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Summary. The effects on activity rhythms of a
daily 30 min opportunity to leave the home cage
and hoard seeds from an open field were assessed
in Syrian hamsters housed in continuous dim illu-
mination. Six of ten hamsters responded with clear
entrainment of their activity rhythms to the hoard-
ing opportunity, as demonstrated by responses to
phase shifts and by the onset phase of subsequent
freerunning rhythms. No entrainable component
separate from the freerunning rhythm was ever ob-
served. Two hamsters showed phase shifts in re-
sponse to the hoarding opportunity, but they did
not meet the criteria for stable entrainment, and
two did not respond with noticeable changes in
rhythmicity. Ablations of the suprachiasmatic nu-
clei (SCN) were attempted in three hamsters that
had entrained stably to the hoarding time. The
effects of partial lesions in two animals indicated
that the entrained rhythm was controlled by the
light-entrainable pacemaker represented by the
SCN. The one animal with an apparently complete
lesion, however, developed a clear, but irregular,
increase in activity in anticipation of the daily
hoarding time. SCN ablation apparently un-
masked an oscillator system separate from the
SCN and susceptible to entrainment by a non-
photic cue. The oscillator mechanism affected by
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daily hoarding opportunities in hamsters appears
to be tightly coupled to the SCN pacemaker, in
contrast to the system in rats that is synchronized
by daily feeding schedules.

Introduction

The mammalian circadian system is comprised of
a number of circadian oscillators, the best-studied
of which is the light-entrainable pacemaker in the
suprachiasmatic nuclei (SCN) (Rusak and Zucker
1979; Moore 1983). While the SCN are responsible
for the integrity of a large number of circadian
rhythms in mammals, there is clear evidence in
rodents for the existence of circadian oscillators
that survive SCN ablation (Rusak 1977; Stephan
et al. 1979; Boulos et al. 1980; Stephan 1981 ; Ter-
man and Terman 1985). The best-studied example
of a circadian system outside the SCN is the mech-
anism responsible for the ability of rats (Rattus
norvegicus) to anticipate a limited daily phase of
food availability (Bolles and Stokes 1965; Stephan
et al. 1979; Boulos and Terman 1980), the physio-
logical substrate for which remains unidentified
(Mistlberger and Rechtschaffen 1984 ; Mistlberger
and Rusak 1988).

The output of this food-entrainable oscillator
(FEO) is manifest as an activity bout that antici-
pates the daily time of restricted food availability.
Observation of this oscillator’s function in rats has
generally required either restriction or deprivation
of food, but this mechanism can also anticipate
the restricted availability of a highly preferred food
in free-feeding rats (Mistlberger and Rusak 1987).
The activity component entrained by temporally
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restricted feeding can be observed along with the
component driven by the SCN pacemaker in intact
rats, and it survives SCN ablation (Stephan et al.
1979).

It is not known how general a feature of the
mammalian circadian system is a FEO separate
from the SCN-based pacemaker. Anticipatory be-
havior associated with restricted feeding has been
observed in rats, squirrel monkeys [(Saimiri sciur-
eus); Frim et al. 1984; Aschoff and von Goetz
19861, weasels [(Mustela spp.; Zielinski 1986], rab-
bits [Oryctolagus cuniculus; Jilge 1987], and the
marsupial kowari [(Dasyuroides byrnei); O’Reilly
et al. 1986]. Little is known, however, about the
relations between this activity bout and the SCN
in these species.

The circadian system of Syrian hamsters (Me-
socricetus auratus) has been studied extensively,
but it is not known whether hamsters have an anti-
cipatory system analogous to the rat FEO. The
methods used to study the FEO of rats cannot
readily be applied to hamsters because they do not
tolerate the moderate-to-servere temporal restric-
tion on food availability that is required to gener-
ate anticipatory activity in rats (Silverman and
Zucker 1976). Hamsters may not be capable of
consuming large amounts of food opportunisti-
cally in a short period of time, and may rely instead
on food-hoarding as a mechanism to avoid short-
ages (Borer et al. 1979; Rowland 1982). Since ham-
sters are highly motivated to hoard food (Murphy
1971; Lanier et al. 1974), this study was designed
to test whether they would show anticipation of
a temporally restricted, daily opportunity to hoard.

Several criteria were applied to assess whether
any rhythm entrained to the hoarding opportunity
reflected a circadian mechanism separate from the
SCN pacemaker, and analogous to the rat FEO.
The first criterion was the co-existence of a freerun-
ning activity component with an apparently en-
trained component in constant lighting conditions
(cf. Boulos et al. 1980). The second criterion was
the initial phase of the freerun emerging after re-
lease from apparent entrainment. A freerun could
begin from the apparent phase of entrainment or
might begin from a different phase set by another
oscillator, the output of which is masked by the
hoarding opportunity (cf. Boulos and Terman
1980). Finally, SCN ablations were attempted in
order to determine whether an apparently en-
trained component reflected the output of the SCN
or of an anatomically distinct mechanism (cf. Ste-
phan et al. 1979).

We found little evidence for a mechanism anal-
ogous to the FEO of rats in intact hamsters, and
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surprising evidence that a daily hoarding opportu-
nity can entrain the SCN-based, light-entrainable
pacemaker in hamsters.

Methods

Apparatus and procedures. Adult male hamsters (LVG: lak,
Charles River, Montreal, Quebec) were housed in an apparatus
constructed of plexiglas and consisting of a home cage
(20 x 40 cm) with an attached tunnel (10 cm in diameter, 93 cm
long) leading to a larger open field (47 x 47 cm). Access to the
tunnel could be prevented by insertion of a sliding door, which
was normally left in place. The room was illuminated contin-
uously by a single red incandescent bulb (Spectro, 10 W) that
gave fairly uniform dim illumination (measured using a Model
40 x Opto-Meter, Optikon, Kitchener, Ontario) to all parts
of the apparatus (~0.5-0.6 lux in home cage and open field).
There were three similar cages in the room.

Hamsters had free access to water in their home cages and
were given sufficient food pellets (Purina) so that they would
not run out within 24 h, but were unable to develop a significant
hoard. The home cage contained an activity wheel the rotation
of which activated a microswitch that was connected to an
event recorder and, for the latter part of the study, to an Apple
computer that recorded the number of wheel revolutions every
10 min.

Hamsters were housed in constant dim illumination
throughout the study. They were first permitted to establish
a freerunning rhythm, then were food-deprived for 24 h before
their first hoarding opportunity, and before each re-institution
of hoarding opportunities. During hoarding availability, a tech-
nician entered the room from a darkened outer room daily
at a fixed time (1000 Atlantic Standard Time for most animals),
placed 15 g of sunflower seeds in the open field, opened the
tunnel access door, and left the room. After 30 min, the techni-
cian returned, closed the door with the hamster in the home
cage, and left one or two food pellets in the home cage. On
about half of the hoarding days, the technician had to tap
lightly on the home cage to attract the hamster there from
the tunnel or open field. When hamsters did not have hoarding
opportunities, their cages were not disturbed, although on many
of these days the technician entered the room to perform these
procedures for other animals.

Hoarding opportunities were continued for several weeks
or months, until the freerun had scanned all phase relations
to the hoarding time at least once, or until apparently stable
entrainment was achieved. In the latter case, the hoarding time
was shifted by 6 h in some animals to see if the rhythm followed
the phase shift. In most cases of apparent entrainment, hoard-
ing was then discontinued to permit assessment of the phase
from which the subsequent freerun originated.

In three animals showing apparent entrainment to the
hoarding opportunity, ablations aimed at the SCN were per-
formed. Animals were then retested for entrainment to hoard-
ing opportunities and subsequently released to constant condi-
tions.

Surgery. Hamsters were anesthetized with sodium pentobarbital
(80 mg/kg body weight Somnotol; M.T.C. Pharmaceuticals,
Mississauga, Ontario), and mounted into a Kopf (Tujunga,
CA) stereotaxic frame with the toothbar 2 mm below the inter-
aural line. An electrode made out of a 00 stainless steel insect
pin insulated except for 0.4 mm at the tip was aimed stereotaxi-
cally at the SCN and bilateral lesions were produced using
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a Grass (Quincy, Mass.) radiofrequency lesion maker (LM-4).
For two of the hamsters single lesions were produced on each
side at 0.5 mm anterior to bregma, 0.3 mm lateral to the mid-
line, and 7.5 mm below dura, by passing current equivalent
to approximately 8-10 mA for 15 s at each site. For one animal
two such lesions were produced on each side, one pair at
0.5 mm anterior to bregma and one pair at 0.2 mm caudal to
bregma.

At the end of the study, ablated animals were killed with
a barbiturate overdose. Their brains were perfused, sectioned
coronally at 40 pm and stained with cresyl violet for histological
analysis. The anterior SCN was ablated in all three animals.
A drawing tube was used to trace sketches of the lesions at
middle and caudal levels of the SCN without knowledge of
the behavioral results in order to assess the completeness of
the lesions.

Results

Six of ten hamsters studied showed apparent en-
trainment of the previously freerunning activity
rhythm during the period of daily hoarding oppor-
tunities. The activity rhythms of two hamsters
freeran without responding to the hoarding oppor-
tunity, except by showing some degree of masking
(top of Fig.1). Hamsters were considered en-
trained if they expressed an approximately 24-h
period with a stable phase relation to the hoarding
time (e.g. Fig. 2). In addition, they had to either
show a period different from 24 h when they were
not hoarding (middle of Fig. 2), or follow a phase
shift in the hoarding time (Fig. 3). All animals ini-
tially showed freerunning periods greater than
24 h. Entrainment was usually achieved gradually
over many weeks, and might not occur until a par-
ticular phase relation between activity onset and
the hoarding opportunity occurred a second time
(Fig. 2).

When apparent entrainment was seen, subse-
quent freeruns always originated from the phase
of entrainment (Figs. 2 and 3), and the period ex-
pressed often differed from the 24-h period shown
during entrainment (Fig. 2). In other hamsters,
freeruns after entrainment expressed periods indis-
tinguishable from 24 h, but the appearance of tran-
sients approaching a new steady-state when hoard-
ing opportunities were restored at a new phase pro-
vided clear evidence that the rhythms had been
entrained, rather than expressing a near 24-h
freerun (Fig. 3). Two hamsters showed substantial
rhythm disruptions or phase changes in their activ-
ity when hoarding was instituted (similar to those
seen near the top of Fig. 4), but did not meet our
criteria for entrainment.

There was no evidence for entrainment of an
oscillator system distinct from that driving the ac-
tivity rhythm under freerunning conditions; en-
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trained and freerunning components were never
observed simultaneously. Wheel-running activity
onsets either anticipated the hoarding time slightly
or followed immediately after the hoarding oppor-
tunity. The phase of entrainment was not necessar-
ily consistent during repeated tests in a single ani-
mal, and often drifted slightly during a long test
(Fig. 3).

Two entrained animals sustained large, but
subtotal, lesions of the SCN (Fig. 5, top and mid-
dle). One hamster (#2b, Fig. 2) showed a gradual
10-h advance in his activity onset time after the
lesion, and then became stably entrained to the
hoarding opportunity. He subsequently freeran in
constant conditions with a clear circadian rhythm
that gradually shortened to less than 24 h. The
other hamster with a partial lesion (3#3b, Fig. 3)
began to freerun with a short period (23.5 h) some
weeks after surgery and failed to entrain again.
This hamster did show a change in phase and pat-
tern of the freerun when activity onset approached
the hoarding time, which might represent relative
coordination.

The one hamster with an apparently complete
SCN Iesion (#1c; Fig. 5, bottom) gradually devel-
oped a distinct concentration of activity that anti-
cipated the hoarding opportunity by several hours,
but had no sharply defined onset phase (Fig. 4).
This hamster differed from those with surviving
SCN tissue in that the entrained rhythm was lost
immediately when the hoarding opportunity was
discontinued. This hamster failed to generate a
clear freerunning activity rhythm in constant con-
ditions, although some rhythmic components
emerged about two weeks after hoarding oppor-
tunities were discontinued.

Hamsters typically ate or retrieved to their
home cages most or all of the seeds provided.
There was no obvious correlation between regular-
ity of hoarding and entrainment: one hamster
which hoarded irregularly or incompletely still en-
trained (#1c, Fig. 4), and one which hoarded all
the seeds regularly failed to entrain (3 3¢, Fig. 1).
The one hamster with a complete SCN lesion (1¢)
and one with a large, but incomplete, lesion (3b)
began to show unusual behaviors after surgery.
Hamster 1c frequently and 3b occasionally
hoarded seeds to a corner of the open field. Each
of these hamsters also occasionally retrieved seeds
or food pellets from the home cage and stored
them in the open field, and each was occasionally
found asleep in the open field after the hoarding
time. Other hamsters did not hoard to the open
field, nor sleep there, and neither of these animals
had done so before surgery.
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Fig. 1. Computer-generated, actogram-style chart of the wheel-running activity record for hamster 3¢ while housed in continuous
dim red illumination. The height of the black mark for each 10-min bin is proportional to the intensity of activity in that
interval. A straight line indicates no activity and blank areas represent missing data. Preceding portions of the record that show
the freerun prior to the imposition of the daily hoarding opportunity (H) were not recorded by computer and are not shown
here. In all cases, hamsters initially freeran with periods greater than 24 h, as illustrated in Fig. 2. The 24-h record is double-plotted,
with the vertical line on the left panel indicating the beginning of the daily 30-min hoarding opportunity. At the point marked
FR the hoarding opportunity was discontinued. This hamster failed to entrain to the hoarding opportunity
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Discussion

Although most hamsters appeared to entrain to
the hoarding opportunity, it must for several rea-
sons be considered a fairly weak entraining cue
compared to a photic stimulus. First, only 6/10
hamsters entrained unambiguously. Second, en-
trainment did not always occur on the first pass
of the rhythm through the hoarding time, and of-
ten developed gradually over many weeks as the
freerunning period shortened. Third, the phase of
entrainment was not always strongly conserved.
Finally, one previously entrained rhythm began to
freerun when the period shortened to approximate-
ly 23.5 h after partial SCN damage, suggesting a
fairly narrow entrainment range.

Entrainment effects were apparently exerted on
the pacemaker system represented by the SCN, and
not on a separate, or separable, oscillator, such
as the one affected by feeding cycles in rats. There
were no clear instances of co-existing freerunning
and food-entrained activity components, although
the disrupted rhythms and period changes some-
times seen when hoarding was imposed (e.g., top
of Fig. 4) might represent a weak form of this phe-
nomenon. The freerunning rhythm after release
from entrainment always originated from the ap-
parent phase of entrainment, and the onsets of en-
trained rhythms were always continuous with both
the prior and subsequent freeruns. The effects of
partial SCN ablations in shortening the freerun-
ning period or advancing the entrained phase (cf.
Aschoff 1965) are consistent with the known ef-
fects of such lesions on the SCN pacemaker (Pick-
ard and Turek 1985). When a partial lesion appar-
ently drove the period of the surviving SCN tissue
outside the range of entrainment, no other en-
trained component emerged.

All of this evidence is consistent with an effect
of the hoarding opportunity exclusively on the
light-entrainable pacemaker for activity rhythms
represented by the SCN. The single case of an ap-
parently complete SCN ablation complicates this
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interpretation. One might have predicted an inabil-
ity to entrain after complete SCN lesions, but this
hamster gradually developed a clear, although ir-
regular, rhythm that anticipated the hoarding time.
This rhythm did not retain the phase of the prior
entrained rhythm, nor did it gradually advance to
a new ecarlier phase relation, as did the activity
rhythm of one entrained hamster with a partial
lesion (Fig. 2). Instead, initially scattered activity
bouts gradually concentrated in the hours preced-
ing the hoarding opportunity.

This behavior parallels the concentration of ac-
tivity bouts during the dark phase of an imposed
lighting cycle observed after SCN ablation in some
hamsters (Rusak 1977). This finding has been in-
terpreted as representing the synchronization by
an external cue of a surviving population of extra-
SCN circadian oscillators that are normally regu-
lated by the SCN pacemaker (Rusak 1982). It is
possible that the hoarding opportunity had a simi-
lar effect on extra-SCN oscillators in this hamster.
Whether these hypothetical oscillators are consid-
ered equivalent to the FEO of rats depends on
one’s hypothesis about the unknown underlying
mechanism of the rat FEO. There is certainly no
evidence to suggest that the rhythm seen in this
one ablated animal has the features of persistence
(Coleman etal. 1982), expression of transients
(Stephan 1984), a limited range of entrainment
(Stephan 1981), and coupling relations to the SCN
(Stephan 1986) that characterize the rat FEO. At
a minimum, the rat and hamster mechanisms are
distinguished by the fact that the extra-SCN oscil-
lators in rats that are affected by restricted feeding
are more readily dissociated from the SCN pace-
maker and are capable of being expressed beha-
viorally in its presence.

The cues associated with the hoarding opportu-
nity that are required to produce entrainment are
not known. The consistency with which seeds were
hoarded did not seem to be correlated with the
tendency to entrain, so consumption of the seeds
is unlikely to be a critical factor. It may be that

-

Fig. 2. Activity record of hamster 2b; symbols as in Fig. 1. This hamster entrained to the second imposition of the hoarding
opportunity, free-ran when it was discontinued, and re-entrained when it was re-imposed. On the day marked SCN the hamster
underwent surgery which resulted in a partial ablation of the suprachiasmatic nuclei. It subsequently entrained to the hoarding
opportunity with an altered phase relation and freeran under constant conditions

Fig. 3. Activity record of hamster 3b; symbols as in preceding figures. This hamster entrained to each imposition of the hoarding
opportunity and showed clear transients during re-entrainment before surgery. It received a partial lesion of the suprachiasmatic
nuclei and subsequently freeran with a short period, showing only relative coordination to the hoarding opportunity

Fig. 4. Activity record of hamster 1 c; symbols as in preceding figures. This hamster entrained to the hoarding opportunity
before surgery and developed an anticipatory rhythm after undergoing complete ablation of the suprachiasmatic nuclei. It failed
to generate a circadian rhythm when the hoarding opportunity was discontinued
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Fig. 5. Lesion reconstructions for the three hamsters whose ac-
tivity records are shown in Figs. 2, 3 and 4. The two drawings
for each animal represent a mid-SCN section (above) and a
more caudal section. The arrows and the letter S indicate sur-
viving SCN tissue. The hatching indicates the lesion site and
the third ventricle (V), while the stippling indicates apparent
gliosis around the lesion. X optic chiasm; OT optic tract; SO
supraoptic nucleus

the critical events were behavioral or motivational
consequences of the opportunity to explore or
scent-mark the external environment, rather than
the opportunity to retrieve seeds to the home cage.

It is doubtful that the activity associated with
the hoarding time was alone capable of entraining
the pacemaker system. In rats, scheduled oppor-
tunities to eat when very hungry generate intense
anticipatory activity, but they rarely entrain the
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pacemaker (Stephan 1986). Similarly, exposure of
hamsters to conspecifics that clearly affects their
overt behavior may similarly fail to entrain or
modify their SCN-driven activity rhythms (Davis
et al. 1987). This contrast should be drawn with
caution, however, since these stimuli were not re-
peated for as many cycles as in this study.

On the other hand, recent reports have de-
scribed phase-shifts in hamsters resulting from the
opportunity to explore a new cage and running
wheel, or to interact with another hamster (Mro-
sovsky and Salmon 1987; Mrosovsky 1987). While
these situations include a component of increased
activity, it remains to be determined which features
of any of these complex situations are necessary
for phase-shifting or entrainment of the pacemak-
er. It is also an open question whether the relevant
cues act on the pacemaker directly, as photic infor-
mation does, or are mediated by effects on an inter-
vening oscillator mechanism which, in turn, influ-
ences the pacemaker through their coupling rela-
tions.

Whatever the mechanism for the effects of
hoarding opportunities, our results demonstrate
that cues associated with the performance of a
highly motivated behavior can directly or indirect-
ly affect the central pacemaker of the hamster cir-
cadian system. These effects contrast sharply to
those of food restriction in rats, since the SCN-
based pacemaker in rats is rarely affected by feed-
ing schedules, which instead influence a FEO that
is expressed independently of the pacemaker. The
data from intact hamsters provide little support
for the existence of a system strongly analogous
to the FEO of rats. Nevertheless, the fact that one
hamster sustained an SCN ablation that did not
permit generation of a freerunning rhythm, yet still
synchromnized its activity to the hoarding time sug-
gests that there are also similarities between these
systems. The differences may reflect stronger cou-
pling between the SCN pacemaker and extra-SCN
oscillators in hamsters than in rats (cf. Aschoff
and von Goetz 1986; Stephan 1986). Because of
this strong coupling, the extra-SCN oscillators may
entrain the SCN when they are affected by non-
photic cues, but they can be expressed indepen-
dently only when the SCN are ablated.

Two hamsters with large lesions of the SCN
started to hoard food into the open field and to
sleep in that area. Since no control surgeries were
attempted it is not certain that this is a specific
response to SCN damage. There is, however, re-
lated evidence from one hamster tested in an appa-
ratus including a home burrow and open field (Ru-
sak 1975). After sustaining an SCN lesion, that
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hamster distributed its activity in short bouts
throughout the 24-h day and no longer discrimin-
ated between the burrow and open-field in terms
of timing of activity. It may be that the SCN play
a role in regulating the movements of hamsters
between their burrows and the external environ-
ment. In its absence, animals may not distribute
their behaviors appropriately in either the tempo-
ral or spatial domain.
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