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Chapter 6

Circadian Retention Oscillations in
Individual Young and Aged Rats after Passive

Shock Avoidance Conditioning

Barbara A.M. Biemans, Eddy A. Van der Zee and Serge Daan
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Abstract

Literature on the circadian periodicity of memory retention following shock avoidance and

appetitive training events is based almost exclusively on the comparison of performance of

different individuals at different times. Here we tested individual rats for their retention of

passive avoidance conditioning at multiple time points after training. Young and aged rats

were compared as to their circadian profile in memory retention. In young rats, periodic

retention deficits were present in individuals at times other than 24 h multiples after

training. Aged rats, with a reduced circadian organisation of behaviour, did not show these

periodic deficits, but had good retention at all intervals. This shows that circadian variation

in memory retention performance can be demonstrated with repetitive tests in individual

rats, and that the circadian system possibly suppresses memory retrieval at non-24 h time

points.
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Introduction

The existence of periodic deficits in memory retention following a single training of
active (ASA) and passive (PSA) shock avoidance in rats has been established by
Holloway and Wansley (1973a, b). These authors expanded on the work of Kamin
(1957) who had demonstrated such a deficit to occur 6 hrs after training, but not
after 24 hrs. This so-called "Kamin-effect" was initially embraced in the field of
learning and memory research as proof that time has to pass before information is
stored from short term memory into long term memory. After 6 hrs the information
was thought to be under way from one to the other. The solid work of Holloway and
Wansley laid this idea to rest, as it demonstrated that memory retention is under
circadian control. This interpretation was strengthened when the results were
confirmed for other types of learning tasks in rats (Wansley and Holloway, 1975;
Hunsicker and Mellgren, 1977). In all these studies, memory retention is optimal
immediately following training, and at multiples of 24 hrs hereafter. At 6 h, or at 12
h-multiples thereafter (e.g.: 18, 30, 42), memory was significantly impaired.
Importantly, the pattern is independent of the time of day of training (Holloway and
Wansley, 1973b). This rules out the possibility that a simple circadian variation in
performance (for example via a hormonal factor) would cause the oscillation. 

The control of the circadian clock over the retention deficits has been
demonstrated in studies where the circadian system was manipulated. There, phase
shifting affected oscillations in PSA (Tapp and Holloway, 1981; Kawano et al., 2001),
long term memory in the water maze (Devan et al., 2001), but not social memory
(Reijmers et al., 2001) in rats. Lesions of the suprachiasmatic nucleus (SCN), the
central circadian pacemaker in mammals, restored maximal memory retention at 18
and 30 hrs after PSA training (Stephan and Kovacevic, 1978), suggesting that the
biological clock has a suppressing effect on memory at these training-testing
intervals.

Progress on how the SCN controls memory retrieval has not been impressive.
This may be related to the fact that in all these studies different groups of rats were
used for each time point. While this is logical to prevent extinction in multiple non-
reinforced tests, it severely restricts the rate at which measurements can be made.
This study was carried out to elucidate whether memory retention deficits also occur
when testing the same individual rat repeatedly after PSA conditioning. It was
performed in constant light conditions, to assess whether such circadian periodicity
in retention is endogenously generated. In addition, a comparison was made
between young and aged rats, since aged individuals suffer from a decreased
circadian organisation of behaviour (Pittendrigh and Daan, 1974; Van Gool and
Mirmiran, 1986a,b; Satinoff et al., 1993; Turek et al., 1995; Van der Zee et al., 1999a;
Weinert, 2000). A few studies have implicated the decay of behavioural rhythms in
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age-related memory impairments in rats (Stone et al., 1989) and hamsters
(Antoniadis et al., 2000). If the circadian system generates these memory oscillations,
they are predicted to be absent or less manifest in aged rats.

Methods

Animals
Subjects were Fischer 344 × Brown Norway F1 hybrid (F×BN) rats, aged 5 months
(mo) (n=9) and 28 mo (n=8) at time of testing (Harlan CPB, Zeist the Netherlands).
This strain is now widely used in ageing research because of its "healthy" ageing and
relative insensitivity to early age-related pathologies (Sprott, 1991; Spangler et al.,
1994; Lipman et al., 1996). The aged rats were kept in our laboratory from an early
age onwards and were previously (at 6 mo of age) briefly used for behavioural tasks
that did not involve any shock motivated behaviour. After these tasks, they were
individually housed in large cages (30×45×50 cm) equipped with a running wheel
on a 12:12 hrs light dark (LD) schedule with interspersed periods of continuous dim
red light (DD). Young rats were housed individually in the recording cages upon
arrival in the laboratory. They were kept in a light and temperature controlled
climate room on a LD cycle of 12:12 hrs for two months before the experiment
started. Aged rats were regularly checked for tumours and other pathologies, as well
as locomotor capacities and cataract. The experiments were carried out with the
approval of the Groningen Animal Experiment Committee.

Activity records
Wheel running, feeding (food hopper) and general activity (passive infrared) were
recorded throughout the experiment. The running wheel, food hopper and passive
infrared detector (PIR) were all connected to a PC-based event recording system
(ERS), storing activity pulses in 2-minute bins. Training was done in the middle of
the subjective day, to minimise phase-shifting effects of the light pulse by the light in
the apparatus. Light pulses during the subjective day do not produce phase shifts in
rats (Honma et al., 1978; Ruis et al., 1991). The midpoint of the inactive phase was
determined by extrapolation from the previous days, and served as the clock time for
initial training. 

Experimental schedule
The light condition was changed from LD 12:12 to DD (< 2 lux in the interior of a
cage) produced by two red-painted light bulbs (Osram, 25 Watt) 10 days before the
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experiment. The DD condition was essential for two reasons: first, to make sure that
no cues about time of day were available; and second, to eliminate any direct
influence of light on behaviour in the passive shock apparatus. Rats were handled
regularly in the weeks before the experiment, and once every other day in the week
before. Handling was always done at different times, to avoid potential entraining
effects. Rats were habituated by placing them in the test apparatus for 3 consecutive
days at the same clock time. After habituation to the passive shock avoidance box,
rats were trained until they met a latency criterion (see below). The first retention test
took place 18 hrs after the training where they met the criterion, and then again at
24, 30, 42, 48, 54 hrs and 72 hrs (young rats only). One aged rat died shortly after
the experiment. This rat was excluded from the analysis.

Passive Shock Avoidance Apparatus
An automated rat shuttle cage (Coulbourn Instr.®) was modified to construct a
passive shock apparatus. The shuttle cage consists of two identical compartments
(25×25×30 cm) with a grid floor, through which a scrambled footshock can be
delivered. The compartments are separated by a computer-operated guillotine door
(aperture 7×12 cm). To create a dark compartment, the walls of one compartment
were covered with black cardboard. The grid floor of the non-shocked (light)
compartment was covered with a plastic plate, for a clear distinction between the
boxes, and to avoid anxious behaviour caused by sensation of the steel bars. An
energy saving lamp (Philips, 8 Watt) was attached inside the light box. Infrared
emitters and sensors detected movement of the rat. Switching from the light to the
dark box led to closing of the guillotine door, followed by delivery of the shock
when appropriate. Placement of the rat in the light box automatically started a
latency timer. The apparatus was placed in a sound attenuated climate room with
light levels (dim red light) and constant background noise (three ceiling fans)
identical to conditions in the home climate room, with the exception of the
additional light bulb present in the PSA box.

Experimental protocol
Each rat was exposed to 3 habituations, 1-3 trainings, and retention testing sessions.
In all cases, rats were transported in darkness from the home climate room to the
neighboring experimental room in a small cage, and placed in the light box facing
away from the guillotine door. 

Habituation: three habituations (Hab1-Hab3) were given on consecutive days at
the same clock time. The first habituation consisted of a 5 min period, allowing
exploration of both compartments, with the door kept open. During the second
habituation, the door was closed upon entering the dark compartment, and rats were
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allowed to stay in the dark box for 3 min. The third habituation was identical to the
second. During all habituations, the step-through latency (STL: i.e. the time passed
from placement of the rats to complete entrance into the dark compartment) was
recorded. 

Training: rats were placed in the light box facing away from the door, and the
pre-shock trial (Tpre) latency was measured. Upon entering the dark compartment, the
door closed and after a 10-s delay, the rat received two footshocks (0.6 mA, for 2 s
each), with a 5-s interval. Two shocks were given to limit "escaping" (part of) the
footshock by jumping up and down. The delay of 10s before administration of the
shock was built in to give the experimenter later during testing (where no
reinforcement was given) sufficient time to take out the rats before the expected
shock, and this way possibly slow down the extinction process. After the footshock,
rats stayed in the dark box for 30 s to permit proper association with the
environment. Exactly 24 hrs (for each individual) after the first shock, rats were
tested for their 24 h post-shock trial (Tpost) retention. If they did not enter the dark
compartment within 180 s, this was regarded as the last training session. They were
considered to be properly conditioned and were taken out of the light box. If the rat
did enter within 180 s, it received a new pair of footshocks in the dark box, and was
again left for 30 s. The next day (24 hrs later) it was tested again to see whether it
would meet the criterion. This procedure was repeated once or twice until the rat met
the conditioning criterion of > 180 s, to ensure that the testing sessions were done
solely with appropriately trained rats. No more than three training trials were given. 
Testing: during the retention tests, no reinforcement was given to avoid interference
with the original training stimulus. Testing started 18 hrs after a rat had met the
criterion during training. It consisted of placing the rat in the light box and simply
measuring the time until complete entrance into the dark compartment (all four
paws). If they had not entered the dark box after 300 s, they were taken out of the
apparatus, and an STL of 300 s was recorded. Testing was done at training-testing
intervals (TTI) 18, 24, 30, 42, 48, 54 and 72 h. TTI is defined as the number of hours
between the training in which the rat met the criterion, and the retention test. Note
that this is actually 24 + TTI h after the last shock.
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Results

Habituation
Step through latencies decreased significantly in both young and aged rats during the
three habituation trials (Hab1-3) (Fig. 1, two-way repeated measures (RM) ANOVA,
p<0.001). No significant effect of age was present. There was no interaction effect of
Hab × Age. The slightly higher average STL's during the habituation phase for aged
rats are not due to locomotor problems or difficulties with getting through the door,
but they needed more time to initiate movement upon placement in the apparatus. 

Training
The 24 h retention test trial after the first training (Tpost) is also presented in Fig. 1.
Two-way RM ANOVA revealed a significant difference in STL between Tpre and Tpost

(p<0.001). There was no effect of age (p>0.05) and no interaction effect of T × Age
(p>0.05), indicating that both young and aged rats display significant conditioning.
The number of trainings needed to meet the conditioning criterion were: for young
rats: 3×1; 4×2; 2×3; for aged rats: 1×1; 6×2.

Testing
Behavioural observation of the rats during testing revealed that young and aged rats
coped differently with the situation. Young rats showed a hesitant behaviour. They
would sometimes disappear almost entirely into the dark box, and then withdraw to
the light again. This did not affect STL scorings, since the time counter ran until the
rat had completely entered into the dark box. Aged rats, on the other hand, in
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Figure 1. PSA habituation and training phase.
The average step-through latency for all rats
during the habituation (Hab1-3), before (Tpre)
and 24 hrs after the first pair of footshocks
(Tpost) is given. *p <0.05 compared to the pre-
shock latency. Black bars: young rats, grey
bars: aged rats.
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general would sit with their heads protruding into the dark box (avoiding the light as
much as possible), and hardly move until they were taken out again. They rarely
made any attempts to enter the dark box once they had met the criterion.

In Fig. 2, STL during testing is plotted as a function of TTI for 4 representative
young and aged rats. Rats receiving one training session did not perform consistently
better or worse during testing than those receiving two or three trainings. In these
examples, the young rats (upper graph) have a more pronounced circadian
modulation in STL during the TTI's than the old rats, although not all show this
pattern. One young animal demonstrated no memory retention at the TTI 24 h time
point. One aged rat did show a strong circadian modulation (lower graph), but most
had no modulation in retention performance. 

In Fig. 3, the median STL at the several TTI's is shown for young (upper panel)
and aged (lower panel) rats. Median values are presented here since values are
skewed towards the cut-off value. A generalised linear model and a logit link
function with binomial error was used to determine the effect of 24 h multiples (TTI
group I: 24, 48, and 72 h = training and testing at the same circadian time) versus
non-24 h multiples (TTI group II: 18, 30, 42, and 54 h = training and testing at

different circadian time) on the proportion of successes (STL ≥ 300s). This revealed a
strong significant overall effect of TTI group (p=0.004). It also revealed a highly
significant effect of age (p<0.001). There was, however, no significant interaction of
TTI Group × Age (p>0.05). The overall effect of age can be explained by the better

Figure 2. Step-through latencies (STL) at
multiple training-testing intervals (TTI) of four
individual young (upper graph) and aged (lower
graph) rats. Note that values can not be higher
than 300 s, but for clarity, values for these rats
have been plotted over each other.
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performance of old rats at the non-24 h times; post-hoc testing showed no effect of
age within the 24 h times (p>0.05). Within the young rats, there is an effect of TTI
group (p=0.003), but within the aged rats there is not (p=0.4). 

Circadian activity rhythm
Aged rats showed some typical age-related changes in their activity patterns, as
recorded with the food hopper and PIR. Wheel running hardly occurred in aged rats
and could therefore not be used for further analysis. Representative examples of
double-plotted PIR actograms for two young and aged rats are presented in Fig. 4.
Aged rats (lower graphs) had a more fragmented pattern than young rats. The
distribution of feeding and locomotor activity for aged rats during the first 6 days of
DD following entrainment was quantified as the amount of average daily activity
during the 12 hrs of prior LD and the amount in the 12 hrs of prior DD. Aged rats
spent a significantly higher percentage of their total activity feeding during the
inactive phase (38 %), compared to young rats (29 %). The same was true for general
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Figure 3. Median step-through latencies (STL) for young (upper
graph) and aged (lower graph) rats as a function of training-testing
interval (TTI).
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activity (32 % versus 26 %). Young rats had a higher general activity levels (PIR), but
not in feeding behaviour (data not shown).

Chi-square periodogram analysis (Sokolove and Bushell, 1978) was performed
over a 10-day period of freerun on the PIR records (see Fig. 4). The periodogram was
calculated on qualitative data (activity in 2-min intervals scored as 1; absence of
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Figure 4. Double-plotted qualitative (left panel) and quantitative (right panel) actograms of general
activity (PIR). Representative examples of a young (5 mo) and an aged (28 mo) rat. Data are plotted
in 4-min bins, and the scales of the quantitative's graphs y-axes are 0-100 for comparison of
amplitudes. Grey area in left panel indicates dark period. Day 17-33 is the period of the experiment
(including handling). Periodograms were calculated from the last 15 days of freerun (day 35-50).
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Figure 5. Memory retention modulation as a
function of strength of circadian activity pattern
(∆Qp) as calculated by periodogram analysis.

activity as 0), and provides significant frequencies and their relative strength (∆Qp).
The analysis started 20 days after the end of the experiment, to minimise the
possibility of after-effects on circadian rhythmicity. Aged rats had a marginally, but
significantly shorter freerunning period than young rats (24.1 vs. 24.3 respectively; t-

test, p=0.03). The index of strength of circadian rhythmicity (∆Qp) was significantly
higher in young rats than in aged rats (t-test, p=0.003).

To explore whether there is a
relationship between the strength of
rhythmicity and circadian modulation of
memory, we defined an index of circadian
modulation of retention (C). For each
individual, C was defined as: average
STLTTI group I - average STLTTI group II. Fig. 5 plots the

association between C and ∆Qp. This was
tested non-parametrically with age as a
covariate (Spearman Rank correlation).
A significant correlation was found between

C and ∆Qp (r=0.54, p=0.028). No effect of
age (p>0.05) was present.

Discussion

We have shown that memory retention deficits occur when testing individual rats
repeatedly at specific intervals after PSA training. Peaks in retention performance
exist at 24 h multiples compared to non-24 h multiples. This is in agreement with
earlier studies in which different groups of rats were used for each time point
(Holloway and Wansley, 1973a,b; Wansley and Holloway, 1975; Hunsicker and
Mellgren, 1977; Stephan and Kovacevic, 1978). In aged subjects, with a well-known
reduced circadian organisation of behaviour, the periodic deficits do not occur. 

The time course of memory retention can thus be studied in individual rats
using repeated tests. Chaudhury and Colwell (2002) have recently described time of
day dependence for freezing behaviour after fear conditioning (freezing to context
and freezing to tone) in repeated testing of individual mice. They showed that
retention is maximal during the (subjective) day, in LD and DD conditions,
regardless of whether mice were trained during the day or night. In contrast,
Valentinuzzi et al. (2001) claimed enhanced context fear conditioning during the
dark phase. The studies of Holloway and Wansley provided ample evidence for
maximal retention 24 hrs after training, regardless of the circadian time of training.
The inconsistency may be explained by species differences, or methodological
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differences (fear conditioning versus ASA/PSA). Adding support to the former is a
study by Oklejewicz et al. on memory retention in normal and tau-mutant Syrian
hamsters. They used different groups of hamsters at several time points after a PSA
task, and found maximal retention at 30 h for normal hamsters, and absence of any
periodicity in tau mutant hamsters (Oklejewicz et al., 2001).

A positive correlation was found between the degree of expression of the

circadian system in activity (∆Qp) and the degree of circadian modulation of
memory retention. This suggests that a robust circadian system may suppress
memory retention at non-24h multiples after training. This is consistent with earlier
conclusions from a study in which SCN lesioned rats did not show memory deficits
at 18 and 30 hrs after PSA training, as found in controls (Stephan and Kovacevic,
1978). If it is true, as we propose, that the SCN exerts an inhibitory influence on
retention at non-relevant time intervals, then a less organised circadian system with a
decreased amplitude would not suppress retention at any post-training time point.

Studies showing that disrupting circadian rhythms leads to impairment in
memory performance are indeed mostly based on phase shifting experiments in rats
(Tapp and Holloway, 1981; Devan et al., 2001; Kawano et al., 2001), mice (Stone et
al., 1992), and humans (Cho et al., 2000). Animals were usually studied at the same
clock time as before the phase shift, and consequently not at the same circadian
phase (no correction for induced phase shift). Therefore, they were tested at
irrelevant times in their circadian cycle. Amnestic effects might not have been found
in these studies, if they had been performed at the same circadian phase as training.
In one study in which rats were tested at the same phase, no effect of a 6 h phase
shift was found (Reijmers et al., 2001). In this same study, however, a 12 h phase
shift did not produce a deficit when testing the rats at the "wrong" circadian phase.
Then again, the 12 h retention point is ambiguous in the sense that in some cases
retention scores were similar to those at 24 h times (Holloway and Wansley, 1973a). 
Tapp and Holloway found a significant positive relationship between retention score
of PSA in phase shifted rats and the stability of alpha during re-entrainment (Tapp
and Holloway, 1981). On the basis of our findings (correlation between strength of
circadian system and degree of memory modulation), we would predict that rats
tested at the "wrong" circadian time, due to a phase shift, would have a stronger
suppression, and hence lower PSA scores, with an increasingly strong circadian
system. Then again, rats with a strong circadian system may have more trouble re-
entraining to a new LD cycle.

State dependent learning
The phase shifting studies in general support the idea of Kamin effect as an example
of "state-dependent" learning, as proposed by Spear and colleagues (Klein and Spear,
1970; Spear et al., 1971). This hypothesis postulates that "the state of an organism
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during the training becomes an essential part of conditioning and shifts away or
towards that state influence retention performance via the availability of relevant
cues" (Holloway and Wansley, 1973b). Our results also fit with the state-dependency
hypothesis, with "state" represented by a particular circadian phase, i.e. the phase at
which PSA was learned. Although we are not familiar with the underlying
mechanisms, it is likely that the SCN is involved. SCN efferents reach limbic
structures via a projection to the paraventricular nucleus of the thalamus (PVT)
(Stephan et al., 1981; Watts and Swanson, 1987; Watts et al., 1987). From there, all
areas involved in memory processes can be reached, including the medial prefrontal
cortex (mPFC). SCN innervation of the mPFC through a relay in the PVT was
recently demonstrated (Sylvester et al., 2002). Some signal from the SCN, induced by
the experience of the highly emotional footshock might recur periodically and signal
memory areas via these pathways, time-stamping the circadian phase, independently
from other oscillating processes.

Putative factors interacting with retention
Although retention is lower at the non-24 h times, the young rats have not
"forgotten" that the dark compartment is dangerous. Good retention is again present
at TTI 24, 48 and 72 h, and some also at the non-24 h multiples. The memory may
be temporarily out of reach, or anxiety related behaviours might interact with
retrieval processes. This is suggested by the fact that young rats typically hesitated
before finally entering the dark box. Clearly, they remembered the aversive stimulus,
but the inhibition to enter was eventually overruled. We cannot exclude on the basis
of this experiment that rats were less reluctant to stay in the light box at 24 h
multiples, because this circadian phase always fell in the middle of the subjective
day. However, earlier studies have revealed neither an effect of time of day on the
latency to enter the dark compartment during habituation to PSA, nor on the latency
of control groups without footshocks (Holloway and Wansley, 1973b; Tapp and
Holloway, 1981). This makes an explanation for the deficits based on circadian
differences in aversiveness to light highly unlikely.

For aged rats, alternative explanations are conceivable for the absence of
periodicity besides the lack of suppression by the SCN. Aged F×BN rats show an
enhanced central hypothalamo-pituitary-adrenocortical (HPA) drive (Herman et al.,
2001). This higher reactivity to stressors may be responsible for a so-called "ceiling
effect", that may overrule any circadian modulation. The circadian modulation of
conditioned freezing disappeared in C57BL mice, when exposed to stronger
conditioning stimuli (Chaudhury and Colwell, 2002). Also, a closer inspection of
the original Kamin effect by Brush (1971) indicated that the effect becomes weaker
as the response becomes overtrained.
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In aged rats, lower retention might have been expected compared to the
younger ones. There is ample evidence for an age related decrease in memory
function (usually tested at -multiples of- 24 hrs after training) (Barnes, 1979; Barnes
et al., 1980; Stone et al., 1989; Van der Staay et al., 1990; Ingram et al., 1994). In our
experiment, aged rats did not perform worse at TTI 24 h, or at any time point
thereafter. Possibly, ageing alters the way an aversive stimulus is perceived in this
strain. There is no doubt that aged rats found the light aversive: they typically put
their heads far into the dark compartment.

Alternatively, the 28 month-old rats may have to be considered "middle aged".
In fact, F×BN rats of this age have been described as middle aged in terms of memory
function before (Knuttinen et al., 2001). In addition, earlier observations in our
laboratory on rats of the same strain and the same age revealed more dramatically
disrupted circadian rhythms, while still in good physical condition. Perhaps the
access to a running wheel during a large part of adult life (almost continuously from
6 months of age on) may somehow have "conserved" the circadian system, and, in
addition have had a positive effect on cognition. Environmental enrichments are
consistently reported to have positive effects on learning and memory capacity
(Woodcock and Richardson, 2000; Chapillon et al., 2002). This may explain the
good retention of the old rats. The absence of retention in PSA at 24 h by the same
strain in another study (Van der Staay and Blokland, 1996) may be associated with
the relatively weak reinforcement in that study. Here it was demonstrated beyond
doubt that these rats (young and aged) are able to acquire the PSA task.

Conclusions
It makes adaptive sense to use the experience of today as a temporal template for
tomorrow (Daan, 2000). The biological clock is the system exquisitely suited to
regulate these behaviours, and brain areas involved in memory retention can readily
be accessed through a relay station in the PVT. Our data support the notion that the
circadian system of young animals actively suppresses the retrieval of memory at
non-24 h multiples after training. This may likewise make adaptive sense. It is of
considerable practical importance that these deficits can be demonstrated in
repetitive tests in individual animals. This may lead both to a renewed analysis of the
role of the circadian pacemaker in learning and memory, and to a substantial
reduction of experimental animal numbers.
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