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Preface

Rhythmic behaviour is present in the simplest of organisms and

throughout the plant and animal kingdom. Almost all behaviours are

somehow influenced by a biological clock system. A small nucleus in the

hypothalamus dictates the pace of the entire brain. This is the

suprachiasmatic nucleus, seat of the circadian pacemaker in mammals. It

is remarkable that such a tiny structure effectively manipulates higher

brain functioning. It succeeds in doing so, and among the more complex

tasks under circadian control is cognition.

The field of learning and memory has remained rather distant from

rhythm research. As an unwritten rule in memory research, animals are

generally tested for their retention of a learning task 24 hours (or at 24 h

multiples) after training. It is obviously more convenient for human

subjects to be tested during the day, and for animal researchers as well to

work during daytime. This inadvertently leads to near 24-hour intervals.

On top of this there is good reason to abide by a strict 24-hour

rhythmicity, because learning and memory have strong circadian

components, as we shall see.

Cognitive performance often deteriorates severely with old age, and

this obervation is the basis of a currently expanding field in neuroscience.

In addition, the expression of circadian rhythmicity declines with age,

and so does the neuronal integrity of the suprachiasmatic nucleus. One

may therefore wonder whether loss of circadian organisation contributes

to aspects of the decay in memory function with old age. This could

especially be the case in patients with Alzheimer's disease, who suffer

severe degeneration of both. This thesis describes a series of experiments

with rodents focusing on the pacemaker's age-dependent modulatory

interaction with memory. The reader is first introduced to the topic by an

overview of the literature.
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I. THE CIRCADIAN SYSTEM, LEARNING AND MEMORY

Circadian variation in performance

The ability to acquire a task can vary with time of day. In humans, performance in
many learning tasks varies across the 24 hours. The best results are often obtained
during morning hours (Dijk et al., 1992; Kraemer et al., 2000), but the time of
maximal performance varies between chronotypes, i.e. morning or evening types
(Intons-Peterson et al., 1998; Intons-Peterson et al., 1999). Charles Stroebel found
that in humans and day-active monkeys, neurosis-fear behaviour towards an
unavoidable frightening object is learnt most rapidly during the early morning hours
(Stroebel, 1965). One might predict that nocturnal (night active) animals perform
better during the dark phase. Apparently, this is not always the case. Some studies
have shown that there is a day-night difference with better initial acquisition during
the day, the inactive period for nocturnal animals. For example, Davies et al. (1973)
demonstrated a 24-hour rhythm in passive avoidance behaviour. In groups of rats
trained and tested in 4-hourly intervals throughout a 24-hour cycle, retention
(measured 48 hours after training) was highest in the middle of the day, and lowest
in the middle of the night. This could of course be due either to better learning or to
better retrieval. Chaudhury and Colwell (2002) also found that mice consistently
acquire tone-cued fear conditioning better during the day. Explanations have been
sought in the idea that an animal may be extra alert when woken up, since this is
more "disturbing" than testing them during their active period. Opposite results were
found in C57BL/6J mice, displaying enhanced context-dependent fear conditioning
during their active phase (Valentinuzzi et al., 2001). Stroebel (1965) found the speed
of emotional conditioning in rats to vary with circadian phase, with peak acquisition
rates at the transition of light to dark (onset of activity). Finally, social memory is not
at all influenced by circadian time (Reijmers et al., 2001). Thus, the results appear to
depend on species and on the employed learning paradigms.

Periodic memory deficits

In 1957, Leon Kamin reported a decrement in memory of rats when tested 0.5, 1 or 6
hours after an incompletely learnt two way active avoidance (shuttle box) response.
Twenty-four hours and 19 days after learning the response was indistinguishable
from the group tested immediately after learning. Kamin interpreted this
phenomenon as the sum of action of two independent processes: a forgetting process
and an "incubation" (increase of fear) process (Kamin, 1957; 1963). After careful
examination (sampling every 0.25 hours until 1.5 hours after learning), the locus of
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the maximal "Kamin effect", was found to be 1 hour after learning (Denny and
Ditchman, 1962). Klein and Spear (1970) showed that prior active avoidance
training interferes with new passive avoidance learning at the intervals directly after
and 24 h after training (when the memory for the first task is high). In contrast, the
acquisition of the new passive response was optimal (comparable to that of naïve
rats) at the intermediate (Kamin) intervals at 1 and 4 h after training of the original
response, when memory for the original conflicting (active) task was low. Their
results further indicated that differences in memory retrieval, not fear, mediate the
Kamin effect. The authors concluded that the effect might best be explained by state-
dependent retrieval (Klein and Spear, 1970). Meanwhile, Stroebel (1967) had shown
that acquisition of a conditioned emotional response (CER) was most rapid when
training occurred always at the same time of day, than when presented at random
times. In that same study, extinction was most rapid with training and extinction
trials always occurring at the same time of day. Stroebel also discovered that the
strongest response to unavoidable fear (caused by footshocks) shifted together with a
12-hour phase shift in light dark cycles, demonstrating a link to a biological timing
system.

Few years later, Frank Holloway and Richard Wansley embarked upon an
enterprise that later turned out to be the major breakthrough in the issue, and indeed
of great significance to the field of learning and memory at large. Evidently, the
memory "dip" reported by Kamin was not a single event reflecting a transitory
retention impairment, but a long-lasting phenomenon recurring at periodic
intervals! In a one-trial passive shock procedure, they demonstrated that
independent groups of rats displayed higher retention scores immediately and at
successive multiples of 12 hours after training than at 6 hours, or at multiples of 12
hours from this 6-hour interval (Holloway and Wansley, 1973a). The periodicity was
present throughout three complete day-night cycles following training. Unshocked
control groups did not show any differences in latencies to enter the dark
compartment. The possibility of a simple circadian or diurnal factor as the direct
source of memory oscillations was subsequently ruled out by another study:
Holloway and Wansley (1973b) showed that the deficit pattern is independent of
the time of training (Fig.1). With four training times at 6-hour intervals, both a
passive and an active shock avoidance paradigm yielded maximal memory retrieval
always at 24 hours after training. That the pattern is not a 12-h periodicity was
disclosed by the higher cut-off criterion in this study compared to previous studies.
Troughs in retention occurred at 6, 18 and 30 hours after single-trial passive shock
avoidance when testing groups of rats every 2 hours up to 36 hours after training
(Wansley and Holloway, 1976).
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Subsequently, periodic memory deficits
were also demonstrated in appetitively
motivated learning tasks. Deficits at 6, 18 and
30 hours after training were present in the
latency to find a water sprout in a simple
"irregular maze" paradigm (Wansley and
Holloway, 1975), suggesting some degree of
generality across tasks. Hunsicker and
Mellgren (1977) designed a combined
appetitive - aversive paradigm. They varied
the interval between a single pre-exposure to
sugared water in the passive shock box and
subsequent one-trial passive avoidance
training, but retained the interval between
passive avoidance training and testing at 24
hours, to control for motivational factors.
Here, deficits were present at 3, 6, 15, and 18
hour intervals, and good retention at 0.25, 9,
12, and 24 hours. Other investigators did not
find a Kamin effect in a completely (Bintz et
al., 1970) and incompletely (Hablitz and
Braud, 1972) learnt strictly appetitive response. Avoidance learning in a
discriminative Y-maze yielded only a single decrement at 1 hr after training (Caul et
al., 1974). Some of these descepancies could be explained by the use of multiple
instead of single trainings procedures (see also chapter 9).

To account for retention periodicities, theories have been based on the idea of
some biological factor modulating retention performance. Holloway and Wansley
postulated that the results could be explained by state-dependent learning, in which
a pre-training rhythmic process may influence or define the state of the animal, and
shifts away from that state may produce an internal dissociation (Holloway and
Wansley, 1973a,b cf Klein and Spear, 1970). As an alternative, they also suggested
that the exposure to the shock might trigger or reset a rhythmic or oscillatory
variable, which would then interfere with retention. Although a strong aversive
stimulus is absent in the appetitive tasks, these tasks also contain stressful
components, such as deprivation treatment and the reinforcement event.

In a recent study by Ralph and co-workers (2002), hamsters were trained in a
conditioned place preference task at two times in the circadian cycle, during the dark
and during the light phase. They found that the hamsters only displayed a clear
preference for the reinforcing stimulus, a couloured chamber with a running wheel,
at the time at which they had been trained. No preference was found at other times,
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Figure 1. Memory retention at multiple training-
testing intervals in a passive shock avoidance
paradigm. Training took place at four diferent times
of day. Adapted from: Holloway & Wansley, 1973b.
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even when these times coincided with the subjective night, when a high spontaneous
preference for wheel running is expected. In contrast, Chaudhury and Colwell (2002)
have recently conducted an extensive study in house mice, training and testing
individual mice repeatedly in two fear conditioning paradigms. Their mice showed
maximal memory for both tasks always during the subjective day, irrespective of time
of training, mouse strain, or light-dark regime. This is seemingly at odds with the rat
studies. I will return to this issue in chapter 9.

Manipulation of the circadian system

Since the pattern in memory deficits is suggestive of a biological clock system as
underlying factor, it has prompted researchers to study memory retention after
tampering with the circadian system in a variety of ways. One of these approaches
was lesioning of the at that time freshly discovered generator of circadian rhythms
(Stephan and Zucker, 1972; Moore and Eichler, 1972), the suprachiasmatic nucleus
of the hypothalamus (SCN). Stephan and Kovacevic (1978) lesioned the SCN of rats
and let them undergo the Holloway and Wansley passive shock protocol.
Performance of the SCN lesioned rats at 18 and 30 hours after training was as good
as those in the 24-hour interval group, whereas the control and sham lesioned
groups again displayed significant retention deficits at these times. Acquisition was
not affected in lesioned animals: the pre-shock latencies were comparable for all
groups (Stephan and Kovacevic, 1978). Apparently, the SCN exerts some specific
suppressing effect on memory retention.

Another logical step to demonstrate the control of the circadian system over
memory oscillations was to induce phase shifts, and see whether this would affect
memory deficits. Davies et al. (1974) were the first to do so, and found detrimental
effects on passive shock avoidance retention after a 6 hour forward phase shift in
rats. In most subsequent studies, amnestic effects of phase shifts were confirmed for
rats (Tapp and Holloway, 1981; Fekete et al., 1985) and mice (Stone et al., 1992).
Devan et al. (2001) subjected rats to five consecutive days of 3-hour phase shifts
during training in the water maze and found memory impairments 15 days later.
Social memory however, was not affected by phase shifts in rats (Reijmers et al.,
2001).

Phase shifts induced by travelling across time zones ("jet lags") can have mild,
to severe adverse effects on attention, reaction time, and concentration in humans
(Hauty and Adams, 1966a,b; Klein et al., 1972; Conroy, 1972). Wright et al. (1983)
have shown decrements in cognitive performance after a transmeridian flight,
possibly due to sleep disturbances. Memory impairments were found in airline cabin
crew exposed to chronic jet-lag (4 years of transmeridian flying experience) in case of
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short intervals between flights, but not in case of longer intervals. Longer intervals
(>14 days) would be sufficient to allow recovery of circadian rhythms to re-adjust
(Cho et al., 2000). Thus, findings in animal studies with respect to memory
impairment as a consequence of phase shifts seem consistent with those in humans.

Taken together, considerable evidence is available for a substantial link of the
circadian pacemaker to learning and memory processes, but the precise mechanism
of action remains unclear so far.

II. AGEING

Ageing of the circadian system

Circadian rhythmicity is disrupted with ageing at all organisational levels. Notable
changes take place in behaviour and physiology, for example altered day-night
distribution of activity and decreased amplitude of corticoid hormones and body
temperature. (For reviews see: Ingram et al., 1982; Van Gool and Mirmiran, 1986a;
Aschoff, 1994; Turek et al., 1995; Van Someren, 1997; Weinert, 2000). The most
prominent and consistently found feature is the age-associated decrease of rhythm
amplitude and disruption of normal circadian patterning (fragmentation). Aged
humans, especially demented elderly, suffer from severe changes in rest-activity
behaviour: increased daytime napping and waking and increased restlessness during
the evening and night (Prinz et al., 1982; Allen et al., 1983). In fact, the major
problem in caring for demented patients is that their rest-activity rhythm is so
disturbed that they need round the clock care (Swearer et al., 1988; Pollak and
Perlick, 1991; Gallagher-Thompson et al., 1992). Here, some changes in overt and
covert rhythms will be outlined. 

Behaviour

Humans and animals have reduced amplitudes of body temperature (Yunis et al.,
1974; Weitzman et al., 1982; Czeisler et al., 1992; Satinoff, 1998; McDonald et al.,
1999) and hormonal rhythms, e.g.: corticosterone (Paris and Ramaley, 1974;
Nicolau and Milcu, 1977), serum testosterone (Simpkins et al., 1981), thyroid
stimulating hormone (Klug and Adelman, 1979), and melatonin (Reiter et al.,
1981). Activity rhythms in rats (Slonaker, 1912), hamsters (Scarbrough et al., 1997;
Davis and Viswanathan, 1998), and mice (Welsh et al., 1986a; Valentinuzzi et al.,
1997), as well as the sleep-wake rhythm (Van Gool and Mirmiran, 1986b) are

similarly affected. Extended activity periods (α) in combination with lower
amplitudes leads to damped rhythms. Increased fragmentation and altered light-dark
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distribution of activity occurs (Slonaker, 1912; Wax, 1975; Peng et al., 1980; Van
Gool and Mirmiran, 1983; Van Gool and Mirmiran, 1986b; Penev et al., 1997;
Antoniadis et al., 2000), even up to complete arrhythmicity (Peng and Kang, 1984;
Satinoff et al., 1993; Walcott and Tate, 1996; Weinert and Weinert, 1998). The
stability of free-running rhythms is compromised in mice (Weinert and Weiss,
1997), hamsters (Aschoff, 1994), and humans (Wever, 1992). Free-running periods

(τ) of activity rhythms have been reported consistently shorter in rats (Richter
according to Aschoff, 1994; Rietveld et al., 1985; Van Gool et al., 1987; Witting et al.,
1994) and hamsters (Pittendrigh and Daan, 1974; Morin, 1988; Rosenberg et al.,
1991; Watanabe et al., 1995). For aged mice, predominantly longer (Davis and
Menaker, 1981; Welsh et al., 1986b; Valentinuzzi et al., 1997; Mayeda et al., 1997),
but also shorter (Pittendrigh and Daan, 1976) periods have been found.

With respect to responses to environmental cues, a loss of sensitivity and
altered responses to photic and non-photic cues time cues have been reported,
measured by phase shifting induced mainly by light pulses (Rosenberg et al., 1991;
Aschoff, 1994; Provencio et al., 1994; Zhang et al., 1996). Also, altered phase
relationships, especially phase advances were reported in elderly humans: for the
sleep-wake cycle (Reilly et al., 1997; Duffy et al., 1998), body temperature (Monk et
al., 1995), and hormones (Van Cauter et al., 1996). Old hamsters (Zee et al., 1992;
Scarbrough et al., 1997) and mice (Weinert and Weinert, 1998) have been shown to
start activity earlier in the day than young animals, although delayed of activity onset
has been described (Valentinuzzi et al., 1997) as well. A phase advance of body
temperature compared to activity was found by Yunis et al. (1974) in old rats and
mice. Resynchronisation to the Zeitgeber can be slower in old rats (Buresova et al.,
1990), mice (Valentinuzzi et al., 1997) (only with phase advances), and humans
(Reilly et al., 1997). 

SCN neurochemistry

Changes in behaviour may be caused directly by decreased neuronal integrity of the
SCN, or by loss off coupling between pacemaker cells and their output. In an
electrophysiological study by Satinoff et al. (1993), cultured SCN cells, taken from
aged rats, showed damping of peak neuronal firing rate in vitro compared to young
rats' cells. However, not all rats with aberrant neuronal firing (arrhythmic, damped
or other peak times) displayed loss of circadian rhythms in body temperature,
drinking or locomotor activity, and vice versa. This indicates that behavioural
entrainment can be achieved in the absence of a neuronal rhythm. Damped
neuronal firing has also been observed in hamsters (Watanabe et al., 1995). A loss of
peptidergic neurones containing the neurotransmitter vasopressin has been reported
in humans (Swaab et al., 1985), rats (Roozendaal et al., 1987; Lucassen et al., 1995),
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and voles (Van der Zee et al., 1999a). Also, vasoactive intestinal peptide producing
neurones in rats (Chee et al., 1988), and mRNA in hamsters (Duncan et al., 2001)
and rats (Kawakami et al., 1997; Krajnak et al., 1998) are reduced with age. The total
number of SCN neurones does not change with ageing, at least not in rats (Peng et
al., 1980; Roozendaal et al., 1987; Madeira et al., 1995). In humans, Swaab and co-
workers (1985) found a significant reduction in SCN cell number in aged subjects,
and even more so in Alzheimer's patients. 

Hence, age-related alterations are found within the SCN. Transplantation of
SCN-grafts of young hamsters into aged hamsters restored circadian rhythms (Hurd
et al., 1995; Viswanathan and Davis, 1995). The same occurred with foetal tissue in
rats (Li and Satinoff, 1998). This clearly implicates the SCN in the age-related
changes in behavioural output systems. Some of the degenerative changes of the
circadian system with old age can be overturned. The 'use it or loose it' concept of
Swaab (1991) states that activation of nerve cells (for example by hormones or
transmitters), may prevent degeneration and may even restore their function. He
predicted that increased input to the circadian system could relieve some of the
symptoms described. Alzheimer's patients are exposed to much less environmental
light compared to age-matched controls (Campbell et al., 1988). In rats, high light
intensities reversed age-related amplitude decrease of sleep-wake patterns (Witting et
al., 1993). This now has proven to be an effective therapy to reduce rest-activity
disturbances in humans as well (Van Someren et al., 1997; Van Someren et al.,
2002a). At the neuronal level, increased light input counter-acted the age-related
decrease in vasopressin cells in aged rats (Lucassen et al., 1995).

Age-related decline in memory 

An important goal in cognitive neurosciences is to characterise neuronal mechanisms
of memory function. The gradual loss of cognitive capacity seriously affects the
quality of life in many elderly. Severe amnesia as seen in demented patients is not
only debilitating, but can have great emotional impact, both on the patient and
those close to him or her. It is therefore vital that therapies are sought to reverse, at
least to some extent, the adverse effects of ageing on cognition. Experimental studies
in animals have received much and still growing attention. Rodents, especially rats,
are widely used because of the many similarities to humans with respect to brain
processes, in particular the pathways involved in cognition. Rats are particularly
popular because they are intelligent (Davis, 1996) and thus able to learn very
complicated tasks. This fact, combined with their relatively short life span (2-4 years)
and low rearing costs, has led to a wide variety of available ageing models (Sprott,
1991) and a choice of learning tasks, discriminating between, and tapping on
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different memory systems in the brain. One has to choose carefully the task that suits
one's purpose best, taking into account strain (and supplier!), age, gender, life span,
pathologic conditions, required training time, etc. Strain differences definitely play
an important role in the outcome of any study (Ingram et al., 1994; Van der Staay
and Blokland, 1996). More recently, mice are becoming popular experimental
models because of the advantages of genetic modification.

Many confounding factors exist that imply memory impairments but can be
attributed to other, non-cognitive, age-related factors (for reviews, see: Barnes, 1990;
Masoro, 1991; Andrews, 1996; Van der Staay, 2002). For example, a task like the
water maze, in which subjects are trained to locate a submerged platform in a
swimming pool using extra-maze cues, requires very good motor capacities. This can
reveal inferior performance by aged rats that is merely due to exhaustion or poor
motor abilities. 

Behaviour

Detrimental effects of ageing were demonstrated across species in (almost) all
studied cognitive tasks so far. Age related impairments in memory function are
commonly reported in all types of learning tasks in rodents (reviews: Barnes, 1990;
Muir, 1997), although the severity of the deficit is task dependent. Spatial memory is
particularly susceptible to ageing effects. Humans (Evans et al., 1984), other
primates, and rodents are similar in the sense that with increasing age tasks with a
strong spatial component give them more difficulties (for reviews see): (Barnes,
1987; Barnes, 1990). Impaired memory has been shown in the simple and complex
T-maze (Goodrick, 1968; Winocur, 1984; Lowy et al., 1985; Goldman et al., 1987;
Ingram, 1988; Meyer et al., 1998), radial mazes (Barnes et al., 1980; Van Gool et al.,
1985; Gallagher et al., 1985), and water maze (Morris, 1981) even after correcting for
swim speed, or when taking swim distance as a measure of performance (Gage et al.,
1984; Rapp et al., 1987; Lindner and Gribkoff, 1991; Hebda-Bauer et al., 1999; Van
der Staay, 2000). Ageing also disrupts holeboard learning, another spatial task
(Barnes et al., 1980; Rigter et al., 1984; Van der Staay et al., 1990). One of the first
brain structures to show age-related changes is the hippocampal formation, crucial
for the formation of long term memory and for spatial mapping (O'Keefe and Nadel,
1978). This could explain the specific spatial vulnerability (Barnes et al., 1987;
Gallagher, 1997). 

Classical (fear) conditioning (Houston et al., 1999; Doyere et al., 2000), place
preference (Antoniadis et al., 2000) and eye-blink conditioning (Woodruff-Pak,
1988; Knuttinen et al., 2001) are also affected by age. Shock motivated tasks are
widely used for examining the effect of age on acquisition, retention and extinction.
Passive, or inhibitory avoidance is suppressed (Sprott, 1972; Bartus et al., 1980;
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Lippa et al., 1980; Dean et al., 1981; Kubanis et al., 1982; Martinez, Jr. and Rigter,
1983), as well as (one- or two-way) active shock avoidance conditioning (Freund
and Walker, 1971; McNamara et al., 1977; Fuchs et al., 1986; Stone and Gold, 1988;
Van der Staay and Blokland, 1996; Ambrosini et al., 1997; Spangler et al., 1997). In
all these tasks, the degree of age-related deficits varies across, and even within
laboratories, but the general pattern is definitely one of cognitive deterioration.

Neurochemistry

Ageing is associated with a decline in neural pathways. Important findings in this
respect were the decrease of choline acetyltransferase (ChAT) activity in the post-
mortem brains of demented patients (Bowen et al., 1976; Davies and Maloney,
1976) and the loss of cholinergic neurones in the nucleus basalis of Meynert (nbM)
of the basal forebrain (Whitehouse et al., 1981; 1982). The subsequent landmark
study reporting a correlation between the Alzheimer's disease patients' mental state
scores and cholinergic abnormalities in their post-mortem brains (Perry et al., 1978)
led to Bartus' "cholinergic hypothesis" of dementia (Bartus et al., 1982). It attributes
the learning and memory deficits in the aged, demented, and AD patients principally
to a decline of cholinergic systems in the basal forebrain. This in turn stimulated a
large number of animal studies employing cholinergic blockade or lesions of the
basal forebrain cholinergic system (for reviews: Olton and Wenk, 1987; Blokland,
1996; Muir, 1997; Sarter and Bruno, 1998). Aged animals demonstrating memory
impairments also suffer from neuronal loss and atrophy of surviving cholinergic
neurones in the basal forebrain (Koh and Loy, 1988; Markram and Segal, 1990). 

Although the body of evidence from experimental and descriptive studies in
favour of a crucial function for the cholinergic system in cognition is substantial, the
ageing process without doubt involves more than a single transmitter system. For
example, other studies have shown the involvement of glutamatergic systems in
learning and memory (for reviews: Ingram et al., 1994; Gallagher, 1997).
Determining the (relative) contribution and precise role of each system will remain
the subject of investigation for many years.
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The suprachiasmatic nucleus (SCN) is a small bilateral nucleus at

the base of the anterior hypothalamus. It is easily distinguishable from
the surrounding hypothalamic area because of its densely packed cell-
structure. The SCN receives retinal information about ambient light
conditions directly via the retino-hypothalamic tract, the main entraining
pathway. Light is the most important and strongest Zeitgeber, by which
rhythms in behaviour and physiology are entrained to the 24-hour cycle
that is imposed by the rotation of the earth. Rhythms "freerun" with an

endogenous period (τ) of about 24 hours (circa-dian: about-a day (dies))
in the absence of a Zeitgeber, and these self-sustained oscillations can
continue for years. A brief overview of SCN anatomy and physiology is
presented here, mainly based on (review) articles by (Stephan et al., 1981;
Watts et al., 1987; Watts and Swanson, 1987; Buijs et al., 1996; Van
Esseveldt et al., 2000).

The SCN of rats and mice contains approximately 10.000 neurones
on each side. Individual SCN cells synthesise one or more of the
following neuroactive substances: glutamate decarboxylase (GAD),

γ-aminobutyric acid (GABA), arginine-vasopressin (AVP), vasoactive
intestinal peptide (VIP), gastrin releasing peptide (GRP), somatostatin
(SOM), substance P (SP), calretinin, bombesine, neurotensin,
enkephaline (ENK), calbindin, angiotensin II. The quantity, distribution,
and co-localisation of these transmitters depend heavily on species. This
points towards species-specific roles for the various neuroactive
substances. Peptide level is always a snapshot impression reflecting the
balance between on the one hand an increase by de novo-synthesis, and on
the other hand the dwindle due to degradation or release. Most, if not all
cells are GABAergic, and GABA is therefore co-localised with many of the
neuropeptides. GABA is now considered the most important
neurotransmitter in the SCN (Moore and Speh, 1993). It exerts a tonic
inhibitory action over the day, with apparent desinhibition during the
subjective day, possibly effected by an interaction of GABA with other
neuroactive substances. Subdivisions of the SCN can be based on
functional aspects (e.g. input versus output), morphology (cell size and
packing density, dendritic arbourisation, synaptic contact), or
neurotransmitter content. The use of various terminologies by researchers
depends on custom or goal, but the described areas largely overlap. The
dorsomedial part of the SCN, also termed shell (Moore, 1996), contains
mainly AVP and SOM, both of which remain rhythmic under constant
light conditions (DD). The ventrolateral part or core mainly contains VIP
and GRP, that are rhythmically expressed under LD conditions, but lose

rhythmicity in constant darkness.
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With the exception of VIP, peptide expression peaks during the day when
electrical multiple unit activity of SCN neurones is also high, and is lower
during the night. VIPergic neurones receive dense synaptic input from VIP
and SOM neurones, whereas AVP neurones receive substantial innervation
from VIP neurones in the core, and from AVP and SOM neurones in the
shell. Fibres extending outside the SCN contain mainly VIP and AVP,
originating from core and shell, respectively. GRP and SOM fibres remain
essentially within the SCN. Generally, the smaller neurones in the shell
have limited dendritic arbourisation and tend to extend beyond the border
of the SCN. The larger core neurones have processes that are extensively
branched, and form a dense axonal plexus within this subdivision.
Neuronal interconnectivity is more pronounced in the core than in the
shell, and shell-to-core projections are sparse, in contrast to intense core-
to-shell projections. These anatomic characteristics of core and shell make
them suitable for their respective input and output functions: the core is
mainly concerned with the entrainment of the circadian system to the LD
cycle, and the shell is assumed to be involved in the generation and
coordination of overt rhythms.
The SCN receives excitatory glutamatergic input through the RHT from the
retina, neuropeptide-Y (NPY) input from the intergeniculate leaflet (IGL)
of the lateral geniculate nucleus through the geniculo-hypothalamic tract
(GHT), and serotonergic (5-hydoxytryptamine (5-HT)) input from the
raphe nuclei. All these projections synapse almost exclusively onto core
neurones, and are involved in the direct entrainment to the LD cycle, and
in indirect modulatory feedback on the synchronisation process. Moderate
input to the shell alone originates from the cortex, basal forebrain,
hippocampal formation and hypothalamus. The SCN sends its majority of
efferent fibres to the subparaventricular zone (sPVZ) of the hypothalamic
paraventricular nucleus (PVN), the starting point of the hypothalamo-
pituitary-adrenocortical axis (HPA). Core and shell have segregated their
input to the sPVZ, i.e. the core projects more to the lateral, and the shell to
the medial sPVZ. Fairly dense projections connect to other hypothalamic
areas: the dorso- and ventromedial hypothalamic nuclei (DMH, VMH), the
medial preoptic area (MPO), and retrochiasmatic area. A substantial
projection runs dorsally to the midline thalamus, in particular the
paraventricular nucleus of the thalamus (PVT). The PVT innervates
multiple limbic structures, such as the amygdala and nucleus accumbens
(NAc), as well as cortical regions including the medial prefrontal cortex
(mPFC). Apart from the SCN, the PVT receives input from the sPVZ, retina
and IGL. In turn, the PVT projects back to the SCN, both to core and shell
(Moga et al., 1995). Many of these projections contain GABA with AVP or
VIP, and they lay the basis for the range of behavioural and physiological
functions under the control of the circadian pacemaker.
21
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Ageing of the circadian system and memory 

Severe learning and memory impairments and circadian disorganisation thus
simultaneously occur with ageing, and especially in Alzheimer's dementia. Despite
this, few researchers have yet addressed the question: "can a decrease in circadian
organisation lead to the memory impairments found with ageing?". Bright light
therapy has proven to be successful in increasing the stability of the rest-activity
rhythm and reduce sleep-wake cycle disturbances in demented elderly (for reviews:
Van Someren et al., 1999; Van Someren, 2000). Effects of bright light on cognitive
disturbances in Alzheimer-type dementia were found, in combination with
resynchronisation of the body temperature rhythm (Graf et al., 2001) or
improvement of the sleep wake rhythm (Ito et al., 1999). However, in these studies,
rhythm improvement has not been suggested as a potential causative factor in
enhancement of cognitive function, but merely as a simultaneous phenomenon.

Stone (1989) has suggested a role for circadian function in age-related memory
impairments, putting together literature on the separate topics, while focusing on
(paradoxical) sleep disturbance. His lab found that fragmented paradoxical sleep
accompanies memory impairments in old rats, and that one measure of paradoxical
sleep, bout duration, correlated significantly with retention scores in rats with lesions
of the nucleus basalis magnocellularis (NBM) (Stone, 1989). Winocur and Hasher
(1999) tested delayed alternation and inhibitory avoidance early and late in the
night in young and aged rats. Only aged rats were influenced by time of day: they
performed better in the beginning of the night, but always worse than the young
ones. Finally, Antoniadis et al. (2000) performed a place preference study in aged
hamsters. They assigned the hamsters to two groups, characterised by consolidated
and fragmented rhythms. The aged hamsters with consolidated rhythms
outperformed the fragmented hamsters in a context conditioning task, and activity
amplitude was significantly associated with preference score. 

Together, these studies provide the first answers to the intriguing and significant
question about the role of the circadian system in the age-related memory decline.
This thesis describes our efforts to further elucidate the matter.

Scope of the experiments

The main question leading to this research project was to what extent, if at all, ageing
of the circadian system contributes to the age-related decline in memory function.
This question can be subdivided into two parts:
1. In what fashion does the circadian pacemaker (SCN) interact with the process of
learning and memory?
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2. Does ageing affect the circadian modulation of memory at the behavioural and
neurochemical level?
I have carried out several experiments with young and aged rodents. The first aim
was to study whether memory oscillations are endogenously regulated, and to get a
grip on the neurochemical processes in the SCN that may play a role in the
modulation of memory. Secondly, I have studied aged individuals to determine
whether alterations in circadian behaviour and mnemonic processes are present, and
whether they are accompanied by altered neuropeptide dynamics in the SCN. The
results and conclusions of these experiments are described in this thesis.

III.OUTLINE OF THE THESIS

This dissertation is organised in two parts. The first part "SCN and Memory
Processes" describes experiments carried out with young rodents to examine several
aspects of memory processes and the resulting changes in the SCN neuropeptides.
Chapter 2 describes a basic experiment. It addresses a question which should
perhaps have been asked 30 years ago: whether periodic memory deficits require the
presence of an LD cycle. Only if they persist in constant light conditions, it is
reasonable to attribute them to an endogenous rhythm. This chapter also asks
whether vasopressin, one of the major output systems of the pacemaker, plays a part
in generating the fluctuations under constant light conditions. For this, Wistar, Long
Evans, and vasopressin deficient Brattleboro rats were used. Chapter 3 further
explores the role of SCN-vasopressin in house mice of selected lines, that differ in
basal vasopressin levels, stress response and anxiety, when presented with a stressful
learning task. Chapter 4 concludes the first part by focusing on the muscarinic
acetylcholine receptor system of the SCN after active and passive shock avoidance
training, as the cholinergic system is highly involved in learning and memory
processes. Both the time course and the facet of fear conditioning responsible for
alterations in receptor dynamics are investigated in adult Wistar rats. 

The second part deals with "Ageing of the Circadian System and Memory".
Chapter 5 provides elementary information on age-effects in the circadian behaviour
of rats and mice. It features Wistar Unilever, Fischer 344 × Brown Norway hybrid
(F×BN) rats, and CBA/ca house mice. Chapter 6 addresses the important and basic
question whether memory oscillations persist when the same individual is tested
repeatedly. This is a methodologically important issue, as all the classical
experiments have painstakingly avoided testing individuals more than once, and
have thereby used very large numbers of animals. Applying multiple testing, we
could ask whether memory oscillations are influenced by a declined circadian system
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with age. Young and aged F×BN rats were used here in a passive shock avoidance
paradigm under constant light conditions. Chapter 7 reports an increase in basal
levels of SCN somatostatin and substance P immunoreactivity in aged Wistar rats
compared to young ones. This contrasts with most other neuropeptides that are
found to decline with ageing, such as vasopressin. Following up on Chapter 4,
Chapter 8 explores whether the cholinergic system, known to be drastically affected
by ageing, is still able to respond to stress in aged rats (with a severely impaired
circadian organisation of behaviour), as it does in young rats. Vasopressin was also
studied in these Wistar Unilever rats, since it was found to be affected in previous
studies (Chapter 2 & 3). Finally, Chapter 9 summarises the results and conclusions,
and discusses them in the framework of existing literature. It makes up the balance of
what we have learnt so far, and what remains to be resolved to understand the role
of the circadian system in learning and memory function.



Part One

SCN AND MEMORY PROCESSES
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Periodic Memory Retention Deficits after
Active Avoidance Conditioning:

A Putative Role for the Suprachiasmatic
Nucleus-Vasopressinergic System
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Abstract

In this study, periodic memory retention deficits were shown to persist in continuous light

conditions in Wistar rats trained for active shock avoidance (ASA), at training-testing

intervals 18 and 30 hours compared to 24 hours. This demonstrates the endogenous nature

of these deficits, and the circadian pacemaker (in mammals seated in the suprachiasmatic

nucleus (SCN)) as the most plausible generating source. To investigate whether vasopressin,

a major output system of the SCN, is involved in this modulation of memory over time, we

tested the vasopressin deficient Brattleboro rats and the control Long Evans strain.

Brattleboro rats did not demonstrate a deficit at 18 hrs after training, suggesting that AVP is

involved in active suppression of memory retention at non-24 h intervals after acquisition of

a shock motivated task. In addition, the three strains were compared with respect to

explorative behaviour and performance in the shuttle box, and circadian rhythms of wheel

running activity. Brattleboro and Wistar rats were found to perform equally well in ASA,

and better than Long Evans rats did.

It was concluded that periodic retention deficits, as demonstrated mainly in shock

motivated learning tasks, are most probably generated by the circadian system. Furthermore,

the authors propose a role for (SCN-) AVP in the modulation of memory retention in time,

but not for performance levels per se.
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Introduction

The influence of the circadian system on learning and memory processes is receiving
renewed interest. Many studies have shown that higher cognitive processing is one of
the many complex behaviours that are controlled by the biological clock. For
example, performance is subject to circadian variation in rats (Winocur and Hasher,
1999) house mice (Chaudhury and Colwell, 2002) and humans (Kraemer, 2000).
Furthermore, amnesia is induced by phase-shifting circadian rhythms in rats (Tapp
and Holloway, 1981; Fekete et al., 1985; Devan et al., 2001), house mice (Stone et
al., 1992), and humans (Cho et al., 2000).

Compelling evidence for a circadian factor underlying memory processes was
found already in the early 70's when a group of researchers published a series of
papers on periodic memory retention deficits. The retention of a conditioned
response, mostly fear conditioning paradigms, exhibited a maximum directly after
training, that recurred at training testing intervals (TTI) with a period of 24 hrs
(Holloway and Wansley, 1973a; Wansley and Holloway, 1976). In-between those
times retention is worse, and this pattern is independent of the time of day of
training (Holloway and Wansley, 1973b). Such multiple retention deficits have been
reported both in aversive tasks, i.e. passive (PSA) and active (ASA) shock avoidance,
but also in appetitively motivated tasks (Wansley and Holloway, 1975; Hunsicker
and Mellgren, 1977). These periodic deficits strongly suggested the involvement of a
biological clock, an idea that was substantiated by the finding that lesioning the
suprachiasmatic nucleus (SCN), the central circadian pacemaker in mammals,
restores good performance at TTI's 18 and 30 h (Stephan and Kovacevic, 1978).

In all these studies, animals were entrained to a light-dark (LD) regimen during
training and testing. Therefore, the information on time of day may also have been
derived from this Zeitgeber regimen, rather than from endogenous circadian sources.
To conclude that the circadian system is the source generating the memory "dips"
requires that the phenomenon is independent of imposed LD cycles, and thus
persists in constant light conditions. Therefore, the first aim of this study was to
investigate whether memory retention dips occur in constant dim red light
conditions (DD).

The lesioning study (Stephan and Kovacevic, 1978) raised the question what
could be the specific signal from the SCN generating these memory oscillations. A
candidate neuropeptide is vasopressin (AVP). AVP is abundant in the SCN of rodents
and part of the output pathway. Moreover, AVP was shown to be significantly
enhanced in the cerebrospinal fluid (CSF) of rats during a PSA task (Laczi et al.,
1984), and is released within the SCN directly after a stressful forced swimming
event (Engelmann et al., 1998). Furthermore, we have found an effect on SCN-AVP
in response to ASA training in rats (Biemans et al., 2003). The role of AVP in the
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control of circadian behaviour is still unclear. Correlative studies have suggested a
role for AVP in the organisation of circadian behaviour in house mice (Bult et al.,
1993), and voles (Gerkema et al., 1994; Van der Zee et al., 1999a).

The second aim of this study was to see what would happen with periodic
memory deficits in the absence of AVP. Manipulation of the AVP system by antisera
or selective receptor antagonists could be a way to investigate this. We have opted for
the Brattleboro rat (Valtin, 1962), a strain that lacks AVP altogether, due to a single
base deletion in the vasopressin gene (Schmale and Richter, 1984). The Brattleboro
enabled us to study the role of AVP in memory oscillations without using invasive
methods such as intracerebral infusions. In the study we report on two experiments:

1. Memory retention in Wistar rats at multiple training-testing intervals
after ASA in constant light conditions;

2. Memory retention at two training-testing intervals after ASA in rats
lacking AVP.

Methods

Experiment 1: Memory retention in Wistar rats at multiple training-testing
intervals after ASA in constant light conditions.

Animals and housing
Male Wistar rats (n=40) were used, weighing 300-350 g at the time of the
experiment. Rats were individually housed in cages (30×45×50 cm) equipped with a
running wheel. The rats were housed in a light and temperature controlled climate
room. They were entrained to a 12:12 hours light dark (LD) cycle, with lights off at
09:00. Rats were entrained for at least 10 days before the onset of the experiment.
The running wheel and a food dispenser, that was suspended outside the cage and
activated a switch when a rat obtained food pellets, enabled activity patterns to be
monitored throughout the experiment, except during testing. Switches on the
running wheel and food dispenser relayed activity signals to a PC-based event
recording system (ERS), storing pulses in 2-minute bins. The experiment started on

the second day after switching to constant dim red light (DD: ± 1 lux inside the
cage).
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Apparatus and experimental procedure
The active shock avoidance or shuttle box (Coulbourn Instr., PA, USA) is an
automated device that consists of two identical compartments (25×25×30 cm),
separated by a low threshold. The walls are made of translucent plastic except for the
metal sides. The floor consists of stainless steel bars (0.5 cm), spaced 1.3 cm apart,
through which a footshock can be delivered. The apparatus was placed in a sound-
attenuated room, dimly lit (± 2 lux) by a red-painted light bulb (25 Watt, Osram).

For training and testing, rats were transported from the climate room to the
experimental room in their home cage. They were always placed in the left
compartment of the shuttle box facing away from the centre of the cage. Before onset
of the first trial, they were allowed to explore for three minutes to habituate to the
apparatus. During habituation, the number of spontaneous crossings (Crosshab)
between compartments was recorded. A trial started with the presentation of a
4.5 kHz tone (conditioned stimulus (CS)). Five seconds after onset of the CS, a
scrambled footshock (unconditioned stimulus (US): 0.3 mA for 3 s) was delivered.
After 8 s, the CS + US were terminated, and an inter-trial interval of 30 s started. A
jump to the other compartment during the first 5 s of CS presentation terminated the
CS and recorded an avoidance. If the rats jumped to the other side during the 3 s
presentation of the US, CS + US were terminated and an escape was recorded. If rats
failed to change compartments during the 8 s of CS presentation, a "no response"
was recorded. During the inter-trial intervals, the number of crossings (Crossiti) was
also recorded.

On the second or third day after switching to DD conditions, rats received one
training session (30 trials) of active shock avoidance (ASA) between 13:00-19:00 hrs,
during their active phase. They were matched on performance after the training
session and assigned to one of the following training-testing interval (TTI)-groups:
18, 24, or 30 h. At exactly 18, 24 or 30 hrs after their individual training session, the
rats were tested for their retention performance. Care was taken that times of day of
training were distributed evenly over the TTI groups. The retention session was
identical to the training (30 reinforced trials).

We analysed the following parameters: number of correct avoidances (CAR),
trials to a criterion of 3 consecutive avoidances (ttcrit), Crosshab and Crossiti.
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Experiment 2: Memory retention at two training-testing intervals after ASA
in rats lacking AVP.

Animals and housing
28 male Brattleboro and 30 Long Evans rats were used, weighing 380-570, and 320-
545g respectively at the time of the experiment. Slightly older Brattleboro rats (two-
three weeks older compared to the Long Evans rats) were used, since Brattleboro rats
are growth-retarded (Sokol and Sise, 1973; Arimura et al., 1968), and shock
sensitivity is influenced by weight rather than age (Gibbs, 1973). Brattleboro rats
completely lack vasopressin (the anti-diuretic hormone, ADH), and therefore the
kidneys hardly reabsorb water. This had the important practical consequence that
cages had to be cleaned often (every other day). Care was taken to disturb the rats
minimally during cleaning. By the time the experiment started, rats had become so
accustomed to the cage-cleaning procedure that they would walk to the clean floor
plate without handling required. Long Evans rats were housed together with the
Brattleboro's in the same climate rooms, so the degree of disturbance due to cleaning
was similar. Light schedule and housing conditions in the climate room were
identical to that of experiment 1, except that rats were divided over two climate
rooms, and could therefore all be trained on the same day after onset of DD (2
days). Rats were entrained for at least 14 days before switching to DD.

Apparatus and experimental procedure
Apparatus and experimental procedures were identical to those of experiment 1,
except that there were only two TTI-groups, 18 or 24 h. These times were chosen
based on experiment 1, in which the 18 h group showed the strongest effect
compared to the 24 h group.
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Results

General remarks
In all three strains, experimental rats could be divided in responders and non-
responders to the ASA training procedure. Non-responders hardly made any
responses (avoidances or escapes) during the training session. Typically, they would
freeze in a corner of the shuttlebox, and display "learned helplessness". These rats
were not able to acquire the ASA task (within 30 trials). Because our design required
a two-tailed response (better, equal or worse than training) a post-hoc arbitrary
criterion was set of at least 15 responses (avoidances + escapes). Only data of rats
that met this criterion were included in the analysis of TTI retention, which
comprised 73% of the Wistars, 73% of the Long Evans and 71% of the Brattleboro's.

The time of training within the time frame of 13:00-19:00 hrs did not affect
acquisition rate. Correlations between training order and CARs were absent in all
strains (Spearman correlation Wistar: r=0.13; Long Evans: r=-0.26; Brattleboro:
r=0.25, p>0.05 in all cases). Also, the number of CARs of rats trained between 13:00-
16:00 hrs versus those trained between 16:00-19:00 hrs did not differ (Wistar
10.3±5.2 versus 9.7±6.7; Long Evans: 4.3±4.8 versus 6.0±5.4; Brattleboro: 10.9±7.2
versus 8.3±6.6, p>0.05 in all cases). In case of the Wistar rats there was no effect of
number of days (2 or 3) spent in DD on the number of avoidances (10.7±5.5 versus
9.3±6.4, p>0.05), nor an interaction effect between days in DD and training time.
Therefore, the data were pooled with respect to the timing mentioned above.

Experiment 1: Memory retention at multiple TTI's after ASA in constant
light conditions.

ASA acquisition
Wistar rats displayed significant learning within three blocks of 10 trials of training
(RM ANOVA: p<0.001), and reached a level of 54% correct avoidances on average
during the last block of 10 trials. Overall, they made on average 10 avoidances and
10 escapes (Table 1). How well Wistars learn, can be predicted from their behaviour
during the 3 minute habituation period, since a significant correlation was found
between Crosshab and total avoidances (Pearson correlation, r=0.38, p=0.014). Rats
that made more avoidances, also made more escapes (Pearson correlation, r=0.45,
p=0.003 (Table 1)), in spite of the fact that the sum of avoidances and escapes is
restricted to 30.
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Table 1. Crossings and responses (avoidances and escapes) during training for the three rat
strains (all rats included).

Spontaneous crossings Responses

Habituation Inter-trial
interval Avoidances Escapes

Wistar (1) 7.1 ± 0.46‡ 6.2 ± 0.55 10.0 ± 0.94**2 10.3 ± 0.90

Long Evans (2) 9.4 ± 0.94 9.0 ± 0.87‡ 5.1 ± 0.93 13.2 ± 0.91*3

Brattleboro (3) 10.5 ± 0.83**1 19.4 ± 2.1**1,2 ‡ 9.5 ± 1.3*2 9.4 ± 1.0

Asterisks indicate significant differences (*p<0.05, **p<0.01) between strains(1,2,3,). ‡ Indicates a
significant correlation between spontaneous crossings during habituation or inter-trial intervals
and number of correct avoidances within one strain.

Memory retention at TTI's 18, 24 and 30 h
11 Wistar rats were omitted from further analysis as they did not meet the response
criterion, which left 29 rats, divided over the three TTI's (18 h: n=11, 24 h: n=8,
30 h: n=10). The acquisition curves for these rats (Fig. 1A) did not differ (RM
ANOVA, p=0.68) for TTI. Hence, the exclusion of rats did not invalidate the original
matching criteria based on which rats were assigned to the different TTI groups. An
average of 67.6% correct avoidances was reached in the last block of training.

During retention testing, the TTI 24 h group outperformed the TTI 18 and 30 h
groups in terms of the number of CARs (Fig. 1A). A significant effect of TTI is present
(RM ANOVA, p<0.01), and post hoc testing revealed significant differences for both
TTI 18 h (p<0.01), and TTI 30 h (p<0.05) compared to TTI 24 h. There was no
interaction effect of testing block × TTI. The TTI 24 h group needed significantly
fewer trials than the TTI 18 h group to reach a performance of 3 consecutive
avoidances (Fig. 2A) (MWU, p=0.02). TTI 24 h is also lower than 30 h, though not
significantly (p=0.089). Avoidances in the first 10 trials of the retention test (Fig. 3A)
were higher in the TTI 24 h group compared to the TTI 18 h group (MWU, p=0.049),
but not significantly so compared to the TTI 30 h group (p=0.35).
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Experiment 2: Memory retention at two training-testing intervals in
Brattleboro rats.

ASA acquisition
Both Brattleboro and Long Evans rats showed significant learning during acquisition
(RM ANOVA, p<0.001). The Long Evans rats reached an average of 24.8% correct
avoidances in the last block of training, whereas the Brattleboro rats reached 38.9%.
Overall, Long Evans made on average 5.1 avoidances during the 30 trials of the
acquisition session, and 13.2 escapes (Table 1). Brattleboro's made 9.5 avoidances
and 9.4 escapes during training. Brattleboro's made significantly more avoidances (T-
test, p=0.008), but significantly less escapes (T-test, p=0.007) than Long Evans.

For both the Long Evans and the Brattleboro's, learning performance can be
predicted from the number of spontaneous crossings made during the inter-trial
interval (Pearson correlation Crossiti with total avoidances: Long Evans: r=0.45,
p=0.012; Brattleboro; r=0.74, p<0.001). 
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Figure 1. Number of correct avoidances during acquisition (block 1-3), and retention on the following day
(block 4-6) at TTI's 18, 24 and 30 h, for Wistar (A), Long Evans (B) and Brattleboro (C) rats. These curves
represent the average scores ± S.E.M. for rats meeting the criterion (see text). Wistars: TTI's 18 h: n=11, 24
h: n=8, 30 h: n=10; Long Evans TTI's 18 h: n=11, 24 h: n=11; Brattleboro's: TTI's 18 h: n=9, 24 h: n=11.
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Memory retention deficits at TTI's 18 and 24 h
8 Brattleboro and 8 Long Evans rats were omitted from further analysis since they
did not meet the learning criterion, which left 22 Long Evans (18 h: n=11, 24 h:
n=11), and 20 Brattleboro rats (18 h: n=9, 24 h: n=11) divided over the TTI's.
Acquisition and retention curves for these rats are displayed in Fig. 1B and 1C,
respectively. Acquisition did not differ for TTI 18 and 24 h both in case of the Long
Evans (RM ANOVA, p=0.66) and Brattleboro (p=0.34) rats, indicating adequate
matching after omission of rats.

For the Long Evans, the TTI 24 h group outperformed the TTI 18 group (Fig.
1B) during retention testing. A significant effect of TTI is present (RM ANOVA,
p=0.013). There was no interaction effect of Block × TTI. The TTI 24 h group needed
significantly fewer trials than the TTI 18 h group to reach a performance of 3
consecutive avoidances (Fig. 2B) (MWU, p=0.014). The numbers of avoidances
during the first 10 trials of retention testing are displayed in Fig. 3B. Long Evans rats
made significantly more avoidances in the TTI 24 h than in the TTI 18 h group
(MWU, p=0.028).

In contrast, for the Brattleboro rats retention curves for TTI 18 h and 24 h did
not differ (RM ANOVA, p>0.05), and there was no interaction between TTI × Block
(p>0.05). Neither the number of trials to a performance of 3 consecutive avoidances
(Fig. 2B) (MWU, p>0.05), nor the number of avoidances (Fig. 3B) during the first 10
retention trials (MWU, p>0.05) differed for TTI 24 h compared to 30 h group.
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Figure 2. Number of trials needed to reach a criterion of 3 consecutive correct avoidances during
retnetion testing at TTI's 18, 24, and 30 h for Wistar rats (A), and at TTI's 18 and 24 h for Long
Evans and Brattleboro rats (B). * indicates significant (p<0.05) differences between TTI 18 h and
24 h, and # indicates near significant differences(p<0.1) between TTI 30 h and 24 h.
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Strain comparisons
Strain differences clearly exist in ASA learning when taking all rats (i.e. including the
ones that did not meet the criterion for retention analysis) into account (Table 1).
Kruskal-Wallis ANOVA revealed a significant effect of strain on total number of
avoidances (p<0.01) and escapes (p<0.05). Long Evans rats did not learn the ASA
learning task as rapidly as the other strains. They made significantly less avoidances
than Wistars (Tukey HSD, p=0.003), and Brattleboro's (p=0.017). Long Evans rats
made more escapes than Brattleboro's (Tukey HSD, p=0.024), but not significantly
more than the Wistars did (p>0.05). The explorative behaviour (crossings during
habituation and during the inter-trial intervals) also differed (Kruskal-Wallis ANOVA
on Crosshab and Crossiti: p<0.001). Brattleboro's made the most crossings, during
both habituation and inter-trial intervals. They differed significantly from the Wistars
during both (Tukey HSD, p=0.003 and p<0.001, respectively), and from Long Evans
during the inter-trial intervals (p<0.001).

All rats were entrained to the LD 12:12 hrs cycle at the onset of the experiment.
Freerunning periods deviate little from 24 h in the first few days after the transition
to DD (Pittendrigh and Daan, 1976), so retention testing always occurred within

± 15 minutes of the circadian time that the rats were trained. When comparing the
different strains of rats during an LD period, Brattleboro rats were the most active in
the running wheel (Fig. 4), whereas Wistar rats made the lowest number of wheel
revolutions. Brattleboro rats displayed the most pronounced day-night distribution
of activity.

Within strains of rats, the average number of daily wheel revolutions during five
days of entrainment prior to the experiment correlated neither with spontaneous
crossing behaviour in the shuttle box (Crosshab or Crossiti), nor with the number of
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Figure 3. Number of correct avoidances in first block of 10 trials during retention testing at TTI's
18, 24 and 30 h in case of Wistar rats (A), and at TTI's 18 and 24 h in case of Long Evans and
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avoidances during the training session (data not shown). This indicates that general
activity as measured by wheel running behaviour is not a facilitating factor in the
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iscussion

emory retention deficits persist in constant light conditions at TTI's 18 and 30 h
fter ASA learning as compared to 24 h. Periodic retention deficits have previously
een demonstrated in rats in several learning tasks under entrained conditions
Holloway and Wansley 1973a,b; Hunsicker and Mellgren, 1977; Wansley and
olloway, 1975; 1976). This might have been dependent on the day-night

ransitions as a cue. We showed that deficits at 18 and 30 hrs after ASA training also
ccur in rats under freerunning conditions, and are thus independent of external LD
ycles. It substantiates the endogenous nature of the periodic deficits, and
trengthens the idea of the biological clock as an intervening variable or controlling
actor in cognitive processes.

A role for the circadian timing system in higher brain functioning has been
uggested before (Sylvester et al., 2002; Schwartz et al., 1983). The SCN sends the
ajority of its efferent fibres to the medial hypothalamus, including the

ypothalamic paraventricular nucleus (PVN) (Watts and Swanson, 1987; Watts et al.,
987; Stephan et al., 1981), the starting point of the hypothalamo-pituitary-
drenocortical axis. In addition, the (dorsomedial) SCN projects to the
araventricular nucleus of the thalamus (PVT) (Watts and Swanson, 1987; Watts et
l., 1987; Morin et al., 1994; Kawano et al., 2001). The PVT is part of a central circuit
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activated during stress and arousal, and innervates multiple limbic structures like the
amygdala and nucleus accumbens, as well as cortical regions including the medial
prefrontal cortex (mMFC) (Berendse and Groenewegen, 1991; Moga et al., 1995).
Recently, a viral transneuronal tracing study has elucidated that the infralimbic part
of the prefrontal cortex is innervated by the SCN, a projection dependent on a relay
in the PVT (Sylvester, et al., 2002). The SCN could is therefore probably part of a
larger circuit affecting functions concerned with stress, arousal and motivation.

Many of these SCN efferent projections contain AVP (Hoorneman and Buijs,
1982). Effects of SCN-AVP on higher brain areas could be accomplished through
synaptic contacts, or via diffusion by the CSF. Whether CSF AVP substantially
contributes to AVP levels in these target areas, remains to be investigated. The
extensive evidence for projections from the SCN to the thalamus suggests a role for
neuronal projections as a pathway through which AVP signals can be relayed. Since
AVP is such a major output system of the SCN, it is a candidate neurochemical signal
for generating memory oscillations. Moreover, AVP has historically been linked to
learning and memory processes (for excellent reviews see: Sahgal, 1984; Koob et al.,
1989; Engelmann et al., 1996; De Wied, 1997). The focus on AVP research in this
respect has been on major AVP producing hypothalamic sources: the magnocellular
neurones of the hypothalamic paraventricular (PVN) and supraoptic (SON) nuclei.
SCN-AVP has been considered by Laczi et al. (1983), who found a depletion of AVP
immunoreactivity (ir) in the SCN after PSA.

To test the hypothesis of AVP as a putative causal factor for (periodic) memory
deficits we used the Brattleboro rat, lacking endogenous AVP because of a single base
mutation in the gene encoding AVP (Schmale and Richter, 1984). We found that
Bratttleboro rats had no memory retention deficit at 18 hrs after ASA training, in
contrast to the control Long Evans strain, and Wistar rats, suggesting a role for AVP in
the circadian regulation of memory. The Brattleboro rats used in this study had
normal circadian rhythms of wheel running and feeding behaviour, both in LD and
DD conditions, in agreement with earlier studies (Groblewski et al., 1981; Peterson et
al., 1980; Brown and Nunez, 1989). This demonstrates that although vasopressin is a
major SCN-output system, it is not a prerequisite for the generation or maintenance
of circadian behavioural rhythms per se, at least in rats. Nonetheless, AVP might play
a role in other processes that are under circadian control, for example the circadian
regulation of memory processes.

Reports on AVP involvement in memory processes date back to 1965, when De
Wied and co-workers (1965) found that posterior pituitary lobectomy impaired the
acquisition and retention of a conditioned response, and later pinpointed
vasopressin as the main component causing these deficits (De Wied, 1971). Since
then, many publications addressed the issue. Conflicting results were found (see
above-mentioned reviews), and the matter is still under debate. The Brattleboro rat
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became a popular model for studying the intrinsic effect of AVP on learning and
memory. Numerous studies on Brattleboro rats, however, do not unequivocally
support a role for AVP (review: Ambrogi Lorenzini et al., 1991). The alleged memory
deficits in Brattleboro rats have also been attributed to disturbed circadian sleep
patterns, and especially the reduction of paradoxical sleep (PS) (Danguir, 1983), and
increased nocturnality of PS and slow wave sleep (SWS) (Brown and Nunez, 1989).
Brattleboro rats compromise their sleep by the need to drink almost continuously,
and disturbance of paradoxical sleep is known to impair memory function (Fishbein
et al., 1971; Stern, 1970). Danguir showed that normal sleep patterns (i.e. the
restoration of PS to control (Long Evans) levels) were restored after infusion with
AVP but also after water infusion, thus taking away the increased drink need, and,
possibly the memory deficits.

In this study, we have found no deficit in memory of the Brattleboro rat. In fact,
they performed better than the Long Evans in the ASA task during acquisition and
retention, and as good as the Wistar rats did. Other researchers have also reported
superior performance (Bailey and Weiss, 1978, 1979) or at least no deficits (Carey
and Miller, 1982; Celestian et al., 1975; Williams et al., 1983) in Brattleboro rats
compared to Long Evans, or Wistar rats. This argues against a role for AVP in the level
of learning or memory performance.

We hypothesise that AVP is involved in the timing mechanism from the SCN
alerting an individual at the time of day when -on a previous day- something of
impact happened. The Brattleboro is in fact a "sick" rat, and many other secondary
processes could be responsible for the behavioural differences besides AVP, for
example the aforementioned sleep disturbances. Nevertheless, several lines of
evidence now suggest that the SCN-AVP system is involved in signalling to brain
areas involved in learning and memory, as consequence of a (stressful) learning
events (De Wied et al., 1971; Laczi et al., 1983, 1984; Engelmann et al., 1998;
Biemans et al., 2003). Moreover, we have recently found a stress-induced AVP
fluctuation in the SCN of house mice (Biemans et al., submitted for publication). An
AVP oscillation superimposed on the normal circadian AVP release, running
independently yet phase-locked to the master clock, might explain the finding that
retention is optimal 24 hrs after learning, independent of time of training.

The data from the Brattleboro's in this study suggests that AVP may be a
prerequisite for memory modulation in time, but not for retention performance
levels per se. In fact, the presence of AVP seems to inhibit retention, since
Brattleboro's have good performance at TTI 18 h. Interestingly, injection of an AVP
antagonists removes the memory deficit at 6 hours present in normal rats (Le Moal et
al., 1981). Likewise, lesioning the SCN produces restoration of retention levels at 18
and 30 hours after PSA training to levels of sham lesioned rats at TTI 24 h (Stephan
and Kovacevic, 1978). Finally, we have recently found that a reduced circadian
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organisation leads to the absence of periodic memory deficits in aged rats tested
repeatedly in a PSA task, whereas they were present in the young controls (Biemans
et al., submitted). Hence, the SCN may suppress retention at non-24 h intervals, and
this suppression is temporarily released at the 24 h times. General inhibitory actions
are common to SCN neurones, as γ-aminobutyric acid (GABA) is the principal
neurotransmitter of the circadian system (Moore and Speh, 1993). Nearly all
neurones of the SCN are GABA producing, and GABA is probably co-localised with
all other peptides in the SCN, including AVP. Therefore, it is likely that SCN
neurones utilise both GABA and peptides for innervation of target areas, and that
this interaction is largely one of cyclic levels of inhibitory control (Moore and Speh,
1993). 

Strain differences in ASA conditioning
Many studies have investigated strain differences in (active) avoidance behaviour,
and found that the choice for a particular rat model can severely influence
experimental outcome. Several studies have compared the same strains as used here.
We found that Wistar rats were best at acquiring the two-way avoidance learning
task, whereas Long Evans were worst, and Brattleboro's intermediate. This is in
corroboration with several studies stating that albino's outperform pigmented rats in
a one way and two way active avoidance design (Ambrogi Lorenzini et al., 1987).

It is known that enhanced handling increases exploration while reducing
anxiety, and has a positive effect on learning (Doty, 1968; Fernandez-Teruel et al.,
1991a; Kelley, 1993; Lapin, 1995), and Brattleboro rats did get more attention than
Long Evans rats in the sense that they were cleaned more often. However, since
handling rats in the weeks before a behavioural test is a standard procedure in our
laboratory, and cleaning required a minimum amount handling of the Brattleboro
rats, this effect is probably small.

We did find that Brattleboro rats made more spontaneous crossings than Wistar
and Long Evans rats, especially during the inter-trial interval. This indicates a higher
state of arousal and different response to novelty. The idea that Brattleboro rats have
a "higher emotionality", was proposed by Brito (1983), who found that homozygous
Brattleboro rats adapted more slowly to novel environments, but otherwise
performed as well as their AVP containing counterparts. He suggested that the
reported memory deficits might be secondary to these altered temperamental
dispositions. Others have reported similar habituation, but slightly higher initial
open field activity, attributed to a possible altered motivational or attentional state
(Williams et al., 1983). The numerous crossings during the inter-trials intervals were
advantageous for the Brattleboro rats in the sense that the more crossings a rat made,
the better its acquisition. This was not a general finding because the Wistar rats made
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much less crossings during the inter-trial intervals and performed just as well. Also,
within the Wistar rats there was no such correlation.

As shown in Fig. 4, Brattleboro rats have normal wheel running activity, with a
slightly bimodal pattern, similar to Long Evans rats, whereas Wistar rats show a more
unimodal patter of behaviour. This in agreement with Wollnik (1991) who showed
bimodal patterns of behaviour in hooded strain of rats, and unimodal in an albino
strain. Furthermore, it shows again that AVP is not necessary for the generation of
endogenous rhythms in behaviour, consistent with several other studies (e.g.
Groblewski et al., 1981).

Concluding remarks
In conclusion, we have found that memory deficits persist in the absence of cues
about time of day, substantiating their endogenous nature. Furthermore, memory
deficits were absent in the AVP lacking Brattleboro rat, suggesting that AVP plays a
suppressing role on memory on non-24 h intervals. It was shown again here that the
Brattleboro rat does not suffer from learning or memory disturbances, and that its
circadian pattern of behaviour is comparable to other strains, containing AVP. We
propose that AVP is part of the pathway that controls and mediates information
about circadian time to higher brain areas such as the mPFC. Microdialysis would be
valuable tool to search supporting evidence for this hypothesis. In addition, it can be
concluded that SCN-AVP is not necessary for memory performance, but only for the
modulation of memory over time.
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Abstract

The circadian pacemaker in the suprachiasmatic nucleus (SCN), has been implicated as

playing a role in time dependent memory retrieval. To further elucidate this role we have

studied the response to active shock avoidance (ASA) training on vasopressin (AVP)

immunoreactivity (-ir) in the SCN. Selected house mouse lines with high and low SCN-

AVP-ir were used (referred to as small and big nest-builders, respectively). First, the lines

were behaviourally characterised for open field behaviour, elevated plus maze performance,

and ASA learning. The initial phase of two-way (shuttle box) ASA is a stressful event. Small

nest-builders had higher levels of behavioural inhibition, risk assessment behaviour, anxiety

and fear (and hence higher stress responses) compared to big nest-builders. Small nest-

builders consistently required more ASA trials than big nest-builders to master the task.

Second, groups of mice received either one or two days of ASA training (30 consecutive

trials/day). C57Bl/6JN mice served as non-selected control line of mice in this experiment.

SCN-AVP-ir was significantly reduced 20 min following the last trial compared to paired

naïve mice in the small nest-builders in both groups, but in big nest-builders and C57Bl/6JN

only in the group which received two days of training. The higher stress response in small

nest-builders at the SCN-AVP level is consistent with higher stress responses in the

behavioural tasks.

Third, the time course of AVP-ir as a consequence of ASA was investigated in small

nest-building mice. It became evident that ASA has not only an acute, but also a longer

lasting effect on AVP-ir at the circadian time of training one and two cycles later, with

partial replenishment in between. The results show that (acute) stress triggers an SCN-AVP

response in the mouse, and that this effect corresponds with the behavioural response to

coping with environmental challenges.
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Introduction

Several studies suggest that stress influences the suprachiasmatic nucleus (SCN), the
predominant pacemaker for the generation of circadian rhythms (for review, see
Meerlo, et al., 2001). Vasopressin (AVP) has been recognised as a major output
system of the SCN (Van den Pol and Tsujimoto, 1985; Reghunandan et al., 1991;
Ingram et al., 1998), and is possibly involved in stress response. Swim stress triggers
the release of AVP within the SCN (Engelmann et al., 1998), and exogenously
applied glucocorticoids enhance the expression of AVP mRNA in the SCN (Larsen et
al., 1994). The initial stages of a learning task with footshocks as an aversive stimulus
also involve a high degree of stress and anxiety (Fernández-Teruel et al., 1991b). For
example, active shock avoidance (ASA) learning induces high plasma corticosterone
levels both during and immediately following training (Coover et al., 1999).
Whether stress induced by the initial stage of a learning task affects SCN-AVP
remains to be explored. 

To test the hypothesis that (acute) stress, caused by a stressful learning event,
has an impact on SCN-AVP, we used the initial stage of two-way (shuttle box) ASA
training as a behavioural test for mice. House mouse lines bidirectionally selected for
thermoregulatory nestbuilding behaviour (referred to as small and big nest-builders;
Bult and Lynch, 2000) were used. On the basis of attack latency it has been suggested
that these selection lines may differ in coping style (Sluyter et al., 1995), and hence
in their response to a stressor. Such a difference is known to influence ASA
performance, notably during the initial phase of learning (Benus et al., 1987).

The first aim of this study, therefore, was behavioural phenotyping of small and
big nest-builders using the open field, elevated plus maze, and ASA learning to
measure their response to potentially stressful situations. The second aim was to
investigate whether the initial phase of ASA training resulted in an alteration of SCN-
AVP immunoreactivity (ir). The SCN-AVP system differs between the two types of
nest-builders, in contrast to the AVP system of the paraventricular nucleus (PVN)
(Bult et al., 1992). Small nest-builders have a 1.5-fold higher number of SCN-AVP
cells than big nest-builders (Bult et al., 1992), but release less AVP per SCN-AVP
neurone as determined in SCN cultures (Van der Veen et al., unpublished results).
Protein Kinase C expression, involved in AVP signal transduction within the SCN
(Shewy and Dorsa, 1988; Liou and Albers, 1989), is significantly higher in small
nest-builders (Van der Zee and Bult, 1995; Bult et al., 2001). This combination of
features makes these selection lines suitable subjects for the general aim of this study. 
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Methods

Animals 
Adult male mice (Mus domesticus; 3-5 months of age) were used in this study,
obtained from lines bidirectionally selected for thermoregulatory nest-building
behaviour for 56 generations (Lynch, 1980; Bult and Lynch, 1996; 1997; 2000). The
mice were subsequently bred by random mating (74th generation of small and big
nest-builders), or obtained from Harlan (C57Bl/6JN). In total, 176 mice were used
in this study. All animals were individually housed in lucite cages (18×12×13 cm).
Animals were maintained in a 12:12 hrs light-dark schedule (lights on at 08:00 hrs)
in a climate room at 20±0.5ºC. Food (Hope Farms® mouse pellets, Woerden, The
Netherlands) and water were available ad libitum. Principles of laboratory animal
care (NIH publication No. 86-23, revised 1985) were followed, and experiments
were carried out under license of the University of Groningen Animal
Experimentation Committee.

Experiment 1: Open field and elevated plus maze

Experiment 1A: Twenty nest-builders (10 of each line) were brought to the testing
room 24 hrs before the open field test was performed. All tests took place between
13:00 and 15:00. The open field (82 cm wide, 32 cm deep) consisted of an inner and
outer zone (17 cm distance from the edge). A 40-Watt light bulb was placed above
the open field at a height of 1.40 meter. The animals were placed in the open field
for 3 min, starting at the center of the apparatus. The behaviour of the animals was
taped and analysed with the aid of EthoVision (Noldus, Wageningen, The
Netherlands). The times needed to leave the center and to reach the outer zone
(latency), and the times spent in the outer and inner zone were measured. In
addition, number of rears and the total distance travelled through the open field by
the subjects were recorded. 

Thereafter, these 20 mice were brought to another testing room 3-7 days before
the elevated plus maze test was performed. The plus-maze was made of grey perspex
and elevated to a height of 75 cm. It consisted of two open arms (30×5 cm) and two
closed arms (30×5 cm, with a closed roof). Four mm-high ledges surrounded the two
open arms. All tests took place between 13:00 and 15:00, under dim red light to
encourage the animals to explore the maze. Each mouse was placed in the central
square (5×5 cm) facing an open arm, and allowed to explore the maze for 5 min.
The times spent on the open arms, closed arms and in the center were measured as
well as the number of entries into a closed arm, into an open arm, and total number
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of entries (as described by Pellow et al., 1985). An entry was defined as three of the
four paws being on the arm. The maze was cleaned before each test.
Experiment 1B: In this experiment, a group of 10 experimentally naïve individuals (5
of each line) were tested in the elevated plus maze as described above to determine
whether the previously performed open field test in the animals of experiment 1A
had influenced their level of anxiety/fear in this test. 

Experiment 2: Active shock avoidance (ASA) learning

Eighteen experimentally naïve nest-builders were used (8 small nest-builders and 10
big nest-builders). Experiments were carried out in the first half of the light period
(10:00-13:00). Footshocks were delivered in a shuttle box (Coulbourn Instr. LLC,
Allentown, PA; 2 compartments of 25×25×30 cm each, separated by a metal wall
with an opening (7 cm wide, 12 cm high). A 4.5 kHz tone served as the conditioned
stimulus (CS), presented for 5 s prior to the onset of the unconditioned stimulus
(US) of a scrambled electric footshock (0.2 mA AC) delivered through the grid floor
of the shuttle box for 3 s. When the mouse crossed to the other side within 5 s of the
onset of the CS presentation, the CS was terminated immediately, no footshock was
applied and the response was recorded as an avoidance. If the mouse did not make
an avoidance, it either received the footshock for 3 s, or escaped from it during the
3 s delivery by crossing to the other side of the shuttle box. Eight seconds after the
onset of the CS, both the CS and US were terminated if the mouse failed to make the
response within that time. The animals received 30 trials per daily session (and 3 or
4 consecutive days of training), with an intertrial interval of 20 s. Mice were trained

up to a criterion of ≥ 60% correct avoidances as a group average. The first trial was
excluded from analyses, because the mice typically showed a startle response
resembling an avoidance during the first presentation of the CS. Total number of
footshocks (representing total number of trials minus number of correct avoidances)
and correct avoidances were taken as behavioural measures. As such, it should be
noted that these two measures are complementary. Responses were analysed in
blocks of 10 trials.

Experiment 3: Initial stage of ASA training and SCN-AVP

In this experiment, the impact of the stressful initial phase on SCN-AVP was
examined. Twenty-eight experimentally naïve nest-builders (14 of each line) and 13
experimentally naïve C57Bl/6JN mice were used. Experiments were carried out
between 10:00 and 13:00. Footshocks were delivered in a shuttle box as described
above. Animals were assigned to one of three groups: an experimentally naive, non-
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stressed home-cage control group (group N; n=6 per line and 5 C57Bl/6JN mice), a
group exposed to the shuttle box with 3 min habituation time and subsequently
receiving one series of 30 trials as described above (group ASA1; n=4 for both lines
and C57Bl/6JN), or a group which was treated as group ASA1, followed by a second
series of 30 trials 24 hrs later (group ASA2; n=4 for both lines and C57Bl/6JN. Each
experimental animal was paired with a naive home-cage control mouse. The number
of crossings between the two compartments during the first 3 min habituation to the
shuttle box was taken as a measure for exploratory activity. Mice were killed 20 min
after the last trial for immunocytochemical evaluation.

Experiment 4: Time course of SCN-AVP-ir following ASA training

In this follow-up experiment, the effect of ASA training on the time course of SCN-
AVP was studied. Only small nest-builders (n=67) were used in this experiment
because of their more pronounced response in the previous experiment. ASA was
carried out between Zeitgeber time (ZT) 2-5. Footshocks were delivered in the shuttle
box as described above. Animals were assigned to one of 10 experimental groups: an
experimentally naïve, home-cage control group (group N; n=10), and the other
groups exposed to the shuttle box with 3 min habituation time and subsequently
receiving one series of 30 trials as described, and sacrificed 1 (n=6), 12 (n=8), 22
(n=6), 24 (n=9), 36 (n=6), 48 (n=5), 70 (n=4), 72 (n=6) hours, or a week (7*24 h,
n=6) later. Some of the brains got damaged during tissue preparation procedures.
The naïve controls were always sacrificed together with the 24 h (multiples) groups,
between ZT 2-5.

AVP  immunocytochemistry 
Animals were deeply anaesthetised with an overdose of sodium pentobarbital
(100 mg/kg, i.p.) and killed by decapitation, followed by a quick dissection of the
brain. Brains were immersion fixated for 24 hrs in 4% paraformaldehyde at 4 °C and
subsequently stored in phosphate buffer (pH 7.4) with 0.1% NaN3. Before sectioning
on a cryostat, brains were cryoprotected in 30% phosphate buffered sucrose for 48
hrs. Coronal brain sections were cut at a thickness of 25 µm, and collected in
phosphate buffered saline (PBS, pH 7.4) and stored in this medium with 0.1% NaN3

at 4 °C until further processing. Sections were rinsed in PBS and pre-incubated with
0.1% H2O2 for 20 min, followed by three rinses with PBS. Thereafter, brain sections
were pre-incubated with 5% normal sheep serum and subsequently incubated
overnight with the primary monoclonal antibody mouse anti-AVP (PS41; 1:500; a
generous gift of Dr. Gainer; Bethesda, M.D.; Ben-Barak et al., 1985) at room
temperature. Sections were preincubated again with normal sheep serum (5%), and
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incubated with biotinylated sheep anti-mouse (1:200; Amersham, England) for 2 hrs
at room temperature. After thourough rinsing with PBS, the sections were exposed to
HRP-conjugated Streptavidin (1:200; Zymed, CA) for 2 hrs at room temperature.
Triton-X-100 (0.5%) was added during all incubation steps. Finally, the sections
were processed with diaminobenzidine (DAB)-H2O2 (30mg DAB/100ml PBS/0.01%
H2O2) under visual guidance.

Quantitative analyses of AVP immunoreactivity (AVP-ir) 
AVP-ir in the organotypic cultures and brain sections were both quantified in two
complementary ways; by counting AVP cells and by image analysis. Quantitative
analyses of either way described below were performed "blind" to the type of mouse
and experimental condition. Cell counts in brain sections were performed as
described earlier (Bult et al., 1992; Gerkema et al., 1994; Van der Zee et al., 1999a).
In short, AVP-positive SCN cells were counted (left and right hemisphere were
summed) in every third section. The sections were assigned to one of six levels,
equally distributed along the rostro-caudal axis within the SCN. Relative optical
densities (ODs) of AVP-ir were determined in the SCN and in the paraventricular
nucleus of the hypothalamus (PVN). The OD in brain sections was measured in two
sections containing the middle portion of the SCN (medial SCN; rostro-caudal levels
3 and 4), and in two sections containing the largest region of the PVN. The OD is
expressed in arbitrary units corresponding to grey levels using a Quantimet 600
image analysis system according to the methods of Van der Zee et al. (1997a) and
Bult et al. (2001). The value of background labelling was measured in a
hypothalamic region devoid of AVP cell bodies, fibres or punctae. The relative OD of
the area of interest (SCN or PVN) was calculated by the equation 

[(ODarea - ODbackground)/ODbackground], 
thus correcting for between-section (background) staining variability.

Statistical analyses 
Mann Whitney U (MWU) or Student’s t-tests were used for statistical analysis. In
experiment 2, an ANOVA for repeated measures (RM ANOVA) was done, in which
mouse line was the between-subject factor and block the within-subject factor (9
levels). We used simple contrast, comparing values of each single block with the first,
to determine interaction effects. Finally, a post-hoc Student’s t-test analysis at block 1
was done to compare the initial performance between the lines in experiment 2. A
probability level of p<0.05 was used as an index of statistical significance in all cases.
All tests were applied two-tailed, and all data are presented as mean ± standard error
of the mean (S.E.M.). 
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Results

Experiment 1: Open field and elevated plus maze performance

Performance in the open field differed significantly between big and small nest-
builders. Small nest-builders showed more inhibited exploratory activity and risk
assessment behaviour in the open field. Some of these mice had a body posture
towards the floor (comparable to stretch attend postures), to try to blend in with the
environment. Moreover, some small nest-builders typically started exploration of the
inner zone of the open field by rotating around their hind paws, without leaving the
save area with their hind paws. Total exploratory activity, indicated by the distance
traveled in the open field was twice as high in big as in small nest-builders (Table 1;
p<0.0001; Student’s t-test). Time used to leave the center of the open field and start
exploring the outer zone was almost 10 times longer in small nest-builders than in
big nest-builders (Table 1; p<0.002; MWU). As a consequence, also the times spent
in the inner and outer zone differed significantly between the lines (Table 1; p<0.05
and p<0.01, respectively; MWU). Rearing performed in the outer zone (peripheral
rearing; center rearing was only rarely seen, and if so in big nest-builders only)
differed significantly between the lines, with big nest-builders rearing approximately
three times more often than small nest-builders (Table 1; p<0.01; MWU). The time
spent rearing differed 4-fold and significantly between the two lines (Table 1,
p<0.05; MWU).

Table 1. Open Field Behaviour

Small nest-builders
(n=10)

Big nest-builders
(n=10)

Latency (s) to leave inner zone 48.78 ± 17.51** 5.02 ± 1.27

Time (s) spent in inner zone 58.58 ± 19.09* 13.18 ± 2.83

Time (s) spent in outer zone 126.80 ± 18.75** 147.22 ± 2.49

Number of rears in outer zone 2.60 ± 1.01** 9.30 ± 1.72

Time (s) spent with rearing 4.50 ± 1.86* 17.00 ± 2.72

Distance traveled (cm) 1163.69 ± 151.86****a 2270.67 ± 180.46

an=8; two small nest-builders could not be traced by EthoVision for the determination of
the distance traveled. * p<0.05, ** p<0.01, **** p<0.0001.
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To test whether fear might be involved in inhibiting exploratory behaviour and
rapid adjustment to a new, unfamiliar environment in the small nest-builders, an
elevated plus maze test was performed on all mice previously tested in the open field
(experiment 1A). Since any observed degree of fear in the elevated plus maze may
have been (partly) influenced by the animals' experience with previous exposures to
unfamiliar environments, a second group of 10 experimentally naive animals (5 of
each line) was also tested (experiment 1B). Experimentally "experienced" small nest-
builders showed enhanced exploratory behaviour indicated by the significantly
higher number of arm entries into the open arm (p<0.05; MWU) and total arm
entries (p<0.05; MWU) compared to the naïve small nest-builders (Table 2). The
difference in closed arm entries just failed to reach statistical significance (p=0.058;
MWU; Table 2). No such differences were observed for big nest-builders (Table 2).
Taken together experienced and less experienced mice, the general activity (indicated
by the number of entries into open and closed arms as well as the total entries) was
significantly higher in the big compared to small nest-builders (Fig. 1A). The time
spent on open or closed arms also differed between the lines (Fig. 1B). Small nest-
builders spent significantly less time on the open arm (p<0.01; MWU), and
significantly more time in the closed arm (p<0.05; MWU), indicating that fear levels
were higher in small than in big nest-builders.

Table 2. Impact of a previous behavioural test on elevated plus maze performance: within-selection-line
comparison

Small nest-builders Big nest-builders

Experimentally
experienced
(n=10)

Experimentally
naïve
(n=5)

Experimentally
experienced
(n=10)

Experimentally
naïve
(n=5)

Total arm entries 15.80 ± 3.13 6.60 ± 1.92* 22.80 ± 3.96 23.40 ± 2.73

Closed arm entries 12.10 ± 2.42 5.80 ± 1.67¥ 15.90 ± 2.60 14.80 ± 2.27

Open arm entries 3.70 ± 1.05 0.80 ± 0.89* 6.90 ± 2.05 8.60 ± 3.07

Time in center (s) 65.85 ± 12.32 41.62 ± 12.66 59.86 ± 9.71 80.78 ± 8.65

Time in closed arm (s) 211.99 ± 13.74 247.52 ± 18.79 189.30 ± 17.62 160.68 ± 27.69

Time in open arm (s) 22.16 ± 7.34 10.74 ± 12.01 50.84 ± 10.89 58.22 ± 19.57

The number of arm entries but not the time spent in the various compartments of the elevated plus maze
differed in small nest-builders related to experience level, whereas no differences for these measures were
found in big nest-builders.  *=p<0.05; ¥=p=0.0576.
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Figure 1. Number of arm entries (A) and time spent (B) in the elevated plus maze. * p<0.05; ** p<0.01
The percentage of time spent on open arms (of total time spent on arms)
ovides an additional measure of anxiety-related behaviour (calculated from data
tained from Table 2). Big nest-builders spent 24.0±4.2 % of their time on the open

ms, but small nest-builders significantly less (7.7±2.4 %; p<0.001; MWU). This
easure also revealed the highest anxiety levels in small nest-builders. No significant
fference was found between experimentally experienced and experimentally naïve
ice. 

periment 2: ASA performance

havioural observations revealed that the animals explored both compartments of
e shuttle box during the 3 min habituation period. As found in experiment 1,
all nest-builders showed more behavioural inhibition than big nest-builders.
wever, both big and small nest-builders started with few correct avoidances in the

st block of 10 trials (day 1; Fig. 2). Small nest-builders hardly made any correct
oidances and their performance differed significantly from the big nest-builders
m the start (block 1; Fig. 2) of the experiment (p<0.02; Student-t test). The

lection lines differed significantly in ASA performance measured over 9 blocks of
 trials (3 days of training; F(1,16)=10.07, p<0.01; RM ANOVA), with a
nificantly better performance by the big nest-builders. Significant effect for block
th absence of an interaction between block line indicated that both types of nest-
ilders were able to improve their performance across time ((F(8,128)=9.87),
0.0001). The total number of avoidances after 9 blocks of 10 trials was
nificantly higher in big nest-builders (30.7±5.05) than in small nest-builders
1.1±2.7; p<0.05; MWU; Fig. 2). The big nest-builders reached the criterion of

0% correct avoidances in 10 trials in the 9th block of training at day 3. Small nest-



STRESS AND AVP IN MOUSE SCN

Block (=10 trials)
1 2 3 4 5 6 7 8 9 10 11 12

Co
rre

ct 
Av

oid
an

ce
s

0

2

4

6

8

10
Big nest-builders
Small nest-builders

builders needed an additional session of 3 blocks on
(Fig. 2), demonstrating that also these animals were ca
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positive cells showed a significant decline in stressed small nest-builders at rostro-
caudal levels 2–4 (two-way ANOVA; p<0.05; Fig. 4A), and at level 4 in stressed big
nest-builders in group ASA2 (two-way ANOVA; p<0.05; Fig. 4B). OD measures of
AVP-ir at SCN levels 3 and 4 revealed also a significant decrease in AVP-ir in both
lines, with small nest-builders showing this stressor effect in both ASA1 and ASA2,
whereas big nest-builders reached a significant decline only in ASA2 (two-way
ANOVA; p<0.05; Fig. 4C). Interestingly, the significant difference in SCN-AVP-ir
between naïve subjects of the selection lines shown here and earlier (Bult et al.,
1992) was again present in the ASA2 groups (two-way ANOVA; p<0.05; Fig. 4C). The
PVN of the hypothalamus was measured as an additional AVP-positive region,
because of its well-known role in stress. OD measures of AVP-ir in this brain region
demonstrated a significant decrease in the ASA2 group in both lines (two-way

Figure 3. Photomicrographs of AVP-ir in the SCN of small (left panels) and big (right
panels) nest-builders in experimentally naïve (N) mice (A, B), 20 min following a
session of 30 ASA trials (ASA1) (C, D), or 20 min following a second session of 30
ASA trials (ASA2), 24 hrs later (E, F). OC = optic chiasm; Scale bars in A-F = 80 µm.

Small nest-builders Big nest-builders

N N

ASA1 ASA1

ASA2 ASA2
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ANOVA; p<0.05; Fig. 5), but not in the ASA1 group. Both nest-builder lines
responded similarly.

In the C57Bl/6JN mice also an effect of the stressor was found (Table 3). The
maximal decrease in number of detectable AVP-positive cells in the SCN was less
than found in the nest-builders, but OD measures of SCN-AVP-ir decreased as
dramatically as found in the nest-builders (Table 3). The decrease of AVP-ir in the
PVN, although clearly present, was less strong as seen in the nest-builders. Taken
together, C57Bl/6JN mice resembled big nest-builders more than small nest-builders.
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Figure 4. Quantification of number of AVP-positive cells in the SCN of small (A) and big (B) nest-
builders following no treatment (Naïve; n=6 per type of nest-builder), one session of ASA training
(ASA1; n=4 per type of nest-builder) or an second session of ASA training 24 hrs later (ASA2; n=4 per
type of nest-builder). Asterisks depict significant differences between experimental situations, with
index 1 referring to the comparison of Naïve with ASA1, and index 2 to Naïve and ASA2. C. Relative
optical densities of AVP-ir in the SCN at the two medial sections (levels 3 and 4 in A and B) through the
SCN revealed significant differences between naive and stressed small nest-builders (ASA1 and
ASA2), and naive and stressed big nest-builders (ASA2) (C). * p<0.05.
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Table 3. Comparison of the impact of ASA training in nest-builders and C57Bl/6JN mice

Small nest-builders Big nest-builders C57Bl/6JN
AVP
neurones OD AVP

neurones OD AVP
neurones OD

ASA1 group

SCN 63.9 ± 5.3 54.9 ± 7.5 91.4 ± 9.2 73.7 ±15.2 99.6 ± 8.2 71.4 ± 10.1

PVN n.d. 57.8 ± 18.0 n.d. 86.5 ± 20.0 n.d. 86.7 ± 18.3

ASA2 group

SCN 66.0 ± 7.8 61.7 ± 7.5 64.0 ± 5.3 40.1 ± 13.0 85.3 ± 7.7 42.9 ± 9.2

PVN n.d. 34.1 ± 4.3 n.d. 51.9 ± 8.7 n.d. 71.7 ± 11.7

The number of AVP cells in the SCN and OD measures of AVP-ir in SCN or PVN in small and big nest-
builders and C57Bl/6JN mice are expressed as percentages of the values obtained from experimentally
naïve home-cage control mice in these groups. n.d. = not determined.

Experiment 4: Time course of SCN-AVP-ir following ASA training

To explore the consequences of ASA training on the time course of AVP changes in
the SCN, new groups of small nest-builders were exposed to a series of footshocks,
receiving only one session of 30 consecutive trials. The mice once more made only
few correct avoidances, and thus received many footshocks (data not shown). OD
values are corrected for between-section staining differences by calculating relative
optical density (OD-ODB)/ODB , where ODB is background OD, measured in a
hypothalamic area, devoid of specific staining in the vicinity of the SCN. The changes
in AVP staining intensity with time are shown in Fig. 6. AVP-ir varies with the time
passed since training. A direct effect of ASA is seen at 1 h were the OD is significantly
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Naïve and ASA2 groups of nest-builders.
* p<0.05.
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lower than the control animals sacrificed between ZT 2 and ZT 5 (MWU, p<0.001).
One (24 hrs), and two (48 hrs) circadian cycles later, AVP-ir is also lower than in
control mice (MWU, p<0.001). Three cycles later, at 72 hours after training, AVP-ir in
the SCN no longer differs from the controls, but seems to have been restored to the
original level. In-between the 24 h multiples, AVP does not remain low. The two
times that were analysed in the middle of the cycle, at 12 and 36 hrs after training,
do not differ from control mice AVP levels. Of course, these mice were sacrificed at a
different ZT (i.e. ZT 14-17). At 36 h AVP-ir was a significantly higher compared to
the 24 h point (p<0.01), and also compared to 48 h (p<0.01). Thus, low AVP-ir in
the SCN is seen directly, and at the same circadian times one and two cycles after
ASA training, whereas AVP levels similar to naïve mice is seen at other circadian
times.
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Figure 6. Time course of AVP-ir in the SCN following a single ASA training session, quantified by optical
density measurements. Stippled grey line represents average value of naïve mice (n=10). White bar: direct
effect (1 h, n=6). Grey bars: effect after one (24 h, n=9), two (48 h, n=5), and three (72 h, n=6) circadian
cycles, and just prior to 24 h multiples (22 h, n=6, and 70 h, n=4). Black bars: middle of first (12 h, n=8), and
second (36 h, n=6) circadian cycle (mice taken from the dark phase). Asterisks indicate significant
differences compared to naïve mice (** p<0.01).
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Discussion

Behavioural phenotyping of small and big nest-builders
The three behavioural tests (open field, elevated plus maze, and ASA task) reveal a
consistent and pronounced difference between the selection lines in response to
environmental challenges. In general, small nest-builders show more behavioural
inhibition in response to a novel environment. General activity in a novel
environment is consistently higher in big nest-builders. The behaviour shown by
small nest-builders in the open field and elevated plus maze, which can be
interpreted as risk assessment behaviour and movement inhibition, clearly indicate
high levels of anxiety and fear. The difference in the rate of ASA acquisition between
the two selection lines can be explained by a difference in fear, since the initial stage
of the ASA task is characterised by anxiety-mediated behaviour, which diminishes as
the behavioural performance becomes gradually established (Fernández-Teruel et al.,
1991b). In summary, the behavioural phenotyping shows that small nest-builders
are inhibited in their natural tendency to explore a novel environment, and that big
nest-builders are more daring to wander about an unfamiliar environment.

Exploratory activity in an unfamiliar and unpredictable environment can be
used as an indirect measure of coping styles, defined as the behavioural and
physiological efforts to master a situation (see for review Koolhaas et al., 1999, and
references therein). Comparison between house mouse lines selected for nest-
building or for long or short attack latency (LAL or SAL, respectively) revealed
evidence for a (common) genetic basis of alternative behavioural strategies (Sluyter
et al., 1995). Small nest-builders have a longer attack latency than big nest-builders,
and SAL mice build bigger nests than LAL mice do. Like small and big nest-builders,
LAL and SAL mice differ in exploratory behaviour in a novel environment, with SAL
and big nest-builders being of the active or proactive type, and LAL and small nest-
builders of the passive or reactive type (Koolhaas et al., 1999). Taken together, the
finding that the behavioural differences between small and big nest-builders
correspond with active (proactive) and passive (reactive) characteristics is consistent
with observations in SAL and LAL mice, although it should be noted that nest-
builders in general show more behavioural inhibition to stressful situations than
attack latency mice (unpublished observations). 

Stress-induced alteration in SCN-AVP-ir 
The application of a stressor (the initial stage of ASA training) induced a decrease in
SCN-AVP-ir in the nest-builders, and this stress reponse is larger in the selection line
with the highest behavioural anxiety. The decrease in SCN-AVP-ir is not a peculiar
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feature of the selection lines, but was found also in C57Bl/6JN mice. The difference
in SCN-AVP-ir between small and big nest-builders is a trait, which remains present
in SCN cultures (Van der Veen et al., in prep), and which is also re-established after
the second day of ASA training. In contrast, PVN-AVP-ir does not differ between the
lines (Bult et al., 1992; this study), and the stress-induced alteration in this brain
region develops in parallel in both lines.

The decline in SCN-AVP-ir after footshocks as a result of ASA training could be
interpreted as AVP release induced by stress. AVP release can be deduced by
comparing the OD of SCN-AVP-ir of ASA-trained mice compared to home-cage
control mice. Previously, we demonstrated a negative correlation between SCN-AVP-
ir and SCN-AVP release employing long-term organotypic SCN cultures from
common voles (Gerkema et al., 1994; Jansen et al., 1999; Jansen et al., 2000), Syrian
hamsters (Van der Zee et al., 2002), and small and big nest-builders (Van der Veen et
al., unpublished results). In all these cases, reduced levels of SCN-AVP-ir implied a
high level of AVP release.

The delivery of footshocks as a stressor has been well documented (Shanks et
al., 1990; Roozendaal et al., 1991). As such, ASA training induces high plasma
corticosterone levels both during and immediately following training (Coover et al.,
1973; Lehmann et al., 1999), and the initial stages of ASA acquisition involves a high
degree of stress and anxiety (Fernández-Teruel et al., 1991b). Stress components are
therefore a common aspect during the initial phase of learning before an animal
masters the task. The present findings strongly suggest that the SCN-AVP system
plays a role in information processing engaged by the stressful aspects of a learning
task. Involvement of the SCN in stress-related situations (reviewed by Meerlo et al.,
2001) has also been demonstrated by a more than four-fold increase in AVP release
from the SCN within 30 min after the start of swim stress (Engelmann et al., 1998).
Moreover, novelty induced an increase in the expression of the immediate early gene
c-fos, a marker of neuronal activity, in the SCN of rats (Emmert and Herman, 1999).

The observation of reduced AVP-ir in the PVN, also most likely as a
consequence of AVP release induced by the stressor, is in close correspondence with
the literature. Stress-induced AVP release from the PVN is well documented (for
review, see Landgraf et al., 1998), and is therefore consistent with the reduced AVP-ir
measured in the PVN of our stressed mice. AVP release in the brain is involved in
stress-coping strategies (for review, see Landgraf et al., 1998), and the PVN
orchestrates the hypothalamic-pituitary axis, integrating endocrine, autonomic,
immunological and behavioural responses to stress. Because SCN-AVP output also
reaches the (dorsomedial) PVN, either monosynaptically or multisynaptically via the
subPVN area (Watts, 1991; Kalsbeek et al., 1996; Buijs et al., 1998), it is reasonable
to assume that timing information is integrated in the PVN as well. This timing
information provided by the SCN may be incorporated in the storage and retrieval of
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stress-related information to prepare a subject for subsequent exposures to the same
stressor at the same circadian phase. Such anticipation will enhance survival in future
encounters. We are therefore tempted to speculate that SCN-AVP in the mouse can
be used as a "time cog", functioning as an output signal of the SCN related to the
time point of a stressful event at a particular moment across the circadian cycle. 

Time course of AVP-ir in the SCN after ASA training
The results obtained from the AVP-ir time course experiment support this hypothesis.
Mice that were sacrificed at one or two circadian cycles after ASA training revealed
lower AVP-ir in the SCN than their time-matched naïve controls did. At the times in-
between, and preceding the 24 h points do not differ significantly from control mice.
The direct effect of AVP decrease as a result of ASA is repeated here, indicating that
the drop in AVP-ir seen at 20 minutes is still present after one hour. The shortcoming
of this experiment is that we have not used separate control mice for the time points
in the middle of the cycle, i.e. the 12 and 36 h group. These mice were taken from
the dark part of the LD cycle, whereas the rest was taken from the light phase. A
circadian profile in AVP-ir, if present, might therefore interfere with the observed
fluctuations at those points. Nevertheless, the difference in AVP-ir between ASA
trained mice and controls (at the time points where the proper control is present: 24,
48, and 72 h) indicate that AVP-ir is affected chronically by fear conditioning in a
fluctuating fashion. The higher ir (similar to control levels) in the middle of the
circadian cycle and preceding the 24 h multiples (22 and 70) suggests a partial
restoration or replenishing of AVP in the SCN. If a circadian profile is present in
these mice, the normal circadian fluctuation would predict AVP nadir in the
subjective night compared to the daytime peak (ZT 4 for AVP-ir in mice; Inouye,
1996), which was not found here. So, even though mice had been shocked, causing a
drop in AVP-ir, the expected nighttime nadir was absent, suggestive of an increased
AVP production or, alternatively, a much reduced release. 

At present, not much is known about the pathways and cellular mechanisms
involved in stress-induced AVP release from the SCN. Most likely, the paraventricular
nucleus of the thalamus (PVT) plays a crucial role. This nucleus has been shown to
be activated by stressors as well as after associative learning (Chastrette et al., 1991;
Brown et al., 1992). In addition, glutamatergic neurones of the PVT
monosynaptically innervate AVP neurones in the SCN (Moga and Moore, 1997).
Hence, activation of the PVT could lead to AVP release from the SCN. The AVP stress-
response is more pronounced in small nest-builders. This can be due to a stronger
stress-related signal reaching the SCN in this line, but alternatively (or additionally)
to a higher sensitivity of SCN-AVP neurones for this input, due to higher sensitivity
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in AVP signal transduction, for example via Protein Kinase Cβ1 (Van der Zee and
Bult, 1995; Bult et al., 2001). 

Conclusion
The present results open a new avenue on how animals exploit SCN-AVP under
stressful conditions, and adds new information on the involvement of the SCN in
stress responses. The impact of a stressor on SCN-AVP is more pronounced in
animals with a reactive coping style than in animals with a proactive coping style.
SCN-AVP is affected directly and chronically in small nest-builders by a fear
conditioning task, causing low AVP-ir at circadian times when mice were trained, but
this effect is overcome after three cycles. A replenishment of AVP is present between
those times, suggesting an ongoing fluctuation, independent from the LD cycle.
These results are suggestive of a "time cog" function of SCN-AVP triggering a
behavioural or neuroendocrine response.
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Abstract

The suprachiasmatic nucleus (SCN) is engaged in modulation of memory retention after

fear conditioning, but it is unknown which pathways and neurotransmitter system(s) play a

role in this action. Here we examine immunocytochemically whether muscarinic

acetylcholine receptors (mAChRs), mediating cholinergic signal transduction in the SCN,

are involved. For this purpose, mAChR-immunoreactivity (mAChR-ir) was studied in the

SCN after various stages of passive shock avoidance (PSA) and active shock avoidance

(ASA) training, and for ASA at various post-training time points. mAChR-ir was

significantly enhanced in SCN neurons as a result of the training procedure, and the

number of mAChR-positive glial cells in the SCN increased significantly. The increase in

mAChR-ir as a result of PSA and ASA training was not due to fear conditioning or the

number of correct avoidances (in case of ASA training), but rather to behavioural arousal as

a consequence of exposure to a novel environment (the test apparatus). The findings of the

present study shed new light on a possible function of cholinergic signal transduction in the

SCN mediated by mAChRs, and contribute to our awareness of the involvement of the

biological clock in behavioural arousal during (the habituation stage of) a learning task.
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Introduction

The suprachiasmatic nucleus (SCN) of the anterior hypothalamus is the master
circadian clock (biological clock) in mammals (Rusak and Zucker, 1979), controlling
and synchronising many biochemical, physiological and behavioural processes.
Studies in the 1970s suggested that it plays a role in learning and memory processes,
using passive shock avoidance (PSA) and active shock avoidance (ASA) as associative
learning tasks (Holloway and Wansley, 1973a,b; Wansley and Holloway, 1976;
Stephan and Kovacevic, 1978). Through which pathways and neurotransmitter
systems the SCN is engaged in memory processes is not clear, but the cholinergic
system is a possible candidate.

The cholinergic basal forebrain system, acting via muscarinic acetylcholine
receptors (mAChRs), is involved in various aspects of PSA and ASA learning (Lo
Conte et al., 1982; Dekker et al., 1991; Van der Zee and Luiten, 1999). The major
function of the cholinergic system is to evaluate sensory stimuli for their importance
(Blokland, 1996; Sarter and Bruno, 1994). Cholinergic neurons are activated by
behaviourally salient and arousing stimuli and play a key role in behavioural arousal
and attention towards stimuli crucial for (associative) learning (Acquas et al., 1996;
Wenk, 1997; Hasselmo, 1995). Bina and coworkers (1993) demonstrated that
cholinergic neurons of the medial septum, nucleus basalis and diagonal band project
to the SCN. These cholinergic projections consist of fibers containing large numbers
of varicosities, and make axosomatic and axodendritic synaptic contact with SCN
neurons (Kiss and Halásy, 1996).

Acetylcholine (ACh) levels in the SCN do not show an endogenous circadian
fluctuation, but these levels can be enhanced 5-fold within 30 min by arousing an
animal (Murakami et al., 1984). Cholinergic agonists can phase shift in a phase-
dependent manner the locomotor rhythms in rats and hamsters (Earnest and Turek,
1985; Meijer et al., 1988; Wee and Turek, 1989; Bina and Rusak, 1996), and
neuronal firing activity in rat SCN slices (Liu and Gillette, 1996). These actions are
predominantly mediated by mAChRs. 

Localisation of mAChRs in the SCN has been demonstrated by ligand binding
(Kobayashi et al., 1978; Rotter et al., 1979; Bina et al., 1998). In contrast to many
other neuroactive substances, also the expression of mAChRs in the SCN does not
reveal daily fluctuations in rats and hamsters (Van der Zee et al., 1991; Bina et al.,
1998). The distribution of mAChRs in the rat SCN has been described in much more
detail using the monoclonal antibody M35, which binds to all five mAChR subtypes
(Van der Zee et al., 1991; Carsi-Gabrenas et al., 1997). Using subtype-selective
antibodies, we reported that SCN neurons express at least m1, but not m2 mAChRs,
although both subtypes are present on axon terminals within the SCN (Van der Zee
et al., 1999b).
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One way to study whether the biological clock is cholinergically affected by
learning and memory processes and to further bridge the fields of chronobiology and
cognitive neuroscience is to search for alterations in mAChR immunoreactivity
(mAChR-ir) in SCN cells. Behaviourally induced alterations in the
immunocytochemical expression of mAChRs in learning and memory-related brain
regions (e.g. hippocampus, neocortex and amygdala) have been described and
examined in detail in rats following PSA and ASA learning, but the SCN was not
studied (see for review Van der Zee and Luiten, 1999). The aim of this study is to
analyse whether associative learning changes mAChR expression in the SCN. For this
purpose, we examined mAChR-ir in the SCN after various stages of PSA and ASA
training (Experiment 1), and for ASA at ten different post-training time points
(Experiment 2) in order to determine the time course of the changes observed in
Experiment 1.

Methods

Animals and Assignment to Experimental Groups
Male Wistar rats (body weight ca. 300 gram; 103 in total) were obtained from the
breeding colony at our institute (department of Animal Physiology, University of
Groningen). Animals were group-housed in perspex cages (5-7 individuals per cage).
Food and water was available ad libitum in a temperature-controlled environment of
21±1°C on a 12:12 hrs light/dark cycle, with lights on from 8:30 to 20:30 hrs. The
experiments (performed between 10:30 and 16:30 hrs) were approved by the Animal
Experimental Committee of the University of Groningen and the animals have been
acquired and cared for in accordance with the guidelines published in the NIH
Guide for the Care and Use of Laboratory Animals.

In Experiment 1, 48 rats were used. For PSA, rats were habituated to the test
apparatus (Habituated group HPSA; n=6), habituated and shocked twice by a mild
footshock (Trained group TPSA; n=10), or habituated, shocked twice by a mild
footshock followed by a retention trial (Tested group TEPSA; n=8). Experimentally
naïve rats served as controls (Naïve group NPSA; n=6). For ASA, rats were habituated
to the shuttle-box (Habituated group HASA; n=6), or habituated and trained by
receiving 60 trials in the shuttle-box (Trained group TASA; n=6). Experimentally naïve
rats served as controls (Naïve group NASA; n=6). All experimental rats were killed 24h
after their last exposure to the test apparatus.

In Experiment 2, 55 rats were used. Fifty rats were trained for ASA and killed 2,
8, 16, 20, 22, 24, 32, 40, or 48 hours, or 13 days (13 × 24 hrs) after training (Trained
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groups TASA2, 8, 16, 20, 22, 24, 40, 48 (n=5), TASA32 (n=6), and TASA13-days (n=4)). Five rats served as
naïve cage controls.

Behavioural Procedures for PSA and ASA
A step-through-type passive avoidance apparatus was used to investigate one-trial
associative learning. Briefly, the apparatus consisted of a dark compartment
(40×40×40 cm) connected via a small opening to an elevated, well-lit platform.
Access from the platform to the dark compartment was regulated by a sliding door in
the opening. The floor of the dark compartment was made of stainless steel bars,
through which a scrambled footshock could be delivered.

Two habituation trials were given on two consecutive days, 24 hrs apart. The
first habituation trial (day 1) started with a 5 min adaptation to the dark
compartment. Immediately afterwards, the rat was placed on the illuminated
platform and allowed to enter the dark compartment. The sliding door was then
closed and the rat stayed for another 3 min in the dark. During the second
habituation trial (day 2) the rat was placed directly on the illuminated platform.
After entering the dark compartment the sliding door was closed. The animal was
allowed to stay in the dark for 3 min once more. Twenty-four hours later (day 3) the
training trial was performed. The preshock entry latency was measured, and the rat
received two scrambled electric footshocks (0.6 mA AC for 3 s) 30 s apart, shortly
after entering the dark compartment with the sliding door closed. The rat was
removed from the dark compartment 30 s after the last footshock. The HPSA group
was also forced to stay in the dark compartment for 30 s, but did not receive a
footshock. Twenty-four hours (day 4) later HPSA and TPSA groups were killed as
described below, whereas the TEPSA group was placed on the platform to measure the
postshock entry latency to the dark compartment with a cutoff latency of 5 min.
Twenty-four hours later (day 5) these animals were killed. As such, HPSA and TPSA

animals were killed 72 hrs, and TEPSA animals 96 hrs after their first exposure to the
test apparatus, but all experimental subjects were killed 24 hrs after their last
exposure.

Active shock avoidance conditioning, a multi-trial associative learning task, was
performed in a two-way shuttle-box (50×26×17 cm). All experimental animals were
habituated to the shuttle-box for 5 min. The sound of a buzzer served as the
conditioned stimulus (CS), presented for 5 s prior to the onset of the unconditioned
stimulus (US) of a scrambled electric footshock (0.3 mA AC) delivered through the
grid floor of the shuttle-box for 3 s. When the rats crossed the barrier within 5 s after
the onset of the CS presentation, the CS was terminated immediately, no footshock
was applied and the response was recorded as an avoidance. If the rat did not make
an avoidance, it either received the footshock for 3 s, or escaped from it during the
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3 s delivery by crossing to the other side of the shuttle box. Eight seconds after the
onset of the CS, both the CS and US were terminated if a rat failed to make the
response within that time. The animals received 60 trials in one daily session, with
an intertrial interval varying between 10 and 30 s (20 s on average). 

Immunocytochemical Procedure
Rats were deeply anaesthetised with 6% sodium pentobarbital and transcardially
perfused with 100 ml heparinised saline followed by 300 ml fixative composed of
2.5% paraformaldehyde, 0.05% glutaraldehyde, and 0.2% picric acid in 0.1 M
phosphate buffer (PB) (pH 7.4). The brains were removed from the skull and
cryoprotected by overnight storage in 30% sucrose in 0.1 M PB at 4ºC. Brains were
cut coronally on a cryostat into 25 µm sections. (The brain of one animal from the
TASA32 group was discarded because of a failed perfusion.) Thereafter, immunostaining
was carried out on the free-floating sections for mAChRs using the monoclonal
mouse anti-mAChR IgM M35 raised against purified bovine mAChR-protein as
described in detail elsewhere (Van der Zee et al., 1989). M35 does not discriminate
between the five mAChR subtypes (Carsi-Gabrenas et al., 1997; Van der Zee and
Luiten, 1999). In short, tissue sections were preincubated for 15 min in 0.1% H2O2
in phosphate buffered saline (PBS), and immersed in 5% normal rabbit serum
(NRS) in PBS for 30 min to reduce aspecific binding in the following incubation
step. Next, the sections were incubated with the first antibody (M35), diluted 1:200
in 1% NRS overnight at 4ºC under gentle movement of the incubation medium.
After the primary incubation, sections were rinsed in PBS and again preincubated
with 5% NRS for 30 min before the secondary incubation step in biotinylated rabbit
IgG anti-mouse-IgM (mu-chain directed, F(ab’) fraction, Zymed), diluted 1:200 in
PBS for 2 hrs at room temperature. Thereafter, the sections were thoroughly rinsed in
PBS and incubated in streptavidin-HRP (Zymed) diluted 1:200 in PBS for 2 hrs at
room temperature. Finally, after rinsing in PBS and 0.05 M Tris buffer, the sections
were processed by the diaminobenzidine(DAB)-H2O2 reaction (30 mg DAB and
0.003% H2O2 /100ml 0.05 M Tris buffer, pH 7.4), guided by a visual check. Control
experiments were performed by the omission of the primary antibody, yielding
immunonegative results. Cresylviolet background staining was performed on M35-
processed tissue sections of experimentally naïve animals to estimate the average cell
diameter and numerical cell density of principal SCN cells. 

Data Analysis and Quantification
The relative optical density (OD) of M35-ir was determined in the SCN of all
animals (Experiments 1 and 2). Five levels along the rostro-caudal axis of the SCN
were distinguished, with levels 1 and 5 corresponding to bregma levels -0.92 and
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-1.50 mm, respectively, according to the brain atlas of Paxinos and Watson (1986).
Rostro-caudal levels 2, 3, and 4 were then equally distanced from each other between
levels 1 and 5. Brain sections containing the SCN were then assigned to these levels.
SCN-M35-ir OD was determined in brain sections corresponding to the 5 levels of all
animals from Experiment 1 (one brain section per level per animal; the obtained
values of the left and right SCN were averaged). Based on the outcome of this rostro-
caudal analysis, we decided to perform all further OD measures on brain sections
corresponding to level 3 (the middle portion of the SCN; two brain sections per
animal were analysed and the values of the left and right SCN were averaged). In
addition to the SCN, the OD of M35-ir was also determined of the medial preoptic
area (mPOA), the retrochiasmatic area (RChA), and the lateral hypothalamus (LH)
of animals from Experiment 1. The mPOA was analysed at bregma level -0.80 mm,
and the RChA and LH at bregma level -1.80 mm. The OD was expressed in arbitrary
units corresponding to grey levels using a Quantimet 600 image analysis system. The
value of background staining was measured in the corpus callosum, which was
relatively devoid of M35-ir. The relative OD was calculated by the equation 

[(ODarea - ODbackground)/ODbackground], 
thus correcting for variability in background staining between sections.

Numbers of mAChR-positive astrocytes were determined in one section per
animal in the SCN at rostro-caudal level 3 (values of left and right SCN were
summed) of all animals from Experiment 2. The sample area was delineated by an
ocular grid containing a square of 250×250 µm. Astrocytes were only counted when
their cell body was present in the section.  

Statistical Evaluation
A Mann Whitney U-test (MWU), a Student’s t-test, or a Wilcoxon signed rank (WSR)
test was used for statistical analysis when appropriate. A probability level of p<0.05
was used as an index of statistical significance in all cases. All tests were applied two-
tailed, and all data are presented as mean ± standard error of the mean (S.E.M.).

Results

mAChR-ir in experimentally naïve rats (Experiment 1)

Loosely scattered mAChR-positive cells with associated dendritic profiles were found
within the SCN (Fig. 1a, d) as well as in the mPOA and, to a lesser degree, in the
RChA and LH as described earlier (Van der Zee et al., 1989; 1991). The mAChR-
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positive cells belonged to a subpopulation of relatively large, often somewhat
elongated, monopolar or bipolar neurons. No apparent differences in distribution or
morphological appearance of these cells were found in the dorso-ventral axis of the
SCN. mAChR-immunostaining, as determined by OD, differed little along the rostro-
caudal axis in experimentally naïve rats (Fig. 3). No differences in all these measures
were obtained between the NPSA and NASA groups. Some immunolabeled neurons were
present in the optic chiasm. Few mAChR-ir glial cells were found in the SCN, but
those observed were often associated with the large blood vessels or found at the
border of the optic chiasm. 

Figure 1. Photomicrographs of muscarinic acetylcholine receptor immunoreactivity in the SCN of behaviorally
naïve rats (NPSA; a, d), 24 hours after passive shock avoidance retention test (TEPSA; b, e), and 24 hours after
active shock avoidance training (TASA; c, f). d, e, and f are enlargements of the SCN area shown in a, c, and e,
respectively. 3V = third ventricle; OC = Optic Chiasm. Scale bars in a,b,c = 48 µm, in d,e,f = 12 µm.
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Behaviour and alterations in mAChR-ir in experimentally tested rats
(Experiment 1)

Passive Shock Avoidance
Behaviour: all rats displayed exploratory behaviour during the habituation

period to the test apparatus. PSA preshock entry latency did not differ between the
various groups (MWU-test; p>0.05; HPSA: 5.2±1.4 s; TPSA: 3.5±0.8 s; TEPSA: 3.3±0.7 s).
The memory retention test of the 8 TEPSA animals revealed that two rats did not enter
the dark compartment before the 5 min cut off time, whereas the remaining 6
animals stayed on the platform for 156.4±16.6 s on average. Post-shock entry latency
was significantly increased compared to pre-shock entry latency (p<0.005; WSR test),
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Figure 2. Relative optical density of mAChR-ir
at rostro-caudal level 3 of the SCN (A,B).
A. PSA. Habituated, trained and retention tested
rats are compared to the values of naïve rats.
B. ASA. Habituated and trained rats are
compared to the values of naïve rats.
C. Relative optical density of mAChR-ir in
mPOA, RChA, and LH of naïve and PSA or ASA
trained rats. Significant increases compared
with experimentally naïve rats are indicated by
asterisks. ** p<0.01, ***p<0.001.
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indicating that the animals associated the dark compartment with the footshock
delivery.

Immunostaining: enhanced mAChR-ir was found in SCN cell soma and their
dendritic profiles in HPSA, TPSA and TEPSA rats (a TEPSA rat is shown in Fig. 1b, e). HPSA ,
TPSA and TEPSA groups revealed significantly enhanced mAChR-ir compared with the
behaviourally naïve group (Fig. 2A; p<0.01 in all cases; Student’s t-test). Although a
further increase of OD was found in the trained and tested groups (TPSA and TEPSA)
compared with the habituated group (HPSA), no significant differences in OD were
found between the HPSA, TPSA and TEPSA groups (p>0.05 in all cases; Student’s t-test).
Densely stained cells were homogeneously distributed throughout the dorso-ventral
axis of the SCN. The number of mAChR-ir neurons in TEPSA rats increased
significantly as compared with naïve rats (Table 1). The staining intensity for
mAChRs was more pronounced at the anterior than the posterior part of the SCN, as
revealed by OD measures (analysed for the TEPSA group; Fig. 3A), and differed
significantly from that of naïve rats at all levels except level 5 (MWU-test). No
correlation was found between the postshock entry latency as a measure of memory
retention (ranging from 83 to 300 seconds) and the OD values for mAChR-ir in the
SCN (r=0.13; p=0.68; Spearman Rank correlation).
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Figure 3. Relative optical density of mAChR-ir of 5 equidistant rostrocaudal levels through the SCN of PSA
tested (A) and ASA trained rats (B) compared to experimentally naïve rats. In case of PSA, a significant
increase in mAChR-ir was found at levels 1 to 4, but not at level 5, representing the most caudal part of the
SCN. In case of ASA, a significant increase in mAChR-ir was found at all levels. Significant increases
compared with experimentally naïve rats are indicated by asterisks. * p<0.05, **p<0.01.
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Active Shock Avoidance
Behaviour: all animals exposed to the two-way shuttle box displayed exploratory

behaviour. During ASA training a gradual increase in number of correct avoidances
occurred over time that varied considerably between individuals. In Experiment 1,
the rate of acquisition differed slightly between animals. On average rats reached
41.51±3.22 correct avoidances (69.2%) within 60 trials. In Experiment 2, the rate of
acquisition varied somewhat more between animals and distinguished slow from
fast learners, ranging from 0% correct avoidances (2 animals; one of the TASA20 and
one of TASA32 group) to 90% correct avoidances. Taken all groups of Experiment 2
together, rats reached 34.06±12.18 correct avoidances (56.8%) on average within 60
trials.

Immunostaining: an increase in mAChR-ir was found in the SCN in all HASA and
TASA rats, and this was comparable in distribution and appearance to that found for
PSA (a TASA rat is shown in Fig. 1c, f). The number of mAChR-ir neurons in TASA rats
increased significantly as compared with naïve rats (Table 1). The impact of 5 min of
habituation to the shuttle-box was examined in the HASA group. Fig. 2B shows that
the exposure to the test apparatus induced a significant increase (p<0.01; Student’s t-
test) in mAChR-ir compared with NASA animals, but HASA rats did not differ from TASA

rats (p>0.05; Student’s t-test). A significant increase in immunostaining in TASA rats as
measured by OD was seen throughout the rostro-caudal axis of the SCN (Fig. 3B;
p<0.05; MWU-test) compared with NASA rats. This increase in TASA rats was less
pronounced and showed less variation along the rostro-caudal axis than seen in PSA
tested animals, although it did not differ significantly from TEPSA (p>0.1 for all SCN
levels; Student’s t-test). No correlation was found between the number of correct
avoidances and the OD values in the SCN (r=0.41; p=0.50; Spearman Rank
correlation). 

Table 1. Number of mAChR-ir neurons in the mid-region of the SCN and
the estimated percentage of total SCN neurons these cells represent.

mAChR-positive neurons

number % of total neurons

Naïve rats 16.6 ± 5.0 8 %

PSA-trained rats 110.2 ± 17.6 *** 51 %

ASA-trained rats 84.6 ± 16.1** 39 %

Number of mAChR-ir cells was significantly enhanced after PSA and ASA
training as compared with naïve rats. ** p<0.01; *** p<0.001.
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Alterations in mAChR-ir in the Medial Preoptic and Retrochiasmatic Area
and other brain regions (Experiment 1)

Besides changes in mAChR-ir in the SCN, other brain regions showed changes as
well. Within the hypothalamus in the near vicinity of the SCN, changes were
observed in the mPOA, RChA, and LH of TEPSA and TASA animals, as compared with
NPSA animals. OD measures revealed a significant (p<0.01 in all cases) increase in
mPOA and RChA in both learning tasks, but not in the LH (Fig. 2C). The increase in
the RChA was less pronounced, and more variable between individuals than that of
the mPOA. Although beyond the scope of the current study, distinct patterns of the
changes in mAChR-ir were present in the forebrain after PSA and ASA performance.
Enhanced mAChR-ir was seen in the SCN in both paradigms, but characteristic and
localised changes were also found elsewhere after each task. In PSA-tested rats,
changes were present in neocortex (in a columnar fashion; Van der Zee et al., 1994;
Van der Zee and Luiten, 1999), piriform cortex, and thalamic regions (e.g. the
ventrolateral thalamic nucleus and ventral posteromedial thalamic nucleus), whereas
no changes were found in the paraventricular nucleus or (dorsal) hippocampus, and
various other brain regions. In ASA-tested rats, changes were seen in neocortex (but
to a lesser extent than after PSA), amygdala (decrease in the central nucleus and
increase in corticomedial nucleus; Roozendaal et al., 1997; Van der Zee and Luiten,
1999), paraventricular nucleus, dentate gyrus of the dorsal hippocampus, and
thalamic regions (e.g. the ventrolateral thalamic nucleus and ventral posteromedial
thalamic nucleus), whereas no changes were found in various other brain regions.

The mPOA and RChA in habituated rats (HPSA and HASA) revealed similar
changes in mAChR-ir as seen in animals that were used for associative learning (TEPSA

and TASA). In contrast, habituated rats revealed no apparent changes in the other brain
regions described above which revealed associative learning-characteristic alterations
in mAChR-ir (Van der Zee and Luiten, 1999). 

Time course of enhanced mAChR-ir in the SCN of ASA trained rats
(Experiment 2)

Rats were trained and studied at rostro-caudal level 3 for mAChR-ir at 2, 8, 16, 20,
22, 32, 40, and 48 hours after training as well as 13 days (13 × 24h) post-training
(Fig. 4A). OD values of SCN-mAChR-ir in the NASA and TASA24 rats in this experiment
(Experiment 2) were comparable to those of naïve and ASA-trained rats of
Experiment 1, demonstrating replication of the previous findings. TASA2, -8, -16, and -20

groups did not differ from NASA animals (Student’s t-test). TASA22 was significantly
higher than all time points before 20 hrs and significantly lower than all later time
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points (except the 40 h and 13 days post-training time points; p<0.05 in all cases,
Student’s t-test). TASA24, -32, -40, and -48 animals differed significantly from all time points
before 22 h (p<0.05 in all cases, Student’s t-test), but not from each other (p>0.5,
Student’s t-test). Although TASA13days had an intermediate level of relative OD, they did
not differ from either naïve or TASA24 animals (p>0.1, Student’s t-test). It should be
noted, however, that in the four animals of the 13-days group two had a high relative
OD (4.96 and 6.46) resembling TASA24, TASA32, TASA40, and TASA48, while the other two were
low (0.92 and 0.95), resembling naïve animals. 

In addition to OD measures, the number of mAChR-ir astrocytes were counted
at rostro-caudal level 3 (Fig. 4B). Immunoreactive astrocytes were clearly discernable
from neurons due to higher staining intensity and characteristic morphology (this
study and Van der Zee et al., 1991; 1993). Enhanced numbers of immunopositive
astroglial cells were encountered in all TASA groups compared to NASA animals (p<0.05
in all cases; Student’s t-test), with the exception of TASA13days. In the latter group, the
two animals with high mAChR-ir OD also revealed high numbers of mAChR-
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Figure 4. A. Relative optical density of
mAChR-ir at rostrocaudal level 3 of the
SCN of naïve rats and ASA trained rats
killed at different post-training time points.
B. Number of mAChR-positive astrocytes
in the SCN at rostrocaudal level 3 of the
same rats. Significant increases compared
to naïve animals are indicated by
asterisks. *p<0.05; **p<0.01.
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positive astrocytes (202 and 184), whereas the two individuals resembling naïve
animals for OD also had low numbers of astrocytes (43 and 39). The astroglial
changes were primarily limited to the SCN, and not obviously present in the mPOA
and RChA (data not shown).

The variation in number of correct avoidances enabled us to analyse the
potential relationship between the OD and rate of acquisition (expressed as number
of correct avoidances). Because alterations in mAChR-ir were fully expressed at 24h
post-training and later time points, whereas at 20h post-training and earlier time
points no changes occurred yet, correlations were studied in two clusters of animals.
The first cluster consisted of TASA2, -8, -16, and -20, and the second cluster of TASA24, -32, -40,
and -48. In both cases no significant correlation was found (cluster 1: r=0.2648;
p=0.258; cluster 2: r=0.1729; p=0.447) indicating that neither the initial nor the
enhanced level of mAChR-ir relates to rate of acquisition.

Discussion

The results of the present study demonstrate that SCN-neurons and astroglial cells
are neurochemically affected as a result of the training procedure for passive and
active shock avoidance learning. The essential findings of the present study are:
1) the increase in mAChR-ir following PSA or ASA training is not due to fear
conditioning per se (i.e. the association of the footshock with the place of delivery in
PSA, or the coupling of a tone and a footshock in ASA) but rather to exposure to a
novel environment (the test apparatus). 2) In both paradigms this increase takes
place in previously mAChR-immunonegative SCN neurons and glial cells. 3) The
increase in mAChR-ir after ASA training is differentiated in time for glial cells and
neurons; glial cell changes are seen 2 hours after the last training trial, and neuronal
changes not before the 22 hours post-training time point. 4) mAChR-ir in both cell
types remains high for days to weeks. 5) Increases in hypothalamic mAChR-ir were
also found in the mPOA, and to a lesser extent in the RChA, but not in the LH or
other hypothalamic regions. 

Anatomical Aspects of Enhanced mAChR-ir
Immunocytochemical examination of the distribution of the m1-subtype of mAChRs
has recently shown that nearly all SCN cells express mAChRs in experimentally naïve
rats (Van der Zee et al., 1999b). In contrast, only a small subset of relatively large
SCN cells is strongly M35-positive, representing approximately 8% of the SCN cell
population. M35 binds to internalised mAChRs, with no selectivity to mAChR
subtype (Raposo et al., 1987; Carsi-Gabrenas et al., 1997; Van der Zee and Luiten,
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1999). This suggests that most SCN cells have few internalised mAChRs, and that
this number increases after exposure to a novel environment. After training for PSA
or ASA, the proportion of M35-positive cells increased to about 40-50%. This finding
implicates that the changes in the SCN are massive but presumably not yet maximal;
approximately 50-60% of the SCN cells seem not affected by the training procedure.

A strong increase in the number of mAChR-positive glial cells is found after
ASA training (and PSA training alike; data not shown). This change was induced
within 2 hours after training, suggesting that it is a direct consequence of the
behavioural testing of the animals in the test apparatus. Like the neuronal changes
seen after 22-24 hrs, high numbers of immunostained glial cells remain present up
to post-training time point 48 hours. The decline of this enhanced immunostaining
seems to occur concurrently in glial cells and neurons, as seen in two of the four
animals studied 13 days after training. Glial cells are supposed to be part of a
synchronising mechanism in the SCN, possibly through intercellular Ca2+ waves (Van
den Pol et al., 1992; Welsh and Reppert, 1996), and/or may regulate SCN glutamate
content (Lavaille and Serviere, 1995). Our current knowledge of neuron-glia
interactions in SCN function is limited (Morin et al., 1989; Prosser et al., 1994;
Tamada et al., 1998), but the current results potentially point to a role of astroglia in
regulating SCN function in relation to novelty and arousal. It is tempting to
speculate that these affected glial cells induce the neuronal changes seen almost one
circadian cycle later, since these neuronal alterations are initiated intrinsically in the
SCN without further external stimuli. Evidently, the relation between the astroglial
and neuronal changes in this context awaits further investigation.

Aspects of Fear Conditioning Causing Enhanced mAChR-ir in the SCN
The results of the different aspects of PSA training show that the neurochemical
changes for mAChRs in the SCN are not due to the conditioning aspect but rather
the novelty aspect of the learning task. Habituation of the animals to the test
apparatus enhanced mAChR-ir to the same extent as seen in animals which received
the additional footshock or this footshock in combination with a retention trial 24
hrs later. The results of ASA also show that habituation to the shuttle-box triggers the
changes. Probably the observed mAChR changes are not species-specific, or specific
for the test apparatus used for PSA or ASA, since exposing mice to a novel
environment (a hole board arena; Van der Zee et al., 1995) also induces strong
increases in mAChR-ir in the SCN (unpublished observations). A short-lasting,
significant increase in c-fos mRNA expression in the SCN is induced within 30 min
following the exposure to a novel environment (Emmert and Herman, 1999),
showing SCN sensitivity for novelty through the expression of immediate early
genes. 
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There was no correlation between learning and memory performance and
mAChR-ir in the SCN. One might argue that although the SCN may be permissive
for (time dependent) memory retention (Stephan and Kovacevic, 1978), this nucleus
most likely does not play a key role in acquisition processes or consolidation of
memory for conditioning. In contrast to the SCN, however, changes in mAChR-ir in
the amygdala after ASA and PSA training are associated with number of footshocks,
and the temporal dynamics of these alterations (neuronal changes occur within 2
hours in the hippocampus and within 8 hours in the amygdala) differ with those
seen in the SCN (Van der Zee et al., 1997b; Roozendaal et al., 1997; Van der Zee and
Luiten, 1999). This indicates that mAChRs in other brain regions than the SCN are
more closely involved in conditioning aspects and learning and memory processes.

M35 Binding Characteristics, and Possible Functional Consequences of
Enhanced mAChR Immunoreactivity in the SCN
Enhanced mAChR-ir detected by M35 binding has previously been explained by
internalisation of the mAChRs and the subsequent exposure of the epitope for the
monoclonal antibody M35 (see for review Van der Zee and Luiten, 1999 and
references therein). Hence, the monoclonal antibody M35 detects neurons affected
by the experimental treatment of the animal; in this study by exposing a rat to either
the PSA or ASA test apparatus. The responsible mechanisms and pathways are
unknown, but mAChRs are internalised when phosphorylated. Stimulation of
mAChRs by ACh results in such phosphorylation through the activation of different
kinases, but it should be noted that other neurotransmitters (e.g. glutamate) acting
via the same types of kinases can also lead to changes in the phosphorylation state of
mAChRs (Van der Zee and Luiten, 1999).

Previously, we described the functional impact of enhanced mAChR-ir in the
hippocampus, neocortex and amygdala (Van der Zee and Luiten, 1999). Internalised
mAChRs make cholinoceptive cells less sensitive to ACh, and hence less sensitive for
behavioural arousal accompanied by enhanced levels of ACh. Enhanced mAChR-ir
detected by M35 binding also reflects enhanced intrinsic information processing
between the affected neurons within a brain region (Hasselmo and Bower, 1993;
Hasselmo, 1995; Van der Zee and Luiten, 1999). In case of the SCN, this might
render the clock less responsive and sensitive to (disturbance by) other external
stimuli (ACh is often a prerequisite for other transmitters to be able to fully activate
cells). For example, associative learning has been shown to suppress light-induced
signal transduction in SCN cells (Amir and Stewart, 1998; 1999). Since the SCN
seems to inhibit memory retention at non-circadian post-training time points
(Stephan and Kovacevic, 1978), the alterations in mAChR expression found in this
study may be relevant and important for circadian oscillations in memory retention
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as described for PSA and ASA (Holloway and Wansley, 1973a,b; Wansley and
Holloway; 1976).

Functionally, mAChR changes in the SCN may indicate that getting familiarised
with a novel environment in a short and restricted moment in time is placed in a
temporal, circadian context. This mechanism may be important for time-place
association and incorporation of daily habits in the behavioural repertoire of an
animal (Daan, 1981). One may speculate that mAChR-positive neurons of the SCN
link incoming environmental information to time-of-day. Individual cholinergic
neurons of the basal forebrain system innervate both memory-related brain regions
(e.g. hippocampus and neocortex) and the SCN (Bina et al., 1993). This anatomical
connection makes the affected SCN neurons a likely substrate for time-stamping of
arousing events that should be memorised, not related to what the animal should
learn, but to the temporal context of the event. Interestingly, SCN lesioned rats are
much longer behaviourally aroused in a novel environment than intact rats (Buijs et
al., 1997), suggesting that SCN processing of novelty has adaptive values. 

The present results indicate a new functional aspect of cholinergic signal
transduction in the SCN. Additional research, however, is needed to shed more light
on the relevance and mechanisms of this finding. 
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Scope: In this chapter, behavioural changes of the circadian system that occur with ageing

are presented in three strains of rats and mice that have been studied in this thesis. For an

overview of literature on circadian changes with ageing, I refer to chapter 1. Results

presented here were assembled over the course of four years. The tables and graphs contain

information about age-related changes in wheel running, feeding and general activity of

Wistar Unilever and Fischer 344×Brown Norway (F×BN) rats, and CBA/ca house mice. 
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Housing and light conditions

Animals were individually housed in light and temperature controlled climate
rooms. Rats were kept in cages (width × depth × height: 30×46×50 cm) equipped

with a running wheel (∅ 25 cm) (Fig. 1A). Two switch closures were recorded in
with every turn of the wheel. A PC-based event recording system (ERS) stored events
in 2-minute bins. Feeding behaviour was recorded by means of a food hopper,
suspended outside the cage. When a rat attempted to obtain food pellets inside the
food dispenser, this activated a switch. General activity was measured by passive
infrared (PIR) detectors. Besides general locomotor activity, PIR measurements also
reflect wheel running and feeding activity. Mice were individually housed in smaller
wheel running cages (width × depth × height: 10×30×13 cm) (Fig. 1B). The turn of a

wheel (∅ 14 cm) resulted in two activity pulses.
Rats and mice were either entrained to 12:12 hours light-dark (LD) cycles, or

released in free-run under constant dim red light (DD). During the light phase,
fluorescent lamps (Philips) were used with a light intensity inside the cage of ± 25
lux. Relatively low light levels were used to reduce degeneration of the visual system
due to high light intensities. This was especially relevant since we studied ageing, and
rats were thus kept in the laboratory for a long time. This same light intensity was
used in all the experiments. During the dark phase of the LD cycle and during DD,
the room was dimly lit by two red-painted light bulbs (Osram, 25 Watt), resulting in
a light intensity of about 0.5 lux inside the cage. 

 

Chronology of studied groups of rats and mice

group/ age* Recorded
behaviour

Apr- May 2001 Wistar Unilever rats - 4
- 26

- feeding 
- wheel running

Oct-Dec 2000 F×BN rats first group - A10

- B31

- feeding 
- wheel running

Jan 2001-
May 2002

F×BN (data not shown) - A(10-28)
- feeding 
- wheel running

May- June 2002 F×BN second group - C4

- A28

- feeding 
- wheel running

July- Oct 2002 CBA/ca mice - 4
- 17

- wheel running

*A10 indicates experimental group A studied at 10 months of age. A28 indicates same
group studied at 28 months of age.
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Data analysis

For the light phase, average total daily activity, and the percentage of time active
during the light phase were calculated. Altered distribution of activity may be an
indication of a changed organisation of the circadian system. In addition, the
amplitude (Amp) of the rhythm was calculated as follows: Amp = h'-l', where h' is
the highest hourly value of a/ā of the day, and l' is the lowest. a = activity per hour in
the average daily curve, and ā is the average of the hourly values of a.

In DD, freerunning periods (τ) were calculated by means of chi-square periodogram
analysis (Sokolove and Bushell, 1978). The periodogram was calculated on
qualitative data (activity in 2-min intervals scored as 1; absence of activity as 0), and

yielded significant frequencies and their relative strength (∆Qp). Variability in
rhythmicity was analysed based on onset, offset, and centre of gravity of activity.
Onset and offset of activity were calculated as follows (see also Daan and Oklejewicz,
2003): a running mean (RM) of 48 hours was calculated over the raw data to
determine baselines values, but allowing for changes in activity over time. The
intercepts between this baseline and either raw values, a 1-hour running mean, or a
3-hour running mean were determined. These were taken as on- and offsets of
activity. An example of such a computation is given in Figure 2. On the basis of these

on- and offsets, the activity period (α) was calculated (offset minus onset). The
choice for using raw data, 1-h or 3-h RM for further calculations depended on
whichever measure yielded the lowest variation in most of the young animals, which

turned out to be the 3-h RM. The total daily activity, corrected for τ where necessary
was also determined. The results for the different strains are given in tables.

Figure 1. Rat (A) and mouse (B) behavioural recording cage

A B
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Rattus norvegicus

Wistar Unilever

Wistar rats exhibit a clear age-related change in circadian organisation of behaviour.
Rhythms of the old rats are more fragmented and activity is more scattered over the
day than in young rats, with increased daytime feeding. Figure 3 shows example
double-plotted actograms of feeding behaviour for two young (4 months) and two
aged (26 months) rats. The average pattern of feeding in LD conditions is shown in
Figure 4. Young rats have two distinct bouts of high activity, with the highest feeding
bout at the end of the dark period. This is consistent with the offset being more
precise than the onset (Table 1). The centre of gravity of activity is the phase marker
least variable from day to day, in young as well as aged rats. 

Aged rats usually have three bouts instead of two, which are lower than the two
bouts in the young rats. Young rats did not eat more, i.e. they did not use the food
hopper significantly more often than the aged rats. It is conceivable, however, that
aged rats ate less, but had more trouble using the feeder, and had to make a bigger
effort to obtain the same amount of food. The opposite (less effort to and thus get
the more pellets) is not very likely. Alternatively, they could obtain the same
amount, and leave it on the floor without eating it. However, the aim of this study
was not to determine food intake, but to measure the circadian pattern of feeding,
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Figure 2. Example of determination of onset (grey triangle) and offset (white triangle) based on intercept
between 48 hour RM and raw data, 1-h RM or 3-h RM. This example shows the 48 RM and 1-h RM.
Centre of gravity is also indicated (black dot).
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and this could successfully be done (Fig. 4). Wheel running was hardly observed
with the aged rats (Table 1).
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Figure 3. Double-plotted actograms of feeding activity in Wistar Unilever rats. A . Examples of two 4
months old B. Examples two 26 months old rats
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Table 1. Circadian feeding and wheel running behaviour in Wistar Unilever rats

FEEDING WHEEL RUNNING

4 months 26 months 4 months 26 months
n=17 n=13 n=17 n=13

Light-dark cycle (12:12 hrs)

Daily activity (16-day avg.) 4102 ± 346 3060 ± 332 894 ± 182*** 27 ± 10

Amp 4.29 ± 0.14**** 2.72 ± 0.15 n.d. n.d.

% Activity in light phase 9.7 ± 0.7**** 31 ± 2.5 n.d. n.d.

Constant darkness (dim red light)

Daily activity (11 days) 2053 ± 178 1687 ± 153 580 ± 107 n.d.

τ 24.25 ± 0.04** 24.07 ± 0.04 24.34 ± 0.04 n.d.

∆Qp 312 ± 24*** 91 ± 11 332 ± 36 n.d.

α 14.0 ± 0.18**** 16.1 ± 0.36 11.7 ± 0.46 n.d.

Variation onset (3-h RM) 1.57 ± 0.12*** 3.39 ± 0.42 1.44 ± 0.25 n.d.

Variation offset (3-h RM) 1.27 ± .17** 3.23 ± 0.49 2.5 ± 0.14 n.d.

Variation centre of gravity 1.16 ± 0.07** 2.86 ± 0.47 1.05 ± 0.14 n.d.

Amp = amplitude (definition: see text), τ = freerunning period, ∆Qp = relative strength of strongest
significant circadian period, α = activity period, RM = running mean, ** p<0.01, *** p<0.001,
**** p<0.0001, n.d. = not determined.
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Figure 4. Feeding activity in Wistar Unilever rats
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Fischer 344 × Brown Norway f1 (F×BN)

In this rat strain, changes comparable to those in the Wistar rats were observed.
Figure 5 shows examples of feeding, wheel running and PIR actograms. Two groups
of these rats were studied. The first group consisted of twenty 10-months old (A10)
and twenty 31-months old (B31) rats, of which feeding and wheel running was
measured (Fig. 5A+B). The second group consisted of nine rats from the first group,
and newly bought rats. The rats from the first group (A28) had been monitored from
the moment they came into the laboratory onward, and reached the age of 28
months at the time of this recording period. The young rats in this second group
were 4-6 months old at the time of the experiment (C4). Wheel running, feeding and
PIR was measured in this second group (Fig. 5C-E). Neither aged nor young rats
spent much time in the running wheel (Table 2). Therefore, wheel running was not
used for further calculations other than total activity during LD. 
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Figure 5 A-B. Double-plotted actograms of circadian rhythms in F×BN rats. A. 1st group:
Wheel running, best runners. B. 1st group: Examples feeding behaviour.
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Figure 5 C-E. Double-plotted actograms of circadian rhythms in F×BN rats. C. 2nd group:
Wheel running, best runners. D. 2nd group: Examples feeding behaviour. E. 2nd group:
Examples general activity (PIR).
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First group
Figure 6 shows average patterns of feeding behaviour for the first group. Both young
and aged rats have two clear activity bouts during the dark phase, with a lower bout
in the middle of the dark phase. The first peak, after transition from light to dark, is
more pronounced in F×BN than in the Wistar rats. Aged rats of the F×BN (B31)
strain also spent a higher amount of their time feeding during the light phase (Table
2), but the difference is less dramatic than in Wistar rats. 

Drinking was measured in F×BN rats as part of an experimental procedure (by
weighing drinking bottles at the same time of day for 4 days), and it was found that
the aged rats (B31) drank more than the young rats (A10). This is in contrast with
literature, which states that this particular strain drinks less with age. It might be that
severely aged individuals, such as these, drink more that moderately aged ones as
used in those studies (24 months; Silver et al., 1993). Excessive drinking was
specifically observed in a few individuals just prior to death.

Table 2. Circadian feeding and wheel running behaviour in F×BN (f1) rats.

FEEDING WHEEL RUNNING

10 months (A10) 31 months (B31) 10 months (A10) 31 months (B31)1st group

N=20 n=20 N=20 n=20

Light-dark cycle (12:12 hrs)

Daily activity (12 days) 2444 ± 103 2096 ± 275 41 ± 15 12 ±3

Amp 3.7 ± 0.17** 3.0 ± 0.16 n.d. n.d.

% Activity in light phase 24.5 ± 0.8*** 31.8 ± 1.5 n.d. n.d.

Constant darkness (dim red light)

Total daily activity (14 days) 2846 ± 183 2547 ±199 n.d. n.d.

τ 24.0 ± 0.02* 23.9 ± 0.04 n.d. n.d.

∆Qp 284 ± 17**** 151 ± 18 n.d. n.d.

α 14.4 ± 0.15* 15.2 ± 0.26 n.d. n.d.

Variation onset (3-h RM) 2.1 ± 0.14* 2.52 ± 0.16 n.d. n.d.

Variation offset (3-h RM) 1.6 ± 0.26* 2.77 ± 0.30 n.d. n.d.

Variation centre of gravity 1.82 ± 0.13** 2.38 ± 0.14 n.d. n.d.

Amp. = amplitude (definition: see text), τ = freerunning period, ∆Qp = relative strength of strongest
significant circadian period, α = activity period, RM = running mean, * p<0.05, ** p<0.01,
*** p<0.001,**** p<0.0001, n.d. = not determined.
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Second group
The young rats in this second group (C4) were younger than the young rats in the
first group (A10) (4-6 months versus 10-11 months), and the aged rats (27-29 versus
31-32 months) as well. This has to be kept in mind when comparing these data.
Figure 7 shows feeding (7A) and general activity (7B) in LD, plotted over the 24 h
cycle. The pattern looks somewhat more disordered than in the previous group, but
this group is smaller than the first. Again, two clear peaks at the beginning and the
end of the night are discernible, but the mid-dark peak is more pronounced in this
group than in the first F×BN group. Also, the older rats (A28) show a different phase
relationship to the Zeitgeber, as they are phase-delayed compared to the young rats
(C4). This is the case for both feeding and PIR. In the first group, this was not the
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Figure 6. Feeding activity in F×BN rats (1st group)
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case, as the hourly activity peaks in feeding of A10 and B31 coincided at the onset of
darkness (Fig. 6).

General activity (PIR) was significantly decreased in aged rats (Table 3) but still
enough present to suggest that their locomotor capacities were largely intact. Wheel
running is possibly too much effort for the aged rats, although young individuals did
not feels much need to exercise in the running wheel either (Total daily activity in
LD young: 239±85; aged: 12±5). The wheel could have been slightly too small for
aged rats.

Within individual comparison (A10 vs. A28)
Differences in output of behaviour are present even within a single strain. Interesting
are the young ones of the first group, as these can be compared to themselves at a
higher age (Fig. 8A). The activity patterns of the young F×BN rats from the first group
(A10), bear more resemblance to those of the aged rats in the same experiment
(B31) than to their own at a later age (A28) (more pronounced midnight peaks).
This suggests that it had something to do with experimental conditions. It could be
explained by the scheduling of the light dark cycle: in the first group, the rats were
kept on a reversed LD cycle, and were checked regularly during their active period.
Disturbing the rats during the night could have led to suppression of feeding activity.
In the second group, rats were left undisturbed during their active phase in most
cases. Their circadian system deteriorated over time in some aspects (decreased
amplitude, more daytime feeding, higher variation), but in other they "improved"
(higher feeding activity during LD). They also changed their phase relationship to the
Zeitgeber, which cannot really be explained age, as the even older individuals (B31)
do not show a delay.
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Figure 8. F×BN rats. A. Feeding activity in same rats at young and old age B. Feeding activity in aged
rats of 1st and 2nd group
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Second (C4) versus first (A10) young group
The A10 group does not show consistent changes compared to the younger C4
group, even though they both display "expected" changes when comparing them to
older ones (see Table 2 and 3). The C4 F×BN rats demonstrate more feeding activity
than the A10, although feeding was consistently the same when comparing young
with aged rats. However, it is not certain that they really ate more, as food intake was
not measured. The lower relative daytime feeding activity, and higher amplitude plus

∆Qp in the slightly older A10 is difficult to explain. Maybe the circadian system of 4-

6 months old rats is not fully "matured" yet. At odds with this is the shorter τ and

longer α in the A10 compared to the C4, since this is again in the expected direction
for older rats. Possibly, these features of the circadian system age at different speeds.
The fact that the even younger Wistar rats (4 months) had much higher amplitudes

and ∆Qp's (Table 1) could be ascribed to species differences. Wistar rats "age" faster
than F×BN rats in many aspects, and F×BN rats are especially known for their long
life span and healthy ageing.

Table 3. Circadian feeding behaviour and general activity in F×BN (f1) rats.

FEEDING PIR

4-6 months (C4) 28 months (A28) 4-6 months (C4) 28 months (A28)2nd group
n=9 n=9 n=9 n=9

Light-dark cycle (12:12 hrs)

Daily activity (15 days) 3359 ± 135 3429 ± 248 7493 ± 541*** 4547 ± 420

Amp 2.87 ± 0.20 2.72 ± 0.22 2.05 ± 0.08**** 1.26 ± 0.03

% Activity in light phase 29.3 ± 1.6** 37.7 ± 1.3 26.1 ± 0.9*** 32.5 ± 0.83

Constant darkness (dim red light)

Daily activity (17 days) 2570 ±114 2688 ± 273 6350 ± 376** 4309 ± 340

τ 24.27 ± 0.04* 23.93 ± 0.17 24.29 ± 0.03* 24.15 ±0.05

∆Qp 93 ± 14 87 ± 37 329 ± 34* 157 ± 23

α 14.9 ± 0.2 14.6 ± 0.3 14.8 ± 0.16* 16.2 ± 0.34

Variation onset (3-h RM) 2.11 ± 0.37 2.74 ± 0.35 1.66 ± 0.23 2.88 ± 0.73

Variation offset (3-h RM) 1.86 ± 0.29* 3.02 ± 0.34 1.67 ± 0.20 2.85 ± 0.62

Variation centre of gravity 2.2 ± 0.26* 2.8 ± 0.29 1.77 ± 0.16 2.35 ± .064

Amp = amplitude (definition: see text), τ = freerunning period, ∆Qp = relative strength of strongest
significant circadian period, α = activity period, RM = running mean, * p<0.05, ** p<0.01, in italics: n=4.
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Second (A28) versus first (B31) aged group
The difference in age between the A28 and the B31 group is only minor (3 months),
but from Figure 8B and Table 2 and 3 it is clear that circadian parameters differ (total

feeding, α, τ, ∆Qp ). Taken together, it seems that this particular group (A) has a
relatively healthy circadian system, at a late age compared to the B31, but also at a
young age, compared to the C4. Some of the divergence between the A28 and the
B31 can be explained by the difference in age and experimental conditions, but it is
interesting to regard the possibility that the access to a running wheel for most of
their adult life (from 7 months onward, with some short periods without) could
have had a "conserving" effect on some aspects of the circadian system. Wheel
running has been shown to feedback onto the pacemaker (Mrosovsky et al., 1992).
The "use it or lose it" theory of Swaab (1991) could be considered here as well. The
effect could have been especially pronounced in general locomotor activity (PIR),
since this is more close measure to wheel running than feeding, but in the first
group, PIR was not measured. It has to be kept in mind as well that the first group
consisted of twice as many rats. Finally, the freerunning parameters were calculated
in the DD period following an experiment in which the rats had received passive
shock avoidance training. Although they were shocked mildly, and this period
started more than 10 days after termination of the experiment, a long-lasting effect
on behaviour cannot be excluded.
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Mus musculus (domesticus)

CBA/ca

CBA/ca mice have a life span of 2-3 years. Here, circadian rhythmicity was studied at
the ages of 4 and 17 months. Representative examples of wheel running activity are
given in Figure 9. Young mice, placed in DD, usually showed a gradual shortening of

their circadian period (τ) . The rhythm seems to become more fragmented during the
course of DD, and in some cases mice became almost arrhythmic. Literature on the
circadian behaviour of this particular strain was not found. The mice observed here
have quite a different circadian pattern compared to other laboratory mouse strains.

The freerunning period is rather short in some individuals, with an average τ of

23.1 hrs. This is considerably shorter than other mice strains in DD (e.g. C57bl: τ
23.7; Ola/129: τ 23.8).

Circadian patterning is clearly affected by ageing (Table 4). Decreased activity, a

lengthening of τ and α, and lower ∆Qp are found. Wheel running is more robust in
mice compared to rats, and intense wheel running was still observed older
individuals. Aged CBA/ca mice ran about half the distance of their young
counterparts. Activity patterns over 24 h cycle in LD are shown in Figure 10. The
variability in the onset and centre of gravity did not differ for young and aged
individuals, even though a clear decrease in the quantity of running and obvious
changes in solidity of the bouts were observed. PIR recordings of general locomotor
activity might have given more information on pacemaker changes in this respect.

Remarkable is that for mice, the onset of activity is definitely the most precise
parameter, whereas for rats, the offset of activity is generally less variable than the
onset (this chapter, and observations in other strains (Wistar and Long Evans). This
suggests that mice lock on more to the transition from light to dark (dusk), and rats
from dark to light (dawn). 
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Figure 9. CBA/ca mice: Double-plotted actograms of wheel running activity A. 4 months B. 17 months.
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Table 4. Circadian wheel running behaviour in CBA/ca house mice

WHEEL RUNNING

4 months 17 months

n=20 n=20

Light-dark cycle (12:12 hrs)

Daily activity (10 days) 51300 ± 1817**** 9458 ± 1782

Constant darkness (dim red light)

Daily activity / -τ (13 days) 48306 ± 3679**** 8957 ± 2338

τ 23.10 ± 0.07***** 23.69 ± 0.06

∆Qp 2584 ± 148**** 1065 ± 81

α 7.74 ± 0.22* 8.47 ± 0.24

Variation onset (3-h RM) 0.55 ± 0.16 0.37 ± 0.09

Variation offset (3-h RM) 1.32 ± 0.13 1.64 ± 0.17

Variation centre of gravity 0.50 ± 0.04* 0.72 ± 0.07

τ = freerunning period, ∆Qp = relative strength of strongest significant
circadian period, α = activity period, RM = running mean, * p<0.05, ****
p<0.0001, ***** p<0.00001.
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Figure 10. Wheel running activity in CBA/ca mice. Raw data (left panel) and normalised to average
daily value (right panel).
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Central versus peripheral effects of ageing on circadian
behaviour

There is not a single parameter best suited to study changes in circadian behaviour
with ageing. Experimental conditions, strain, health, and previous history can affect
the outcome and should be taken into account. Wheel running is robustly present in
older mice, but not in rats. General locomotor activity detection, measured by PIR, is
a good way to assess circadian behaviour in aged individuals. This is less dependent
on precisely co-ordinated movement. Feeding has proven to be a useful tool to study
stability and precision of the pacemaker, since total activity was generally
comparable between young and aged individuals, for mice as well as for rats.
Calculations are therefore equally powerful across age. The most consistent
alterations associated with ageing were decreased locomotor activity, altered day-

night distribution (higher percentage daytime feeding), changes in τ (decrease for

rats, increase for mice), and larger α.
It is difficult to attribute changes in behaviour to ageing of the pacemaker. Age-

related alterations can also be explained by secondary factors, such as motor
difficulties. These can readily lead to a decrease in activity levels. The relative
contributions of the pacemaker and peripheral processes to the deterioration in overt
rhythms can vary: Daan and Oklejewicz (2003) recently demonstrated that the
largest variation in precision is due to the latter. In addition, they concluded that
phase definitions leading to small variances in cycle length most closely reflect the
pacemaker's variance. Using feeding activity for rats -with equal amounts of activity
across age-, and wheel running for mice -robustly present in aged mice-, I found
considerable differences in centre of gravity (the least variable parameter) between
all groups of young and aged animals. I therefore conclude that a significant part of
the deterioration of overt rhythms is due to ageing of the pacemaker itself.
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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.



CHAPTER 6

108

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
not in feeding behaviour (data not shown).

Chi-square periodogram analysis (Sok
over a 10-day period of freerun on the PIR r
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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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Abstract

Decreased immunoreactivity has been reported for several neuropeptides in the aged

suprachiasmatic nucleus (SCN). We compared somatostatin (SS) and substance P (SP)

immunoreactivity (ir) in aged (20-26 months) and young (6 months) Wistar rats. The old

rat SCN revealed a significant increase in SSir (2.6-fold) and SPir. The results show that

not all SCN-neuropeptidergic systems decline with age, and suggest a specific age-related

role for SS in the SCN.
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Introduction

The suprachiasmatic nucleus (SCN) of the hypothalamus is the main circadian
pacemaker in mammals, driving circadian rhythms in behaviour and physiological
functions. The rat SCN are divided anatomically into a ventrolateral (VL), an
intermediate (IM) and a dorsomedial (DM) part, or, as more recently proposed
(Moore, 1996) a core and a shell, corresponding to the ventral input site with large
neurones and the dorsal region with smaller neurones, respectively. Neurones
synthesising vasoactive intestinal peptide (VIP) and gastrin releasing peptide (GRP)
are located in the core of the SCN, whereas vasopressin (AVP) neurones are found in
the shell. Somatostatin (SS) producing neurones have been demonstrated in the core
and shell (Tanaka et al., 1996), and substance P (SP) neurones (but especially fibres)
in the core (Takatsuji et al., 1991). Part of SS and SP peptides are co-localised
(Shigeyoshi et al., 1997). The VL SCN is involved in the entrainment of the
pacemaker to light (Shinohara et al., 1993), and projects within the SCN to the shell,
and outside the SCN mainly through VIPergic fibres. The shell, possibly involved in
the regulation of overt rhythms, projects outside the SCN through AVPergic fibres
(van den Pol and Tsujimoto, 1985), and within the SCN through SS fibres (Daikoku
et al., 1992).

Ageing of the circadian system has been associated with amplitude reduction of
circadian rhythms, fragmented rhythms, higher day-to-day rhythm variability,
shortening of period length and altered responses to light (Weinert, 2000; Turek et
al., 1995). The physiological basis for these age-related changes in circadian rhythms
may be (partly) found in altered SCN neuropeptide organisation. Loss of AVPir
(Roozendaal et al., 1987; Van der Zee et al., 1999a) and VIPir (Chee et al., 1988) has
been shown in aged rodents. Since the effect of age on SS and SP peptide expression
has not been studied, we compared SS and SPir in the SCN of aged and young Wistar
rats.

Methods

Subjects were 9 young adult (6 months) and 9 old (20-26 months) male Wistar rats
obtained from the breeding facilities of the department of Animal Physiology,
University of Groningen, The Netherlands. The animals were kept on a 12:12 hours
reversed light-dark cycle, with lights off at 09:00 hrs. Rats were individually housed,
with food (Hope Farms standard rodent pellets) and water available ad libitum.
From earlier observations in our laboratory on rats of the same strain and age, it was
clear that the circadian system showed typical age-related changes in behavioural
parameters, such as shortening of the freerunning period, fragmented rhythms, and
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decreased amplitudes. All young rats were sacrificed between 12:00-13:00. Of the old
rats, five were sacrificed at 09:30, and four between 11:30-13:30. A circadian rhythm
is present in SS peptide content (Shinohara et al., 1991), with a peak before mid-
subjective day. Small divergences in the timing of peak value between young and
aged animals (altered phase relationship to the Zeitgeber) could severely influence
the outcome. For this reason, rats were sacrificed during the dark phase to ensure
basal levels of SS content. All rats were deeply anaesthetised with 6% sodium
pentobarbital (300 mg/kg). The brains were quickly removed and immersed in 4%
paraformaldehyde (PAF) in 0.1 M phosphate buffer (PB) for 8 hours. Before cutting,
the brains were cryoprotected in 30% buffered sucrose solution at 4°C for 48 hours
and, subsequently, cut coronally on a cryostat into 25 µm sections. 

Free floating brain sections were pre-incubated with 0.2% peroxidase for 30
min at room temperature (RT) followed by overnight incubation at RT with normal
goat serum or normal sheep serum (1%) and the primary antibody rabbit-anti-SS
(directed against the COOH-terminal portion of S-14; specificity of this antibody was
confirmed by preabsorption experiments) 1:2000 (kindly donated by Dr. C.
Rougeot, Pasteur Institute, Paris), rabbit-anti-SP 1:2000 (Biotrend, Germany) or
mouse-anti-AVP 1:500 (PS41, kindly supplied by Dr. H. Gainer, NIH, Maryland). All
sections for one marker were run in the same assay. Triton-X-100 (0.5%) was added
to all incubation steps. After rinsing, the sections were incubated with biotinylated
goat-anti-rabbit IgG (Zymed 1:200; SS/SP) or biotinylated sheep-anti-mouse IgG
(Amersham 1:200; AVP) for 2 hours. After rinsing, they were exposed to streptavidin
horseradish peroxidase (Zymed 1:200) in PBS for 2 hours at RT. Sections were
stained using the diaminobenzidine (DAB)-H2O2 reaction (30 mg DAB/100 ml PBS).
They were mounted onto glass slides, and cover slips were sealed with mountant
DPX. Omission of the primary antibody yielded immunonegative results.

For SS, sections from each rat were taken, containing the SCN at three rostro-
caudal levels. AVP was analysed at the medial level only. The optical density (OD) of
SS and AVP in the SCN was determined with the aid of a Quantimet-600 image
analysis system. With every new slide measured, the OD of the coverslip plus glass
slide plus DPX was subtracted from the picture. Relative OD was calculated as:
((ODSCN - ODbackground)/ ODbackground) to correct for background staining and allow
between-section comparison. Settings were adjusted in such a way that all OD
measurements fell within a linear trajectory. The lateral hypothalamus adjacent to
the SCN, devoid of SS or AVP staining served as background region (non-specific
staining). OD measurements for the right and left SCN were averaged. The medial
preoptic area (MPO) was measured in sections just anterior to the frontal SCN as a
control area for SS. The low staining intensities of SCN-SP made it unsuitable for
OD-quantification. Therefore, a blindly performed semi-quantification of staining
density was done, using the following categories: 1: "ghost-image" (denser staining
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in areas surrounding the SCN); 2: no staining; 3: very light staining; 4: moderate
staining.

The effects of age and SCN level were assessed by two-way ANOVA. In case of
significant (p<0.01) F-values, post-hoc multiple comparisons were made with a
Bonferroni t-test. For vasopressin, the effect of age was determined with a two-tailed
t-test. All values are displayed as average ± standard error of the mean (SEM). This
study was carried out with the approval of the Groningen Animal Experiment
Committee.

Results

Results show that the SCN contained SSir neurones, as well as numerous ir boutons
(Fig. 1; A-F) in both young and aged rats. SSir neurones could be detected at all three
rostrocaudal levels. SS neurones were scattered in the whole SCN (core and shell) at
the rostral level. At the medial level they were primarily located in the intermediate
zone, and more lateral (shell) at the caudal level. Large, clearly stained neurones
were present in the periventricular nucleus along the third ventricle and in the
medial preoptic nucleus. In the aged SCN, the level of SSir was clearly increased,
both at the level of the cell bodies and the boutons. Very few SPir fibres or neurones
could be detected in either young or aged rats (Fig. 1; G-H) at all SCN levels, in
contrast to surrounding hypothalamic tissue.

Quantification of SSir by means of optical density (OD) measurements revealed
no staining differences within the group of aged rats due to the time of sacrifice
(09:30 hrs vs. 11:30-13:30 hrs; 0.97±0.15 and 1.15±0.14, respectively). Therefore,
these data were pooled. Fig. 2 shows SS OD measurements of old versus young rats
at three rostrocaudal levels. Statistical testing confirmed a significant increase in SSir
with ageing at all SCN levels (2-way ANOVA, p<0.001). There was a significant
interaction between age and SCN level on SSir (2-way ANOVA, p=0.005).
Interestingly, old rats had a significant rostrocaudal gradient from high to low SSir
(p<0.001). This in contrast to young rats, where SSir in the medial SCN was slightly,
but significantly higher than in the caudal part (p<0.001). To check whether the
increase in SSir was SCN specific, the OD of the MPO just anterior to the SCN was
measured. This revealed no difference between young and aged rats (0.30±0.02 and
0.23±0.02 respectively). A ranking test on the semi-quantification of SPir revealed
that the aged group had a significantly higher ranking (Mann-Whitney U, p=0.003).

AVP-positive neurones were present in the shell of the SCN in both young and
aged rats. OD measurements (Fig. 2) were performed in the medial part of the SCN;
this revealed a significant decline in AVPir with age (t-test, p=0.004).
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the circadian profile of peptide expression in the SCN. Assessing a circadian profile
of SSir in young and aged rats would be a logical next step in this study. The decrease
of AVPir with age is consistent with earlier reports (Roozendaal et al., 1987; Van der
Zee et al., 1999a) and makes it unlikely that the increase is due to immersion fixation
procedures.

The distribution of the SSir neurones within the SCN along the rostrocaudal
axis is in accordance with studies on SS in Wistar rats (Dierickx and Vandesande,
1979; Tanaka et al., 1996; Shigeyoshi et al., 1997). An intriguing rostrocaudal
gradient in SSir in the SCN was found in old rats. This suggests that the
topographical distribution of SSir becomes more pronounced with age due to
functional alterations, predominantly at the rostral level.

The few observed SPir neurones and fibres are in accordance with previous
studies in rats (van den Pol and Tsujimoto, 1985; Otori et al., 1993), although other
researchers have reported higher degrees of stainable SP in the SCN (Takatsuji et al.,
1991). The slight increase in SPir that we found in old rats could be consistent with
the finding that SS and SP are largely co-localised (Shigeyoshi et al., 1997). 

We can only speculate on possible functions of this increased SSir in old
individuals. Increased ir by itself can reflect a raise in the production of SS peptide,
or could, alternatively, be due to accumulation of non-released peptide in neurones
of aged rats. SS neurones have a high degree of connectivity with other SCN
neurones, suggesting an important modulatory role. In view of the reported role for
SS in phase shifting (Hamada et al., 1993; Fukuhara et al., 1994a), this could lead to
interesting concepts, such as accumulation of SS in SCN cell bodies leading to
impairments in the ability to adjust to altered LD situations (e.g. resynchronisation;
phase responses to light pulses). Besides SS, SP is also able to reset the phase of the
clock (Liu et al., 2000). Moreover, the findings that SS fibres synapse on VIP and AVP
neurones (Daikoku et al., 1992) and that SS receptors are predominant in the SCN
(Breder et al., 1992) suggest that SS regulates other peptidergic neurones. In fact, SS
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has an inhibitory modulating role on VIP rhythmicity (Fukuhara et al., 1994b).
Increase in SSir due to elevated production could explain the observed VIP decrease
with ageing. If, on the other hand, enhanced levels of SSir reflect a release "deficit",
this would lead to a reduction of inhibitory actions. In summary, the SCN-specific
age-related increase in SSir might be a causal factor in alterations of circadian clock-
function in the aged rat.
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Abstract

Active shock avoidance was used to explore the impact of behavioural stimulation on the

neurochemistry of the suprachiasmatic nucleus. Previously, we found that the expression of

muscarinic acetylcholine receptors in the suprachiasmatic nucleus of young rats was

significantly enhanced 24 hours after fear conditioning. Here, we studied whether this

observation is age-dependent. We used 26 months old Wistar rats with a deteriorated

circadian system, and compared them with young rats (4 months of age) with an intact

circadian system. Vasopressin, representing a major output system of the suprachiasmatic

nucleus, was studied in addition to muscarinic receptors. Young rats showed a significant

increase in immunostaining for muscarinic acetylcholine receptors 24 hours after training,

corroborating earlier observations. Aged rats did not show such an increase. In contrast, aged

rats did show an increase in vasopressin immunoreactivity 24 hours after fear conditioning,

both at the level of content and cell number, while young rats did not reveal a significant

rise. Thus, it seems that these two neurochemical systems in the suprachiasmatic nucleus are

independently regulated. The results further demonstrate that the circadian pacemaker is

influenced by fear conditioning, in an age-dependent manner.
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Introduction

The basal forebrain cholinergic system, acting via muscarinic acetylcholine receptors
(mAChRs), is critically involved in fear conditioning and learning and memory
processes (Lo Conte et al., 1982; Dekker et al., 1991; Van der Zee and Luiten, 1999).
The major function of the cholinergic system is to evaluate sensory stimuli for their
importance (Sarter and Bruno, 1994; Blokland, 1996), and cholinergic neurones play
a key role in behavioural arousal and attentive processes (Hasselmo, 1995; Acquas et
al., 1996; Wenk, 1997). Cholinergic neurones of the medial septum, nucleus basalis
and diagonal band project to the suprachiasmatic nucleus (SCN) (Bina et al. 1993),
the master clock of the circadian system in mammals. These cholinergic projections
consist of fibres containing large numbers of varicosities, and make axosomatic and
axodendritic synaptic contact with SCN neurones (Kiss and Halásy, 1996).

The distribution of mAChRs in the rat SCN has been described in detail using
the monoclonal antibody M35, which binds to all five mAChR subtypes (Van der
Zee et al., 1991; Carsi-Gabrenas et al., 1997). Using subtype-selective antibodies, we
reported that SCN neurones express at least m1, but not m2 mAChRs, although both
subtypes are present on axon terminals within the SCN (Van der Zee et al., 1999b).
In contrast to other brain regions, levels of acetylcholine (ACh) and mAChRs in the
SCN do not show endogenous circadian fluctuations in rats or hamsters (Murakami
et al., 1984; Van der Zee et al., 1991; Bina et al., 1998). The key function of
cholinergic signal transduction in the SCN is unclear.

Recently, Van der Zee and co-workers have suggested a new role for SCN-
mAChRs in fear conditioning. An increase in the number of mAChR-positive
astrocytes following active shock avoidance (ASA) training was seen 2 hours after the
last training trial, while an increase in mAChR expression in neurones became
apparent approximately 24 hours after the last training trial. The novelty aspect of
fear conditioning (getting familiarised with the test apparatus) was found sufficient
to set in motion these SCN-mAChR changes. They hypothesised that these
alterations in the SCN may indicate that "familiarisation with a novel environment
in a short and restricted moment in time is placed in a temporal, circadian context"
(Van der Zee et al., submitted for publication). By this it is meant that an
(unexpected) new situation can receive a "time stamp" as to mark the circadian
phase and allow the organism to anticipate a potential next encounter the following
day.

In this follow-up study, we addressed two additional questions. Firstly, does the
expression of mAChRs in the SCN of old rats also change in response to fear
conditioning (ASA training) as seen in the SCN of young rats? Ageing of the
circadian system is accompanied by many changes in behaviour and physiology. In
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ageing individuals, a damped amplitude is one of the most consistent findings in
overt rhythms, physiological parameters (such as body temperature), hormone
levels, and neuronal firing rate (Satinoff et al., 1993; Watanabe et al., 1995; Van
Someren et al., 2002b; see for review: Van Gool and Mirmiran, 1986a; Weinert,
2000). Other hallmarks of a deteriorated circadian system are the occurrence of more
fragmented rhythms (Slonaker 1912, Davis and Viswanathan, 1998) and changes in
synchronisation to external Zeitgebers (Scarbrough et al., 1997; Duffy et al., 1998).
The cholinergic system deteriorates with ageing, underlying cognitive decline in
normal ageing and even more so in pathological conditions (e.g. Alzheimer’s
disease) (Bartus et al., 1982; see for review: Muir, 1997). Van der Zee et al. (1991)
reported a decrease in mAChRs in SCN neurones in about half of the group of aged
rats studied, and an increase in number of mAChR-positive astrocytes in all aged
subjects. Taking these many ageing aspects together, familiarisation with a novel
environment in a circadian context may be severely impaired in old rats, which may
be reflected in SCN neurochemistry.

Secondly, is the vasopressin (AVP) system affected by ASA training? AVP is a
neuropeptide abundantly expressed in the SCN and considered a major output
system, although its function remains largely unclear. AVP peptide and mRNA
expression show endogenous circadian fluctuations (see for review: Van Esseveldt et
al., 2000). AVP in the SCN has been reported to decrease with ageing in rats
(Roozendaal et al., 1987; Biemans et al., 2002), voles (Van der Zee et al., 1999a), and
humans (Hofman and Swaab, 1994). AVP release in the paraventricular nucleus of
the hypothalamus (PVN), a projection site of the SCN, was shown to be higher in
aged rats (Keck et al., 2000). We have found that SCN-AVP may play a role in the
circadian modulation of memory retention for fear conditioning in young
individuals (Biemans et al., unpublished results). This makes AVP another interesting
candidate for a role in circadian modulation of memory processes related to fear
conditioning, and possibly as an SCN output system in relation to the alterations
seen in mAChR-positive SCN cells. 

Methods

Subjects and Housing
Male Wistar rats were used, aged 4 months (n=19) or 27 months (n=16) at the time
of the experiment. Both young and aged rats were purchased from Harlan (Horst,
The Netherlands). Aged rats were group housed in large cages (80×40×30 cm; 7-8
animals/cage) from the time of purchase (6 months of age) until the onset of the
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experiment. They were kept on a natural light-dark (LD) cycle, with at least 12 hours
of light per day. Young rats were obtained 1.5 years later. 

Two months before the experiment, they were moved to light- and temperature
controlled (21±2°C) climate rooms on a 12:12 hrs LD cycle with lights on from
09:00 (young and old rats equally divided over the climate rooms). Rats were
individually housed in large cages (30×45×50 cm) equipped with a running wheel.

Circadian activity patterns could be monitored by means of running wheel and
food hopper recordings. Activity pulses were relayed to a PC-based event recording
system and stored in 2-minute bins. Activity was monitored for 7 weeks, starting
with a 4-week LD period of 12:12 hours (± 30 lux), followed by a 3-week
freerunning period in constant dim red light (DD) (± 1 lux). After this freerunning
period, rats were entrained again for 6 days before onset of the experiment. During
this period, rats were handled regularly by taking them out of the cage and putting
them on the experimenter's lap.

Active Shock Avoidance Apparatus
A fully automated shuttle box (Coulbourn Inst. L.L.C, Allentown (PA) USA) was
used for two-way active shock avoidance (ASA). The shuttle box consists of two
identical compartments (25×25×30 cm), separated by a clear Perspex wall, with a
large opening in the middle. The grid floor is made of stainless steel (50mm, spaced
130mm apart) bars through which a scrambled footshock can be delivered. Infrared
emitters and receivers detect a rat changing compartments. A 4.5 kHz tone served as
the conditioned stimulus (CS), and was presented 5 s prior to the onset of a mild
footshock (unconditioned stimulus (US); 0.3 mA for 3 s). After 8 s, both CS and US
were terminated if the rat failed to make a response. If the rat jumped to the other
compartment during sole presentation of the CS, a correct avoidance response (CAR)
was recorded. If the rat jumped to the other side during presentation of US + CS, an
escape response (ER) was recorded. The inter-trial interval (ITI) was 20 s. The
apparatus was placed in a sound attenuated room, dimly lit by a 15-Watt light bulb.

Experimental Procedure
Experimental rats (young n=13; aged: n=11) were transported in their home

cage from the climate room to the experimental room, and placed in the shuttle box
with their heads facing away from the opening. They received one training session of
60 trials, between 11:00-18:15. Exactly 24 hours after their individual training time,
rats received a (reinforced) retention session of 15 trials of which the procedure was
identical to training. Immediately afterwards, they were sacrificed using CO2 (within
the 20-min time slot of the training session on the previous day). Naïve rats (young
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n=6; aged: n=5) served as controls, and were sacrificed together with the
experimental animals.

Tissue preparation and immunocytochemistry
Brains were quickly removed from the skull and immersed in 2,5%

paraformaldehyde for 8 hours. Thereafter they were stored in phosphate buffered
saline (PBS; pH 7.4) with 0.1% sodium azide to prevent bacterial growth. 24 Hours
before sectioning, they were put on a 30% sucrose solution at 4°C, for dehydration
and cryoprotection. Sections (20 µm) were cut coronally at the level of the
hypothalamus on a microtome. After sectioning, free-floating sections were
thoroughly rinsed in PBS and pre-incubated for 15 min in 0.1 (for mAChR) or 0.3%
(for AVP) H2O2 in PBS, and immersed in 5% normal rabbit serum (NRS) in PBS for
30 min (in case of mAChR) to reduce non-specific binding in the following
incubation step. Then the sections were incubated with the first antibody, the
monoclonal mouse anti-mAChR IgM M35, raised against purified bovine mAChR-
protein as described in detail elsewhere (Van der Zee et al., 1989) or the monoclonal
mouse-anti-AVP 1:500 (PS41, kindly supplied by Dr. H. Gainer, NIH, Maryland).

M35 was diluted 1:5 and PS41 1:500 in PBS, (with 1% normal sheep serum
(NSS) added for PS41), and incubation was done overnight at room temperature
(RT), under gentle movement. M35 does not discriminate between the five mAChR
subtypes (Carsi-Gabrenas et al., 1997; Van der Zee and Luiten, 1999). After the
primary incubation, sections were rinsed in PBS and again pre-incubated with 5%
NRS in PBS for 30 min (M35) before the secondary incubation step (1.5 hrs at RT) in
biotinylated rabbit IgG anti-mouse-IgM (mu-chain directed, F(ab’) fraction, Zymed),
diluted 1:200 in PBS for M35 or in biotinylated sheep-anti-mouse IgG (Amersham)
diluted 1:800 in PBS for AVP. After this, sections were thoroughly rinsed in PBS and
incubated in streptavidin-HRP (Zymed), diluted 1:200 (mAChRs) or 1:500 (AVP) in
PBS for 2 hrs at RT. For AVP, Triton-X-100 (0.5%) was added to all incubation steps.
Finally, after rinsing in PBS, the sections were processed by the diaminobenzidine
(DAB)-H2O2 reaction (0.03% DAB and 0.002% H2O2 in PBS), guided by a visual
check. Control experiments were performed by the omission of the primary
antibody, yielding immuno-negative results. 

Data analysis and quantification

Circadian rhythms
Activity records of 16 days of LD and 10 days in freerunning conditions were
analysed in order to characterise the circadian system. The amplitude of circadian
rhythms (i.e. highest peak) and average total daily feeding activity was determined in
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LD. In DD, tau (freerunning period) and the robustness of the circadian system was
determined by means of chi-square periodogram analysis (Sokolove and Bushell,
1978). The periodogram was calculated on qualitative data (activity in 2-min
intervals scored as 1; absence of activity as 0), and provides significant frequencies

and their relative strength (∆QP). Furthermore, the inter-daily variation of the
centres of gravity (highest intensity of activity) calculated the to provide a measure of
precision, and the range of the activity period (alpha) was calculated by subtracting
time of activity offset from time of onset.

Immunocytochemistry
One rat of the aged control group was excluded from further analyses due to a large
tumour inside the third ventricle, which severely damaged the SCN. The optical
density (OD) of mAChR immunoreactivity (mAChR-ir) and AVP-ir was determined
in the SCN. The SCN was divided into 6 rostrocaudal levels, with levels 1 and 6
corresponding to bregma levels -0.92 and -1.6 mm, respectively, according to the
brain atlas of Paxinos and Watson (1998). From earlier studies, it appeared that
mAChR immunostaining after fear conditioning was most dramatically increased at
level 3 (Van der Zee et al., submitted). Therefore, the OD for mAChRs was
determined at level 3, whereas that for AVP was determined at levels 1-6. Left and
right SCN measurements were averaged. The OD was expressed in arbitrary units
corresponding to grey levels using a Quantimet 600 image analysis system (Leica).
Background staining was measured in the vicinity of the SCN, devoid of specific
staining. The relative OD was calculated by the equation 

[(ODarea - ODbackground)/ODbackground], 
thus correcting for between-section (background) staining variability.

For AVP, the number of immunopositive cells was also counted at levels 3 and
4, to have an additional measure of AVP immunostaining. For mAChRs, the number
of immunopositive astrocytes was counted at level 3.

Statistical evaluation
Non-parametric Mann-Whitney U tests (MWU) or Wilcoxon Signed Rank (WSR)
tests were used where appropriate. Results are displayed as the average ± the standard
error of the mean (S.E.M.). Pearson correlations were used to investigate
relationships between parameters. In all cases, a p-value of < 0.05 was taken as an
indicator of significance. All tests were applied two-tailed unless specified otherwise.
The experiments were carried out with the approval and under license of the
Groningen Animal Experiment Committee.
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Results

Circadian Rhythms
Aged rats had a clearly deteriorated circadian system, with more fragmented rhythms
and decreased amplitude. Wheel running was hardly observed with aged rats, so this
measure could not be used for further behavioural analyses. Representative examples
of feeding patterns of one young and one aged rat are given in Figure 1. The rhythm
amplitude was different for young and aged rats, whereas total daily feeding was

similar. This can be explained by an increased activity period (α) (damped rhythm).
Note that food intake itself was not measured, but merely the use of the food

hopper. Shorter freerunning periods (τ), a lower ∆QP, and lower day-to-day
precision were also found in aged rats (Table 1). 

Active Shock Avoidance Conditioning
Aged rats were severely impaired in ASA task. They were not able to master the task
within the 60 training trials (Table 1). The percentage of escape resonses (ERs) did
not differ for young and aged rats during the first or second 30 trials (Table 1).
During the second half of the session, the number of ERs decreased for both groups
(Wilcoxon Signed Rank (WSR), p=0.0033). However, for young rats it decreased on
account of the rise in number of correct avoidance responses (CARs), whereas this
increase was not found in aged animals. It was observed that by the end of the
training session, aged rats became tired, and sometimes lay down during the inter-
trial interval (ITI), explaining why the number of ERs dropped over time in aged rats.
As a consequence of worse acquisition, aged rats received more footshocks that
young rats did.

For the young rats, the precision of the circadian system (day-to-day variability
of the centre of gravity of activity) correlated negatively with CAR (Pearson
correlation: r=-0.6, p=0.032), suggesting that a well-organised circadian system is an
advantage for ASA learning.
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Table 1: Circadian Feeding Behaviour and ASA Performance.

Circadian Rhythm

Young (n=19) Aged (n=15)

Amplitude (LD) 711 ± 66** 345 ± 40

Total activity (LD) 4001 ± 353 3094 ± 353

τ 24.29 ± 0.03*** 24.05 ± 0.04

∆QP 325 ± 25*** 91 ± 12

SD centre of gravity 1.3 ± 0.12*** 2.3 ± 0.26

α 14.0 ± 0.18*** 15.9 ± 0.37

ASA performance (%)

Young (n=13) Aged (n=11)

CAR 30 ± 5** 10 ± 2

CAR last 10 trials 56 ± 8*** 9 ± 3

ER 1st 30 trials 15 ± 2 12 ± 2

ER 2nd 30 trials 12 ± 3 8 ± 2

Asterisks indicate significant differences between young and aged
rats (**p<0.01; ***p<0.001). τ: freerunning period; ∆QP: strength of
period; SD: standard deviation; α: activity period; CAR: Correct
Avoidance Response; ER: Escape Response.

Muscarinic Acetylcholine Receptor Immunoreactivity
In Figure 2, the relative optical density (OD) of mAChR staining in naïve and ASA-
trained animals is depicted. Naïve young and aged rats do not differ in mAChR
immunoreactivity (ir). Twenty-four hours after ASA, there is an almost 2-fold
increase in mAChR density in young rats (Mann-Whitney U (MWU), p=0.007). This
increase is absent in the older individuals. For astrocytes in the SCN, the picture is
different. Naïve aged rats have ± 2.5-fold more mAChR-positive astrocytes than
young rats (Figure 3, MWU, p=0.011). In the SCN of ASA trained young rats, the
number of astrocytes expressing mAChRs is sharply increased (MWU, p<0.001), but
for aged rats, there is no such increase. The contribution of glial mAChR staining to
SCN OD is relatively small as can be concluded from Figure 2. However, lower
neuronal mAChR in naïve aged rats could be masked to some extent by the mAChR+

astrocytes.
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Figure 1. Double-plotted actograms of representative examples of feeding activity of a
young (A) and an aged (B) Wistar rat. Grey areas indicate the dark phase under LD
and DD light conditions. NB.: Light conditions during the dark phase of the LD cycle
and the DD period are identical (dim red light).
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Vasopressin Immunoreactivity
AVP staining intensity was analysed at six SCN levels, and the results are plotted in
Figure 4A-C. A rostrocaudal gradient of lower staining at the end levels and higher
staining in the middle portion of the SCN can be observed. The statistical analysis
was performed over level 2-5, because levels 1 and 6 were not always present for each
animal in the available sections. For each individual, ODs of level 2-5 were averaged
for statistical evaluation. In addition, AVP+ cell counts were performed for SCN levels
3 and 4. The values for these two levels were averaged and are depicted in Figure 4D-
F. OD measures correlated strongly with cell counts (R=0.65, p<0.001; one-tailed
Pearson correlation).
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Figure 2. Optical density of mAChR staining
in the middle portion of the SCN (level 3) for
young and aged naïve rats (white bars) and
24 hrs after ASA training (black bars).
Asterisks indicate significant differences of
naïve compared to ASA trained rats. (**
p<0.01)
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Figure 3. Cell counts of mAChR-positive
astrocytes in the middle portion of the SCN of
naïve (white bars) and ASA trained (black
bars) young and aged rats. Asterisks indicate
significant differences between naïve and
ASA trained young rats, and between naïve
young and aged rats (** p<0.01)
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Figure 4: OD of AVP-ir in the SCN of young and aged naïve (A) and naïve and ASA trained young (B) and aged
(C) rats at 6 rostrocaudal levels. Numbers of animals per group at the different levels are: young naïve: n=6;
aged naïve: n=4; young ASA: n=13; aged ASA: n=11, unless specified otherwise in the graph. Asterisks indicate
significant differences between the OD levels 2-5 (**p<0.01). D-F: AVP+ cell counts in the middle portion of the
SCN (level 3 and 4) for naïve (D) and naïve versus ASA trained young (E) and aged (F) rats.
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Young naïve rats had significantly higher AVP-ir than aged rats (Figure 4A)
(MWU, p=0.010). The cell counts, however, (Figure 4D) did not reach statistical
significance. ASA training had no significant effect on AVP peptide levels, or AVP
containing cell numbers in young rats (Figure 4B, E). In aged rats, ASA had a
significant effect on AVP 24 hrs later. This effect can be observed both on OD (Figure
4C), and the number of AVP containing cells (Figure 4F). ASA trained aged rats
showed a 2-fold increase in OD (MWU, p=0.006), and a 1.5 fold increase in cell
counts (MWU, p=0.006). 

Discussion

This study investigated the effect of fear conditioning on SCN neurochemistry in
relation to ageing. Before, we have shown that mAChR expression is dramatically
increased in the SCN of young rats 24 hrs after a single session of passive and active
shock avoidance training, and that habituation to the test apparatus is sufficient to
induce this change (Van der Zee et al., submitted for publication). Our present
results confirm the previous findings for young rats; a significant increase in mAChR-
ir and the number of mAChR+ astrocytes was found. Apparently, the different
fixation techniques used in these two studies (transcardial perfusion vs. immersion
fixation here) are of no consequence to this phenomenon. 

To find out whether this increase also occurs in individuals with a declined
circadian system we extended the study to aged rats. The aged rats had a clearly
deteriorated circadian system, based on the observed behavioural changes (decreased
amplitude; shorter freerunning period and less robust rhythm; longer alpha; higher
day-to-day variability). All these features of the circadian system are reported to be
affected by old age (Van Gool and Mirmiran, 1986a; Weinert, 2000), and differed
significantly for our young and aged Wistar rats. There was no increase in mAChR-ir,
or in the number of mAChR+ astrocytes, following ASA in the old SCN. The
cholinoceptive SCN cells do not respond to ASA, which suggests that the SCN has
become insensitive to this type of stimulation. A reduction in SCN ACh-innervation
due to the well-known decline in the basal forebrain cholinergic system at old age
(Muir, 1997) is a possible cause for this.

The parallel increase of astrocytes and mAChR-ir in young rats and the absence
of both in old rats suggest a functional link between mAChR+ neurones and
astrocytes. The number of mAChR+ astrocytes is already high in aged individuals, and
the lack of increase here could also be due to reaching a plateau level. If astrocytes
are a prerequisite for the neuronal response, this could explain the absence of a raise
in mAChR OD in aged rats.
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In addition to the cholinergic system, we have looked at the vasopressin system,
being a major output system of the SCN, in response to ASA (one training session
and one (reinforced) retention session of 15 trials). The distribution of AVP staining
in the Wistar rat SCN along the rostrocaudal axis was similar to that reported for
other strains of rats (Wollnik and Bihler, 1996), mice (Bult et al., 1992), and voles
(Gerkema et al., 1994). In all these studies, the SCN was also divided in 6 levels, with
high values at levels 3 and 4.

The young rat SCN did not show any changes in AVP OD or AVP cell numbers
in response to ASA, except at the most rostral level where AVP OD was enhanced
(single MWU test, p=0.02). In aged rats, however, there was a clear increase in AVP
OD at all SCN levels. In addition, the AVP+ cell counts at levels 3 and 4 differed
significantly. It is worthy to note that the quantification methods used here (OD
measurements and cell counts) are different, but supplementary. In the cell-counting
method, densely stained, but also moderately to weakly stained cells are equally
counted. This gives an estimate of the number of cells containing AVP peptide. In the
computerised quantification (OD) method, cells with low peptide content have
lower OD-values compared to cells with high peptide content. On the other hand,
fibres, as well as varicosities and terminals contribute to the OD value. Therefore,
this latter method gives a (relative) measure of peptide content. The strong
correlation between these two parameters, and the fact that both OD and cell counts
differ significantly in ASA trained aged rats compared to naïve ones, strengthen the
point that these measures are equally well suited for studying neurochemical
changes, although they have distinct properties.

It is difficult to interpret the finding of enhanced AVP-ir in aged, but not young
rats. High AVP-ir levels in neurones can reflect low AVP release from those neurones,
and hence an AVP accumulation inside the neurones. On the other hand, more AVP
could be produced as a result of the ASA experience. If this production is induced by
stress, it is tempting to speculate that aged rats have an increased production due to
the exposure to more footshocks, or the additional stress of no longer being able to
respond with ERs anymore due to exhaustion. We cannot conclude from this
experiment whether the increase in AVP is a 24 h effect due to the training, a result of
the direct stress caused by the preceding retention session, or both. However, it is
hard to explain that AVP could be increased as a direct result, because this would
imply acute production, and this is unlikely to be accomplished at such short
intervals. Alternatively, it would mean a suddenly blocked release in case of the
young rats, which is also not very obvious. To answer this question, we would have
to determine what happens with SCN-AVP directly after the first training session.

Acute effects of stress on the SCN-AVP system have been reported. CSF-AVP
levels, most likely originating from the SCN, are enhanced during passive avoidance
(Laczi et al., 1984) and swim stress triggered AVP release within the SCN in rats
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(Engelmann et al., 1998). Recently, we have observed a stress-induced decrease of
AVP-ir in the SCN of house mice (Biemans et al., unpublished results). The SCN
projects to, and possibly regulates neurones of the PVN directly as implied by
electrophysiological data, or indirectly through vasopressinergic stimulation of
GABA-ergic neurones (Hermes et al., 2000). Keck et al. (2000) found that aged rats
have a 2-fold higher basal release of AVP within the PVN. The intra-PVN rise in AVP
release in stressed young rats is blunted in aged individuals. This could possibly be
explained by an increase in inhibitory actions though enhanced AVP levels in the
aged SCN. The dorsomedial hypothalamus (DMH), another nucleus densely
innervated by the SCN, is however not affected by acute stress (Engelmann et al.,
1998). These findings all suggest that the circadian pacemaker may be involved in
the sequence of adaptive events in physiology and behaviour resulting from a
challenge.

From our previous study it appeared that habituation to the ASA apparatus is
sufficient to enhance mAChR density significantly. Nevertheless, training and
retention caused an additional (non-significant) increase. Here, we exposed the aged
rats to the strongest stimulus, and found no effect on mAChR-ir. The increase in
mAChRs is not likely to be caused directly by the retention session, as in our
previous study we found that changes are not observed up until 22 hrs after training
in young rats.

The fact that aged rats were unable to acquire the task was not due to hearing
impairment; hearing was checked for each rat a few days before the experiment by a
finger snap made outside its cage. In addition, quite a few aged and young rats were
so startled by the first conditioned stimulus (CS, i.e. the tone), that they made a
spontaneous CAR. When this was not the case, it was made sure by behavioural
observation of alertness that the CS was heard. Aged rats were also not less capable to
move from one compartment to the other due to motor disabilities; they were well
able to make escapes during presentation of the footshock. Finally, although
differences in shock-sensitivity cannot be excluded, aged rats displayed aversive
reactions (paw withdrawal, jumping, vocalisations) to the same degree as young rats
did, and thus cannot explain the complete absence of learning.

Conclusions
The increase in mAChRs in young but not aged rats on the one hand, and the AVP
enhancement in aged but not young on the other, demonstrate that SCN systems are
affected by fear conditioning, but seem to respond independently. Alternatively,
increased AVP production might occur in young as well as it does in aged rats. In
young rats this peptide may already have been released, whereas in aged rats it then
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remains stuck or clogged-up inside the neurones, possibly reflecting a neuronal
release deficiency.

Taken together, the SCN cholinergic and vasopressinergic system appear to be
age-dependently affected by fear conditioning. For now, we do not know which
pathways initiate these changes, and to what extent mAChR+ neurones and astrocytes
interact; this awaits further investigation.
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This thesis has described experiments in rats and mice, carried out to elucidate the role of the

circadian system in learning and memory processes. The most important results and

conclusions are recapitulated here, and discussed in a more general framework.
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I. SUMMARY

The impressive work of Holloway and Wansley in the 1970's, however convincing in
demonstrating periodic memory deficits, has left two important questions
unanswered, both concerning the endogenous nature of the periodic memory
deficits. Circadian rhythms in behavioural processes are considered endogenous
when they persist in continuous environmental conditions. The Holloway - Wansley
work was all done in the presence of a light dark cycle, and it never became clear
whether the periodicity in retention was based on an endogenous clock or
contingent on external light cues. In the study described in chapter 2, we showed that
memory deficits are present at 18 and 30 hrs after active shock avoidance (ASA)
training, in rats trained and tested under constant dim red light (DD). This
demonstrates that the phenomenon does not depend on light-dark information, and
suggests that it is controlled or driven directly or indirectly by the circadian system.
The other issue relates to the notion that true periodicity should be demonstrable
within one individual, and at least for a few cycles. This particular point was proven
in rats (again trained and tested under DD) repeatedly tested for their retention in a
passive shock avoidance task (chapter 6). Individual rats displayed greater inhibition
to enter a dark compartment (where they had previously been shocked) at 24 h
intervals after the footshock than they did at non-24 h intervals.

Ascribing the periodic memory deficits -at least partly- to the circadian system,
raises the question which neuropeptide or neurotransmitter systems in the
suprachiasmatic nucleus (SCN), the main circadian pacemaker, may play a role. Our
focus was directed to SCN vasopressin (AVP), because this is a major output system,
and on the cholinergic system for its intimate involvement in learning and memory.
AVP is possibly involved in the generation of memory fluctuations, since Brattleboro
rats lacking the neuropeptide, did not display a memory deficit 18 hrs after ASA
training in contrast to the Long Evans control strain (chapter 2). The impact of this
stressful learning task on SCN-AVP was studied in a line of house mice with high
basal AVP levels (chapter 3). An immediate drop in the number of stainable AVP
neurones and content (measured by optical density) was found 20 minutes after an
ASA session. Twenty-four hrs and another ASA session later, AVP immunoreactivity
was still low compared to naïve controls. Examination of the time course of changes
in SCN-AVP levels after a single ASA session revealed that AVP is apparently
replenished between the moment of the acute effect and the 24 h time point, at
12 hrs post-training. This is again the case at 36 hrs post-training, between the 24 h
and 48 h time point at which AVP was also decreased compared to control mice. In
rats, however, no significant reduction in AVP levels was found 24 hrs after ASA
(chapter 8). Although it is reasonable to assume a role for AVP in orchestrating
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memory oscillations in rats and mice, more experiments need to be carried out to
conclusively couple neurochemical changes to behavioural output.

Most, if not all, SCN neurones are innervated by cholinergic fibres. Muscarinic
acetylcholine receptors (mAChRs) which mediate acetylcholine (ACh) signal
transduction are abundantly present on SCN neurones. The cholinergic system is
highly involved in attention and arousal and therefore important for (associative)
learning. Twenty-four hrs after ASA and passive shock avoidance (PSA) training,
mAChR immuno-reactivity (ir) in the rat SCN is considerably increased, most likely
reflecting increased internalisation of the receptor peptide (chapters 4 and 8). In a
follow-up experiment, the habituation phase of the behavioural tasks (the novelty
element) was found sufficient to trigger this effect. The most striking aspect of this
phenomenon is the finding that mAChR immuno-responsiveness waits a full
circadian cycle (24 hrs) to reach full-blown proportions, while a significant increase
in the number of mAChR-positive glial cells occurs as soon as 2 hrs after training.
Thirteen days after the ASA training session, mAChR-ir in the SCN returned to basal
levels in half of the rats, whereas the other half had levels remaining as high as after
24 hrs. This suggests an all-or-nothing event (chapter 4). 

Taken together, both the AVP and the mAChR system in the SCN are affected by
high-impact learning tasks, but associative learning is not required for the alterations
in mAChRs. AVP might be the direct driving force behind the oscillations in memory
retention (chapters 2 and 3). The decreased sensitivity for cholinergic input (reflected
by enhanced mAChR-ir) in a subset SCN neurones (about 30 %) after conditioning
may suggests that these cells form a substrate for a specific action. Evidently, this
calls for further investigation.

The impact of ageing on the circadian system is reviewed in chapter 1, and our
own findings in rats and mice are summarised in chapter 5. Age-related changes in

circadian parameters were consistently found. For both rats and mice, α (activity
period) lengthened with age. Locomotor activity levels and rhythm strength
decreased, whereas the day to day variability in centre of gravity of activity increased.

In aged Wistar and F×BN rats, τ (freerunning period) was shorter than in the young

rats. In contrast, a lengthening of τ was observed in older mice. The magnitude of the
alterations seemed to depend on strain, light conditions, and previous experience,
such as having a running wheel. Furthermore, one has to keep in mind that both
central and peripheral aspects contribute to behavioural alterations. The effect of age
on SCN neuropeptides was studied by means of immunocytochemical stainings.
Contrary to what has been found for other peptides in the SCN, such as AVP and
vasoactive intestinal peptide (VIP) (chapter 1, 7 and 8), somatostatin (SS) is
significantly increased in the SCN of aged rats (chapter 7). Because SS can reset the
phase of the clock, and has an inhibitory modulating role on VIP rhythmicity, we
speculated that SS may have a specific age-related role in circadian behaviour.
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Severe cognitive disturbances and disorganised circadian behaviour occur
together with ageing, especially in demented humans (chapter 1). To specifically
address the question whether some of the memory deficits may be attributable to a
decrease in circadian organisation, we studied behaviour in learning paradigms and
the relation with SCN neurochemistry in aged rats as a model species. First, if the
circadian system generates these memory oscillations, they are predicted to be absent
or less manifest in individuals with a less functional pacemaker. This was indeed
found in aged rats trained for PSA in DD (chapter 6). Old rats did not have any
modulation in memory retention, but high entering latencies at all testing times. A
positive correlation was found between the strength of rhythmicity (in general
activity) and the degree of memory modulation (difference between 24 h and non-
24 h values). This suggests that a more robust circadian system has a stronger
suppressing effect on memory retention at non-24 h intervals after training.

Is this behavioural difference between young and aged rats reflected at the
neuro-chemical level in the pacemaker, for example in neuropeptidergic response?
This question was addressed in the experiment described in chapter 8. The increase
in mAChR-ir, previously found in young rats 24 hrs after ASA, is indeed absent in
aged rats, suggesting that the SCN neurones are no longer able to respond to
cholinergic input. Contrary to this, AVP levels (neuronal counts and peptide content)
were found to be increased in aged, but not in young rats. Several explanations are
conceivable (see chapter 8). Possibly, young rats release their (extra) AVP, like the
house mice (chapter 3), whereas the release of AVP in aged rats may be inhibited. In
any case, 24 hrs after a learning task the two SCN neurochemical systems are affected
differentially with age.
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II. GENERAL DISCUSSION

A graphical representation, summarising the results described in this thesis, is given
in Fig. 1. This section discusses some facets depicted in the figure in more detail, and
ideas for future research are given where relevant. The different aspects are indicated
in the figure by numbers corresponding to the paragraphs in which they are
considered. First,  the interaction of the circadian system with learning and
memory is more closely inspected. Which aspect of the conditioning process is
actually under the control of the pacemaker: acquisition, retrieval, or yet another
component involved in learning and memory, such as fear? We have concluded that
the SCN seems to have a suppressing action on retrieval at non-24 h intervals, but
how strong is the evidence for this?  Parallels and discrepancies between our own
and previous studies are examined, focusing on species and paradigm differences. 
The next issue is the putative mechanism underlying periodic deficits: what could be
the relevance of the observed alterations in the SCN muscarinic receptor and
vasopressin system, and how could they interact?  Finally, the current state of
affairs regarding our main research question is discussed. Does a reduced
organisation of behaviour contribute to the age-related decline in memory?

Figure 1. Schematic drawing of rodent SCN, summarising the results in this thesis and
proposing a speculative integrating model. The left panel represents a young, and the right
panel an aged SCN, and its related behavioural output. Circadian rhythms are flattened and
more fragmented in aged rodents, and the circadian pattern in memory retention is absent.
Input (ACh) and output (AVP) systems of the SCN are indicated in block arrows. Neural
elements (putatively) involved in the regulation of memory retention:      = vasopressin (AVP)
producing neurone;  = muscarinic acetylcholine receptor (mAChR) positive neurone;       
      = somatostatin (SS) producing neurone;     = mAChR positive astroglial cell; ACh =
acetylcholine. In the aged SCN, vasopressin immunoreactivity (-ir) is severely decreased, and
neuronal mAChRs to some extent. The number of mAChR positive astrocytes, and SS-ir is
increased. The conditioning event affects SCN neurochemical systems and triggers the
oscillation in memory retention. Arrows pointing towards the SCN indicate alterations in
neurochemistry as a consequence of conditioning 24 hrs later. Arrows leaving the SCN indicate
its modulation of memory retention over time. Inhibitory systems (SS, GABA) could suppress
memory, whereas others (AVP, mAChR+ cells) may act to temporarily overrule inhibition at the
24 h-intervals. Note that the SCN does not determine absolute levels of performance, but only
controls the degree of circadian variation. In aged rodents, effects of conditioning on
neurochemistry are minimal, and the aged SCN does not influence retention. Digits ( ) refer to
paragraph numbers in the General Discussion where topic is discussed in detail. OC = optic
chiasm. This scheme is based on rat and mice  data. 
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1. The circadian system and conditioning

Disentangling components of conditioning

The studies performed in this thesis have focused on the circadian system in relation
to memory retrieval, and not to learning. This was in accordance with the compelling
evidence for a role for the circadian clock from studies in which memory retention
for a learned task turned out to be periodically impaired in a circadian fashion.
Indeed, we found a circadian pattern in memory retention for PSA and ASA learning
task. Many of the experiments combined learning tasks and SCN immunochemistry,
enabling determination of relationships between them. Significant correlations
between retention levels and markers in the SCN (e.g. number of stained AVP
neurones, optical density measure-ments of AVP and mAChRs) were consistently
absent. From this result, and from the results in chapter 2 and chapter 6 we infer that
the SCN probably does not regulate performance levels per se, but merely the
regulation of memory retention
over time. 

Initial learning was related to
the neurochemical state of the SCN
afterwards, in the young Wistar rats
from chapter 8 (Fig. 2). The
percentage correct avoidances
during ASA training strongly
correlated with the number of
mAChR+ astrocytes in the SCN
24 hrs later (r=0.7, p=0.014). The
number of mAChR+ astrocytes was
found to increase after PSA and ASA
in young rats (chapter 4 and 8),
indicating SCN plasticity at this
level. Possibly, the impact of a task,
varying between individuals with
their ability to acquire the response,
leaves a trace in the SCN as to how important this event has been to the animal, and
how much attention it should receive in the future. The habituation phase of the PSA
and ASA task was sufficient to enhance the number of mAChR+ astrocytes. This
could indicate that the impact of the habituation is greater for rats that learn faster,
possibly because their attention and responsiveness is higher through an enhanced
cholinergic drive. The staining intensity of mAChR in the SCN as a whole did not
correlate with avoidances during acquisition. The specific role of astrocytes in this
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Figure 2. mAChR positive astrocytes in the SCN 24 h
after active shock avoidance against number of
correct avoidances during acquisition
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matter remains to be elucidated.
The most plausible explanation for periodic memory deficits is that memory is

temporarily "out of reach", i.e. that retrieval is suppressed. We do not know at this
point, whether the interfering factor acts on the retrieval process itself, or that it
somehow inhibits the behaviour we use to measure memory. The animal may also
remember well that the shock was given in the dark compartment, but for some
reason have lower expectancy of the shock (risk assessment), or have increased fear
of staying outside at non-circadian intervals (motivational aspect). Such processes
would have nothing to do with retrieval, but are involved in the action that follows.
Bintz et al. (1970) specifically addressed this question, and concluded that the
retention decrement of the original Kamin effect cannot be explained by a simple
generalised fear response. Klein and Spear (1970) reached a similar conclusion in
their studies. It is difficult to disentangle these aspects of learning and memory, that
include motivational and anxiety factors. They all interact, resulting in the
observation of "the retention" (Blokland, 1996). The work of Holloway and Wansley
has shown that a simple (pre-existing) factor (like a fluctuating hormone) cannot be
the direct source of the oscillations, since the pattern is independent of time of day
of training (Holloway and Wansley, 1973b). It is possible that the shock triggers a
separate oscillatory process in stress hormones or in cortical functions, that indirectly
influences memory or what is measured as such: retention, by altering fear levels. 

Suppression or stimulation?

There are two possible ways in which the SCN could cause the memory oscillation
pattern, observed in young rats in the active and passive shock avoidance (chapter 2
and 6; Holloway and Wansley studies):

1. the pacemaker stimulates memory retrieval at 24 h intervals;
2. the pacemaker suppresses memory retrieval at non-24 h intervals.

The results presented in this study do not provide solid evidence that the SCN
suppresses memory retention, but this is strongly implied by the data sets in chapter
2 and 6. Brattleboro rats, lacking AVP, perform well both at 18 and at 24 hrs after
training. Their performance is as good as in the control Wistar strain, and even better
than in the control Long Evans strain. This makes it unlikely that memory is
enhanced (by AVP) at the 24 h intervals, instead of suppressed at 18 h. The other
endorsement comes from the aged rats in the passive shock test (chapter 6). If a
healthy circadian system would periodically enhance memory retrieval, then aged
rats with a declined pacemaker amplitude would perform worse, unable to stimulate
memory at the 24 h time. Aged rats were not impaired at this task, instead they had
enhanced latencies. The possibility that aged rats would perform better is
implausible. The most compelling evidence seems to come from the study of
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Stephan and Kovacevic (1978). Their SCN lesioned rats performed as well as the
non-lesioned rats at 24 hrs after learning. If the SCN would have a stimulatory
action, retention levels would have dropped to the 18 or 30 h level of the intact rats.
Even in the lesioning study, there is an alternative explanation. Some of the rats had
extended damage to the optic chiasm as a result of the SCN lesion. This may have
affected light sensitivity, a crucial factor in passive shock avoidance. Rats might have
been less compelled to enter the dark compartment, had they been less sensitive to
light.

Apart from the behavioural data, general SCN physiology also makes a
suppressing action the more likely option. Somatostatin (SS) is an inhibitory
peptide. SS neurones are tightly interconnected, and innervate other neurones (e.g.
ones containing VIP) within the SCN. The increase in SS-ir with ageing (chapter 7)
could reflect peptide accumulation inside the neurones (release deficit) resulting in a
diminution of inhibitory actions. In addition, GABA is the principal
neurotransmitter of the SCN, as it is present in (nearly) all neurones (Moore and
Speh, 1993). The SCN therefore largely maintains inhibitory control over the areas it
innervates. Although no evidence is at hand for a SCN- specific role in cognition for
GABA or SS, the suppressing effect on retention could simply be a common feature
of the SCN. The combined action of transmitters such as AVP, and glutamate from
(mAChR+) astrocytes, could temporarily overrule this inhibition, via a release peak
(see below). A crucial role for AVP seems at odds with the Brattleboro data, because
AVP is not present to overcome this inhibition. But we have to keep in mind that the
SCN does not control how well animals learn or remember. It merely modulates
performance in a circadian fashion, and AVP could play a role in this action. AVP
administration in the SCN could clarify this issue.

2. Species and paradigm differences: comparison with other studies

The behavioural studies presented in this thesis closely followed the Holloway and
Wansley paradigms (active and passive shock avoidance) and training testing
intervals (6 hrs) on purpose, as these laid the basis for our studies. The results are
indeed in agreement with the data of Holloway and Wansley; memory retention
deficits are present at the same intervals (6 hrs after training and 12 h multiples), in
the same learning tasks (active and passive shock avoidance). Periodic memory
deficits are thus reported rather consistently across time, learning task, and
laboratory (see chapter 1). Together the findings support a "time-stamping" role for
the SCN in memory processing. It postulates that the available information is used
only if the internal circadian phase coincides with the circadian phase of training,
and not at other times. As pointed out before, it makes adaptive sense to use the
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experience of today as a temporal template for tomorrow (Daan and Koene, 1981;
Daan, 2000). Anticipation to high-impact events in the future would increase
chances for survival, and the circadian clock is the system exceptionally suited to
regulate such behaviour.

A few studies have arrived at other conclusions. Ralph and colleagues (Devan et
al., 2001; Ralph et al., 2002) conducted experiments in hamsters and rats with the
goal to establish the influence of circadian rhythms on the different stages of
learning and memory (acquisition, consolidation, and retrieval), using a range of
different tests in rats and hamsters. A common factor in most of their studies is that
they trained animals at two circadian time points, and then tested them at either the
same, or another time (i.e. training and testing at the same Zeitgeber time (ZT 4 or
ZT 12), or training at ZT 4, and testing at the different ZT 12, and vice versa). The
acquisition phase of their learning tasks always consisted of multiple consecutive
days of training. Hamsters only showed a preference for the paired condition during
testing, if they had been trained at the same circadian time. Even when tested during
the night (when the reward of running for nocturnal mammals is expected to be
high) they did not show a preference for that room if they had been trained during
the day (Ralph et al., 2002). These results are in agreement with the Holloway and
Wansley data. Other studies carried out in rats using a similar set-up (water maze,
aversive context memory, radial maze-stimulus response), have failed to reproduce
memory deficits at non-circadian intervals, even after using 6 h intervals cf. the
Holloway and Wansley protocol (Ralph et al., 2002). McDonald et al. (2002)
proposed two explanations for the discrepancies between their results and the
Holloway and Wansley data: the first is based on that shock sensitisation, instead of
memory retrieval could be the process under circadian control. In their studies, this
is not a discriminating factor, since it would affect the paired and the unpaired
context equally. The second is that the difference could be due to the use of multiple
versus single-session acquisition procedures, but the authors argue that these
multiple sessions were the minimum amount needed for obtaining a discriminative
degree of memory to manipulate (Ralph et al., 2002). 

To examine the generality of our findings in rats across species, CBA/ca mice
were subjected to the PSA protocol used for rats (cf. chapter 6). Here, I report on the
(unpublished) results of this experiment in mice. In short, we gave mice three
habituations and a single training in the PSA box, and subsequently tested individual
mice 24 hrs later, and then repeatedly every 6 hrs for another two days (three days in
total). We trained the mice during the subjective day, but they were kept on a
skeleton-photoperiod (0.5:11.5 hrs LD) to maintain entrainment. By training and
testing in darkness, a direct influence of light can be ruled out. Figure 3 shows the
individual patterns for young and aged CBA mice in PSA. Young mice showed more
fluctuations in step-through latencies than aged mice. This is consistent with rats
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B. Aged CBA mice (17 months)
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Figure 3. Individual memory retention at multiple training testing intervals after passive shock
avoidance training in young (upper graphs, A) and aged (lower graphs,B) CBA/ca house mice.
Median  step-through latencies are depicted in the upper right corner of the individual graphs.
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(chapter 6). Latencies to enter were generally lower during the subjective night,
showing more passive behaviour during the subjective day. There was no clear
circadian pattern in retention. Possibly, environmental factors influence, or interfere
with a 24 h oscillation, if the phenomenon of periodic memory deficits exists in
mice. Chaudhury and Colwell (2002) investigated circadian modulation of fear
conditioning in a single training paradigm in house mice. Their results were also not
fully consistent with an induced 24 h oscillation. Innate (and pre-existing) high
daytime freezing seemed to interfere with a time-stamping mechanism, of which
clear indications were present. Species comparison
Except for the experiments by McDonald et al. (2002), data from rat studies in
general consistently agree with the Holloway and Wansley data, and with a time-
stamping role for the circadian system in memory retention. Some hamster studies
substantiate this concept as well (Ralph et al., 2002), while others do not
(Oklejewicz et al., 2001; Ko et al., 2003, in press). For mice, the picture is not clear yet
either. Perhaps the natural behaviour of mice includes cautious responses to any
stimulus during the light phase, which is potentially the more dangerous time of
day. This could lead to a conflict situation in the described tasks, and hamper the
detection of a time-stamping concept in mice. In any case, it would explain the
discrepancy between the mice study of Chaudhury and Colwell (2002) and the rat
studies. During the acquisition session, freezing as a direct result of the tone-shock
pairings was much higher (in both light protocols) in light-phase trained animals
than in dark-trained animals. Mice are more strictly nocturnal than rats, and in rats,
the circadian phase is in most cases reported as irrelevant for training in diverse
paradigms (see chapter 1). The PSA task (chapter 6) is quite comparable to the
freezing to context/tone paradigm, as it requires passive behaviour as an expression
of memory. In the small nest-building mice (from chapter 3), we found much better
acquisition of ASA during the dark phase than during the light phase. ASA requires
an active response (which is expected during the dark phase) in contrast to passive-
like behaviour, which could be expected during the light. Obviously, these matters
need further clarification, especially since mice are becoming popular models to
study behavioural processes relating to circadian rhythms and cognition.

Paradigm problem

Apart from the choice for a particular species, the issue of which task is the "best" to
study memory processes in a circadian context is also complicated. All learning
paradigms entail either strongly aversive or appetitive components, as motivation is
crucial in any attempt to teach an animal a (conditioned) response. In addition, fear
or anxiety is an inescapability, at least in the initial stages of learning (novelty
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aspect). A water maze paradigm is quite different from the context memory tasks.
The former is a truly spatial task that requires using extra-maze cues, in contrast with
a simple association test (e.g. unique chamber with reward/shock, or light with
food). Comparing the results is therefore problematic. In the context memory task
(Ralph et al., 2002), rats are not inclined in any way to choose the shock-paired
chamber. There is no trade off between the natural urge to enter this chamber, as
there was no initial preference for it. In Holloway and Wansley's and our own studies
a conflict (PSA), or an urge to perform (ASA) is present. In that view, the water maze
is a "better" task, because the animal is "forced" to undertake some action. In a water
maze task, Devan et al. (2001) found impaired memory in rats after 13 days of
training, as a consequence of 5 consecutive days of 3-h phase shifts.

It could be argued that tests in which no conflict is present are preferable, for
the very reason that they do not involve interfering factors. The appetitive tasks
(Wansley and Holloway, 1975; Hunsicker and Mellgren, 1977) demonstrate that the
periodic deficits are observed also in the absence of such a strong fear factor. In any
food-motivated task, we have to bear in mind that responses could be driven by the
food entrainable oscillator (FEO), which is independent of the SCN (Stephan, 1989;
Mistlberger et al., 1996; Walcott and Tate, 1996; Means et al., 2000; Aragona et al.,
2002). This is also true for time-place association studies (TPA)(Boulos and
Logothetis, 1990; Daan et al., 1994; Carr and Wilkie, 1997). In general, one could
say that the best tasks to study are those closest to the natural behaviour of the
animal.

In conclusion, the grounds for the discrepancies between studies remain open
for discussion. Simply ascribing them to strain or paradigm differences does not
bring us any further in our understanding of periodic memory deficits if they
represent a general phenomenon. It has been suggested before that "overtraining"
may abolish the Kamin effect (Gabriel, 1968), and this was also reported in the study
by Chaudhury and Colwell (2002). Another possible and associated explanation lies
in the single trainings -as used by Holloway and Wansley and in our studies- versus
multiple trainings -as used by McDonald et al. (2002). It is possible that a single
"shocking" event has more impact on the circadian system, and with the same event
recurring every day at the same time (which is the case during the training phase), it
may loose its significance due to adaptation to the applied stimulus. The SCN may
then no longer exert its influence on, or interfere with cognitive processing by higher
cortical areas. The difficulties and pitfalls in choosing the proper test for studying
cognition in a circadian context were demonstrated here: one has to carefully
consider how natural behaviour can confound results, by spontaneous variation in
general activity levels. Mice may well be more affected by such variation than rats.
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3. Neurochemical substrate of periodic memory deficits

Our neurochemical analyses have focused on vasopressin and muscarinic
acetylcholine receptors (mAChRs) in the SCN. In chapter 8, we have found
indications that the two systems are not coupled in the SCN, as they respond
differently to a stressor in aged compared to young rats. Studies on the interaction of
vasopressinergic and cholinergic systems are indeed scarce. In the rat SCN, the
second messenger system cGMP-dependent protein kinase (PKG) is co-localised with
AVPir, and is involved in processing of cholinergic stimuli (Revermann et al., 2002).
Outside the SCN, the AVP4-9 fragment stimulated ACh release from the
hippocampus in a microdialysis study in rats (Maegawa et al., 1992). In BALB/c
mice, the same was found in vitro in hippocampal slices, and this action is probably
mediated through the V1 receptor (Tanabe et al., 1999). At the behavioural level,
AVP4-9 (a potent memory booster) was able to (partly) overcome the scopolamine
(a selective ACh receptor blocker) induced memory impairment in an eight-arm
radial maze task (Fujiwara et al., 1997), and in a passive avoidance task (Tanabe et
al., 1999). We have not specifically addressed the issue of a cholinergic-
vasopressinergic interaction, and the systems are therefore first discussed separately
with respect to their role in circadian learning and memory.

Vasopressin system

In the learning and memory context of the circadian system, vasopressin (AVP) is an
obvious peptide to study. Not only is AVP an important output pathway of the
timekeeping system, but this peptide has a long history of being implicated in
learning and memory function. CSF and blood AVP are functionally and
anatomically compartmentalised, suggesting a distinct function of CSF-AVP in the
central nervous system (Reppert et al., 1981, 1987), and CSF-AVP most likely
originates from the SCN (Schwartz et al., 1983). It was never established whether
endogenous AVP from the SCN could act on V1/V2 receptors in the dorsal
hippocampus and neocortical brain regions. This is an intruiging possibility since
evidence for a direct innervation from any AVP region is lacking. The role of SCN
AVP (a clock-controlled gene), is still under debate, although several studies have
aimed at elucidating part of its function (Bult et al., 1993; Gerkema et al., 1994;
Ingram et al., 1998; Reghunandanan et al., 1998; Landgraf et al., 1998; van Esseveldt
et al., 1999). AVP was proposed to be the signal from the SCN to other areas in the
brain. It could serve to warn the individual that that time of day has arrived when,
on a previous day, a significant event happened. Several lines of evidence now
suggest that the SCN-AVP system is involved in the signalling to brain areas involved
in learning and memory, as consequence of a (significant) learning event. To begin
with, studies in this thesis showed that: 
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1) an ASA induced drop in AVPir was observed in the SCN of four separate
lines/ strains of house mice, indicating the universal character: selected
lines of big and small nest-builders and C57Bl/6 (chapter 3), and CBA/ca
mice (Fig. 5; unpublished observations);
2) the AVP time profile in small nest-builders, presented in chapter 3,
points in the direction of a stress-induced oscillation in AVP-ir in the SCN
of house mice. 

Adding more substance to the concept are previous studies from literature
showing that:

3) within the SCN, AVP is released directly after a stressful event (forced
swimming) as was shown in a microdialysis study (Engelmann et al.,
1998);
4) 24 hrs after PSA the SCN was found to be depleted of AVP (as
demonstrated by immunohistochemistry by (Laczi et al., 1983). The
finding that directly after passive avoidance learning, as well as directly
after the 24 h and 120 h retention, AVP is significantly enhanced in the
CSF of rats (Laczi et al., 1984) corresponds with this since CSF-AVP most
likely originates from the SCN.
5) injections of AVP must be given within an hour after the learning task to
prevent extinction at 24 and 48 hrs compared to controls (de Wied, 1971).

 
An AVP oscillation superimposed on the normal circadian AVP release, running
independently yet phase-locked to the master clock, is an interesting concept. This
could explain the finding that retention is optimal 24 h after learning, independent
of the time of training. For a full answer, we need to know whether periodic memory
deficits, parallel to the observed pattern in AVPir in the SCN, are demonstrable in
mice in a different set-up. It would also be important to determine whether AVP
release is observed in rats, where memory fluctuations have been observed. This
hypothesis could be tested ideally by microdialysis, enabling "online" AVP release
monitoring during (or in any case directly before and after) retention testing in the
SCN (and surroundings) after a single stressful event. Such a study has yet to be
conducted.

mAChR system

Acetylcholine (ACh) is an important neurotransmitter in the brain, and has attracted
a great deal of attention over the years in cognitive research (Ingram et al., 1994; van
der Staay and Blokland, 1996; Tago et al., 1987). Information on the function of the
SCN-cholinergic system is mostly confined to a role in phase shifting (Zatz and
Herkenham, 1981), an action mediated by mAChRs in vivo (Bina and Rusak, 1996)
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and in hypothalamic slice preparations (Liu and Gillette, 1996). In our studies, we
have found indications that the mAChR system is involved in associative learning,
and more specifically in the novelty aspect of a learning task (chapter 4). An SCN
specific time profile of increased mAChR staining was found, starting 22 h after the
first event, whereas other brain areas (hippocampus and amygdala) display these
changes much sooner (Van de Zee and Luiten, 1999). This suggests that mAChRs
have a distinct role in the SCN, relating to its temporal properties, rather than
directly responding to cholinergic stimulation.

Enhanced mAChR staining by the monoclonal antibody M35, a good tool to
study these mAChR dynamics, probably reflects reduced sensitivity for cholinergic
input at the mAChR level through receptor internalisation following cholinergic
stimulation (Van der Zee and Luiten, 1999). Increased ACh innervation from distant
brain areas thus possibly results in shutting down of a subset of SCN neurones
(about 30%) to more cholinergic input. The absence of an oscillation in the mAChR
staining profile suggests that cells expressing mAChRs (stained with M35) do not use
cholinergic signal transduction to mediate periodic memory fluctuations. One could
speculate that these neurones represent a subset of cells that have become partly
independent from, or out of phase with the SCN, thus creating a cellular substrate
for an independent oscillation of another output transmitter, such as AVP. Moreover,
the habituation phase of the learning task is sufficient to induce the largest changes
in mAChR staining (chapter 4).

Although this speculation is very appealing, it evidently calls for clarification of
the interaction between cholinergic and AVP systems in the SCN. MAChR labelling
does occur in the AVP-region of the SCN, making it likely that at least some AVP cells
could carry these receptors, but double-labelling studies should be conducted to
determine whether AVP containing cells in the SCN in fact express mAChRs. This
would support the idea that the subset of mAChR positive cells acts together with
AVP to generate memory oscillations. For AVP, we do not know if novelty, or
associative learning is required to exert its effect on the mouse SCN-AVP system
(chapter 3) and on aged Wistar rat SCN-AVP (chapter 8). The lack of correlation
between AVP staining and performance parameters in ASA suggests that also SCN-
AVP is not concerned with the degree of learning. The associative learning aspect
may still be required to induce these changes. These aspects remain to be
disentangled, as they were for mAChRs. 

Finally, a more prominent role than so far presumed may be granted to
astroglial cells. A significant correlation between the number of CARs during
acquisition and mAChR+ astrocytes in the SCN 24 hrs later was found. The role of
astrocytes in the SCN has not been well-studied to date, although some studies exist
(Botchkina and Morin, 1995; Lavialle and Serviere, 1995; Li et al., 2002). Possibly
undeserved, since they express receptors for a number of neuropeptides and
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neurotransmitters, including serotonin, NPY, glutamate, vasoactive intestinal
peptide, and vasopressin (Hosli and Hosli, 1993), all present in the SCN.
Furthermore, it has been shown by Van der Zee et al. (1991), and again in chapter 8
that with age, the number of mAChR+ positive astrocytes significantly increases.

4. Ageing: decline in circadian organisation and memory

The central topic in this thesis was to determine to what extent the circadian system
contributes to the age-related decline in memory function. Circadian organisation
and cognition are both severely impaired with ageing, and especially in dementia. In
contrast to the findings in chapter 6, in which we found no evidence for a age-related
cognitive decline in the PSA task in F×BN rats, the Wistar rats from the study in
chapter 8 did show a dramatic inability to acquire the ASA task. The temporal pattern
of memory modulation, however, was not studied in these rats. So, in the described
experiments, we did not demonstrate impaired cognition together with the absence
of a circadian modulation in the same rats, since the aged F×BN rats lacking
circadian modulation in the retention of the PSA tasks (chapter 6) performed well. 

The lack of circadian modulation in aged rats offers a strong indication that a
healthy circadian system suppresses memory at non-24 h intervals. Moreover, a
correlation was found between the individual degree of circadian modulation and
the robustness of the circadian system (chapter 6). A lack of correlations of SCN
markers with performance levels per se does not dispute SCN involvement in the
temporal aspect of memory retention. Antoniadis et al. (2000) did find that within a
group of aged golden hamsters, the ones with fragmented rhythms had lower
preference scores than those with more consolidated rhythms. It awaits further
investigation if this discrepancy arises from species or paradigm differences. In
addition, other structures beside the SCN may be involved in the temporal
modulation of memory (Ko et al. 2003, in press).

At this point I therefore conclude that in rats, the aged circadian system is not
responsible for impaired cognition in a narrower sense. A good way to settle the
issue would be to temporarily inhibit SCN function pharmacologically in young rats,
thereby mimicking the age-related decrease in circadian organisation. If the circadian
system involvement in memory retention is restricted to a temporal modulation,
these rats would display higher values than before at the non-24 h intervals, whereas
24 h values should remain the same.
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III. CONCLUDING REMARKS

The circadian pacemaker modulates memory retention in rodents to incorporate the
information in their behaviour in a time-of-day dependent manner. This is an
important conclusion in itself, as a confounding factor to be taken into account by
those studying learning and memory processes. We have come a little closer to
characterising the pathway through which the pacemaker interacts with memory
retention. The SCN is most probably not involved in learning or memory
performance levels per se. In fact, a not fully intact or compromised circadian system
(like with ageing, following SCN lesions, and in the Brattleboro rat) has positive
effects on mnemonic capacity at testing times otherwise showing (actively)
suppressed retention. Essentially, the SCN seems to modulate when to retrieve what
has been learnt. This is suggested by the fact that the time-dependent fluctuations
disappear in rats with a less organised circadian system (aged rats) and with a
different SCN make up (Brattleboro). Like many other rhythmic functions controlled
by the SCN, temporal organisation of cognitive behaviour becomes weaker or is lost
with a deteriorating circadian system. 

It may seem that having an intact circadian system is disadvantageous for
memory function. The reverse is true: allocating specific actions to specific "time
slots" is the way to cope with a (predictable) fluctuating environment, like the one
we live in. A "time-stamping" concept is supported by our results. The SCN "marks"
the time in the circadian cycle when an impact-full event occurs, for future reference.
The SCN is not designed for determining performance levels in learning tasks, but is
doing the job it is supposed to do: timing the appropriate action. It may seem trivial
that information is unavailable at certain times, why not always remember
maximally? It is reasonable to assume that in a young, healthy rat the system works
optimally, and that this has some relevance to its well-being and survival, rather that
it just being an "artefact" of a well-organised circadian system. In the animal
kingdom, daily routines are common, and most events occur periodically.
Suppressing fearful information, that is only relevant at certain times of day, can be
advantageous as it might inhibit other relevant behaviour (such as foraging).

Using rats as a model to study effects of ageing in humans, is valuable as long
as a certain degree of similarity is present in the way ageing is expressed. The decline
of circadian organisation and cognition were both demonstrated in rats, as they are
in humans. Comparable experiments are feasible in humans, and would be
interesting to recognise points of difference and resemblance. It is very well possible
that in humans the significance of this specific role for the circadian pacemaker is
less pronounced. However, the deterioration of the circadian system was not found
to contribute, or be detrimental to cognitive performance. Only the temporal
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organisation is lost. Therefore, presuming that the human circadian system does
regulate memory retention in a similar way, therapeutics aimed at re-establishing
circadian organisation may not act as pure cognitive enhancers, but enhance general
well-being on the whole.
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Dit proefschrift bevat studies die zijn uitgevoerd in het kader van het NWO
prioriteitenprogramma "Geheugenprocessen en dementie", en die tot doel
hadden te onderzoeken hoe circadiane processen geheugenfunctie
beïnvloeden, en of veroudering deze interacties verandert.

Deel 1: Geheugen en het circadiane systeem
Het is alom bekend dat de biologische klok ons van een dag-nacht ritme voorziet. In
de studies naar de invloed van circadiane (van het latijn circa = ongeveer, en
dies = etmaal) processen op allerlei gedrags- en fysiologische parameters is het
cognitieve aspect onderbelicht gebleven. In de zestiger en zeventiger jaren kwam het
onderwerp tijdelijk meer in de belangstelling te staan. Vooral de groep van Holloway
en Wansley heeft een aantal belangrijke studies uitgevoerd. Zij toonden aan dat er bij
ratten in het geheugen voor een leertaak (retentie) een periodiciteit bestaat, die
minstens drie dagen aanhoudt. De retentie bleek direct na en (op veelvouden van)
24 uur na de leertaak optimaal te zijn. Op tussenliggende tijdstippen (bijv. 6, 18 en
30 uur na de taak) was de retentie veel slechter. Verder bleek dit patroon
onafhankelijk te zijn van het tijdstip op de dag waarop de dieren werden getraind.
Zij toonden dit fenomeen aan in leertaken waarbij er gebruik wordt gemaakt van een
milde voetschok (negatieve reïnforcer) zoals de actieve en passieve schokvermijding
taken. Later bleek het ook op te treden in leertaken waarbij gebruik werd gemaakt
van voedselbeloning (positieve reinforcer). Een andere groep (Stephan en Kovacevic)
liet zien dat de periodiciteit in de retentie verdwijnt wanneer je de
suprachiasmatische nucleus (SCN) kapot maakt. Dit hersengebied is de coördinator
van circadiane ritmiek bij zoogdieren, de zogenaamde circadiane pacemaker. 

De genoemde bevindingen suggereerden sterk de invloed van een biologische
klok. Een aantal vragen bleef onbeantwoord; vragen die te maken hadden met het
endogene karakter van de periodieke geheugenstoornissen. Circadiane ritmen in
gedrag zijn namelijk alleen endogeen (intern gegenereerd) als zij doorgaan in
afwezigheid van een externe Zeitgeber. Voor zoogdieren is licht de sterkste Zeitgeber,
en het werd uit de studies van Holloway and Wansley niet duidelijk of de
periodiciteit zou blijven bestaan als het experiment in constante licht-
omstandigheden zou zijn uitgevoerd. In hoofdstuk 2 van dit proefschrift is een
experiment beschreven met ratten in een actieve schokvermijding taak (ASA). In deze
taak leren ze aan een voetschok te ontkomen door tijdens een aan de schok vooraf-
gaande toon naar de andere kant van de leerkooi (shuttlebox) te springen. De Wistar
ratten werden in constant donker (DD) gezet, tijdens hun actieve fase (subjectieve
nacht) getraind en 18, 24 of 30 uur later getest op hun geheugen. Het bleek dat de
ratten 24 na de training een betere retentie hadden dan de ratten die op 18 en 30 uur
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werden getest, en dat het optreden van de dips in geheugen dus niet afhankelijk is
van licht-donker informatie. 

Een tweede belangrijke voorwaarde voor een endogeen ritme is dat de
periodiciteit in het gedrag binnen een individu aanwezig moet zijn, en gedurende
minimaal een paar circadiane cycli blijft bestaan. Eerdere studies werden bijna altijd
uitgevoerd met afzonderlijke groepen ratten op de verschillende tijstippen, onder
andere om afleer-effecten (in het geval van de passieve schokvermijding taak), en
overtrainings-effecten (in het geval van ASA) te voorkómen. Hoofdstuk 6 beschrijft
een experiment waarin individuele Fischer 344 × Brown Norway hybride (F×BN)
ratten herhaaldelijk (elke 6 uur) worden getest in een passieve schokvermijding
(PSA) taak, gedurende drie volledige circadiane cycli (72 uur) in DD. In deze taak
leren ratten om een aanvankelijk geprefereerd donker compartiment te vermijden
nadat ze er een voetschok hebben gekregen. Hieruit bleek wederom dat ratten
optimaal presteerden op de 24-uurs tijdstippen.

Als het vóórkomen van periodieke retentie dalen aan het circadiane systeem
wordt toegeschreven, komt automatisch de vraag naar boven welke neuropeptides of
neurotransmitters uit de SCN hierbij een rol kunnen spelen. Wij richtten onze
aandacht op twee systemen: het neuropeptide vasopressine, dat een belangrijk deel
van de SCN output verzorgt, en het cholinerge systeem, vanwege zijn welbekende rol
in leer- en geheugenprocessen. Vasopressine (AVP) uit de SCN speelt vermoedelijk
een belangrijke rol bij het genereren van de fluctuaties in geheugenretentie,
aangezien Brattleboro ratten (die geen AVP hebben door een mutatie in het genoom)
geen geheugendip hebben wanneer ze 18 uur na de ASA leertaak worden getest
(hoofdstuk 2). Zij werden vergeleken met Long Evans ratten, de controle stam
waaruit de Brattleboro's zijn ontstaan. Long Evans ratten vertoonden wel weer het
effect van betere retentie op 24 dan 18 uur na de leertaak, net zoals de Wistar ratten.
Bij muizen is het effect van de ASA taak op AVP in de SCN bekeken met behulp van
een immunocytochemische kleuring (detectie door middel van antilichaam) van het
peptide. In hoofdstuk 3 is beschreven dat het AVP gehalte direct (20 minuten) na de
leertaak lager was dan in controle muizen. Muizen die na 24 uur nog een ASA sessie
krijgen hadden ook minder AVP in de SCN. Bij het bestuderen van het tijdsverloop
van de veranderingen op AVP niveau na een enkele ASA sessie bleek dat tussen deze
momenten van lage AVP (20 minuten, 24 en 48 uur), de intensiteit weer steeg (op
12 en 36 uur na ASA). Mogelijkerwijs wordt AVP in de neuronen dus weer
aangevuld. Bij Wistar ratten werd echter dit effect niet gevonden 24 uur na ASA (zie
hoofdstuk 8). Het lijkt er dus op dat vasopressine een rol speelt bij het genereren van
de geheugenoscillaties, maar meer experimenten zullen moeten worden uitgevoerd
om dit te bevestigen.

De SCN wordt geïnnerveerd door uitlopers van cholinerge neuronen uit het
basale voorbrein. Receptoren die de acetylcholinerge signaaltransductie verwerken
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(muscarine en nicotine receptoren) zijn volop aanwezig op SCN neuronen. Het
cholinerge systeem is betrokken bij attentionele processen en dus belangrijk voor
associatief leren. De optische dichtheid van de immunocytochemische aankleuring
van muscarine acetylcholine receptoren (mAChRs) in de SCN was aanzienlijk
toegenomen 24 uur na een PSA of ASA leertaak (hoofdstuk 4 en 8). Waarschijnlijk
geeft deze toegenomen intensiteit een verminderde neuronale gevoeligheid weer
voor (cholinerge) input door receptor internalisatie. Een volgend experiment toonde
aan dat de habituatiefase in de experimentele opstelling, die vooraf gaat aan de
daadwerkelijke trainingsfase, al voldoende was om deze verhoging te induceren,
hetgeen betekent dat waarschijnlijk het "novelty"-aspect van de leertaak de grootste
impact heeft op mAChR niveau. Ook hier werd het tijdsverloop van de
veranderingen bestudeerd, en verrassend genoeg was er pas na een (bijna) complete
circadiane cyclus een verhoging zichtbaar, een effect dat typerend is voor de SCN. In
andere hersengebieden die betrokken zijn bij leren en geheugen (hippocampus en
amygdala) treden er namelijk al veel sneller veranderingen op naar aanleiding van
een dergelijke taak. Het aantal mAChR-immunopositieve astrocyten was echter al na
2 uur significant verhoogd. Van astrocyten in de SCN is nog niet vastgesteld welke
functie zij vervullen, maar gedacht wordt aan een rol bij faseverschuivingen. Na 13
dagen was bij de helft van de ratten de intensiteit weer gedaald naar controle
niveau's, terwijl in de andere helft van de ratten het kleuringsniveau net zo hoog
bleef als 24 uur na de ASA leertaak (hoofdstuk 4). Waarschijnlijk hebben we hier te
maken met een alles-of-niets effect.

Alles samen beschouwd is in de bovengenoemde experimenten aangetoond dat
AVP en mAChRs een rol spelen bij de verwerking van de impact van een associatieve
leertaak. Voor vasopressine is het echter nog niet duidelijk of het effect ook al
optreedt na alleen een habituatiefase, zoals dat het geval is bij de mAChRs. AVP staat
dus nog kandidaat voor de rol van directe bron van retentie-oscillaties, hetgeen
gesuggereerd wordt door de Brattleboro gegevens en de muizen studie. Mogelijk
wordt een deel van de SCN neuronen gerecruteerd om een neuronaal substraat te
vormen voor deze specifieke actie. Op dit punt in het onderzoek is dit echter nog
speculatie.

Deel 2: Veroudering van de circadiane pacemaker en geheugen
In hoofdstuk 1 is een literatuuroverzicht gegeven van de veranderingen die het
circadiane systeem ondergaat met veroudering, en onze eigen bevindingen in
verschillende rattenstammen en muizen op dit gebied worden gepresenteerd in
hoofdstuk 5. Enkele gedragsparameters waren in alle groepen en in dezelfde richting
aangedaan met veroudering. Zowel oude ratten als oude muizen vertoonden een

langere dagelijkse activiteitsperiode (α) dan jongere soortgenoten. Absolute
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activiteits-niveau's daalden, en de sterkte van het ritmische signaal ging achteruit.
Verder werd gevonden dat de dag-tot-dag variatie in het moment van het
zwaartepunt van de activiteit toenam met leeftijd. In oudere Wistar en F×BN ratten

was de eigen periode (τ, vastgesteld in vrijloop condities) korter dan in jonge ratten,

terwijl τ in oudere muizen juist langer was. De aard en mate van de veranderingen
op gedragsniveau hingen af van welke soort of specifieke stam er werd bekeken, maar
ook van de specifieke licht-omstandigheden en voorafgaande (experimentele)
ervaring, zoals de beschikking over een loopwiel. Verder is het belangrijk om te
beseffen dat een effect dat op gedragsniveau wordt geconstateerd, het gevolg is van
een optelsom van zowel centrale als perifere factoren. Immuno-cytochemische
technieken werden gebruikt om de invloed van leeftijd op verschillende SCN
peptiden te bestuderen. In tegenstelling tot wat er gevonden is voor SCN
neuropeptiden als AVP en vasoactive intestinal peptide (VIP) (hoofdstuk 1, 7 en 8),
bleek dat somatostatine sterk verhoogd is in de SCN van oude ratten (hoofdstuk 7).
Dat somatostatine de fase van de klok kan "resetten" en een remmende werking
heeft op de ritmische expressie van VIP, suggereert een specifieke rol voor
somatostatine in het proces van klok-veroudering.

Bij oude mensen, maar met name bij gedementeerde patienten treden ernstige
cognitieve stoornissen op die vaak gepaard gaan met een achteruitgang in circadiane
ritmiek, vooral een sterk verhoogde fragmentatie van de dagelijkse activiteit. Om na
te gaan of een verslechterde ritmiek bijdraagt aan geheugen-stoornissen -met andere
woorden of er een causaal verband tussen die twee bestaat- hebben we studies
verricht naar de relatie tussen geheugen, expressie van circadiaan gedrag en
neurochemie van de SCN in oude ratten. Om te beginnen zou men voorspellen dat
geheugenoscillaties niet, of in afgezwakte mate voorkomen bij individuen met een
zwakke circadiane functie, aangenomen dat het circadiane systeem verantwoordelijk
is voor het optreden van deze fluctuaties. Dit werd inderdaad gevonden bij oude
ratten die getrained waren in een PSA taak (hoofdstuk 6). In tegenstelling tot de
jonge ratten, vertoonden de oude dieren geen enkele fluctuatie in hoe goed ze zich
de schok konden herinneren, maar hadden ze hoge latentietijden (tijd alvorens de
donkere kamer in te gaan) op alle tijdstippen waarop ze werden getest. Verder
bestond er een verband tussen de sterkte van de ritmiek (in activiteit) en het verschil
tussen de latentietijden op de 24- en niet 24-uurs tijdstippen binnen een individu.
Het lijkt er dus op dat een robuuster circadiaan systeem het geheugen sterker
onderdrukt op de niet 24-uurs tijdsintervallen (hoofdstuk 6).

Is dit verschil in gedrag van de ratten terug te vinden in een verschil op het
niveau van SCN neurochemie, bijvoorbeeld peptide respons? Deze vraag werd
onderzocht in hoofdstuk 8. De eerder genoemde toename in mAChR intensiteit 24
uur na ASA die werd gevonden bij jonge ratten in hoofdstuk 4, treedt niet op bij de
oude ratten, hetgeen impliceert dat de neuronen niet meer in staat zijn om te
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reageren op cholinerge input, of, meer in het algemeen, op een chemisch signaal dat
de receptorverandering bewerkstelligt. Voor AVP is het tegengestelde het geval,
hierbij was er een duidelijke toename in kleurings-intensiteit 24 uur na ASA in de
oude, maar niet in de jonge ratten. Een verklaring hiervoor kan gezocht worden in
een verminderd vermogen van oude ratten tot afgifte van AVP. Jonge ratten kunnen
mogelijkerwijs dit (extra geproduceerde) AVP wel afgeven. Dit zou dan weer kloppen
met de resultaten uit hoofdstuk 3 bij de huismuizen. Vooralsnog is de conclusie dat
de twee systemen in de SCN die hier zijn onderzocht, afhankelijk van leeftijd
verschillend reageren.

Concluderend kunnen we zeggen dat de SCN niet bepaalt hoe goed een individu
leert, of zich een geleerde respons herinnert. Dit is niet geheel onverwacht want er
zijn vele andere hersenstructuren waarvan bekend is dat zij hier een cruciale rol in
vervullen. De SCN lijkt wel te bepalen wanneer het geheugen optimaal benut kan
worden of juist tijdelijk buiten gebruik is. Hoewel dit op het eerste gezicht eerder
nadelen dan voordelen lijkt te hebben, kunnen we aannemen dat deze tijdsregulatie
van belang is voor de overleving van een individu, aangezien het optreedt in jonge
gezonde dieren. Het zou voor een dier in zijn voordeel kunnen werken als de
herinnering voor een angstig voorval geen belemmering vormt in zijn dagelijkse
routine, maar alleen "opspeelt" op het moment dat het de grootste kans heeft om
weer te gebeuren. Zo krijgt het de kans op dat moment adequaat te reageren. 
Tot slot wijzen de studies in dit proefschrift erop dat een verouderde circadiane
pacemaker geen nadelige invloed heeft op cognitief functioneren als zodanig bij
knaagdieren. Als het circadiane systeem van de mens op een vergelijkbare manier
geheugenfunctie reguleert, zullen therapieën die erop gericht zijn de circadiane
functie te verbeteren, alleen invloed op dit mentale proces uitoefenen via een
algemene welzijnsverbetering. 
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Levensloop van Barbara Biemans

Het was mij meteen duidelijk dat de 13e geen ongeluksdag kan zijn, omdat ik op die
dag in december 1972 geboren werd te Emmen. Na een plezierige jeugd van zo'n 10-
tal jaren in de prachtige provincie Drenthe en schoolbezoek in Groningen,
verhuisden we naar Noord-Brabant, waar ik mijn lagere schoolopleiding voortzette
in Uden en Udenhout. Hier vond ik mijn eerste paranimf. In 1991 rondde ik mijn

gymnasium-β af aan het Maurick college te Vught. Op deze school werd ik zonder
kleerscheuren 13 op vrijdag de 13e, en liep ik bovendien mijn tweede paranimf tegen
het lijf. Na het bezoeken van enkele open dagen besloten we alledrie om in
Nijmegen onze voorgenomen studies te gaan volgen, vanwege de goede indruk die
de universiteit en natuurlijk de stad maakten. In 1991 startte ik met de biologiestudie
inclusief het uitgebreide sociale leven hetgeen een uitstekende keus bleek. Niet alleen
vanwege de leuke en leerzame biologiestudie, maar ook omdat Theo tevens de keus
voor Nijmegen had gemaakt. De interesse voor Hersenen & Gedrag leidde in 1995
tot mijn eerste afstudeerproject van de specialisatierichting medische biologie,
namelijk een stage op de afdeling Psycho- en Neurofarmacologie. Voor de tweede
stage wilde ik graag naar het buitenland, en koos voor een moleculair biologisch
onderwerp aan de Université de Rouen, een Erasmus uitwisseling via de afdeling
Dierfysiologie (1996). In 1997 slaagde ik voor mijn doctoraalexamen. Het product
van wat ik sinds 1998 heb gedaan heeft u nu in handen. Ook was ik ook graag
gepromoveerd op vrijdag 13 december, maar aangezien die datum dit jaar niet op
een vrijdag maar zaterdag valt, zal ik ervoor proberen te zorgen dat het feest dan toch
minstens tot middernacht duurt…
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Dankwoord

Terugkijkend op de afgelopen 5 jaar die ik in Haren en Groningen heb gewerkt en
gewoond, kan ik niet anders zeggen dan dat ik blij ben dat ik de stap heb gezet om
uit het veilige Nijmegen naar het Hoge Noorden te komen om uiteindelijk dit boekje
als eindproduct het levenslicht te laten zien. Ik heb veel geleerd, en bovendien
beschouw ik alle mensen die ik heb leren kennen als een verrijking in mijn leven.

Als eerste wil ik diegenen bedanken die het dichtst bij het onstaan en de
ontwikkeling van het project betrokken zijn geweest. Serge, ik ben blij dat jij mijn
promotor was, en wil je bedanken voor de belangrijke rol die je vooral in de laatste
fase hebt gespeeld. Ik heb altijd het gevoel gehad dat je deur openstond om voor iets
kleins of groots even binnen te wandelen, en dat werkt bijzonder prettig. Ook wil ik
je bedanken voor de ongelooflijke snelheid waarmee je manuscripten las toen het er
echt op aankwam. Zelfs al stuurde ik je stukken op de meest vreemde tijdstippen,
meestal had ik bijna direct een reply, en lag het stuk binnen afzienbare tijd van
commentaar voorzien weer op mijn bureau. Bedankt voor je stiptheid hierin. Ook
wil ik jou, Ruth, Berte, Moritz en Hannah bedanken voor de bijzondere gastvrijheid
en gezelligheid waarmee jullie ons ieder jaar weer in jullie huis en tuin ontvingen.
De zomeravonden bij het kampvuur die tot in de kleine uurtjes doorgingen zal ik
niet snel vergeten, en zijn denk ik heel erg belangrijk voor de samenhorigheid, en
voor de ontspannen sfeer van de groep. 

Eddy, jij was duidelijk de spil van het project. Ik heb het erg gewaardeerd dat je
inzet onverminderd doorging nadat je "naar beneden" was verhuisd. Ik heb veel van
je geleerd op diergedrag-, immuno- en schrijfvlak. Ook jij was altijd snel met het
lezen van stukken, en erg creatief in het bedenken van nieuwe modelletjes. Kortom,
je was een uitstekende "dagelijkse" begeleider. Naast wetenschappelijke zaken
konden we gelukkig ook heel gezellig over hele andere dingen praten, bijvoorbeeld
tijdens congressen of lange auto- of vliegtuigtrips ernaar toe. In Boston hebben de
boekhandels en winkeltjes goed zaken gedaan door ons! Bedankt voor alles, en ik
hoop dat we in de toekomst samen nog veel (circadiane) stukken kunnen publiceren

Menno, ook jou wil ik bedanken voor je bijdrage aan het project. Als directe
begeleider bleef je wat meer op de achtergrond, mede door je drukke
onderwijsbezigheden. Je inzet daarvoor is bijzonder, en ook de effectiviteit waarmee
je telkens weer promovendi weet te "werven" voor de diverse cursussen is
bewonderenswaardig te noemen. Mij heb je vooral in de schrijffase kunnen helpen;
met je scherpe en kritische blik wist je de inconsistenties er snel uit te pikken.
Barbara, bedankt voor de lekkere dineetjes bij jullie thuis.

Als tweede zou ik graag alle collega's van diergedrag willen bedanken. Het was
voor mij heel belangrijk dat er altijd wel iemand was om even mee te kletsen. Ik
vond onze groep aio's heel leuk, en heb me van het begin af aan thuis gevoeld.
Iedereen ontzettend bedankt voor de goede sfeer, uiteraard ook de postdocs en
stafleden. Een aantal mensen van diergedrag wil ik toch nog even bij naam noemen
omdat die voor wat reden dan ook een eigen stempel op mijn oio-schap hebben
gedrukt. Allereerst natuurlijk mijn kamergenoten, die heel direct de dagelijkse
beslommeringen meemaakten. In order of appearance: Bedankt Koen en Kamiel
voor het gezelschap, en voor jullie hulp en adviezen bij allerhande lab- en pc-
kwesties. Daarna kwamen Karen (K), Roelof (eventjes), en tenslotte Lobke en
Marian. Jullie zijn niet alleen allemaal erg aardig, maar ook bijzonder behulpzaam
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geweest bij het maken van allerhande beslissinkjes. Lobke, ik hoop dat je net zo'n
leuke tijd gaat krijgen in ons huisje als wij hebben gehad. Marian, thanks a lot for
your Catalán interventions, you were a great help!

Corine en Leo, Jullie hebben een belangrijke rol gehad in mijn Groningen-
avontuur. Naast veel "gewone" BBQ-middagjes en etentjes in jullie tuintje hebben
we ook jullie twee "major life events" van dichtbij mee mogen maken. Bedankt
daarvoor, en voor de vriendschap en gezelligheid. Finn boft met zulke lieve ouders.
Gosia & Mathijs, Ido & Ira: hoeveel €'s er door onze kelen in De Vestibule zijn
gegoten wil ik liever niet weten, maar ze waren het (bijna) allemaal waard. Bedankt
voor de gezelligheid, de discussies en alle "diner evenings". Die gaan in het
Bourgondische België natuurlijk wel een wat hogere impact factor krijgen. Gosia,
after Groningen and Lyon, we continue with Antwerp and R'dam? Bernd, ik weet
gewoon zeker dat je het met me eens bent als ik zeg dat je een toffe gozer bent.
Bedankt voor je luisterende oor en geïnteresseerdheid, zowel in het project als in
andere kwesties (zoals viervoeters). Je bent natuurlijk goed getrained in dit edele
onderwerp door Kathalijne. Veel geluk met zijn drietjes! Nikolaus, je bent de leukste
baron die ik ken. Misschien kun je Lobke een beetje instrueren over onkruid wieden.
Gerard, jij bent altijd onopvallend aanwezig, maar o zo belangrijk voor ieder project.
Ik denk dat we jou moeten zien als de dragende muur van de afdeling; zonder jou
zou de hele boel instorten. Ontzettend bedankt voor alle kleine en grote klussen die
je voor mij hebt opgeknapt. Natuurlijk wil ik ook de studenten bedanken die tijdens
cursusonderwerpen en stages een belangrijke bijdrage aan het onderzoek hebben
geleverd, ook al is niet alles daarvan in dit proefschrift terecht gekomen. Speciaal wil
ik Robbert bedanken. Je hebt met je onvermoeibare enthousiasme veel werk verzet,
en veel leuke resultaten behaald die hopelijk nog een vervolg krijgen.

Zonder het "ondersteunend personeel", wat best een understatement genoemd
mag worden, zou er natuurlijk weinig terecht komen van veel van het onderzoek op
het Biologisch Centrum. Ik wil alle mensen van de instrumentmakerij, timmer- en
electronicawerkplaats hartelijk bedanken voor hun inzet, op wat voor manier dan
ook. Speciaal wil ik Ger Veltman bedanken. Met name gedurende de eerste twee jaar
van mijn project heb je ontzettend veel grote en tussendoor klusjes geklaard. Altijd
vriendelijk, en bereid om weer een ontwerpje "zo snel mogelijk, maar liefst vandaag"
te maken. Adriana, Roelie en Sjoerd, bedankt voor jullie hulp bij verzorgen van mijn
oude knakkers. Het was geloof ik wel een leuke afwisseling tussen alle gevleugelde
creaturen! Leon, bedankt voor het trouwe aanleveren van de ERS files, en succes met
je schaakcarriere! 

Ook bij de benedenburen ben ik een aantal mensen bijzondere dank
verschuldigd. In de eerste plaats Alexa. Leuk dat we in het laatste jaar, toen we in
dezelfde fase zaten (nouja, dat dacht ik toen), naar elkaar zijn toegetrokken. Ik vond
het echt een hele eer dat ik jouw paranimf mocht zijn. Heel veel succes in Duitsland
en we komen Remco en jou snel een keer opzoeken. Auke Meinema bedankt voor
het trouw leveren van ratjes (zonder dat ik ooit één bestelformulier heb ingevuld), en
alle hulp met rat/muis-zaken. Jan Keijser, bedankt voor al je hulp bij het Qmet-ten.
Gertjan, hopelijk kun je nog iemand van Diergedrag helpen met het onomstotelijk
vaststellen van een causale rol van de SCN. Bedankt voor je tijd en enthousiasme die
je in de "temporary SCN lesions" hebt gestoken. Ook de andere aio's en
medewerkers van dierfysiologie: bedankt voor jullie interesse en goede adviezen. 
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Vera, my dear friend and chrono-colleague: I am so pleased that we met in
Ferrara, it was like meeting an old friend. We both "suffer" from an over-expression
of the purr-gene, and Extreme Eveningness, and I guess that's what shapes a person. 

Als ik dan niet op het lab was was ik vaak op de manege, vooral het laatste half
jaar. Iedereen van Manege de Bongerd bedankt voor de gezelligheid vóór, tijdens en
na de ontspannende uurtjes op, naast, en onder het paard.

Naast de directe werk- en leefomgeving is de steun van familie en vrienden
natuurlijk ook heel erg belangrijk voor een succesvolle promotieperiode, en al
eerder, voor de weg ernaar toe! José, als moeder is het denk ik niet altijd even
gezellig om een dochter te hebben die het altijd "eigenlijk te druk" heeft om langs te
komen, maar tegelijkertijd stak je je trots nooit onder stoelen of banken. Nu ik dan
eindelijk "klaar ben met mijn studie" heb ik hopelijk wat meer tijd. Bedankt dat je
me altijd de vrijheid en mogelijkheid hebt gegeven om te doen wat ik graag wilde.
Hugo, jij bent als broer een heuse steunpilaar geweest gedurende deze jaren in
Groningen. Alle (voor het boekje) verloren uren die ik met jou aan de telefoon hebt
weggekletst werden ruimschoots gecompenseerd door de verhelderende levens-
inzichten. Wat precies de hoofdvraagstelling is van mijn onderzoek kun je nu wel
zelf wel opzoeken hè? Miriam, ook ontzettend bedankt voor je belangstelling en
onvoorwaardelijke bijval. Maaike en Henny, ondanks dat we er niet vreselijk vaak
gebruik van hebben gemaakt: fijn dat jullie zo dichtbij woonden, en bedankt voor
jullie trouwe steun. Mijn vader heeft een grote invloed gehad op het ontwikkelen van
mijn interesse in de wetenschap en de kritische houding die daarbij hoort. Ik vind
het daarom ook erg jammer dat hij er niet bij is om dit mee te maken. Niels, daar
zijn ze dan, niet alleen publicaties maar een heel boekje zelfs. Niet iets dat je in één
adem uitleest. Joop, Nel, Ine Dinklo & Cerion, bedankt dat jullie me altijd het gevoel
geven dat ik welkom ben, en dat jullie zo geïnteresseerd hebben geluisterd naar alle
onderzoeksperikelen. 

Zonder mijn vrienden zou ik nooit zover zijn gekomen. We hebben al veel
samen meegemaakt, en ik hoop nog veel meer met jullie mee te maken. Michiel,
Dominique, Menno, Ivon, goed om te weten dat jullie er altijd zijn voor de nodige
vriendschap en ontspanning. Aniek, mijn vriendin door dik en dun… Hèhè het is me
dan eindelijk gelukt wat we zo wijsneuzerig beweerden toen we 10 waren, dat we
niet gewoon drs, maar dr gingen worden, zonder s! Binnenkort vieren we jouw gelijk
ook. Flip, ik zou je vriendschap niet willen missen. Jij bent natuurlijk allang dokter
en bijna 2x drs, maar d'r kan best nog een titel bij toch? Ik kan niet twee mensen
bedenken die ik liever als paranimf naast me zou hebben. 

Als allerallerlaatste bedank ik het meeste van allemaal Theo. Het lijkt zo
gewoon, dat je er altijd voor me bent, maar ik vind dat heel bijzonder. Bedankt voor
al je hulp en je eindeloze geduld bij voer-, schoonmaak en andere rattenacties die
altijd weer in het weekend moesten. Sorry voor al die keren dat ik je tot wanhoop
dreef door na een schrijfaanval pas diep in de nacht in bed te stappen. Ik weet niet of
ik mijn leven kan beteren, maar voor jou wil ik het proberen. 


