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Chapter 3

Stress Reduces Vasopressin Levels in
the Mouse Suprachiasmatic Nucleus:

Relation with Coping Styles
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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.). 



CHAPTER 3

50

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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The percentage of time spent on open arms (of total time spent on arms)
provides an additional measure of anxiety-related behaviour (calculated from data
obtained from Table 2). Big nest-builders spent 24.0±4.2 % of their time on the open
arms, but small nest-builders significantly less (7.7±2.4 %; p<0.001; MWU). This
measure also revealed the highest anxiety levels in small nest-builders. No significant
difference was found between experimentally experienced and experimentally naïve
mice. 

Experiment 2: ASA performance

Behavioural observations revealed that the animals explored both compartments of
the shuttle box during the 3 min habituation period. As found in experiment 1,
small nest-builders showed more behavioural inhibition than big nest-builders.
However, both big and small nest-builders started with few correct avoidances in the
first block of 10 trials (day 1; Fig. 2). Small nest-builders hardly made any correct
avoidances and their performance differed significantly from the big nest-builders
from the start (block 1; Fig. 2) of the experiment (p<0.02; Student-t test). The
selection lines differed significantly in ASA performance measured over 9 blocks of
10 trials (3 days of training; F(1,16)=10.07, p<0.01; RM ANOVA), with a
significantly better performance by the big nest-builders. Significant effect for block
with absence of an interaction between block line indicated that both types of nest-
builders were able to improve their performance across time ((F(8,128)=9.87),
p<0.0001). The total number of avoidances after 9 blocks of 10 trials was
significantly higher in big nest-builders (30.7±5.05) than in small nest-builders
(11.1±2.7; p<0.05; MWU; Fig. 2). The big nest-builders reached the criterion of

≥60% correct avoidances in 10 trials in the 9th block of training at day 3. Small nest-

B. Time spent

center closed open

Tim
e (

se
c)

0

50

100

150

200

250
A. Arm entries

total closed open

Nu
mb

er
 of

 en
trie

s

0

10

20

30

Small nest-builders
Big nest-builders

**

*

*

**

*

Figure 1. Number of arm entries (A) and time spent (B) in the elevated plus maze. * p<0.05; ** p<0.01
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builders needed an additional session of 3 blocks on day 4 to reach this criterion
(Fig. 2), demonstrating that also these animals were capable of mastering the task.

Experiment 3: SCN-AVP-ir following ASA training

All mice exposed to the series of footshocks in ASA training (group ASA1, receiving
one session of 30 consecutive trials, and group ASA2 receiving an additional session
of 30 consecutive trials, 24 hrs later) were habituated to the test apparatus 3 min
prior to testing. Again, small nest-builders (3.9±0.6 crossings) revealed significantly
less exploratory activity (p<0.05; MWU) during this 3 min habituation period in the
shuttle box than big nest-builders (9.4±1.5 crossings) and C57Bl/6JN mice (10.5±0.6
crossings). All experimental mice (ASA1 and ASA2) received many footshocks and
made only few correct avoidances during the first session of 30 trials. Behavioural
analysis within group ASA1 revealed that although all mice received large numbers
of footshocks, small nest-builders received slightly more (28.5±0.6) than big nest-
builders (23.0±2.3) (p<0.05; MWU) and C57Bl/6JN (22.5±4.1). The latter two did
not differ from each other (p>0.05; MWU). After testing, group ASA1 mice were
killed for AVP immunocytochemistry. The group ASA2 mice received a second
session of 30 trials 24 hrs later. In group ASA2, the total number of footshocks
measured over two days of training did not differ significantly between the three
types of mice (54.0±2.3, 51.8±1.5, and 47.3±5.2 for small nest-builders, big nest-
builders, and C57Bl/6JN, respectively). It should be noted that after 60 trials, all
experimental mice (group ASA1 and ASA2) were still in the initial stage of
conditioning, consistent with the mice used in experiment 2 (Fig. 2).

A striking decrease in SCN-AVP-ir was seen in the small nest-builders’ group
ASA1 and ASA2 compared to experimentally naïve controls, and in big nest-builders’
group ASA2 compared to controls (Fig. 3). Quantification of the number of AVP-

Figure 2. Active shock avoidance
performance, expressed per block
of 10 trials.
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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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N ASA1 ASA2

* * Figure 5. Ouantification of AVP-
immunoreactivity in the PVN. Relative
optical densities of AVP-ir in the PVN
revealed significant differences between
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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