borbély, 1978; Benca et al.,
1998), more interventions are needed, and phase shifts are smaller.
In exercise studies, the amount of wheel running may be highly
predictive of shifting because running enhances arousal.

Although the concept of nonspecific arousal as necessary and
sufficient for nonphotic resetting has intuitive appeal, it is logically
possible that phase shifts to sleep deprivation are induced by the
absence of sleep, rather than the presence of waking. If so, then
sleep from ZT6–9 must normally phase delay the clock, resulting in
a phase advance when absent. This conception is given some
empirical footing by reports that daytime sleep may induce phase
shifts in humans, although the role of dark remains to be further
explored (Goichot et al., 1998; Van Cauter et al., 1998; Buxton et
al., 2000). Ultimately, neurobiological analyses will identify non-
photic pathways to the circadian pacemaker as “wake on”, “sleep
on” or both.

Sleep deprivation procedures are at least mildly stressful, but

Figure 4. Fos-IR in the SCN in hamsters
placed into DD at either ZT6 ( A–C) or
ZT9 (D). A, Control hamster killed at
ZT11.5. B, 3 hr sleep deprivation, ZT6–9,
killed at ZT11.5. C, D, Control hamsters
killed at ZT14.5. Scale bars, 200 mm.

Figure 5. Relationship between the phase-shift response to sleep depriva-
tion and the number of interventions required to prevent a sleep posture
(A) and the latency to the first intervention ( B).
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neuroendocrine stress responses are unlikely to mediate effects on
circadian phase or SCN Fos expression. Classic stressors have been
shown to induce, rather than suppress Fos protein within the SCN
(Sharp et al., 1991; Emmert and Herman, 1999). Moreover, during
the usual sleep period, 3 hr of restraint stress in hamsters and 1 hr
of social stress in rats do not induce phase shifts (Van Reeth et al.,
1991; Meerlo and Daan, 1998). Assuming that hamsters actually
remain awake during restraint in the sleep period, these results
suggest that sustained stress may impede shifting to nonphotic
stimuli.

Generality
Whether nonspecific arousal or sleep loss can explain all modula-
tions of circadian phase or period that have been attributed to
locomotor activity remains to be determined. Exercise during the
second half of the subjective night, but not the first half, can induce
small phase delay shifts in hamsters (Bobrzysnka and Mrosovsky,
1998) and entrainment in mice (Marchant and Mistlberger, 1996).
This is as predicted if exercise alters phase by enhancing arousal at
a usual time of sleep, because hamsters and mice are spontaneously
awake most of the early night (predict no effect of exercise), but run
less and sleep more later in the night (predict small effect of
exercise). Consolidation of wake bouts by exercise may similarly
account for modulations of free-running period in DD (Yamada et
al., 1986; Mrosovsky, 1999) and of entrained phase in LD (Mistl-
berger and Holmes, 2000) that occur when rodents have ad libitum
access to a running wheel.

In rats, diurnal ground squirrels, and marmosets, stable entrain-
ment to exercise or arousal schedules typically occurs when the
behavioral procedure coincides with either the beginning or the
end of the night (Mistlberger, 1991; Hut et al., 1999; Glass et al.,
2000). Entrainment may be attributable to consolidation or exten-
sion of an aroused wake state, and displacement of sleep, at the
transition between the major wake and sleep periods. Less work
has been done with humans, but the available evidence indicates
that exercise can induce phase shifts during the usual sleep period,
but has little effect early in the usual wake period (Van Reeth et al.,
1994; Buxton et al., 1997). Control experiments in which arousal
levels are matched to those during exercise (e.g., using stimulating
video games in place of stationary bikes) have not, to our knowl-
edge, been done. However, truly blind subjects can be entrained by
sleep–wake schedules without special exercise procedures (Kler-
man et al., 1998).

Behavioral states can also be manipulated pharmacologically, but
results may be difficult to interpret. In hamsters, caffeine stimulates
waking from ZT6–9 without inducing phase shifts. However, caf-
feine also blocks phase shifts to running in a novel wheel, at doses
that do not affect running level (Antle et al., 2000). Drugs may act
at some sites to evoke arousal and at other sites to block the effects
of arousal on the clock. Other drugs may induce nonphotic-type
phase shifts without stimulating arousal (Mistlberger et al., 1991;
Biello and Mrosovsky, 1993). These may do so by directly engaging
the clockworks or modulating nonphotic input pathways.

In one study, five hamsters that ran 5000–10,000 revolutions (and
presumably were awake) during 3 hr in a cold room shifted ,60
min (Janik and Mrosovsky, 1993). This implies that some hamsters
are insensitive to behavioral zeitgebers. Alternatively, there may be
individual differences in the nonphotic phase–response curve, such
that a few animals fail to respond at circadian times optimal for
most. Either interpretation may explain some of the variability in
the present results. If such hamsters are not tested over a range of
phases, then the failure to detect a large shift after arousal at one
circadian phase is of uncertain significance.

Significance
The broader significance of these results merits consideration. In
humans, endogenous depression is often associated with altered
circadian timing and can be treated with sleep deprivation (Rosen-
wasser and Wirz-Justice, 1997). A role for sleep deprivation as a
phase-resetting stimulus would be consistent with suggestions that,

in certain mood disorders, circadian phase adjustment may have
therapeutic value. Phase adjustment is of obvious therapeutic value
in recovery from jet lag and shift work malaise, and both of these
conditions are commonly associated with sleep loss. We have pre-
viously shown that sleep deprivation can attenuate the phase-
shifting effects of light pulses (Mistlberger et al., 1997). Given that
sleep deprivation can also induce significant clock resetting in at
least one animal model, the contributions that short-term sleep
deprivation and altered sleep–wake scheduling make to the process
of clock adjustment in humans merits continued evaluation.
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