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MISTLBERGER, R. E., S. V. SINCLAIR, E. G. MARCHANT AND L. NEIL. Phase shifts to refeeding in the Syrian hamster
mediated by running activity. PHYSIOL BEHAV 61(2) 273-278, 1997.—Circadian rhythms in hamsters can be entrained by
restricted daily feeding schedules. Phase control may be exerted by feeding per se, or by wheel running in anticipation of food access.
Phase modulation by feeding was examined here by depriving hamsters of food for 9—24 h and refeeding at 1 of 7 different zeitgeber
times on the first day of constant dim light. Significant group mean phase-advance shifts were observed only following 24 h and 17
h deprivations ending in the mid-subjective day, 7 h before the usua time of lights off (mean shifts 28 min and 66 min, respectively).
The largest phase shifts were associated with wheel running during the first 6 h of refeeding. When running wheels were locked
during thistimein an additional group, no phase shifts were observed. A trend for small phase delays was evident for 14 h deprivations
ending at the beginning of the subjective night, but no significant group mean or individual shifts were observed at other refeeding
times. Refeeding after food deprivation, thus, appears to have minimal effects on circadian phase in hamsters; wheel running associated
with refeeding may account for occasional shifts observed. Copyright © 1997 Elsevier Science Inc.
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IN MANY species, circadian rhythms of foraging and feeding are
plastic, rather than rigid, and can be shifted to exploit environ-
mental opportunities or exigencies. There are potentialy three
mechanisms by which the circadian system could adjust behavior
to regularities or changes in feeding time: 1. Feeding events might
uncouple from the master light-dark (LD) entrainable circadian
pacemaker (in mammals, the suprachiasmatic nuclei, SCN) a sec-
ondary oscillator or pacemaker that would coordinate behavior
with feeding time without necessarily altering the phase of photic
entrainment; 2. the phase of the LD-entrained pacemaker (or sec-
ondary food-entrained pacemaker) at which feeding occurs may
be recognized and recorded, for subsequent use as adiscriminative
cue to guide foraging in time and place; 3. single feeding events
might directly shift the phase of the LD-entrained pacemaker.
There is good evidence for the first two of these three mech-
anisms. A number of species exhibit a daily rhythm of anticipa-
tory activity to a scheduled feeding time, regardless of when in
the LD cycle this meal occurs (6,21). Anticipatory rhythms can
track (within limits) non24-h feeding cycles independent of the
LD cycle, can persist in the absence of food, and are not disrupted
by ablation of the LD-entrainable SCN pacemaker [reviewed in
(6,21)]. These and other properties suggest that food-anticipa-
tory rhythms represent the output of a separate food-entrainable
pacemaker. In addition to anticipating feeding time, afew species
have also been shown capable of discriminating the circadian
phase of scheduled feeding times by associating unique feeding
places with unique feeding times (4,23,24). In rats, thisdiscrim-

ination process can be mediated by a food-entrainable pacemaker
in the absence of the SCN (23).

By comparison, good evidence for the third potential mech-
anism, direct shifting of the light-entrained pacemaker by feed-
ing, ismeager. There are two kinds of relevant experiments, those
in which animals are fed at the same time each day for a number
of days (i.e., entrainment studies), and those in which animals
arefood-deprived for some duration and then refed at a particular
circadian phase (i.e., phase-response studies) . Entrainment stud-
ies are common, and have produced substantial evidence for food
anticipation and a food-entrainable pacemaker (6,21), but are
confounded in what they can tell us about shifting of the LD-
entrained SCN pacemaker by feeding. In some of these studies,
rats or hamsters were restricted to a single meal each day in the
middle of the light period of the LD cycle (normally their rest
phase), and nocturnal activity onset appeared to shift forward,
although in most cases this was not explicitly noted or quantified
(e.g., 8,9,20,31). This could represent shifting of the LD-en-
trained pacemaker by feeding, or it could represent a component
of activity driven by the food-entrained pacemaker [dubbed
‘“succeeding activity’’ by Aschoff, and thought to constitute the
tail end of ‘*alpha’’ of this pacemaker (3)]. Moreover, if the LD-
entrained pacemaker is shifted in food-anticipating animals, this
could be secondary to internal coupling forces between food and
light-entrainable pacemakers (34), or to the anticipatory activity
and arousal associated with the daily mealtime. Single bouts of
running activity in the middle of the usual inactive period can
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phase-advance or entrain circadian rhythms in rodents, indepen-
dent of feeding (e.g., 27,29,30,37,38). Running activity and
arousal could account for cases in which scheduled feeding has
entrained free-running rhythms in rats (rarely) (e.g., 34) and
hamsters (more commonly) (e.g., 1,20).

Phase-response studies of refeeding in mammals have been
uncommon and less systematic, and we have found only 3 ex-
amples, each using adifferent species. One study of the marsupial
S m. froggatti reported large phase shifts ranging from 1-7 hin
magnitude following 3-day bouts of food deprivation in constant
dark (DD) (11). All of the shifts were advances, and there was
no apparent relation between the shift and the phase at which
refeeding occurred, although the number of data points at the
circadian phases sampled was small. The animals were previ-
ously subjected to a 3 h/day restricted feeding schedule; thus, it
is possible that shifts were due to refeeding, to increased activity,
or some other consequence of food deprivation, or to some in-
teraction between the light-entrainable free-running pacemaker
and a separate, previousy food-entrained pacemaker. Three-day
bouts of food deprivation were also used in a study of rats free-
running for several weeks in DD and constant light (LL) (10).
No phase shifts were detected to refeeding at arange of circadian
phases in DD, but large delays and advances, again in the 1-7
h range, were observed to refeeding in LL. Phase dependency
was unclear, but a general trend was for phase delays following
refeeding in the late subjective day (usua inactive phase for
rats), and phase advances following refeeding in the late subjec-
tive night (active phase), a phase response profile more similar
to photic than nonphotic stimuli (27). The differential effect of
DD and LL may be related to pacemaker amplitude, because
rhythm amplitude, in rats, attenuates more rapidly in LL (e.g.,
12) and amplitude may be one determinant of phase-shift mag-
nitude (16). One final study of hamsters also utilized a 3-day
deprivation period and refeeding at a range of circadian phases,
with a consequent small n (26). Small (<1 h) phase changes,
primarily advances, were observed and, again, there was no re-
lation to circadian phase. Activity levels were significantly in-
creased during food deprivation, and this may have contributed
to the shifts observed.

It has recently been proposed that acute feeding episodes
might directly phase-shift the L D-entrainable pacemaker in ham-
sters via activation of growth hormone-releasing hormone affer-
entsto the SCN (36). Given the paucity of evidence that feeding
can shift the SCN pacemaker independent of activity, and the
general interest in identifying true nonphotic zeitgebers for phase
resetting of mammalian rhythms, we conducted an additional
phase-response study of refeeding in fasted hamsters. We first
evaluated a range of deprivation durations and circadian phases
of refeeding and then focused on refeedings in the middle of the
subjective day, which was the only phase at which we saw sig-
nificant shifting. When the hamsters were prevented from wheel
running during the first 6 h of refeeding at this phase, no shifts
were observed. The results suggest that phase shifts to refeeding
are dependent on the expression of wheel-running activity and,
thus, provide no support for the idea that feeding can directly
shift the phase of LD-entrained rhythms by a feeding-specific
pathway to the SCN pacemaker.

METHODS

Adult, male Syrian hamsters (n = 86, 2—4 months old,
Charles River, Montreal, Canada) were housed individualy in
plastic cages (45 X 25 X 20 cm) equipped with 17-cm running
wheels and wire-mesh floors. The cages were maintained in iso-
lation cabinets with controlled lighting (LD 14:10; 20 Ix lights
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on) and ventilation fans. Wheel-running activity was detected by
microswitches and recorded continuously by computer (Activity
Counting System, Simon Fraser University).

Phase shifts were assessed using a modified version of the
Aschoff Type Il procedure, in which the test stimulus (i.e., re-
feeding) occurs on the first day of DD (2). This procedure has
several advantages; It avoids changes in pacemaker properties
with prolonged exposure to constant conditions, it has better eco-
logical validity than prolonged DD or LL, and it is convenient
(28). Hamsters show minimal aftereffects on the first few days
of DD, and these are accounted for by appropriate control DD
tests (i.e., no test stimulus) . After at least 2 weeks of acclimation
to home cages and the lighting schedules, the hamsters were
placed in DD (dim red light, 1 Ix) for 4—6 days. Food was re-
moved either prior to or during thefirst night of DD, and replaced
at a selected zeitgeber time 9—24 h later (ZT; corresponding to
clock time, where dark onset under LD 14:10 is designated ZT12
by convention). Seven different refeeding ZTs were examined,
with 10—17 hamsters per test (see Fig. 1; deprivation duration in
brackets); ZTO0 (20 h), ZT3 (15 h), ZT5 (24 h and 17 h), ZT9
(21 h), ZT12 (14 h), ZT15 (9 h), ZT18 (21 h). The timing of
these deprivations is illustrated in Fig. 2A—D. To evauate the
contribution of wheel running to phase shifting, an additional 17-
h deprivation test ending at ZT5 was conducted, in which the
running wheels were locked for the first 7 h (ZT5-12) after re-
feeding. Individual hamsters were subjected to one control DD
test without food deprivation and either 1 or 2 food-deprivation
tests. All tests were separated by at least 5 days of exposure to
LD. Inthisfirst study, no attempt was made to match deprivation
duration across ZT condition. Hamsters exhibit circadian
rhythms of food intake and wheel running (39); thus, it is dif-
ficult in principle to match food-deprivation duration and energy
expenditure for deprivations ending at different ZTs.

To measure phase shifts, activity data were transferred to a
Macintosh computer for analysis using Circadia (Simon Fraser
University) . Activity onsets were detected automatically accord-
ing to the following definition; An onset was one 10-min time
bin during which wheel revolutions exceeded 100 counts after
240 min during which this threshold was not exceeded. The av-
erage activity onset time for the last 3—5 days of LD prior to DD
was calculated, and this was subtracted from the activity onset
times on days 1-5 of DD following refeeding to obtain a phase-
shift measure corrected for prior phase-angle of entrainment to
LD. The same analysis was conducted for the control DD tests
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FIG. 1. Group mean (*+ SE) phase shifts to bouts of food deprivation
ending at 7 different zeitgeber times (ZTs). Duration of deprivation is
indicated in brackets below the abscissa. n per ZT isindicated above the
mean bars. *p = 0.006; **p <0.001 by comparison to within-group
control tests.
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FIG. 2. Wheel-running activity of individual hamsters subjected to food deprivation ending at 6 different ZTs. Horizontal lines within each chart
consist of 144 consecutive 10-min time bins plotted from left to right. Consecutive days are aligned top to bottom. Vertical deflections from each
line represent bins during which wheel-running counts were registered (3 levels: 1-9 counts, 10—19 counts, and > 19 counts). (V) the beginning
of food deprivation; (A) the end of deprivation; (¢ ) activity onset as detected by computer. Shaded area represents dim red light during LD and

DD. (A) ZTO0 and ZT15; (B) ZT3 and ZT12; (C) ZT18; (D) ZTO.

(no food deprivation). Phase shifts were evaluated statistically
by paired t-tests (Bonferroni adjusted significance level, p
<0.006), and expressed as difference scores for each animal
(food-deprivation test — control test). The relation between
phase shifts and activity during deprivation or after refeeding was
assessed by Pearson product moment correlations. Inspection of
the data indicated that phase shifts, where evident, were not pre-
ceded by transients. Consequently, day 2 of DD was used for
tests of means and correlations. All means are reported + SE.

RESULTS

Phase Shifts

Mean phase-shift responses to food deprivation and refeeding
are summarized in Fig. 1, and examples of the largest or typical

phase shifts for each ZT are illustrated in Figs. 2 and 3A-C. In
the control tests, activity onsets on day 2 of DD generally oc-
curred within —30 min to +40 min of activity onset during LD
(grand mean = 19 = 3 min, n = 86; Fig. 4A). Following food
deprivation, the mean and range of activity-onset times on day 2
of DD was greater, but the distribution was otherwise similar
(grand mean = 24 + 4 min, n = 126; Fig. 4B). Group mean
phase shifts were not significantly different from the control tests
for food deprivations ending at ZTO, 3, 9, 15, and 18 (p > 0.1
in al cases; Fig. 2). Within these groups, there was little vari-
ability and no exceptional cases. A trend toward a significant
phase delay by comparison with the control test was evident for
14-h deprivations ending at ZT12 (—17 = 4 min, t = 2.79,p =
0.018; e.g., Fig. 2B). Small, but significant, group mean phase
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FIG. 3. Wheel-running activity of hamsters subjected to food-deprivation
tests ending at ZT5. (A) 24-h food deprivation; (B) 17-h food depri-
vation; (C) 17-h deprivation, followed by 7-h wheel lock (indicated by
the opague rectangle) . Plotting conventions asin Fig. 2.

MISTLBERGER ET AL.

advances were evident following the 24-h deprivation (28 + 3
min, t = 7.38, p <0.001; e.g., Fig. 3A) and 17-h deprivation (66
+ 16 min, t = 3.27, p = 0.006; e.g., Fig. 3B), ending at ZT5.
Differences between these 2 groups were not significant.

Relation of Phase Shifts to Activity

Some of the hamsters that were food deprived for 17 h or 24 h
and refed at ZT5 exhibited whedl running during the first 3 h and/
or second 3 h of food access. Although the average amount of
activity expressed was quite modest (203 = 72 revs/3 h and 83 +
48 revs/3 h, respectively), there was nonetheless a significant re-
lation between wheel running over this 6 h and phase shifts (r =
0.78, p <0.001; Fig. 5). Thisreation is largely accounted for by 2
animals that showed the largest phase shifts (175 and 195 min,
respectively, with respect to the control test) and the most wheel
running (1638 and 900 whedl revolutions, respectively, in the first
3 h, and another 1134 and 756 revolutions in the second 3 h). No
other hamster shifted by more than 75 min or ran more than 700
counts, and most ran less than 200 counts.
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FIG. 4. Frequency distributions of activity onset on Day 2 of DD in the
control (nondeprived) condition (A) and after food deprivation of vary-
ing duration and refeeding time (B).
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FIG. 5. Scatterplot illustrating the relationship between phase shift on
Day 2 of DD (expressed as a difference score with respect to the control
test) and wheel running during the first 6 h following refeeding at ZT5.

To examine if activity was necessary for phase shifts to re-
feeding at ZT5, hamsters (n = 17) were food-deprived for 17 h
and had their wheels locked from ZT5-12 after refeeding. No
significant phase shift was evident by comparison with the con-
trol test (mean difference = —2 = 4 min; e.g., Fig. 3C).

Increased levels of activity during food deprivation were evident
during the subjective day in other ZT groups (e.g., Fig 2A, B, C).
However, the amount of activity was generally modest and the tim-
ing of activity bouts was variable across animals. In these groups,
no relation could be detected between phase on day 2 of DD and
total activity or activity within selected h of the subjective day during
food deprivation (eg., ZT0-3, 5-8, or 8—11).

DISCUSSION

This study demonstrates that bouts of food deprivation ending
at selected ZTs on the first day of DD can phase-shift circadian
rhythms in the hamster. However, these effects were quite mod-
est. Only 2 phase shifts exceeding 75 min relative to the control
tests were observed in 126 deprivation tests, and significant
group mean shifts were observed only following 17-h and 24-h
food deprivations ending at ZT5. In addition, phase shifts were
related to, and may be dependent on, the expression of wheel-
running activity stimulated by refeeding. First, there was a pos-
itive correlation between the size of the phase advance following
refeeding and the amount of wheel running during the first 3 h
and 6 h of food access, although this was largely accounted for
by the 2 hamsters with the largest shifts. Second, hamstersin the
17-h deprivation group, in which running wheels were locked for
7 h after refeeding, did not show significant phase shifts by com-
parison with their own control DD tests. These data appear to
add to accumulating evidence that nonphotic stimuli capable of
shifting or entraining circadian rhythms may, in many cases, do
so indirectly via common effects on arousal and activity levels.
The list of such stimuli now includes scheduled access to novel
wheels (27,30,38), home wheels (13,18), and treadmills
(18,19), litter changes (27), social interactions (27), cold (22),
drugs (17,29,37), and fasting or refeeding (present study).
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Activity was occasionaly observed at ZT5-8 and 8—11 in some
of the other groups of food-deprived hamsters, but few, if any, phase
shifts occurred in these groups, and no relation between these bouts
of activity and phase on day 2 of DD could be detected. The levels
of running were generally quite low but, in afew cases, were smilar
to the levels expressed by hamstersin the ZT5 refeeding group that
did show phase shifts. The salient difference between these groups
isthat the ZT5 hamsters had access to food during thistime. It may
be that refeeding and whed running have arousing effects thet, in
combination, were sufficient to induce a phase shift but, indepen-
dently, were insufficient.

Alternatively, food deprivation may attenuate the neural signa
by which activity shifts the pacemaker. One candidate signd is se-
rotonin (5-HT). The SCN pacemaker receives dense serotonergic
innervation (25). Tryptophan (Trp; the 5-HT precursor) upteke and
5-HT synthesis are increased by running activity (7), 5-HT content
in the SCN correlates positively with wheel running activity (32),
and 5-HT agonists administered during the mid-subjective day can
induce phase advances similar to those induced by running activity
(24,35). In rats, Trp uptake and 5-HT synthesis stimulated by run-
ning are attenuated by food deprivation (7). If 5-HT mediates in
whole, or even in part, the phase-shifting effects of activity, and if
food deprivation blunts the effects of activity on 5-HT synthesisand
release, activity during food deprivation might be a less-effective
stimulus for phase shifts. This may be the reason that restricted daily
feeding schedules entrain free-running rhythmsin relatively few rats
(34) and not al hamsters (1,20), despite often intense food antici-
patory activity. If the full effects of activity on 5-HT metabolism
recover soon after refeeding a ZT5, then the phase-shifting effects
of activity might be restored. Similar arguments might be advanced
for other neurd pathways thought to be involved in nonphotic shift-
ing (eg., thalamic intergeniculate leaflet neuropeptide Y and the
geniculohypothdamic tract) (5), but little information is available
on how these might be directly or indirectly affected by food dep-
rivation (eg., the intergeniculate leaflet receives 5-HT afferents).
Thus, athough the present study does not provide convincing evi-
dence that food deprivation or refeeding can directly ater circadian
pacemaker phase in hamsters, it remains possible that manipulations
of food intake could modulate the response of the pacemaker to
other nonphotic zeitgebers. Evidence in support of this genera con-
cept is provided by recent studies demonstrating attenuation of phase
shifting to light pulses in hamsters following TRP loading (15).

No attempt was made to measure food intake during refeeding
in this study, because disruptions caused by weighing food could
have induced or contributed to phase shifting. However, visua
observations in this and previous studies (20) indicate that the
latency to eating after deprivation is minimal (on the order of s
or min) and that a bout of feeding was initiated at the scheduled
refeeding ZT. Thus, the failure of most animals to exhibit phase
shiftsis probably not dueto afailureto eat, particularly for those
deprivations ending in the subjective night (i.e., ZT12, 15, and
18), when feeding is normally maximal. This was confirmed in
a pilot study, in which hamsters deprived of food for 17 h and
refed at ZT5 consumed 1.2 + 0.03 g inthefirst 3 h of food access,
and 2.4 = 0.09 g during thefirst 6 h. Previous studies have shown
that hamsters have a limited capacity to gorge following a food
deprivation; thus, it is not likely that food intake during the first
3-6 h of refeeding could be greatly enhanced by subjecting the
hamsters to longer periods of food deprivation (33). Hamsters
with running wheels tolerate extended food deprivation poorly,
and amore likely result would be excessive wheel activity during
the subjective day and night, and possible debilitation.

The timing of food intake is of obvious adaptive significance
for many organisms, and specializations of the circadian system,
in the form of a separate food-entrainable pacemaker for antici-
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pating mealtime and phase discrimination permitting time-place
learning, have evolved to facilitate optimal foraging (4,6,21,23,
24). The results of the present study, however, detract from the
proposal that the circadian system in at least one species, the
hamster, can be acutely phase-shifted by afeeding-specific signal
to the light-entrainable pacemaker (36). Rather, it may be that
phase shifts and entrainment of circadian rhythmsto feeding time
are mediated by a nonspecific signal associated with the activity
and arousal that accompany feeding schedules. This may be a

MISTLBERGER ET AL.

mechanism by which free-running rhythmsin other species, such
as rats, occasionally entrain to scheduled feeding (1,20,34). If
so, we may find that entrainment of free-running rhythmsto feed-
ing schedules in hamsters and rats is dependent on the opportu-
nity to express vigorous activity in running wheels.
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