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Abstract
In human beings and animal models, cognitive performance is often impaired in natural and experimental situations where
circadian rhythms are disrupted. This includes a general decline in cognitive ability and fragmentation of behavioural rhythms in
the aging population of numerous species. There is some evidence that rhythm disruption may lead directly to cognitive
impairment; however, this causal link has not been made for effects due to aging. We have tested this link by examining rhythms
and performance on contextual conditioning with the conditioned place preference task, in elderly, age-matched hamsters. Young
healthy hamsters developed a preference for a context that is paired with the opportunity to engage in wheel-running (experiment
1). Aged animals with consolidated locomotor rhythms developed similar degrees of preference, whereas the age-matched hamsters
with fragmented rhythms did not (experiment 2). The degree of preference was also correlated with activity amplitude. These
results support the notion that age-related rhythm fragmentation contributes to the age-related memory decline. © 2000 Elsevier
Science B.V. All rights reserved.
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1. Introduction
A decline in cognitive ability accompanying aging
has been documented in many species [31]. In addition,
numerous physiological, neurochemical and hormonal
changes occur in aging organisms, but their direct
contributions, if any, to non-pathological cognitive decline are not well known.
One of the characteristics of aging in many species
including humans, is the breakdown of circadian
rhythms in physiology and behaviour [12,14,15,
17,52,62]. In mammals, the age-dependent disorganization of overt rhythmicity appears to be due directly to
a functional decay of the central circadian pacemaker
located in the suprachiasmatic nucleus (SCN) of the
hypothalamus [17,43,51,67,65]. The pacemaker’s decay
is not only apparent in the changes of amplitude in
circadian rhythms, but also in the altered responsiveness of the clock to environmental stimulation [62].
Reductions in cell number and volume in the nucleus
have been reported to be associated with aging [60], and
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it has been shown recently that age-related rhythm
fragmentation can be reversed by transplantation of
fetal or culture SCN cells [25,47].
The broad significance of circadian organization is
indicated by the relationship between rhythm amplitude
and longevity [25]. Experimental fragmentation of circadian rhythms, produced by a phase-shift of the illumination cycle, has been associated with memory
decrements in rodents, non-human primates and human
beings [1,5,24,40,52,57,61], supporting the notion that
circadian rhythms play an important role in the processing and retention of information. This association
raises the question of whether the age-related degradation of circadian rhythms contributes directly to the
memory decline observed in aged populations.
Studies of circadian rhythms in mammals often use
the golden hamster because of the high accuracy and
precision of its locomotor rhythm [37]. Expressed in the
form of wheel-running in the laboratory setting, this
form of locomotion allows the phase of the pacemaker
to be estimated to within a few minutes each day.
Moreover, for hamsters entrained to an LD 14:10 cycle
most of the activity is performed within the first 3–5 h
following dark onset. The predictable pattern of daily
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locomotion in the hamster [41] allows the behavioural
detection of changes in the physiology of the circadian
pacemaker that occur with aging, environmental stress
and season. While the majority of studies of learning and
memory in rodents use rats and mice, hamsters have been
shown to have similar mnemonic capabilities [26,54]. Of
particular relevance to our studies are demonstrations of
learning associated with exploratory behaviour and reward seeking, since these are likely to be closely regulated
by the circadian system [41].
In the present studies we used the conditioned place
preference task (CPP) to examine the relationship between rhythm integrity and the ability to form cognitive
associations. The CPP is a powerful paradigm for examining the rewarding properties of stimuli and also serves
to assess the subject’s mnemonic abilities in associating
these appetitive aspects of the event and the neutral cues
of the surrounding environment [10,66]. This form of
learning is referred to as context conditioning. In the
CPP task, animals are exposed to a pair of neutral
environments, one of which in addition contains a
suspected reward stimulus. If the stimulus or event is
successful in activating the neural substrates of reward,
the animal develops a preference, that is approaches and
maintains contact with the environment or context in
which the stimulus was experienced, in the absence of the
reward [66]. Peripherally administered addictive drugs
like amphetamine, cocaine and morphine can produce
CPPs [11,23,30]. CPPs have also been produced with
natural rewards like food [33], sucrose [9] and sexual
partners [50]. The CPP task has been used in the hamster,
to demonstrate that amphetamine is rewarding for this
species [54]. In addition, female hamsters acquire a
conditioned place preference for an environment that has
been paired with sexual and aggressive encounters [26].
In the present series of experiments we have used the
running wheel as the rewarding feature in a conditioned
place preference task. Other conditioning experiments
have demonstrated that wheel-running itself is a reinforcer [6,7]. In experiment 1, we determined whether
young adult hamsters can acquire and retain a conditioned place preference for a context that has been paired
previously with the opportunity to engage in wheel-running. In experiment 2, we asked whether the natural
deterioration of circadian rhythms that occurs with aging
is correlated with an impairment in context conditioning.
In experiment 2, hamsters were age-matched and differed
only in the quality of their circadian rhythms. If the
breakdown of circadian rhythms predicts mnemonic
performance on CPP, it will be indicative of a correlation
between the two factors.

2. Experiment 1
The purpose of this experiment was to examine

whether hamsters can form associations between neutral
contextual stimuli and a rewarding event (wheel-running). The expression of a conditioned place preference
would be informative with respect to the learning and
memory capacities of hamsters.

2.1. Method
2.1.1. Subjects
Sixteen male golden hamsters (Mesocricetus auratus
outbred) 45–60 days old, weighing 100–120 g were
raised in our breeding colony at the University of
Toronto. Throughout the experiment, they were housed
individually in propylene cages (22 cm wide×40 cm
long× 20 cm high) and were given free access to water
and food. All cages were kept inside a light-tight ventilated box and illumination was provided from an overhead GE ‘Vitalite’ Cool White fluorescent tube which
provided 90–100 lux at the floor of each cage. The
hamsters were kept in an LD 14:10 cycle.
2.1.2. Apparatus
The design of the apparatus is depicted in Fig. 1. Two
context chambers were used that differed on three
dimensions: colour, shape and odour. One context was
a black triangle chamber measuring 61 cm× 61 cm base
and depth of 30 cm high; and the other context was a
white square chamber measuring 41 cm× 41 cm base
and height of 20 cm. Both boxes contained a small plastic
cylinder (pill bottle) that was mounted on one of the
walls of the chamber. On each training day, a drop of
each odorant, serving as the olfactory cue, was placed on
a cotton ball and inserted within the bottle. Iso-amyl
acetate served as the olfactory cue with the black triangle
and eucalyptus served as the olfactory cue with the white
square. The two chambers were connected during pre-exposure and preference by an alley (16.5 cm long ×11 cm
wide×11 cm high). The entire structure was placed on
a Plexiglas table that was 100 cm above the floor. A
mirror (91 cm long ×61 cm wide), inclined by 45°, was
placed on the floor of the testing room providing the
experimenter with a non-intrusive view of the chambers.
A video camera was placed two feet in front of the mirror
for recording of all phases of the experiment. A stainless
steel running wheel, (17 cm diameter) mounted on a
plexiglass frame was used during the conditioning phases
of the experiment as the rewarding stimulus.
2.2. Experimental procedure
2.2.1. Context conditioning
Animals were removed from the light-tight boxes half
an hour before projected activity onset. In this way, all
individuals were trained and tested at approximately
the same circadian time. Activity onset at circadian
time 12 (CT 12) was chosen because these animals are
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highly motivated to use a wheel at this time [15], thus we
assume that the potential for the wheel to be rewarding
is also high. In addition, animals were transferred to the
training apparatus in the light, thus avoiding an
unexpected dark-light transition. During pre-exposure,
animals were placed in the alley and given free access to
both chambers for a total duration of 10 min. No
running wheel was placed in either of the chambers
during this phase. This ensured context neutrality and
provided some experience of both contexts.
For conditioning (8 days) animals were placed in one
of the two contexts for thirty minutes and access to the
other context was blocked. For half the animals (group
A) the ‘paired’ context contained a metal running wheel
and the ‘unpaired’ context contained no running wheel.
Previous findings have demonstrated that rodents react
to spatial change induced by object removal by renewing
exploration of the entire apparatus and/or selectively
investigating the location where the object was
previously placed [45,58]. In the present experiment, the
removal of the wheel from the chamber on the test day,
following the conditioning phase, may be sufficient to
induce exploration in the paired chamber. To assess the
influence of this novelty, a second group of animals
(group B), were trained in a situation where the paired
chamber contained a rotating wheel, while the ‘unpaired’
chamber contained a blocked, non-rotating wheel. This
treatment, allowed us to determine whether the time
spent in the paired chamber for group A was a function
of the rewarding properties of wheel-running or a
function of the novelty induced by wheel removal from
that same chamber.
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The order in which the groups experienced each
context was counterbalanced so that half the animals
were confined in a paired context (black) on days 1, 3,
5, 7 and confined in an unpaired context (white) on days
2, 4, 6, 8. The other half of the group was confined to
a paired context (white) on days 1, 3, 5, 7, and confined
to an unpaired context (black) on day 2, 4, 6, 8. During
the training sessions, wheel-running time was video
taped and scored by the experimenter. For this
experiment we did not record wheel-running behaviour
in the home cages but relied on an extended exposure to
the LD schedule to ensure entrainment for all animals.
On test day hamsters were placed individually in the
alley and given free access to both chambers. No wheel
was present in either of the contexts. Dwell time was
accumulated when both forepaws were past the
threshold of the doorway into one of the chambers but
not when both forepaws were past the threshold of the
doorway into the alley. Time spent in the paired context
served as a measure of appetitive context learning.

2.3. Results
The mean amount of time spent in the two contexts
(white square and black triangle) during the pre-exposure phase was the same for both groups (Fig. 2A). A
2× 2 ANOVA (group and location) on the time spent
in both chambers revealed a non-significant group effect, [F (1, 14)=0.20, P\0.05], a non-significant location effect, [F (1, 14)=0.21, P\0.05], and a
non-significant group x location interaction, [F (1, 14)=
0.002, P\0.05]. Planned comparisons revealed that

Fig. 1. Design of the apparatus used for experiment 1 and experiment 2.
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paired with the opportunity to wheel-run and that the
preference expressed in group A was due to the rewarding properties of wheel-running and not to the novelty
induced by wheel removal.
For the conditioning days the amount of time spent
running on the wheel for each animal was recorded,
and examined in relation to the individual amount of
preference exhibited on the test day. There was no
significant correlation between the amount of time
spent running and the amount of preference shown on
the test day (P \0.05).

2.4. Discussion

Fig. 2. Top: mean amount of time spent by group A and group B in
the black and white chamber during pre-exposure of experiment 1.
Bottom: mean amount of time spent in the paired and unpaired
context on preference test of experiment 1.

there was no significant difference in the amount of
time spent in each chamber, [group A: F (1, 14) =0.08,
P\0.05]; [group B: F (1, 14) =0.12, P \0.05]. This
lack of preference for any intrinsic features of the
chambers strongly demonstrates that this is an unbiased
CPP procedure for the hamster [10]. On test day both
groups spent a significantly greater time in the paired
context. A 2× 2 ANOVA (group x location) on time
spent in the paired and unpaired chamber revealed a
non-significant group effect, [F (1, 14) = 1.13, P \0.05],
a significant location effect, [F (1, 14) =16.76, PB
0.05], and a non-significant group x location interaction, [F (1, 14)= 0.29, P \0.05]. Planned comparisons
revealed that both groups spent significantly more time
in the paired chamber, [group A: F (1, 14) =6.29, PB
0.05]; [group B: F (1, 14) =10.76, P B0.05]. These results indicate that both groups spent more time in the
paired chamber and that there was no difference between the groups. Taken together, these results suggest
that hamsters showed a preference for the chamber

This experiment clearly showed that both groups of
hamsters spent more time in a context paired previously
with the opportunity to engage in wheel-running. The
initial lack of preference for any of the chambers during
pre-exposure in combination with a preference for the
paired context during testing, strongly suggests that it is
only subsequent to its pairing with a running wheel that
the previously neutral context acquired the ability to
attract the animal. The potential novelty that might be
introduced by the absence of the wheel on test day does
not account for the development of the preference.
Given that both chambers contained wheels during
conditioning in group B and that both contexts were
rendered novel during testing, if time spent in the
paired chamber was a reaction to novelty, we would
expect hamsters to spend as much time in the paired as
in the unpaired chamber. This treatment of a blocked
wheel for half the subjects allowed us to remove the
confound of novelty-induced exploration for group A,
enabling us to assert that the rewarding properties of
wheel-running attracted the animals and not the novelty induced by wheel removal. Moreover, these results
show that the potential for operating the wheel introduced a greater preference than the mere presence of
the wheel itself. These results demonstrate that both
groups had the mnemonic ability to acquire and retain
an association between the rewarding event of wheelrunning and the contextual cues that surrounded it. The
present experiment was adjusted to be ecologically significant for the hamster by allowing it to engage in
locomotor activity at the time when locomotion is at its
peak. The development of this paradigm will give us the
opportunity to study the effects that circadian rhythms
may exert on this type of context conditioning.

3. Experiment 2
The goal of experiment 2 was to examine the relationship between context conditioning and the natural
degradation of circadian organization that occurs with
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age. Accordingly, we examined and compared the
mnemonic abilities of two groups of age-matched aged
hamsters whose selection was based solely on the pattern
of the individual’s circadian locomotor rhythms.
Locomotion has a precise daily onset in the natural
environment [37], and is measured as wheel-running
activity in the artificial environment of the laboratory
[2,15,44]. A reduction in the amount of activity and
fragmentation of the cyclic pattern is a well-known
characteristic of the aging circadian system [62].
However, in previous studies we have found that the rate
of decline and chronological age at which it occurs is
peculiar to the individual so that in middle aged animals
(9 – 12 months) there is a wide rage of activity patterns
from the highly fragmented to the highly consolidated.

3.1. Method
Hamsters of the same chronological age (9–12
months) were trained and tested on the CPP paradigm.

3.1.1. Subjects
Eighteen male golden hamsters (Mesocricetus auratus
outbred), were raised to 12 months of age at the
University of Toronto. Locomotor activity was
recorded as wheel-running behaviour. Wheel turns were
registered using a microswitch mounted to the outside
of the cage that was closed once per turn. Activity
(wheel-running) was monitored continuously using
Dataquest III (Minimitter CO., Sunriver, OR). Wheel
turns were accumulated into 6-min bins. The data were
analyzed subsequently by a computer program (Ezpaste) written for this purpose at the NSF Center for
Biological Timing, University of Virginia. Following
CPP training and testing, animals were rank-ordered on
the basis of their prior activity pattern. This procedure
was performed by an experimenter who was blind to
the learning performance of each animal but who was
familiar with the range of activity patterns found in
aged hamsters. A continuum of activity patterns was
obtained from the highly consolidated to the highly
fragmented. For analysis, the eight most consolidated
and eight most fragmented were compared for their
performance on the CPP task. The middle two animals
were not included in the analysis.
3.1.2. Apparatus
The same apparatus was used as in experiment 1.
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gave each animal access to an estrous female in an open
field chamber measuring 24× 24 in. base and height of
24 in. for a maximum of 10 min. The time taken to
mount the female was scored for each hamster and used
as a measure of motivation (sexual behavior), sensory
processing (somatosensory, visual, olfactory) as well as
motor (movement initiation, walking, mounting)
abilities.

3.3. Results
The range of circadian locomotor pattern displayed
for the 16 aged animals is illustrated in Fig. 3A–F.
Panel A shows a healthy locomotor rhythm reflected by
a precise and predicable activity onset and consolidated
running bouts. Panel F reflects an unhealthy rhythm
illustrated by a fragmented pattern of locomotor activity with a variable time of activity onset. Panels B–E
show the range of patterns that may be found in
animals of this age. Actograms presented in Fig. 4 show
the extended recordings for the four most fragmented
(left) and most consolidated (right) patterns during the
conditioning and testing periods. Both columns depict
running activity 9 days prior to the beginning of the
experiment and during the 10-day period of the experiment for a total of 19 days. The range of activity
patterns and the degree of rhythmic integrity varied
within the two groups. There is a continuum in the
breakdown of rhythmicity, on the basis of which animals were rank-ordered and separated. Even if the
actograms act to illustrate extreme samples from both
groups, there is still variability in circadian disruption
within these two groups. The numbers on the right of
each activity record (actogram) in Figs. 3 and 4 are the
total wheel turns per day.

3.3.1. Phase 1
No preference was shown for either of the two
chambers during pre-exposure. All animals explored
both contexts, and there was no consistent differential
dwell time in either chamber (Fig. 5; left). A 2× 2
ANOVA (group x location) on the data revealed a
non-significant group effect, [F (1, 14)= 1.94, P\0.05],
a non-significant location effect, [F (1, 14)= 0.08, P\
0.05], and a non-significant group * location interaction, [F (1, 14)=0.60, P\0.05]. Planned comparisons
revealed that there was no significant difference between the time spent in the black triangle and the white
square, for the consolidated rhythms group [F (1, 14)=
0.57, P\0.05], and for the fragmented rhythms group
[F (1, 14)=0.12, P\ 0.05].

3.2. Experimental procedure
Same procedure as in experiment 1 but an additional
test of motivation and mobility was performed. To test
primary motivation and mobility in aged hamsters, we

3.3.2. Phase 2
The time spent running during the conditioning
phase is expressed as a percentage of the total time that
the animal was exposed to the paired context (Fig.
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5: middle). Hamsters with fragmented locomotion
rhythms spent more time running during the conditioning phase than the hamsters with consolidated
rhythms. However, a two-tailed t-test showed that the
difference between the two groups was not significant
(T7 =1.56, P \0.05).

3.3.3. Phase 3
On test day, hamsters with consolidated rhythms
spent considerably more time in the paired context
versus the unpaired context (Fig. 5: right). The 2×2
ANOVA (group x location) revealed a non-significant
group effect, [F (1, 14)=0.03, P\0.05], a non-sig-

Fig. 3. Continuum of wheel-running records illustrating a gradual, age-induced breakdown of circadian locomotion rhythms.
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Fig. 4. Left column: running records of hamsters with unhealthy circadian rhythms for a total of 19 days; 9 days before the experiment and the 10-day period of the experiment. Right column:
running records of hamsters with healthy circadian rhythms for the same period. Arrows indicate dark onset.
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Fig. 5. Pre-exposure (left): mean amount of time spent by both groups in the black and white chamber during the pre-exposure phase of the
experiment. Conditioning (middle): mean amount of time spent running during the conditioning phase for the fragmented and the consolidated
rhythms group. It is expressed as the percent of total time in the paired chamber. Preference (right): mean amount of time spent by both groups
in the paired and unpaired chamber during the preference test.

nificant location effect, [F (1, 14) =2.57, P \ 0.05], and
a close to significant group * location interaction, [F
(1, 14)=3.69, P=0.07]. Planned comparisons on each
group revealed that the group with consolidated
rhythms expressed a preference for the paired context,
[F (1, 14)=6.22, PB0.05] but the group with
fragmented rhythms did not, [F (1, 14)=0.05, P \ 0.05].

3.3.4. Test of moti6ation and mobility
To ensure that the impairment observed in the fragmented rhythms group is related to memory and not to
motivational, sensory or motor deficits, we gave hamsters access to a female in her estrous cycle individually
and assessed amount of time required to mount the
female. As shown in Fig. 6, there was no difference
between the two groups in the amount of time required
to mount the female, [F (1, 14) = 0.58, P \ 0.05]. This
result suggests that the two groups did not differ in
their level of motivation, or sensory and motor abilities.
To further examine the relation between circadian
rhythms and memory performance we developed a
‘rhythm score’ and a ‘preference score’. The rhythm
score reflects the amplitude of activity (in home cage)
for each group and consists of the mean number of
wheel turns during the last five days of the experiment.
The preference score reflects the degree of preference
for the paired context and is made up of the difference
between the time spent in the paired and unpaired

context (time paired-time unpaired). Fig. 7 (top) represents the mean activity amplitude for each group and
illustrates that the group with consolidated rhythms has
a significantly higher level of activity than the agematched group with fragmented rhythms, [F (1, 14)=
35.71, PB 0.05]. The scatter diagram (Fig. 7: bottom)

Fig. 6. Mean amount of time (sec) required to mount receptive female
in estrous for hamsters with consolidated and fragmented rhythms.
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Fig. 7. Top: rhythm score — level of activity expressed in mean number of wheel turns in the home cage for the hamsters with fragmented
rhythms and the ones with consolidated rhythms. Bottom: scatterplot illustrating relationship between rhythm score and preference score.

shows the relationship between rhythm amplitude and
degree of preference. A regression analysis was performed with rhythm amplitude as the independent variable and degree of preference as the dependent variable.
Results indicate that 25% of the variation in degree of
preference can be accounted for by rhythm amplitude
as a measure of circadian rhythms (r 2 =0.25; Pearson’s
correlation coefficient: r = 0.49). There is a significant
relationship between these two variables. [F (1, 14)=
4.66, PB0.05)].

3.4. Discussion
Perhaps the most interesting and significant result
from this series of experiments is that in hamsters of the
same chronological age, the pattern of their daily locomotor behavior predicts whether or not context conditioning will occur. In experiment 1, young animals with
robust locomotor rhythms expressed a preference for a
context associated with wheel running. A significant
relation between circadian rhythms and memory was
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demonstrated in experiment 2, since older animals with
consolidated circadian rhythms still developed a
preference for a context associated with wheel-running,
whereas their age-matched counterparts with fragmented rhythms did not. Running records indicated that
hamsters with fragmented rhythms spent similar
amounts of time running during conditioning compared
to those hamsters of the same chronological age with
consolidated rhythms. This unconditioned response data
suggests that the lack of preference observed in the
fragmented group was probably not due to a lack of
motivation to run nor an inability to interact with the
rewarding stimulus. This corroborates the observation
from experiment 1 that there is no connection between
the amount of wheel running and the degree of
preference for the paired chamber. The activity records
(Fig. 4) served to qualitatively depict the integrity of
circadian rhythms for each group. The activity amplitude
(mean number of wheel turns), extracted from those
same records served to classify quantitatively the
integrity of circadian rhythms for each group. Indeed,
animals with consolidated circadian rhythms had a
significantly higher level of activity than their
age-matched counterparts with fragmented rhythms.
Not only did the two groups differ significantly on this
measure, but activity amplitude turned out to be highly
predictive of memory performance, i.e. degree of
preference for a context previously paired with reward.
All of these results support the idea that the integrity of
circadian rhythms predicts mnemonic performance on
context conditioning.
The results from experiment 2 indicate that learning
and memory deficits are not general consequences of the
aging process but are defined by a subset of aged animals
whose daily pattern of locomotor behaviour is
fragmented and reduced in amplitude. As yet, it is
unknown whether there is a causal relationship between
rhythm dysfunction and cognitive impairment. However,
together with a report of cognitive impairment following
experimental rhythm disruption [16], these data suggest
such a link. In other words, age-related clock dysfunction
contributes to cognitive decline and hastens the demise
of the animal [25].
This pattern of data provides a plausible explanation
for the demonstration of individual differences in spatial
abilities in aged rats [20]. Briefly, these experiments
showed that age-matched rats were distinguished on the
basis of their spatial abilities and separated into an
‘impaired’ and ‘unimpaired’ group. In relation to this
finding, although the performance of young rats on a
place finding task was bimodal early in training and
unimodal with additional training, the performance of
aged rats remained bimodal regardless of the amount of
training [3,4].
A major question arising from the present experiments
is what learning and memory system mediates this form

of context conditioning in the hamster. In general, this
type of context conditioning has been demonstrated
repeatedly to be dependent on some structure or
structures in the medial temporal lobe [18,23,33]. Most
of these studies have shown that the amygdala is the
critical learning and memory system necessary for
appetitive context conditioning. Recent evidence
suggests that factors specific to the conditioned place
preference task play an important role in determining
which learning and memory system is activated. In 1991,
Hiroi and White [23] found that lesions of the lateral
nucleus of the amygdala (LNA) blocked an
amphetamine CPP but fornix lesions did not. In 1997,
Olmstead and Franklin 39 reported a contrasting
dissociation involving the same memory structures, the
same learning and memory task but a different
rewarding stimulus when morphine served as the reward.
They showed that LNA lesions did not have an effect on
the morphine CPP but fornix lesions attenuated the
preference. In combination, these dissociations indicate
that the rewarding stimulus can modulate the activation
of memory systems given that the amphetamine CPP
required an intact amygdala while the morphine CPP
required the hippocampus. These results lead us to
suspect that our task is hippocampal-based given that we
have found that hamsters with amygdala damage show
a CPP when wheel running is used as the reward
(manuscript in preparation). This is an important point
for understanding the present study because the pattern
of learning and memory deficits found in aged humans,
monkeys and rats consistently show that senescence
affects the types of learning and memory mediated by
structures in the medial temporal lobes (hippocampus,
amygdala, and perirhinal cortex). Learning and memory
tasks in which aged human and non-human animals
show impairments include spatial/relational [19,48,64],
contextual [42,68] and recognition memory tasks [46,49].
There is an important theory concerning memory
formation in the hippocampus that provides insight as
to the memory deterioration seen in the aged animals
with fragmented rhythms. In 1989, Buzsaki’s [8]
two-stage theory of hippocampus suggests that any
disruption or interference with theta or sharp wave
activity (during slow wave sleep) will not only disrupt
encoding or consolidation processes in the hippocampus
but will also elicit abnormal firing states or patterns in
the hippocampus. Initiation of abnormal firing rates in
the hippocampus produces epileptic spikes that can
produce neurotoxic and behavioral effects associated
with the hippocampus [59]. It is tempting to suggest that
these disruptive activity patterns in the hippocampus
may be a direct cause of learning and memory deficits
found in aged animals and also to be a co-factor in the
onset of Alzheimer’s disease in humans. This hypothesis
is supported by evidence showing that low concentrations of beta-amyloid peptide increase neuronal
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vulnerability to excitotoxic damage [22,27,32]. Furthermore, there is an increased incidence of epilepsy in aged
populations [28] and in Alzheimer’s disease patients
[29].
Another line of evidence that is suggestive of a link
between circadian dysfunction and age-related cognitive
decline comes from various studies showing that exposure to high levels of stress in adult rodents leads to
elevated glucocorticoid levels. The relationship between
these findings and the present study is that it has been
shown that increased glucocorticoids levels are also
elevated in aged rodents and humans [13,63] who have
associated circadian rhythms decline. High levels of
glucocorticoids can have two effects on neurons in the
hippocampus and related brain structures [34 – 36,53].
First, continuous exposure to glucocorticoids influence
the rate of neuron loss in the aging hippocampus.
Second, even under circumstances when glucocorticoids
levels are too low to damage neurons, this hormone
effects the ability of neurons to survive brain insults
like seizures, hypoxia, neurotoxin exposure, or
hypoglycemia.
An alternative explanation for the memory decrements observed in our study is the possibility of a
general sensory, motor, or motivational decline in aged
hamsters. These performance confounds in senescent
rats have been tempered by several findings revealing
selective memory deficits in some tasks while performance on other tasks remained comparable to that of
young rats. For example, young and aged rats performed equally well on a triple platform escape task
that required the learning of complex response patterns
and on a multiple light discrimination box in which
complex sets of cues had to be discriminated [55,56],
but showed a deficit in their ability to learn a 14-choice
point Stone maze [21]. Recent dissociations on memory
tasks in aged animals also exemplify that the deficit
resides in the mnemonic process and not the sensory,
motor, or motivational aspects of the tasks
[19,42,46,48,49,64,68]. In the present experiment, aged
hamsters with consolidated and fragmented rhythms
did not differ in their latency to mount the female, a
result which is taken to indicate that motivation, sensory and motor abilities, are similar in both groups of
hamsters.
In conclusion, the above synthesis and the results of
the present experiments suggest an intriguing possibility. Circadian dysfunction associated with aging may
create a deadly combination of seizures and high glucocorticoid levels in hippocampus that produces cell loss
in the medial temporal lobes and associated cognitive
impairment. These effects might be accelerated and
exacerbated by genetic predisposition and associated
beta-amyloid brain pathology like those found in
Alzheimer’s disease.
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