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Chapter 3

Stress plays an important role in the development of affective disorders.
Women show a higher prevalence for these disorders than men. The course of
a depressive episode is thought to be positively influenced by social support. We
have used a chronic mild stress model in which rats received foot-shocks daily for
3 weeks. Since rats are social animals we hypothesised that social housing, as
a possible model for human social support, might reduce the adverse effects of
chronic stress. Brain activity after chronic stress was measured in several limbic
brain areas with the neuronal activation marker c-Fos. High behavioural activity
due to housing rats under reversed light-dark conditions could be responsible for
the observed high within group variability in some limbic regions. Fos-ir in the
paraventricular nucleus of the hypothalamus was increased in all stress-exposed
groups, except for the socially housed females who showed increased Fos-ir in
control condition. Individually housed males and socially housed females, showed
increased Fos-ir in the dorsal raphe. Amygdala nuclei were differentially affected
by stress, gender and housing conditions. Also the mesolimbic dopaminergic
system showed gender specific responses to stress and housing conditions. These
results indicate that social support can enhance stress coping in female rats,
whereas in male rats, group housing appears to increase the adverse effects of
chronic stress, although the neurobiological mechanism is not simply a reduction
or enhancement of stress induced brain activation.

Abstract
54
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Introduction
Chronic stress and stressful life events are often linked with the onset of major
depression, indicating the importance of stress in the development of mood
disorders.57 Stressful life events are associated with financial and employment
problems in men and with network or interpersonal problems in women.72 Also, the
presence of social support has been positively linked to good mental and physical
health. The level of perceived social support has been positively associated with the
outcome of a depressive episode.22,35 Even though clear gender differences have
not been found, it has been suggested that social support, provided by women, but
not men, reduce the stress-induced elevation of blood pressure and plasma cortisol
levels.30,41 Formal clinical support systems, like psychotherapy, have been shown to
be effective in ameliorating depressive symptoms, either by itself or in combination
with antidepressant treatment.16,34 Psychotherapy also appears to normalise brain
activity associated with symptom improvement,4 providing indications for a
neurobiological basis for social support/psychotherapy.
The life-time prevalence of affective disorders is higher in women.40 Gender
differences in responses to antidepressant treatment43,47 and differences in brain
activation to affective stimuli have been reported.7,29 Apparently gender differences
exist in the way the brain processes emotional stimuli. Female rats have higher stress
sensitivity than males and also the estrus cycle affects stress responsivity.25,77 In a
number of studies opposite behavioural effects of stress have been reported in male
and females. While males perform worse on memory tasks, female learning has been
shown to improve after stress.3,36 Stress has also been found to have a gender specific
effect on the hippocampus, a brain area highly vulnerable to stress.27,50
Chronic stress exposure has been proposed as a valid animal model for affective
disorders. Chronically stressed rats show a reduced anticipation to rewarding
stimuli,49 equivalent to anhedonia, which can be reversed with antidepressant
treatment.79 In addition these rats also demonstrate various sleep disturbances,
another characteristic of depression.11 Since rats are social animals, social housing
of rats during chronic stress could provide a model to study the neurobiological
effects of social support. Group housing is able to counteract the effects of a social
defeat in male rats.62,76 Also gender differences are found in the effects of housing
conditions. While social instability affects females more than males,32 crowding is
stressful for males but it actually calms females.5
In the current study we investigated whether social housing and isolation
differentially affect limbic brain activity of male and female rats following exposure
to chronic footshock stress during 21 days, using c-Fos as a marker of neuronal
activity.64 Stress has been shown to induce Fos in many brain areas44 and treatment
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with antidepressants is able to modulate the Fos response to stress.1,53 Previously
we have shown that housing conditions differentially affect behaviour and Fosexpression in the raphe nucleus of male and female rats.78

Experimental procedures
Male (n=24) and female (n=24) Wistar rats where either individually (males: n=10, females n=10)
or socially (males: n=14, females n=14) housed in unisex groups of 4 rats. Of the individually housed
rats, 5 rats were subjected to chronic stress and 5 rats to a control treatment. From each social group,
two rats underwent stress exposure and two served as controls (n=7 per group). To have an equal
number of 4 rats in each cage, in two cages of both genders an extra rat was added.
At the start of the experiment rats were of the same age with males weighing 298 ± 3 g. and
females weighing 214 ± 1 g. The light-dark cycle was reversed (lights on 19.00-7.00 hr) and water
and food was provided ad lib. All experimental procedures were approved by the Animals Ethics
Committee of the University of Groningen (FDC: 2509). Efforts were made to minimise the number
of animals used and their suffering.
The estrus cycle of the females was monitored by stroking them gently on the back, which during
estrus produced lordosis behaviour, accompanied by weight loss on the day of estrus.
Rats were subjected to a daily footshock protocol for 3 weeks. Rats in the stress group were
transferred to a footshock box and received 5 inescapable footshocks during a session (0.8 mA in
intensity and 8 sec in duration). A light signal (10 sec) preceded each footshock adding a ‘psychological’
component to the noxious event. This way we could also avoid the noxious stimulus on the last day of
the procedure when only the light signal was given. The shock interval varied in each session, as well as
the time of the day of the exposure and duration of the session, which varied from 30 to 120 minutes.
Control rats were placed in similar, non-electrified, cages. The rats were regularly weighed allowing
calculations of weight gain changes from day one of the procedure.
The rats were sacrificed on day 22 using sodium pentobarbital anaesthesia (1 ml, 6%). The rats were
transcardial perfused with 50 ml heparinised saline and 300 ml of a 4% paraformaldehyde solution in
0.1 M sodium phosphate buffer (pH 7.4), 2 hours after the start of the last exposure to the control
or stress box. On the last day, the stress-exposed animals were subjected to the light stimulus only so
Fos activation changes would reflect the ‘psychological’ aspect of stress exposure and not of a foot
shock related pain response, that can activate the same or related circuitry.69 The brains were removed
and postfixed in the same fixative overnight at 4ºC. Adrenal and thymus weights, corrected for body
weight, were calculated and used as indication of the amount of stress perceived.
Following an overnight cryoprotection in a 30% sucrose solution, serial 40 µm coronal sections
were made with a cryostat microtome and collected in 0.02 M potassium phosphate saline buffer
(KPBS). Fos immunostaining was performed on free-floating sections. Sections were rinsed with 0.3%
H2O2 for 10 minutes to reduce endogenous peroxidase activity, thoroughly washed with KPBS and
incubated with the rabbit anti-Fos antibody (1:10,000, Oncogene Research Products, San Diego, CA)
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diluted in 0.02 M KPBS with 0.25% Triton X-100 and 2% Normal Goat Serum for 72 hours at 4˚C.
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After thorough washing, the sections were subsequently incubated for 2 hrs with biotinylated Goatanti-Rabbit IgG (1:1000 (Vector Laboratories, Burlingame, CA) in 0.02 M KPBS) and avidin-biotinperoxidase complex (Vectastain ABC Elite Kit, Vector Laboratories, Burlingame, CA). After thorough
washing, the peroxidase reaction was developed with a DAB-nickel solution and 0.3% H2O2. Sections
were washed for 15 minutes in buffer and mounted with a gelatine solution and air dried, dehydrated
in graded alcohol and xylol solutions and then coverslipped with DePeX mounting medium (BDH).
To reduce staining artefacts or intensity differences the sections from all groups were processed
simultaneously.
Fos positive cells in the prefrontal cortex, bregma +3.20 to +2.15 (infralimbic; IL, prelimbic; PL,
anterior cingulate; AC,), paraventricular nucleus of the hypothalamus, bregma –1.08 to-1.78 (PVN),
amygdala, bregma –2.00 to -2.85 (central; CeA, medial; MeA, lateral; LaA and basolateral; BLA part),
accumbens +2.15 to 0.45 (core; NacC and shell; NAcS region), ventral tegmental area, bregma –5.25
to –6.06 (VTA), the dorsal raphe nucleus, bregma –7.10 to -9.25 (DRN), and the dentate gyrus of the
hippocampus, bregma –2.45 to –4.20 (DG),67 were blindly quantified using a computerised imaging
analysis system. Dopaminergic neurons in the VTA were localised according to the description in
The Rat Nervous System 23. The selected areas were digitised by using a Sony charge-coupled device
digital camera mounted on a LEICA Leitz DMRB microscope (Leica, Wetzlar, Germany) at 100x
magnification. Regions of interest were outlined with a light pen, measured and the Fos positive
nuclei were counted using a computer-based image analysis system LEICA (LEICA Imaging System
Ltd., Cambridge, England). The resulted data was reported as number of positive cells/0.1mm2. No
left-right asymmetry of Fos immunoreactivity (ir) was found and therefore the mean ± standard error
(SEM) for both sides were calculated.
Statistical analyses were done with SPSS (version 10.0), and p< 0.05 was considered significant.
Weight gain for each gender was analysed with a repeated measures ANOVA with days as within
subject factors and treatment (control or stress) and housing (individual or social) as between subject
variables. Fos data were analysed with an univariate ANOVA with gender, housing and treatment as
between subject factors. Sphericity assumed modelling, with Greenhouse-Geisser and Huynh-Feldt
adjustments, was applied.60

Results
Weights
Weight gain was significantly affected by chronic stress in male rats (F1,20 = 39.37,
p<0.001), reducing the growth rate in both individually and socially housed males
(resp. F1,20 = 27.63, p<0.001 and F1,20 = 12.17, p = 0.002). However no significant
housing effect was observed (Fig. 1A). There was a significant day effect (p<0.001)
with weight steadily increasing over the days and an interaction effect between day
and treatment (p<0.001) (Greenhouse-Geisser correction). In contrast, in females
chronic stress had no significant effects on the growth rate but here an effect of
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Figure 1. Weight gain in grams + SEM. (A) Stress caused a significant reduction in weight gain of male
rats (***, p<0.001; **, p<0.01). (B) Social housing reduced weight gain in control females (*, p<0.05).

housing was observed (F1,20 = 8.07, p = 0.010), socially housed control rats showing
a reduced growth rate (F1,20 = 5.11, p = 0.035) compared to individually housed
control females (Fig. 1B). In females there was a significant effect of day (p<0.001)
and interaction effect between day and housing (p=0.034) (Greenhouse-Geisser
correction).
Adrenal and thymus weights (Table 1)
Chronic stress had a significant effect on adrenal weight (F1,32 = 10.26, p =
0.003), socially housed but not isolated male rats, showing adrenal hypertrophy
after chronic stress exposure (F1,16 = 6.85, p = 0.019). In females, stress induced a
significant increase in adrenal weight in individually housed rats (F1,16 = 4.60, p =
0.048) whereas in the socially housed females the adrenal weight was not increased.
Besides stress effects, we found a gender difference in the relative adrenal weight.
The female adrenal was significantly larger than the male adrenal (F1,32 = 116.43,
p<0.001). Housing conditions alone had no significant effect on adrenal weight.
Thymus weights were neither affected by stress nor by housing conditions.
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c-Fos expression (Table 2)
Fos expression was analysed in the following areas, PVN, prefrontal cortex,
dentate gyrus, amygdala, nucleus accumbens, VTA and dorsal raphe, since these
areas have been associated with the stress response and abnormalities these regions
have been implicated in affective disorders.
PVN: The PVN controls HPA-axis activity and the autonomic nervous system
and showed a treatment (F1,31 = 13.31, p = 0.001) and gender (F1,31 = 11.89, p =
0.002) effect (Fig. 2B, 3C). Male/females: Pair wise comparisons showed that
stress increased the Fos-ir in the PVN of indiv. and socially housed males (resp.
F1,12= 16.57, p = 0.002; and F1,16 = 4.61, p = 0.047) and in indiv. housed females (
F1,12= 15.35, p = 0.002), but not in the socially housed females. (F1,16=3,24, p=0,09).

Fos-reactivity unisex groups

Table 1. Relative adrenal weight (mg. adrenal/100 gr rat)
������ �������� ������ �������� ������ �������� ������ ��������
�����������
�����������
�����������
������������
�����
������� ����������
�����������
����������
����������
Significant stress effects: *, p≤0.05, and significant gender differences (#, p<0.05)

Gender differences: A gender difference in PVN Fos-ir was only observed in the
individually housed rats (controls; F1,12 = 11.04, p = 0.006; stressed: F1,12= 12.07, p
= 0.005).
Prefrontal cortex (PFC): The PFC is involved in many higher cognitive functions
like motivation, working memory and attention and in the present study the Fos
expression showed a treatment (F3,30 = 4.96, p = 0.006) and gender (F3,30 = 3.71.
p = 0.022) effect. A gender, housing and treatment interaction was found for the
infralimbic cortex (IL) (F1,32= 5.23, p= 0.029). Males: Stress significantly increased
Fos-ir of indiv. housed males in the different subregions of the PFC (IF: F1,12=
14.50, p = 0.002; PL: F1,12= 10.23, p = 0.008; AC: F1,12= 6.62, p = 0.024). This was
not observed in socially housed males, which we attribute to high levels of Fos-ir in
socially housed controls, who showed a significantly higher basal Fos level in the IL
(F1,16 = 20.63, p ≤ 0.00), PL (F1,16 = 22.18, p ≤ 0.00)(Fig. 3B) and AC (F1,16 = 4,69,
p = 0.046) than the isolated control males. Females: Fos-ir of socially housed rats
was increased after stress in the IL (F1,16 = 5.08, p = 0.039) and AC (F1,16 = 6.19, p =
0.024). No housing effects were found. Gender differences: Isolated stressed males
displayed a higher Fos expression in the IL (F1,12= 4,85, p = 0.048) and AC (F1,12=
5,63, p = 0.035) than the females and socially housed control males also showed
more Fos positive cells than their counterpart females in the IL (F1,16 = 19.12. p ≤
0.00), PL (F1,16 = 12,4, p = 0.003) and AC (F1,16 = 4,70, p =0.046).
Dentate gyrus (DG): The DG is part of the hippocampus involved in learning
and memory and sensitive to stress. Gender and housing had a significant effect on
Fos-ir in the DG (resp. F1,31 = 28.70 p = 0.000; F1,31 = 14.69, p = 0.001). There was
an interaction between housing and gender (F1,31 = 9.61, p = 0.004) and a treatment
effect in individually housed rats (F1,12= 6.96. p = 0.022). Males: Chronic stress
had no effect on DG Fos-ir in male rats, but the socially housed males showed
significantly more Fos-ir than males living in isolation (controls: F1,16 = 11.21, p
= 0.004, and stressed: F1,16 = 4,92, p = 0.041). Females: The DG Fos expression
was affected by stress exposure only in the isolated females (F1,12= 6,87, p = 0.022).
Housing conditions on the other hand, had no effect on Fos-ir in the DG of females
in contrast to males. Gender differences: Fos-ir was higher in indiv. housed control
males than in their female counterparts (F1,13 = 10.10, p =0.007). Also the socially
housed control (F1,19 = 21,38, p< 0.001) and stressed males (F1,19 = 8,70, p = 0.008)
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showed more Fos-ir cells in the DG than females in the corresponding groups.
Amygdala: The amygdala, an area involved in emotional processing, showed a
significant treatment (F4,27 = 2.82, p = 0.045) and gender (F4,27 = 3.90, p = 0.013)
effect. There was an interaction between gender and housing (F4,27 = 3.42, p = 0.022
) but only a trend for the interaction between treatment and housing (F4,27 = 2.40,
p = 0.075). Males: Only the LaA (F1,12= 5.97, p = 0.031) and BLA (F1,12= 8,16, p
= 0.014) (Fig. 2C) of isolated males showed a stress-induced increase in the Fosir. Individually nor socially housed males showed stress effects in the medial and
central nucleus of the amygdala. Social housing during chronic stress exposure led
to decreased CeA activity in males (F1,15 = 6.15, p =0.025). Females: Following
stress, isolated females presented an increased activity in the BLA only (F1,15 = 8.21,
p = 0.012), whereas socially housed females showed increased Fos-ir in the BLA
(F1,15 = 6.28, p = 0.024) and the MeA (F1,15 = 6.82, p = 0.020)(Fig.3D). A housing
effect was
observed in the BLA of control females, social housing increasing the Fos-ir (F1,15=
4.738, p = 0.046) (Fig. 2C, D). Gender differences: Both the isolated control (F1,12=
5.80, p =0. 033) and stressed males (F1,15= 8,20, p =0.012) showed more Fos-ir in the
CeA than their female counterparts. In the LaA a significant gender difference was
found for the isolated stressed rats, males showing more Fos-ir than females (F1,12=
5.71, p = 0.034). The Fos expression of socially housed control males in the MeA
(F1,18 = 8.58, p = 0.009)(Fig. 2D) and LaA (F1,15 = 10.13, p = 0.006) was higher than
in the corresponding female group.
Nucleus Accumbens: The NAc is known for it function in reward motivated
behavior and receives dopaminergic input from the VTA. Fos expression in the
NAc showed a significant treatment (F2,27 = 4.54, p = 0.020), gender (F2,27 = 4.13,
p = 0.027), housing (F2,27 = 3.87, p = 0.033) and gender and housing interaction
effect (F2,27= 3.54, p = 0.043). The accumbens is composed of two parts, the core
and shell areas, each with different connections and functions. In the core region
of the accumbens treatment (F1,32= 6.18, p= 0.018), gender (F1,32= 8.30, p= 0.007)
and housing (F1,32= 7.30, p = 0.011) had a significant effect on Fos-ir. The shell
region showed a treatment (F1,28 = 6.75, p = 0.015) and gender/housing interaction
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Figure 2. Atlas images of the regions studied. Grey squares represent the quantified regions. The
graphs express the mean number of Fos-positive cells per 0.1 mm2 (+SEM) in the paraventricular
nucleus of the hypothalamus (PVN), dorsal raphe nucleus (DRN), shell region of the nucleus
accumbens (NacS), ventral tegmental area (VTA), medial (MeA) and basolateral (BLA) nucleus of the
amygdala (ac: anterior commissure, AHN: anterior hypothalamic nucleus, AQ: aqueduct, cc: corpus
callosum, CP: caudate putamen, IC: inferior colliculus, LHA: lateral hypothalamic area, ml: medial
lemniscus, MM: medial mammillary body, opt: optic tract, PAG: periaqueductal gray, RN: red nucleus,
SNr: substantia nigra, 3V: third ventricle). Significant effects of chronic stress between rats of the same
gender and housing conditions: *, p≤0.05; ***, p≤0.001, significant gender differences within the same
treatment and housing groups : #, p<0.05; ##, p<0.01, and significant differences between individually
and socially housed rats of the same gender and treatment group: $, p≤0.05.
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effect (F1,28= 7.19, p = 0.012). The latter suggests that housing conditions had a
different impact on NAcS activity in males and females. Males: The NAcC Fos-ir
was increased after stress in the isolated males (F1,12= 10.13, p = 0.008), but basal
expression levels were higher in the socially housed males (F1,16 = 6.92, p = 0.018).
In contrast ,in the NAcS a non-significant effect of social housing was observed in
stressed males; socially housed males showing more Fos-positive cells than isolated
males (F1,15 = 4.25, p = 0.057) (Fig. 2A). Females: Even though a stress effect was
observed in the NAcC, pairwise comparisons showed no significant stress effects,
albeit that the socially housed females displayed a slightly increased Fos-ir in the
NAcC (F1,16 = 3.59, p = 0.076). In the NAcS a stress induced increased Fos-ir was
found in both the isolated and socially housed females (resp. F1,13 = 7.79, p = 0.008;
F1,13 = 6.82, p = 0.022)(Fig. 2A, 3A). Gender differences: The NAcC of the socially
housed control males showed a higher Fos-ir than the corresponding female group
(F1,20 = 6.64, p = 0.018). A gender difference in the NAcS activity was observed
between isolated stressed rats (F1,28 = 4.21, p = 0.05) (Fig. 2A).
Ventral tegmental area (VTA): The VTA is the origin of the mesolimbic
dopaminergic system which is thought to be part of the central reward system. Fos
expression in the VTA showed a significant treatment effect ( F1,38 = 6.43, p= 0.016)
(Fig. 2E, 3E). Males/females: Stress increased the Fos expression in the VTA of
socially housed males (F1,16 = 4.97, p= 0.042) and females (F1,15 = 5.48, p = 0.033).
Gender differences: No significant differences in the Fos expression between male
and females were found in the VTA.
Dorsal raphe nucleus (DRN): The DRN is the origin of the serotonergic projections
to the forebrain. Treatment had a significant effect on Fos-ir in the DRN (F1,27 =
19.75, p< 0.001) and there was a significant treatment/gender/housing interaction
effect (F1,27 = 4.81, p = 0.037), indicating that housing conditions and gender
influence the way the DRN reacts to stress (Fig. 2F, 3F). Males/females: Stress
exposure led to increased Fos-ir in the DRN of individually housed males (F1,14
= 13.59, p=0.002), but only showed a trend in socially housed males (F1,16 = 4,09,
p = 0.060). In females the opposite effect of chronic stress exposure was found,
namely an increased Fos-ir in socially housed (F1,13 = 9.71, p = 0.008) but lack of
response with isolation. Gender difference: The individually housed stressed male
rats expressed more Fos-ir in the DRN than their counterpart females (F1,11 = 7,94,
p= 0.017).

Discussion
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Chronic stress and housing conditions had differential effects on Fos-ir in male
and female rats. In general, in males social housing increased basal Fos-ir in several
brain areas, and therefore only the PVN and VTA demonstrated a clear stress effect.
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Figure 3. Representative photomicrographs of Fos-ir in NacS (A), IL (B), PVN (C), MeA (D),
VTA (E) and DRN (F). See for abbreviations; Figure 2. The first column is at magnification 25x,
the second and third at 100x.
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Table 2. Number of Fos-positive cells per 0.1mm2
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Significant effects of chronic stress between rats of the same gender and housing conditions: *, p≤0.05;
**, p≤0.01; ***, p≤0.001, significant gender differences within the same treatment and housing groups
: #, p<0.05; ##, p<0.01, ###, p<0.001 and significant differences between individually and socially
housed rats of the same gender and treatment group: $, p≤0.05; $$, p≤0.01; $$$. p<0.001
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In females social housing only increased basal Fos expression in the basolateral
nucleus of the amygdala, and thus stress effects on brain activity could be observed
in more regions. Chronic stress reduced the growth rate in male but not in female
rats, which corroborates other studies.3,19 Housing conditions did not affect weight
gain in males but significantly reduced the growth of control females, a similar nonsignificant effect was found in stressed females. We attribute this reduced female
growth rate not to an increased stress level but to the higher locomotor activity
level in the home cage of socially housed females that could be a.o. the result of
the heightened activity of oestrous females. Stress induced adrenal hypertrophy was
found only in isolated females which also indicates that social housing can lower
stress perception in females. Opposite effects of isolation and social housing on
adrenal hypertrophy were found in males, and occurred in the socially housed males.
This implies that for males social housing by itself is stressful. That chronic stress
induced adrenal hypertrophy corresponds with some2,32 but not all previous work.19,33
Hypertrophy of the adrenal glands has also been found in depressed patients,56,61
indicating that adrenal size provides a good measure of the stress perception over
periods of time.
Gender specific effects of housing conditions as reported here have also been
found in other studies. Basal corticosterone levels were found to be higher in
isolated than in socially housed females, while the opposite effect was seen in males.5
This is corroborated by adrenal hypertrophy in the present study. However a positive
influence of social housing on behavioural and physiological stress effects has been
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reported also in male rats.62,76 Possible development of a hierarchy, and subsequent
differences in social rank, did probably not occur in the group-housed males, since
no fighting or wounds were observed. This is supported by data from the lab of R.R.
Sakai (Department of Psychiatry, University of Cincinnati, personal communication),
who found no sign of a hierarchy in all-male colonies. Although occurrence of some
aggression cannot be excluded and could have provided an additional stress factor
for unrelated socially housed males in the current experiment.
We did not specifically investigate effects of the estrus cycle on the stress
response.9 Induction of Fos mRNA by acute restraint stress is differentially
affected by stage of the oestrous cycle,25 but we hypothesised that since females
were exposed to the stressor during all stages of the cycle this would overrule sex
hormone related stress sensitivity differences, although it might account for some
of the variability in Fos expression found in the females. Concordant with previous
findings, a synchronisation of the estrus cycle among females was not observed.63
Females in every group were normal cycling females, it is therefore unlikely that the
estrus cycle can explain the differences between the groups. Although females are
reported to have a higher stress sensitivity,77 this is not necessarily reflected by higher
Fos-reactivity in the brain.25
Another factor explaining the high variability in Fos-ir, as observed in some brain
regions, could be a consequence of the study design. We applied the stressor during
the dark period, when rats are active. Differences in behavioural activities, like e.g.
grooming and social interactions, could have influenced Fos-ir, or the ability of brain
regions to show an additional response to exposure to the control or the stress box.
Studies investigating stress-related changes of Fos-ir mainly applied the stimulus
during the light/resting period, when brain activity is reduced12 and most likely more
homogeneous between rats. More homogeneous and reduced baseline/control
levels may lead to a more distinct and less variable stress-related Fos response. In
addition, the response to a stressor could be more ‘intense’ during the resting period
because then the nervous system is not primed for stress coping.
Stress induced Fos-ir in isolated males was comparable to patterns shown by Li
and Sawchenko after 7 days of footshocks.12 Apparently 7 days of footshock or the
expectancy of a footshock after 21 days induces similar patterns of Fos induction
in isolated males. Social housing of males increased Fos-ir in several brain areas, like
the PFC, DG and NAcC. Since in socially housed males the PVN activity was not
increased we consider it highly unlikely that Fos-ir in the afore mentioned regions
is caused by exposure to the control box. Social behaviour occurring among cage
mates in the 90 minutes between return to the home cage and sacrifice may have
generated the increase basal Fos expression in social control males, since the Fos
expression is maximal between 1 and 3 hrs. after a stimulation.44 This reintroduction
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in the home cage may result in a stress-like limbic activation pattern in socially
housed control males, which may explain why no beneficial effects of social housing
were found in males.
After three weeks exposure to the stress box Fos expression was increased in
the PVN71 and the DRN in most groups, indicating that habituation to the stress
protocol did not occur in our model, in contrast to studies that have used chronic
restrain stress.13,66 Inescapable stress, but not escapable stress activates DRN 5HT
neurons,31,48 and rats undergoing ‘psychological’ stress showed increased 5HT
release in the DRN.26 The increased Fos expression in the DRN in the present
study suggests that serotonergic raphe neurons are activated in response to the
‘psychological’ component of the exposure to the stress box. While Fos-ir in the
PVN of isolated females was increased after stress exposure, the DRN of these
animals was non-responsive. This may be related to a lack of activation of the
serotonergic system during stress whereas social housing prevented this dysfunction
like a ‘natural antidepressant’, maintaining the reactivity of the serotonergic system
during chronic stress.
Oxytocin could be a possible mediator of the positive effects of social housing,
since it is involved in social behavior in rodents10,37 and can reduce the stress
response.58,59,80 Social contact in rats has been shown to increase oxytocin release.75
In humans social contact is also associated with increases in plasma oxytocin levels73
and has been found to reduce plasma cortisol levels.10,21 It has been hypothesised
that women, and possibly also female rats, may seek social contact during stress,
which could increase oxytocin levels, that could be acting as an endogenous antistress system.68 In the present study the slightly higher basal Fos expression in the
PVN of socially housed females compared to isolated females may be related to
increased oxytocin release resulting from social behaviour, like allogrooming, after
re-exposure to cage mates. D-fenfluramine, which increases levels of serotonin, has
been found to elicit Fos-ir in oxytocin cells in the PVN.38 Hypothetically, the stressinduced DRN activity could have stimulated oxytocin release, which subsequently
decreased the stress sensitivity in socially housed females and isolated males.
The amygdala is thought to be involved in processing and the expression of
emotional stimuli14,57 and is activated with the presentation of emotionally negative
pictures in humans.8 Depressed patients show an altered amygdala activity.18,65
In rodents the BLA and LaA are associated with fear conditioning and memory
retrieval45,51,52 and the medial amygdala is involved in the regulation of the HPAaxis.15 Since social housing ameliorated stress coping in females,78 we expected
reduced stress-induced Fos-ir in the amygdala of socially housed females. However
in the MeA and BLA Fos-ir was increased suggesting that these amygdala nuclei
of socially housed females were more affected by stress. Lesioning of the MeA
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has been shown to block the activation of oxytocin cells in the PVN, implying that
activation of the MeA can induce oxytocin release.15 Oxytocin released in the MeA
has been shown to be involved in social recognition.24 It is possible therefor that
stress-induced activation of the MeA, as seen in socially housed females, promotes
social recognition of cage mates, which reduces the impact of stressful conditions.
The BLA and LaA of isolated stressed males showed increased Fos-ir expression.
Surprisingly this effect was absent in socially housed males. The latter animals
probably were used to a more dynamic environment and therefor less anxious
even though they apparently were more affected by chronic stress than isolated
males. Both isolated and socially housed females show a stress-induced increase
of BLA activity, but socially housed controls have an higher basal Fos expression
level. Separation from their cage mates may be perceived as a stressful condition,
increasing Fos-ir in the BLA and PVN.
Disturbances in the mesolimbic dopaminergic reward system are thought to
underlie the inability to experience pleasure, a core symptom of depression.18,55,57
Increased mesolimbic DA release appears to be related to active coping with
an aversive stimulus, whereas inhibition of mesolimbic DA release occurs with
uncontrollable/unavoidable stressors and failure to cope.6 Also in chronic stress
models changes in dopaminergic activity have been observed.6,17 Acute stressful
stimuli increased DA levels specifically in the shell region of the accumbens39,81
whereas impaired DA reactivity and reduced basal DA levels were found after 3
weeks of stress,46 which was reversible by antidepressant treatment.28 In the present
study the dopaminergic system of isolated males apparently was hypoactive, since
stress-induced increases in Fos-ir in the VTA54 and accumbens shell were not
found. Socially housed males however did show a stress-induced increased Fos
expression in the VTA and even though the NAcS did not show a stress-induced
activation, NAcS Fos-ir was increased by social housing. If dopaminergic system
non-response to adverse events is characteristic for depressive symptomatology, our
results would suggest that socially housed males can cope better with chronic stress
than isolated males. Alternatively, increased VTA activity in these males could also
reflect an attempt to cope, unsuccessfully when looking at behaviour and adrenal
size,78 with the inescapable footshocks, even after 3 weeks. It is temping to speculate
that animals who prolong the endeavour to cope will put additional strain on the
nervous system compared to animals who show resignation to the stressor in an
earlier stage, which appears to be influenced by housing conditions. Female rats
showed a different mesoaccumbens response to chronic stress. The VTA of isolated
females did not respond to stress in contrast with that of socially housed females,
suggesting a hypoactive DA-ergic system in isolated females. However the NAcS,
which is innervated by VTA DA-ergic neurons,74 did show a response to stress in
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isolated females. A possible mechanism for the increased activity in the NAcS could
be a hypersensitivity to DA, possibly involving increased numbers of DA receptors.
There are indications for altered dopamine receptor densities in depression, although
results are inconsistent.20,42 A study by Tremblay and co-workers70 found indications
for a hypersensitive response of the brain reward system to dextroamphetamine,
possibly reflecting a hypofunctional state. A similar change might have occurred in
isolated females during chronic stress exposure. Socially housed females showed a
stress-induced activation of the VTA, likely activating the accumbens shell due to
DA release, similar as to what has been found with acute stress.39,81 This could point
towards a normal stress-induced activation of the mesoaccumbens dopaminergic
system in socially housed females, in contrast with isolated females.
Summarising, the limbic system shows a gender specific activation pattern in
response chronic stress and housing conditions. Female rats seem to benefit from
social housing although the possible neurobiological mechanism does not appear
to be simply a reduction or prevention of the stress-induced Fos expression
as observed in isolated females. Also in males, where social housing seems to
deteriorate stress coping, Fos-ir expression was not just increased compared to
individually housed stressed males. Since almost all neuropharmacological studies in
rats have been performed in male rats, interpreting the found responses in females
is rather difficult. More research is needed to clarify the neurobiological mechanisms
of stress coping in females, since they appear to be quite different from males.
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