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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. 






