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Introduction

Chapter 1

Affective disorders
The burden of mental illness on health and productivity throughout the world
has long been underestimated. Data developed by the massive Global Burden of
Disease study conducted by the World Health Organization, the World Bank, and
Harvard University, revealed that mental illness, including suicide, accounts for
over 15 percent of the burden of disease in established market economies. This is
more than the disease burden caused by all cancers (NIH Publication No. 01-4586).
Worldwide, psychiatric disorders only account for little more than one percent of
deaths, however they are responsible for 11 percent of the disease burden.128 Not
only the individual is affected by mental illnesses, but since these diseases are disabling
and last for many years, also a tremendous burden is placed on the emotional and
socio-economic capabilities of relatives (World Health Organization).
Depression and anxiety disorders
The numbers of people suffering from a depression are staggering. Major
depressive disorder is the leading cause of disability in established market economies
world wide. An estimated 121 million people currently suffer from a depressive
episode. Approximately 5.8% of men and 9.5% of women will experience a
depressive episode in any given year. Depressive disorders account for close to
41.9% of the disability from neuropsychiatric disorders among women compared
to 29.3% among men. In the United States of America major depression affects
approximately 9.9 million American adults or about 5.0 percent of the population in
a given year, of which 6.7 million are women (NIH Publication No. 01-4584). In the
Netherlands the lifetime prevalence for major depression is 15.4% (NIPO). Women
are twice as likely to develop a depression than men (20.1% vs. 10.9%).10 Only in a
minority of people (30-45%) a depressive episode stays limited to a single episode.
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Table 1. The 10 leading causes of DALYS in the world in 1990 and 2020. DALYS are the sum of
years of life lost because of premature mortality and years of life lived with disability, adjusted for the
severity of disability.128
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More often people are suffering from recurrent episodes, and after a second episode,
the risk of a third in the next 3 year is about 70%.55
Symptoms of depression include a persistent sad mood, loss of interest or
pleasure in activities that were once enjoyed, significant change in appetite or
body weight, difficulty sleeping or oversleeping, physical slowing or agitation, loss
of energy, feelings of worthlessness or inappropriate guilt, difficulty thinking or
concentrating, and recurrent thoughts of death or suicide. A diagnosis of major
depressive disorder (or unipolar major depression) is made if an individual has five
or more of these symptoms during the same two-week period (DSM IV, American
Psychiatric Association, 1994).
Several mental diseases are grouped under the term anxiety disorders, namely
generalised anxiety disorder (GAD), obsessive compulsive disorder (OCD), panic
disorder, phobias, and post traumatic stress disorder (PTSD). In the US anxiety
disorders are the most common mental illness, with 19.1 million people (13.3% of
the adult population). Except social anxiety and OCD, women are about twice as
likely to be afflicted as men. Symptoms consist of overwhelming fear and anxiety of
a chronic nature, which can grow progressively worse.
Gender
The risk for women to develop a depression and most anxiety disorders is twice
as high as for men. This gender difference starts to occur during adolescence. Before
puberty boys show more depressive symptoms, but at the age of 12-14 the risk
increases for girls and stays higher throughout adult life. This increase is most likely
a combination of biological changes and social challenges of early adulthood.140
A likely candidate to play a role in the higher occurrence of depression in women
is estrogen. A depressive episode in women often occurs when hormonal levels
are changing, like after pregnancy, prior to menses and during and shortly after
menopause. Although for postpartum depression other factors also contribute to
the vulnerability for this disorder,14 since withdrawal from artificially high levels of
gonadal steroid hormones, estrogen and progesterone, caused mood symptoms only
in women with a history of postpartum depression and not in the control group.
Besides biological factors, there could be other factors that explain the higher
prevalence of affective disorders found in women. Women appear to have a
tendency to meet more criterion symptoms for depression than men, also some
of the symptoms occur more frequently in women, which could underestimate
the number of men suffering from a depression.140,156 However when items that
showed a gender effect were excluded, the gender differences were reduced but
not eliminated, indicating that differences in symptomatology are not the cause for
the observed gender difference in prevalence. Gender differences in recall of past
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Intermezzo

Brain & Gender
In the human brain gender differences in morphology and functioning have been found, of
which a brief summary is provided below. It is surprising that studies investigating ‘the brain’
often completely ignore this aspect.
• Structure: Differences in morphology have been observed between men and women
in several brain regions. The most consistently found difference is brain size, which is 810% larger in men, women however show a higher proportion of grey matter.111 Women
also showed an increased directional coherence and/or density of left hemisphere frontal
lobe white matter, measure by DTI (diffusion tensor imaging), which correlated with better
verbal comprehension and memory.178 More region-specific gender differences have also
been found. A sexually dimorphic nucleus in the medial preoptic area is about twice as
big in men compared to women. Similar results have been found a.o. for the preopticanterior hypothalamic area and part of the bed nucleus of the stria terminalis.177 The
corpus callosum is the primary communication channel between the two hemispheres.
Women appear to have a relative larger corpus callosum (splenial part),33,44 possibly
allowing faster transfer of information, which could be related to the more bilateral
organisation of the female brain, in contrast to the male brain which is more lateralised.
• Neurochemistry: Vasopressinergic neurons in the SON and PVN show sex differences
in cell size, which are larger in men, suggestive of a higher activity.88 In the SON gender
differences were also found in the number of ERα and ERβ positive AVP neurons.
Young women showed 50 times more ERβ than men, which decreased with age. ERα
expression however was low in young women and higher in men and elderly women.87
There are some indications that there are gender differences in treatment response to
different classes of antidepressants. Women appear to respond better to SSRI’s than
TCA’s, while men showed an opposite response.100 This suggests the existence of
gender differences in the monoaminergic system as well, at least in depressed patients.
• Activity: Especially in response to emotional stimuli gender differences have been
observed. Resting cerebral blood flow, measured by PET, was found to be lower in
the temporal en prefrontal cortex and higher in the brain stem of women. A gender
difference was found in the activation pattern induced by transient sadness, where
women had a more pronounced increase in blood flow in the limbic and paralimbic
structures.63 Also emotional experiences and encoding of emotional memories activate
different patterns in the brains of men and women. Besides activating more brain
regions, in women greater activation correlated with emotional-intensity ratings and
better recognition for emotionally intense pictures.22 Presentation of happy and sad
faces also result in activation of different brain structures in men and women.105
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depressive episodes, with women showing a better recall, have also been found,
but this also did not appear to be entirely responsible for the higher prevalence in
women.140,141
Even though artefacts may enhance a female preponderance in affective disorders
they cannot fully explain the gender gap, showing that this gender difference is
genuine.
Treatment
Dysfunctions of the monoaminergic system have been implicated in the
symptomatology of affective disorders. The classic monoamine theory of depression,
postulated in 1950s is based on the antidepressant effect of MAO inhibitors and
monoamine reuptake inhibitors. Currently still most antidepressant drugs, with
which both depressed and patients with an anxiety disorder are treated are still based
on the monoamine theory. Nowadays there is a large variety of antidepressants to
choose from. There are several categories of antidepressants: Tricyclic antidepressants
(TCA’s): TCA’s so called for their cyclic chemical structure, are thought to have their
antidepressant effect through inhibition of noradrenalin (NA) and serotonin (5HT)
reuptake.149 Besides this serotonergic and noradrenergic re-uptake inhibition, they
also block several other postsynaptic receptors, like cholinergic, histaminergic and
adrenergic receptors, therefore causing typical side effects like a dry mouth, blurred
vision, memory dysfunction, sedation, weight gain and dizziness.85 Monoamine Oxidase
Inhibitors (MAOI’s): MAOI’s inhibit the enzyme Monoamine oxidase, thus preventing
the breakdown of noradrenalin, serotonin and dopamine, subsequently increasing
the availability of these neurotransmitters.85 Even though MAOI’s appear to be
more effective against atypical depression, they are not commonly used in the clinic
due to their side effects and dietary restrictions.85 TCA’s together with MAOI’s have
been supplanted over the last decade by Selective Serotonin Re-uptake Inhibitors
(SSRI’s) as first choice medication because of better tolerability and safety. As the
name already describes, SSRI’s inhibit the reuptake of serotonin increasing the time
serotonin is present in the synaptic cleft.
There are some indications that there is a gender difference in treatment
response to different classes of antidepressants. Kornstein and co-workers100
reported that women respond better to SSRI’s than TCA’s, while men showed an
opposite response. However the effect in women was predominately determined by
differences in responsivity in premenopausal women. Another study also found that
women in their reproductive period were more responsive to SSRI’s than to TCA’s.
119
A similar result was detected in melancholic depressed patients, with young
women responding better to treatment with an SSRI than a TCA.89 But also negative
results in relation to gender-specific responses in clinical effects of antidepressants
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have been found.79,144
A great disadvantage of the current antidepressants is the long period (2 to
6 weeks) it takes for the drug to have any effect.149 This in combination with the
adverse side effects, often causes failure to complete the treatment.36,38 The efficacy
of antidepressant also leaves a lot to be desired, patients often have to try several
antidepressant drugs before treatment is successful,149 and only about 65% of the
patient ultimately responds to antidepressant drug therapy.
Next to pharmacological treatment of major depression and anxiety disorders,
also psychotherapy is used to treat these affective disorders. Cognitive behavioural
therapy after successful antidepressant treatment substantially reduced the relapse
rate.50 Evidence is also accumulating that, especially in severe and recurrent
depression, a combination of antidepressant treatment and some form of
psychotherapy is superior than either treatment alone.36,80,94 Also combined therapy
is found more acceptable by patients than pharmacotherapy alone.36
Electroconvulsive therapy (ECT) has been used since the 1930s to treat
psychiatric disorders. Under general anaesthesia short (30-90 sec.) seizures are
induced by applying a brief electrical current through the brain. Patients generally
receive 6-12 sessions, 3 times a week.85 The most concerning side effect of ECT is
memory loss, however in most patients memory loss is transient.52,185 Meta-analysis
showed that ECT was more effective in the treatment of severe depression that
pharmacotherapy.185 Despite its effectiveness, ECT is considered as a last resort,
after antidepressant treatments have failed. Another tool that could provide a
non-invasive treatment for affective disorders is repetitive transcranial magnetic
stimulation (rTMS). In TMS a strong magnetic field is generated in a coil and
when this coil is placed near the head the magnetic field induces an electric field
in the underlying cortex, generating action potentials.65 In contrast to ECT, rTMS
does not induce seizures and has no adverse effect on memory.138 rTMS applied
to the prefrontal cortex (PFC) appears to be an effective treatment for major
depression.64,65
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Genes and/or environment?
Genetic factors appear to be similarly important in the aetiology of major
depression in men and women.95 A meta-analysis of data from genetic epidemiology
of major depression revealed that the heritability of major depression is in the range
of 31%-42%,176 however in a longitudinal sample, which is likely more reliable, the
heritability was considerably higher in female twins, namely 66%.54
Several studies have tried to link specific genes to major depression, however with
contradictory results. No link was found between genes involved in the serotonergic,
dopaminergic and endocrine function.57,129 While a study by Furlong and co-workers
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(1998) did find an association with a polymorphism in the promotor region of the
5HT transporter (5HTT) gene.60 Interestingly, an association has also been found
between the promotor region of the 5HTT gene and the risk of a depressive
episode after stressful life events. Only when exposed to stressful circumstances was
having one or two copies of the short allele of the 5HTT promotor polymorphism
a risk factor for developing a depression.24 The latter showing the importance of the
interaction between environment and genes in the individuals’ reaction to adverse
events.
Especially stressful life events or exposure to chronic stress have been associated
with the onset of major depression.96,131 This association however declines with
increasing number of previous episodes,96 suggesting that the system sensitises
and stress is no longer “necessary” for inducing a depressive episode, the so called
kindling hypothesis.143 Genetic factors appear to lower the threshold for stress to
induce a depressive episode, as shown by Kendler and co-workers,97 who found an
interaction between genetic risk and stressful life events; in people with a high genetic
risk the association between stressful life events was weaker than in people with a
low genetic risk. Environmental factors can also reduce the risk of a depressive
episode. Social support has been reported to have beneficial effects on the outcome
of a depressive episode and prevention of relapse.49,82,103,137
A simple answer to what causes major depression is not available. It results from
both genetic and environmental factors, and because of the heterogeneity of the
disease, it is likely that more than one pathway lead to a common endpoint of major
depression.
Social support
An environmental factor which has a positive influence on the occurrence of a
depressive episode is social support. It is generally known that social support has
beneficial effects on psychological and physical health. Although social ties can also
have detrimental effects on mental health, by entailing a sense of indebtedness and
obligation.
Gender is also a factor in the effects of social ties on mental health.93 Women
maintain more emotionally intimate relationships, during periods of stress women
mobilise more support, and they provide more effective and frequent support than
men. These aspects make women also susceptible to stressful events suffered by
people to whom they feel emotionally close,93 so called ‘cost of caring’ hypothesis.
This is also shown by the association of stressful life events with network or
interpersonal problems in women, and financial and employment problems in
men.98,184
In major depression, social support has been reported to have beneficial effects
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on the outcome of a depressive episode and prevention of relapse.49,82,103,137 More
stressful life events and less social support are associated with greater risk of disease
progression in HIV patients.107,108 Also in cardiac patients it is suggested that the
amount of social support and psychosocial interventions to increase social support
improve the quality of life and length of survival.5,56,72 It has been demonstrated that
the presence of social support lowers cardiovascular reactivity of healthy volunteers
to a stressor in a laboratory setting.91,106
Direct personal contact is not essential for the positive effects of social support
to occur. Also social support received by internet depression support groups, which
are especially used by people with low social support, are perceived as beneficial.84
Owning a pet promotes cardiovascular health 56 and lowers stress reactivity measured
by blood pressure and heart rate,2 showing that not even human contact is necessary
for provision of social support.
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The depressed brain
Many brain regions have been implicated in the neurobiology of depression.
Depressive symptomatology is likely the result of dysfunctions in a widely
distributed and interactive network of cortical-striatal and cortical-limbic pathways.
Neuroimaging and post mortem studies have demonstrated metabolic and anatomical
changes in several areas of these neuronal networks in the brains of depressed patients.
Since the 60s catecholaminergic deficiencies, specifically those of noradrenaline
(NA), have been associated with affective disorders. NA synthesising neurons are
located in the brain stem nucleus locus coeruleus (LC), and project extensively
to cortical and subcortical areas. The LC likely plays an important role in the
timing of learning and arousal.4 Increased firing activity of the LC has been
demonstrated during arousal.147 Drug-induced depletion of catecholamines
induced depression in patients who were treated for hypertension. Also rapid
depletion of catecholamines with AMPT (an inhibitor of tyrosine-hydroxylase
(TH), the rate-limiting step in catecholamine synthesis), resulted in relapse of
depressed patients in remission, without affecting healthy controls. Abnormalities
have been found in the LC of depressed patients. Post-mortem, patients showed
an elevated binding of an α2-adrenoreceptor agonist in the LC, implying a
deficiency of NA is this region.135 Another study found a reduced number
of LC neurons positive for TH, also indicative of a noradrenergic deficit.6
The role of the serotonergic system in affective disorders has also been
extensively investigated and a malfunctioning in this system has been implicated in
the pathobiology of affective disorders.62,116,117,171 Next to the affective component,
serotonin also plays an important role in basic biological functions like sleep,
appetite, circadian rhythm and cognitive functions. The serotonergic raphe nuclei
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have extensive projections to cortical and subcortical areas, allowing serotonin to
influence many brain functions. Next to extensive projections, serotonin has over
a dozen receptor subtypes, allowing for diverse effects on different neurons and
brain regions.117 CSF levels of the breakdown product of serotonin 5-HIAA (5hydroxyindoleacetic acid) have been found to be reduced in depressed patients,
but this seems to be limited to patients with suicidal behaviour.62,117 Artificial
depletion of serotonin in remitted, medication free, depressed patients induces
a rapid return of depressed mood, showing an important role for serotonin in
mood regulation. Post-mortem studies suggest changes in 5HT2a and 5HT1a
receptors in the brain of depressed patients, however a confounding factor is
that most of these patients committed suicide and therefore are not completely
representative of depressed patients without suicidal tendencies.175 Also imaging
studies suggest changes in the serotonergic system of depressed patient.116,175
Dopamine is the main neurotransmitter involved in motivated behaviour towards
a rewarding/pleasurable stimulus, although it can also be released in response to
stress. The inability to experience pleasure is a core symptom of depression, and
this suggests a dysregulation in the dopaminergic system. Abnormalities have been
found in the dopaminergic system of depressed patients,42 indicating a reduced
functioning of these brain regions.7,20,134,182
In patients suffering from depression a reduced volume of the prefrontal
cortex (PFC) has been demonstrated.118 Which could correspond to the reductions
in neuronal size and density, and glial cell density that have been observed in the
prefrontal cortex of depressed patients.30,146 Depending on the specific sub region
of the PFC, metabolic activity and blood flow is either decreased or increased
compared to normal controls. These abnormalities have been found to normalise
after antidepressant treatment in some studies.42,43 It has been suggested that
hypoactivation of the dorsal and ventral anterior cingulate cortex are associated with
attentional and cognitive impairments and blunted experience of affect, hypoarousal
anhedonia, reduced coping in uncertain situations respectively.35 Abnormal increases
in activity have been found in the ventrolateral, lateral, orbital cortex of the PFC and
rostral anterior cingulate cortex. This demonstrated hyperactivity might be associated
with an adaptive compensatory reaction to the state of being depressed.41,42 Reduction
of anterior cingulate cortex activity and increased activity in the dorsal anterior
cingulate cortex were found to be related to symptom improvement after treatment.18
Also high theta activity in the rostral anterior cingulate cortex, as measured by EEG,
provided a positive prediction for the response to treatment 4-6 months later.142
The amygdala is involved in processing and the expression of emotional
stimuli,34,35,131 and is activated with the presentation of emotionally negative
pictures in humans.23 Interestingly, a gender difference in the activation
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patterns of the amygdala in response to remembering emotional pictures has
been observed.22 Depressed patients show an altered amygdala activity.42,162
Resting cerebral blood flow and glucose metabolism are elevated in depressed
subjects, and show a positive correlation with the severity of the depression.41
The hippocampus is a critical structure involved in episodic, contextual, declarative
and spatial learning and memory. Hippocampal volume loss has frequently been
found in depressed patients, and hippocampal dysfunction is thought to be related
to the cognitive impairments found in patients. It is however unclear if a smaller
hippocampus precedes the onset, or is a consequence of depressive episodes
(state of trait problem). Associations have been found between the illness duration
and volume loss, suggesting that the reduction is a result of recurrent depressive
episodes.8,112 A study by Frodl, interestingly, found a reduction in hippocampal
volume only in men, but not in women, with a first episode of major depression.58
However several studies report no significant differences in hippocampal volume
between patients and controls.154,161,188 Differences in age and duration of the
illness could explain these discrepancies. Another variable that could explain the
inconsistent findings could be a history of childhood trauma. Smaller hippocampal
volumes were found only in depressed women who had suffered from severe
childhood abuse in comparison with nonabused depressed and healthy women.195
Dysregulation of the hypothalamic-pituitary-adrenal (HPA) axis have been
frequently found in patients with affective disorders. Hyperactivity of the HPA-axis
is observed in approximately 50 percent of the patients with a depression, and can
be corrected by antidepressant treatment.204 Disturbances in the negative feedback
of the stress response could be the cause of hypersecretion of stress hormones (see
The stress response
response). The dexamethasone-suppression test provides an indication of the
capacity of glucocorticoid receptors in the pituitary to inhibit adrenocorticotropic
hormone (ACTH) and subsequently cortisol release,83 as occurs in healthy subjects
but is disrupted in depressed subjects. Depressed patients also show a blunted
ACTH response to a corticotropin-releasing hormone (CRH) challenge, which
could be explained by a down-regulation of pituitary CRH receptors caused by a
hypersecretion of CRH from the PVN. Increased levels of CRH in the cerebrospinal
fluid (CSF) of depressed patients and suicide victims have been observed, supporting
this hypothesis, although negative results have also been found.3 In the PVN and
locus coeruleus of depressed patients an elevated expression of CRH mRNA was
found when compared to healthy controls.11,145 Hypertrophy of adrenal glands as
found in patients provides another sign of HPA-axis hyperactivity.130,152
Prolonged excessive levels of cortisol could lead to neurotoxic effects in the
hippocampus, resulting in a reduction of hippocampal volume. Cushing’s syndrome
provides an indication that excess glucocorticoids release is associated with depressive
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symptomatology and hippocampal atrophy. Cushing’s syndrome is generally due to
an overproduction of corticotropin from a pituitary adenoma, and more than 50%
of the patients suffer from depression or suicidal tendencies.167 These patients also
show hippocampal atrophy, which is reversible once cortisol levels are lowered.174
Although the link between abnormal HPA-axis functioning and depression is
evident, it is still unclear if this is the primary cause of depression or the consequence
of another initiating factor.
Animal models
Satisfactory animal models of affective disorders are hard to come by. Core
symptoms of depression, like feelings of worthlessness or inappropriate guilt and
recurrent thoughts of death or suicide are unlikely to occur in rodents and even if
they do, they are not measurable. There are three validation criteria which are used
to validate an animal model; face validity, construct validity and predictive validity.198
Predictive validity refers to manipulations, like administration of drugs, which are
known to affect the disease the model represents, having similar effects in the animal
model. Face validity concerns similarities in symptoms between the disease and the
model. Construct validity is based on the theoretical rationale of the animal model.
Although the symptom of a ‘depressed mood’ cannot be mimicked in rodents,
patients suffering from an affective disorder show symptoms that can be replicated
in animals, like: anhedonia, learning and memory deficits, sleep disturbances, and
adrenal hypertrophy.
Most currently used rodent models, which best meet the validation criteria, are
based on the epidemiological data that stress plays an important role in the onset
of a depressive episode.198 The most promising model appears to be the chronic
mild variable stress model. In this model rats are exposed sequentially to a variety
of stressors, like reversal of the light/dark cycle, food/water deprivation, change
in cage mate and cage tilting. Chronic stress impairs the ability to anticipate reward
in some studies.76,121,199 This condition resembles anhedonia and can be reversed by
antidepressants.197 In addition these rats also demonstrate various sleep disturbances,
another characteristic of depression.25,199 An advantage of the chronic mild stress
model is the applicability in both male and female rats, in contrast to the social stress
models. Disadvantages of this model are the, so far unexplained, reproducibility
between studies and the difficulty to implement the model reliably in different
laboratories.198

Stress
Stress can be described as the non-specific response of the body to any demand.
The concept of stress was first described by Hans Selye,160 who showed a non-
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specific response of an organism to noxious stimuli. Stress is a normal physiological
reaction allowing a subject to respond appropriately to environmental or physiological
changes, and thus not necessarily a negative event. However, problems arise when
stress becomes chronic and/or too severe and the subject fails to cope.
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The stress response
Stress leads to an immediate sympathetic activation, upon which the adrenal
medulla releases adrenaline and noradrenaline in the bloodstream, resulting in a
rise in heart rate and blood pressure, allowing a fast reaction to a potential harmful
stimulus. A slower reaction takes place via the activation of the hypothalamicpituitary-adrenocortical-axis (HPA-axis), resulting in the release of glucocorticoids
by the adrenal cortex. The hypothalamus is mainly involved in maintaining
homeostasis, and a .o. controls food and water intake, reproductive behaviour and
body temperature regulation. The paraventricular nucleus of the hypothalamus
(PVN) is the final integrator of the HPA-axis. Stress results in the activation of CRH
and vasopressin (AVP) neurons projecting to the median eminence, where CRH and
AVP are released into the portal vascular system and stimulate ACTH release from
the anterior pituitary into the peripheral bloodstream. ACTH binds to receptors
in the adrenal gland, where it results in the release of glucocorticoids, cortisol in
humans and corticosterone in rodents.
Negative feedback mechanisms prevent the HPA-axis from overshooting.
Glucocorticoids inhibit their own release by inhibiting release and synthesis of
ACTH in the pituitary and inhibiting CRH release at the level of the PVN, (Figure
1). Limbic structures like the hippocampus, amygdala and PFC play an important
role in the regulation of the HPA-axis, especially when stressors have no immediate
survival value. In that case, depending on experience, limbic circuits can modulate
the stress response.39,78
Glucocorticoids have two receptors in the brain, namely the mineralocorticoid
(MR) and glucocorticoid (GR) receptors, which are differently distributed in the
brain.148 MR have a high affinity for glucocorticoids and are heavily occupied under
baselines conditions. The GR have a 10 fold lower affinity for glucocorticoids and
are only occupied during periods of high release, like stress.148 In regions involved
in fear and anxiety, like the amygdala, and hippocampus, both GR and MR are
present. Both types of receptors are involved in regulation of the HPA-axis, where
MR maintains low basal HPA-axis activity and GR, facilitated by MR, limit increased
HPA-axis activity during the circadian plasma peak level and after stress.27,37,170
The PVN also synthesises oxytocin. Part of the magnocellular neurons of the
PVN release oxytocin into the neurohypophysis whereas another part projects
to various regions in the CNS.48 Oxytocin is well-known for its influence on
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reproductive behaviour, labour and
48
����������� lactation. Several studies report
that oxytocin can also modulate
the
stress
response.132,186,200
A single oxytocin injection
���
��������
in males can increase plasma
corticosterone levels, whereas
���
repeated administration decreases
���������
plasma corticosterone levels.139 In
����
addition, centrally administered
oxytocin also decreases the stressinduced corticosterone levels in
��������������
female rats.200
��������
Another system that is
activated
by stress exposure is the
Figure 1. Schematic representation of the HPA-axis.
Dashed lines show negative feedback actions, the solid serotonergic system. Serotonergic
line shows an excitatory feedback.
cells originate in 9 clusters located
in the midbrain. The majority of the serotonergic neurons are located in the
midline raphe nuclei. The dorsal raphe nucleus (DRN) and median raphe nuclei
(MRN) have widespread projections throughout the forebrain (Fig. 2A). It has been
demonstrated that serotonergic cells in the DRN are activated by inescapable, but
not escapable stress,74,120 and rats undergoing ‘psychological’ stress have shown an
increased 5HT release in the DRN.59 The MRN sends serotonergic projections to
the hippocampus191 and is associated with improved stress-resistance.73
Male and female rats show differences in magnitude of the stress response. Female
rats react with a much higher rise in corticosterone to a stressor than males do.196
The intensity of the stress response in females is also dependent on the levels of
circulating gonadal hormones, and differs during different stages of the oestrous
cycle.51,192 So, especially in acute stress responses the stage of the oestrous cycle of
the female can be a confounding factor.
Fos as neuronal activation marker
The protein Fos is the product of the c-fos proto-oncogene, one of the
immediate early genes (IEG). These genes are expressed immediately after an
extra cellular stimulus and play a role in signal transduction and transcriptional
regulation. Fos forms heterodimers with Jun proteins, the product of another IEG.
A Fos/Jun complex is referred to as AP-1, which can bind to AP-1 binding sites and
are thought to contribute to the transcription of genes bearing these sites in their
promotor region.125 Fos mRNA is expressed immediately (within a few minutes)
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after a stimulus. Expression of the protein Fos is maximal between 1 and 3 hrs. after
a stimulation.101
Fos has been mostly studied as a marker for neuronal activation after a wide
variety of stimuli. However Fos-ir does not always represent an activated neuron.
Fos induction can be evoked without any changes in neuronal firing, and some
neurons seem to always express Fos or do not use Fos when stimulated. Also the
role Fos plays in neuronal functioning remains elusive.81
Even though Fos-ir might not give an accurate measure of the total number
of activated neurons, it does provide a sensitive marker to distinguish patterns of
activation between different treatments. Acute stress results in a widely distributed
pattern of Fos mRNA and Fos expression in the rat brain.31,109,173 However if
habituation to a stimulus occurs, brain regions fail to show a Fos-response.173 172
Also social stimuli like sexual interactions and sexual chemosensory cues induce
Fos–ir in several brain regions, some of which overlap with regions showing Fos-ir
after stress, like the medial amygdala, accumbens and medial preoptic area,17,99,190
showing that the Fos response, even within the same region, is not dependent on
one stimulus. Chronic, but not acute, treatment with several antidepressants reduce
the Fos responsivity to acute restraint stress.126 Also anxiolytic drugs affect the Fos
response to an acute stressor.127 Besides the corticosterone response, also the Fos
response to an acute stressor is affected by fluctuating levels of gonadal hormones
during the oestrous cycle.51,192 These data show that the Fos response to stress can be
modulated by compounds that intervene with the stress response of rats, indicating
that Fos is a sensitive parameter to measure changes in stress reactivity in rats.
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Chronic stress
When rats are repeatedly exposed to the same stressor habituation to the
stimulus can occur. The rat becomes unresponsive to the stressor. Habituation and
the associated loss of Fos expression in several brain regions, among which the
PVN, has been found after two weeks of chronic restrain stress.173 This habituation
was accompanied by the disappearance of weight gain reduction in the second week.
Habituation to chronic stress can be prevented by presenting different types of
stressors, as is done in the chronic variable stress model.197 Applying a more severe
stressor, like mild footshocks, also induces failure to habituate.104,109
Chronic stress exposure induces several characteristics also observed in
depressed patients, like anhedonia, adrenal hypertrophy,12,75 sleep disturbances,25
hippocampal atrophy 168 and reduced neuronal plasticity.123 And some of these
changes are reversible with antidepressant treatment.32,197 Surprisingly, even though
rats habituate to chronic restrain stress, morphological changes in the hippocampus
and learning deficits still occur.15,61
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Figure 2. Serotonergic (A) and dopaminergic projections in the rat brain.157

Anhedonia which is a core symptom of depression, is thought to be related to a
disturbance in the dopaminergic reward system of the brain (Fig. 2B).42 A diminished
response to rewarding stimuli has been found in rats after chronic stress exposure
by some studies.46,76,121,199 In chronic stress models changes in dopaminergic activity
have also been observed.21 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.21
The brain has a high level of plasticity, probably making it possible for subjects to
cope with acute stressors and allowing the brain to respond in the appropriate way.
However when stress becomes chronic, and the subject fails to cope, more severe
changes occur, likely resulting in long-lasting, possibly maladaptive, alterations.
Housing conditions
Housing conditions can have a major impact on the functioning of an animal. In
rodents the effects of environmental enrichment has been extensively investigated.
Environmental enrichment consists of social housing in a large area, in which a
running wheel and regularly changed play objects are present. This has been shown
to have major effects on a wide variety of parameters.189 Rats housed under these
conditions show higher levels of neurotrophins in the brain, increased neurogenesis
in the hippocampus and improved spatial memory.86,133,137 Environmental
enrichments also has beneficial effects on recovery from brain damage and may
countermand some genetic constraints.189
Besides an enriched environment, also social housing by itself has positive
effects on animals, and the positive effects of “social support” are not only found
in humans, also a.o. monkeys, rats and guinea pigs benefit from the presence of a
conspecific during stressful situations. Marmosets show elevated levels of cortisol
when housed alone in a novel cage, whereas the presence of the pairmate prevents
this increase.165 Also guinea pigs form stable male-female bonds with each other.155
When adult male guinea pigs are placed in a novel environment their cortisol
response is lower in the presence of his female partner, but not when a familiar
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female, not his bonding partner is present.155 Interestingly, in female guinea pigs also
the presence of another familiar (not partner) male has stress-reducing effects.90
Positive effects of social company are not limited to pair-bonding species. In male
rats social housing can reduce the effect of a stressful experience, counteracting
for example the behavioural and physiological effects of a social defeat.153,193 Also
in mice, isolated animals have a higher heart rate and a disrupted sleep pattern,
indicative of discomfort.169 Gender-specific effects of social housing have also been
found in rats, where crowding was found to be stressful for males, whereas it actually
calms females.19 This shows that the social environment can have a major impact on
how an animal functions and reacts to stimuli.
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Brain plasticity
The adult brain is not a static organ. Environmental changes can a.o. induce
structural changes, affect the strength of synaptic connections, and influence birth,
survival and death of neurons, especially in the hippocampus.
Morphological changes can be observed after chronic stress exposure. In rats and
tree shrews stress results in a reduction in apical dendrite arbor complexity.114,124,194
This stress induced atrophy can be prevented by the chronic administration of the
antidepressant tianeptine.113 Neurotrophic factors, like brain derived neurotrophic
factor (BDNF), play an important role in synaptic plasticity. One of the pathways
involved in the regulation of BDNF transcription is the cyclic AMP-CREB pathway.
This pathway has been implicated as a post-receptor target for antidepressant
drugs.45,181 Increased levels of intracellular cAMP increase the phosphorylation
of the cAMP response-element binding protein (CREB) and its translocation
to the nucleus of the cells. Phosphorylated CREB (pCREB) binds to the cAMP
response element (CRE) sites in promotor regions of certain genes, such as BDNF,
and has been shown to regulate these genes and by this way influence synaptic
plasticity.29,53,180
Long-term potentiation (LTP) in the hippocampus, is an indication of synaptic
plasticity, and is involved in the formation of long-term memory. Induction of LTP
has been shown to increase pCREB expression in the dentate gyrus (DG) of the
hippocampus,159 and also has been linked to BDNF expression.13 Stress exposure
however decreases LTP induction and BDNF expression.1,187 This concurs with
a reduction in pCREB expression after chronic stress exposure found in several
brain regions,183 whereas antidepressant treatment increases pCREB labelling and
BDNF expression in the brains of rodents.181 A post mortem study also detected
reduced levels of CREB in the human temporal cortex and reduced BDNF levels
in the hippocampus of untreated depressed patients vs. patients treated with
antidepressants and healthy controls.26,40 This indicates that pCREB provides a
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sensitive marker for neural plasticity in the hippocampus.
Another important modulator of synaptic plasticity is oestrogen, which has
effects on both BDNF expression and LTP. For example, BDNF expression is
regulated by oestrogen and fluctuates within the oestrous cycle of rats.66,158 Also
treatment with oestradiol increased BDNF expression in the brains of female rats,
and female prairie voles.9,110,163 The presence of an oestrogen response element in
the gene encoding for BDNF provides a mechanism by which oestrogen can directly
regulate BDNF expression.166 Other measures of plasticity, like LTP and synapse
density are also modulated by the oestrous cycle of rats.67,158,203
The adult brain is still capable of producing new neurons. This has been shown
in rodents, non-human primates and humans.47,68,71,151,164 Progenitor sites are located
in two brain regions, namely the subgranule cell layer (SGCL) in the DG of the
hippocampus and the subventricular zone. Neurons born in the SGCL migrate to
the granule cell layer of the dentate gyrus, while neurons formed in the SVZ migrate
via the rostral migratory stream to the olfactory bulb, where they could play a role in
olfactory memory.150 It has been shown that in the DG of rodents these newly born
neurons form functional connections, although the functions of these cells still have
to be elucidated.
Environmental factors, like stress and more complex living circumstances,
influence the rate of proliferation or survival of these new neurones. While running
and environmental enrichment have been found to increase survival of newly born
neurons in rodents,122 stress exposure decreases neurogenesis.45,69,70 This stressinduced decrease is thought to underlie the reduction in hippocampal volume
found in depressed patients. Antidepressant treatments have a positive influence
on neurogenesis in rodents and non-human primates,32,45,77,115 suggesting a role for
newly born neurons in the recovery from a depressive episode. Oestrogen also has
differential effects on neurogenesis in the hippocampus. Whereas proliferation of
new neurons in the hippocampus is increased during high levels of oestrogen,179 it
appears that oestrogen has negative effects on survival of these newly born neurons
in the hippocampus.136
Stress & gender
Most studies into affective disorders have mainly used male subjects and ignored
the females, because of the complicating factor of the female hormonal cycle. Of
the clinical studies using both men and women, the data often were pooled and the
aspect of gender was ignored. Preclinical studies also mainly used male animals.
However evidence is accumulating that males and females react differently to a
variety of stimuli.
In men higher cortisol levels are associated with reduced memory performance,
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while in women such a relationship was not found.201 During emotional experiences
and memory encoding, men and women differ in the neural network that is
activated.22 Also different brain structures are activated in men and women with the
presentation of happy and sad faces.105
In rodents gender differences in the behavioural effects of stress have also been
found, especially regarding learning and memory tasks. In male rats chronic stress
reduced spatial memory, while it is improved in females.16,28,102 Also classical eyeblink
conditioning is impaired in females after stress, whereas males show the opposite
response.202 Contrasting neurobiological effects of chronic stress exposure in male
and females have also been found. Stress differently affects the expression of MR
and GR mRNA in different brain regions of male and female rats.92 While chronic
stress-exposure induced apical dendritic atrophy in the hippocampus of male rats, in
females the number of branch points on the basal dendritic tree were reduced.61
Animal models are mostly validated in male animals. However, especially in models
for affective disorders, in which stress exposure often is used, results found in males
might very well not correspond with what occurs in females. Also behavioural tests
are validated in male animals, and since evidence is accumulating that males and
females react differently to the same stimuli, it is not unlikely that females will show
different, unexpected, behavioural responses.

Our model
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Rats are social animals, and it has been shown that social housing of rats can have
beneficial effect on stress coping. Possibly social housing during stress exposure can
provide an animal model for social support. As a model for affective disorders, we
used a chronic stress model, in which rats, males and females, were exposed to a
daily footshock session for a period of three weeks. During one session, rats were
placed in a footshock box with a metal grid floor and received five inescapable
footshocks in a period of 30-120 minutes. Time of the day and the interval between
footshocks varied by day, adding an unpredictable component to the procedure. A
psychological element was added by preceding each foot shock by a light stimulus,
this way conditioning the rats to the foot shock. This also allows for removal of the
noxious stimulus on the last day, so the observed neurobiological changes are the
result of the psychological component of the stress, namely exposure to the adverse
environment of the foot shock box and the anticipation of a shock. The oestrous
cycle of female rats is about 4-5 days, resulting in a different hormonal status per
day. Although this affects behavioural and neurobiological responses, by exposing
the animals to stress for a 3 week period, females are stressed during all periods
of their cycle, which likely eliminates the effects of varying levels of reproductive
hormones on the impact of stress.
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It has been shown that rats habituate to a stressor when using the same stressor
chronically, as is the case with chronic restraint stress.173 However this habituation
does not occur with chronic foot shock stress.109 By preceding each foot shock by
a light stimulus in our model, the rat quickly learns that a light is followed by a foot
shock, however with no possibility to escape, adding to the stress level.

Scope
Even though the beneficial effects of social support are widely recognised, the
underlying biological mechanisms have not been investigated. Since possibilities
of neurobiological research in humans are limited, an animal model mimicking
social support could provide a valuable model to explore the neurobiology of
social support. Since social support is associated with a reduced risk of developing
a depression after stress, we used social housing during chronic stress exposure
as a model, to investigate if social housing provides “social support” to rats and
improves chronic stress coping and possible gender differences herein.

Outline
Chapter 2 describes the effects of chronic stress exposure on behaviour in an
open field test and on Fos expression in the PVN and DRN. “Social support” was
provided by housing rats in unisex groups. Rats were either individually or socially
housed in groups of 4 rats (two controls and two stressed). They were subjected to
either 3 weeks of control or stress treatment. Fos expression in the PVN provided
an indication of HPA-axis activity, while the DRN provided an indication of
serotonergic activity.
In chapter 3 Fos expression in several limbic regions of the same rats as in
chapter 2 is described. Fos expression is related to possible disturbances in the
dopaminergic reward system and changes in amygdala function.
Chapter 4 describes the gender-specific effects of chronic stress exposure on
neurogenesis, measured by BrdU labelling in the dentate gyrus of the hippocampus
and the effects of social housing in unisex groups.
Since social housing in unisex groups did not improve stress-coping in males, in
a subsequent experiment rats were housed in male-female pairs. Chapter 5 describes
the gender-specific effects of chronic stress on open field behaviour in isolated and
mixed-gender pair-housed male and females. Chapter 6 presents the pattern of Fos
labelling in the brains and pCREB expression in the dentate gyrus of the isolated
and paired-housed rats whose behaviour was described in chapter 5. In chapter 7
the results of the experiments are compared and discussed.
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Chapter 2

Stress plays an important role in the development of affective disorders.
Women show a higher prevalence for these disorders then men. The course of a
depression 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 support’ might reduce
the adverse effects of chronic stress. To test this hypothesis, male and female rats
were housed individually or socially in unisex groups of 4 rats. An open field test
was repeated 4 times during the 3 weeks of treatment. Neuronal activation in the
paraventricular nucleus of the hypothalamus (PVN) and dorsal raphe nucleus
(DRN) in response to stress was measured the last day with c-fos. Chronic
stress exposure increased locomotor activity in the open field, especially during the
first minute. This was most pronounced in the individually housed females. In
females social housing prevented the stress-induced increase of locomotor activity,
while in males social housing had no effect. Fos-ir in the PVN was increased in
all stress-exposed groups, except for the socially housed females due to a higher
Fos-ir in controls. Individually housed males and socially housed females showed
increased Fos-ir in the DRN and the increase was almost significant in socially
housed males. In conclusion: These results show that social housing can enhance
coping with stress in female rats, whereas in male rats group housing did not have
a positive influence on stress-sensitivity.
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Introduction
The onset of major depression is often preceded by chronic stress or stressful life
events, indicating the importance of stress in the development of mood disorders.
Stressful life events are associated with financial and employment problems in men
and with network or interpersonal problems in women.31,59 Recently gender-specific
coping styles have been suggested to reduce the impact of stress. While men illustrate
a ‘classic’ ‘fight-flight’ response, women seem to have adopted a ‘tend-befriend’
strategy, actively seeking social contact in times of stress.57 Social support has been
reported to have beneficial effects on the outcome of a depression, although clear
gender differences have not been found.16,28,34,41 It has been suggested however that
social support, provided by women, but not men, reduces stress induced elevated
blood pressure22 and cortisol levels32 in women as well as in men.
During recent years increased attention is being paid to the possible effects
of housing conditions on rodent behaviour and their stress response.5,16 Social
housing can reduce the effect of a stressful experience, counteracting for example
the behavioural and physiological effects of a social defeat.50,63 Since only male rats
are susceptible to social defeat however the latter model may not be suitable to
represent mood disorders for which a higher prevalence is reported in women.43
Gender differences in the effects of housing conditions have also been found. While
social instability affects females more than males,24 crowding is stressful for males
but it actually calms females.6
Chronic mild stress, suitable for both male and female rats, has been proposed as
a valid animal model for depression. Chronic stress impairs the ability to anticipate
reward in some studies.14,25,38,66 This condition resembles anhedonia and can be
reversed by antidepressants.65 In addition these rats also demonstrate various sleep
disturbances, another characteristic of depression.8,65,66
We used an animal model of chronic footshock stress, to study effects of social
housing on stress coping in male and female rats, using changes of behaviour and
limbic activity. Social housing most likely is the best translation of ‘human social
support’ to animal studies aiming to characterise the neurobiological mechanisms of
social support in humans. In this model the stressor remains the same throughout
the three weeks, but the duration, shock interval and application time of the stress
exposure is varied, in order to make the stress as unpredictable as possible and
prevent habituation to the stressor, which usually occurs when rats are repeatedly
exposed to the same stimuli.56 We investigated whether social housing could prevent
stress induced changes in open field behaviour and possible gender difference in
this response. As females have a higher sympathoadrenal reactivity to stress and
higher baseline corticosterone levels,47,48 it was hypothesised that females show stress
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induced behavioural changes earlier in the stress protocol than to males subjected to
the same procedure. In addition, it was assumed that social housing could prevent
stress-induced behavioural and neurobiological changes in female rats while perhaps
increasing adverse effects in males. Repeated open field tests, which are widely used
to study anxiety and emotionality in rats,46 were used to investigate behavioural
changes during the 3 weeks of stress exposure. Using c-fos as a marker for neuronal
activation,52 brain activity was measured in the paraventricular nucleus (PVN),
as an indication of the HPA (Hypothalamic-Pituitary-Adrenal)-axis response,35
and the dorsal raphe nucleus (DRN), as indication of the serotonergic activity. A
dysfunction of the latter system has often been implicated in the pathobiology of
affective disorders.20,54

Animals, material and methods
Animals
Male (n=24) and female (n=24) Wistar rats were either individually (males: n=10, females n=10)
or socially (males: n=14, females n=14) housed in unisex groups of 4 rats, in the same room. 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 an extra rat was added to two cages of each gender. 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). The oestrous cycle of the females was monitored by stroking them gently
on the back, producing lordosis during oestrus and weight loss was observed on the day of oestrus.

Stress procedure
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 was varied in each session, as
were the time of the day of the exposure and the duration of the session (30-120 min.). 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.

Behaviour
Animals were tested in an open field for a period of 8 minutes. The open field test was performed
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under red-light conditions between 10 am.- 2 pm., during the active period of the animals, at least 16
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hrs. after the last stress session and before the stress procedure of that day. The test was repeated 4
times, on day 2, 8, 14 and 21. Rats were placed in the centre of the open field at the start of the test.
The open field consisted of a circular black arena with a diameter of 1 m. Locomotor behaviour was
recorded with a videotracking system (EthoVison,1.96, Noldus information Technology, Wageningen,
the Netherlands). The distance covered per minute in cm. was analysed.

Immunohistochemistry
The rats were sacrificed on day 22 by deep anaesthetisement with sodium pentobarbital (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 data of Fos activation changes would reflect the ‘psychological’ aspect of stress exposure and
not of a foot shock related pain response. 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) diluted in 0.02
M KPBS with 0.25% Triton X-100 and 2% Normal Goat Serum for 72 hours at 4˚C. After thorough
washing, the sections were subsequently incubated for 2 hrs with biotinylated Goat-anti-Rabbit IgG
(1:1000 in 0.02 M KPBS) and avidin-biotin-peroxidase complex (Vectastain ABC Elite Kit, Vector
Laboratories). 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 paraventricular nucleus (magno- and parvocellular part) of the hypothalamus
(PVN) and the Dorsal Raphe Nucleus (DRN) were blindly quantified using a computerised imaging
analysis system. 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. The PVN (magnocellular
and parvocelluar) was quantified bilaterally (no left-right asymmetry of Fos immunoreactivity (ir) was
found) and therefore the mean ± standard error (SEM) for both sides were calculated.
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Statistical analysis
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.
Locomotor activity was analysed with a repeated measures ANOVA, with minutes and days as within
subject variables and treatment (control or stress), gender (male or female) and housing (individual
or social) as between subject variables. Sphericity assumed modelling, with Greenhouse-Geisser and
Huynh-Feldt adjustments, was applied.45 Fos-ir was analysed with an ANOVA with treatment (control
or stress), gender (male or female) and housing (individual or social) as between subject variables.

Results

Weights
Weight gain was significantly affected by chronic stress in male rats (F1,20 =
39.369, p<0.001), reducing the growth rate in both individually and socially housed
males (resp. F1,20= 27.627, p<0.001 and F1,20= 12.172, 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 housing was observed (F1,20= 8.070, p=0.010), socially housed control rats
showing a reduced growth rate (F1,20= 5.110, 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) (GreenhouseGeisser correction).
Open field locomotor activity
The most pronounced locomotor effects were observed in the first minute
after the animal was placed in the open field. First minute activity was compared as
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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).
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Figure 2 (A and B). Comparisons between open field tests of the mean distance walked per minute
(cm). Results are expressed as group means + SEM. Compared to day 2; * (*, p<0.05; ***, p<0.001),
compare to day 7 (#, p<0.05; ##, p<0.01).

an indication of how rats reacted to a change in their environment, in addition to
the mean locomotor activity per minute. Test of between subject effects showed a
significant effect of gender (F1,40= 34.232, p<0.001), housing (F1,40= 4.415, p=0.04),
and stress (F1,40= 4.465, (p= 0.04) on the locomotor activity in the open field, and
a trend was visible for the interaction between gender and housing (F1,40= 3.135,
p=0.084), indicating that males and females react differently to housing conditions.
Repeated measures ANOVA with Huynh-Feldt ε correction, showed a significant
effect of day (p=0.001), an interaction between day and housing (p<0.001), a minute
effect (p<0.001), and interactions between minute and housing (p <0.001), minute
and housing and treatment (p=0.05) and day and minute (p<0.001), minute and
treatment showed a trend (p=0.082). This pattern of significances illustrates that
housing conditions and treatment affect the way animals react during open field tests
and how they respond to repeated open field exposures.
Effects of repeated open field exposures
Males: (Fig. 2) Chronic stress increased locomotor activity of individually housed
males during the eight minutes of the open field exposure. The distance covered per
minute was significantly increased after 3 weeks of chronic stress exposure compared
to day 2 (p=0.05) and day 7 (p=0.014) (Figure 2B). First minute locomotor activity
changes occurred earlier during the stress exposure, and were found in both the
individually and socially housed males after 1, 2 and 3 weeks (individually housed:
(resp. from 588 ± 60 on day 2 to 856 ± 47 on day 7 (p=0.047), to 948 ± 64 on day
14 (p = 0.029) and to 970 ± 77 cm on day 21 (p=0.010); socially housed: resp. from
831 ± 66 on day 2 to 1017 ± 75 on day 7 (p=0.015), to 1089 ± 96 on day 14 (p =
0.012) and to 1041 ± 116 cm on day 21 (p=0.015) (Figure 3A). Such locomotor
changes were not found in control males, who did show a change in mean activity
per minute after repeated open field exposures. Individually housed control males
showed a significantly increased activity on day 21 compared to day 7 (p=0.016)
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Figure 3. Distance walked per minute (cm) of the 4 open field tests. Results are expressed as group
means + SEM. Effects of housing conditions of control rats ($, p<0.05; $$, p<0.01; $$$, p<0.001).
Stress effects of individually housed rats (**, p<0.01) and socially housed rats (&, p<0.05). Housing
effects of stressed rats (%%, p<0.01).

whereas socially housed control males were less active on day 7 compared to day 2
(p<0.001) and day 21 (p = 0.003).
Females: (Fig. 2) Individually housed control females showed, compared to day 2,
an increased locomotor activity on day 21 (p=0.022). After chronic stress exposure,
however activity was increased already after 14 days and remained elevated up to 21
days (resp. p=0.021 and p<0.001). Also compared to day 7, on day 21 there was a
significantly increase in activity (p=0.001). Whereas socially housed control females
showed no changes in activity and socially housed stressed rats showed a decreased
activity on day 21 compared to day 2 (p=0.013). First minute activity of individually
housed control females was increased during the second and fourth exposure to
the open field (resp. from 610 ± 117 on day 2 to 972 ± 73 on day 7 (p=0.020) and
1094 ± 99 cm on day 21 (p=0.003), but first minute activity of socially housed
control females did not change. Stress exposure increased the first minute activity
of individually housed females on day 7, day 14 and day 21 (resp. from 591 ± 49 to
1125 ±116 (p<0.001), 1014 ± 119 (p=0.011) and 1345 ± 123 cm (p<0.001). Also
mean activity per minute was higher after 3 weeks of stress exposure compared to
all previous tests (day 7: p=0.040, day 14: p=0.026). In socially housed females there
was no effect of stress on first minute locomotor activity.
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Effects of treatment, gender and housing within open field tests
Stress: When looking at locomotor activity over 8 minutes, a stress effect was only
present during day 7 in socially housed males, when socially housed stressed males
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were more active than controls (F1,40= 8.821, p=0.005). Chronic stress did affect
first minute locomotor activity, although only in females. While in socially housed
females no effect of chronic stress was observed, individually housed females
showed an increased activity during the first two minutes after 3 weeks of stress
(F1,40= 7.972, p =0.007)(Fig. 3).
Housing: (Fig. 3) Male rats showed no effect of housing conditions on mean
locomotor activity in any of the open field tests. There was however a clear housing
effect on the novelty response to the first open field test. Individually housed
control males were less active during the first minute than the socially housed
control males (F1,40= 8.145, p=0.007). In stressed males housing conditions had
no effect, but in females, first minute activity of individually housed control and
stressed rats was lower than that of their socially housed counterparts (resp. F1,40=
8.167, p=0.007 and F1,40= 8.736, p= 0.005). During the second and third exposure
to the open field no effects of housing conditions were found. After 3 weeks of
stress, females demonstrated an effect of housing conditions on mean locomotor
activity, when individually housed females had a higher locomotor activity than the
socially housed rats (F1,40=21.39, p<0.001). First minute activity was only affected
in stressed females, as individually housed females had a higher activity than socially
housed rats (F1,40= 5.564, p= 0.023). In male rats first minute activity was affected
by the housing conditions only in control males, socially housed males being more
active than isolated males (F1,40= 4.943, p=0.032). Summarising, when differences
between housing conditions were observed, individually housed females were more
active in the open field than socially housed females and males showed the opposite
response, with socially housed males showing higher activity.
Gender: During the first open field test, individually housed control female rats
were more active than males (F1,40= 5.123, p=0.029) (Fig. 3). Gender differences
in first minute activity were only seen in socially housed stressed rats, females
overall having a higher initial activity than males (F1,40= 3.959, p=0.05). Females
were more active on day 7 except
������� ������
the socially housed stressed animals
�
(individually housed controls: F1,40
�
= 10.750, p = 0.002; individually
housed stressed: F1,40 = 8.294, p
= 0.006; socially housed controls:
�����
�������
F1,40=8.294, p=0.005). During the
������ ������� ������ ��������
������ ������� ������ ��������
first minute of the second open field
Figure 4. Adrenal weights in mg. adrenal weight
test no differences between males per gr. body weight + SEM. Significant difference
and females were observed. On day between stress and control treatment within housing
conditions (*, p<0.05), significant gender different
14 all females, except socially housed with male counterparts (#, p<0.05).
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stressed females, were more active than the males (individually housed controls:
F1,40= 4.690, p=0.036; individually housed stressed: F1,40= 4.679, p=0.037; socially
housed controls: F1,40=.914, p=0.02), while no gender differences were observed in
first minute activity. On day 21 only isolated females, both stressed and controls,
were more active than males, both on the mean locomotor (resp. F1,40= 10.788,
p=0.002 and F1,40= 6.131, p=0.018) and the first minute activity (resp. F1,40= 5.962,
p=0.019 and F1,40= 5.033, p=0.030) (Fig. 3). Generally, females showed a higher
locomotor activity in the open field than males, whether or not they were exposed
to a stressor.
Adrenal and thymus weights
Chronic stress had a significant effect on adrenal weight (F1,32 = 10.263, p = 0.003)
(Fig. 4), socially housed but not isolated male rats, showing adrenal hypertrophy
after chronic stress exposure (F1,16= 6.854, p=0.019). In females, stress induced a
significant increase in adrenal weight in individually housed rats (F1,16= 4.603, 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=116.434,
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
PVN: The PVN controls HPA-axis activity, and accordingly showed increased
Fos-ir after stress (Table 3). Since magno- and parvocellular nuclei showed similar
responses, no further distinction was made between the two nuclei. There was a
significant treatment (F1,31= 13.310, p = 0.001) and gender effect (F1,31= 11.885, p
=0.002) with respect to Fos expression in the PVN. Pair wise comparisons showed
that stress increased Fos-ir in the PVN in all groups except in the socially housed
females (indiv. males: F1,12= 16.566, p=0.002; social males: p=0.047, indiv. females:
F1,12 = 15.351, p = 0.002). A gender difference in PVN Fos-ir was only observed in
the individually housed rats, males expressing more Fos-ir than the females (controls;
F1,12= 11.038, p=0.006; stressed: F1,12= 12.072, p=0.005).
Dorsal Raphe: (Table 3) Stress had significant effects on Fos-ir in the DRN (F1,27
= 19.748, p< 0.001), significant interaction between treatment, gender and housing
(F1,27= 4.808, p=0.037) was observed, indicating that housing conditions and gender
influence the way the DRN reacts to stress. Stress exposure led to increased Fos-ir in
the DRN of individually housed males (F1,14=13.592, p=0.002) and socially housed
females (F1,13 = 9.708, p = 0.008), but failed to increase Fos-ir in individually housed
females. Chronic foot-shock stress also did not significantly affect the Fos-ir of the
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Table 1. Fos expression in the PVN and dorsal raphe nucleus (DRN)
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Mean number of Fos-positive cells per 0.1 mm . Significant stress effects: *, p≤0.05; **,
p≤0.01; ***, p≤0.001, and significant gender differences: $, p≤0.05; $$,, p≤0.01
2

DRN in socially housed males (F1,16= 4,087, p=0.060). An effect of gender was
found in the individually housed stressed rats, males expressing more Fos-ir in the
DRN than females (F1,11= 7,941, p=0.017).

Discussion
In this study the authors have found that housing conditions affect the way
rats react to chronic stress exposure. Isolation by itself appears to be a stressor for
female rats and social housing appears to reduce these adverse effects. Male rats,
in contrast, do not seem to benefit from social housing, as it actually appears to
augment the negative effects of stress exposure.
In accordance with previous studies, chronic stress decreased the growth rate of
male rats, but had no effect on weight gain in females.4,14 Housing conditions had no
effect on weight gain in males but reduced the growth of control females. A similar,
but non-significant effect was found in the stressed females. This reduced growth
rate is most likely attributable to increased activity in the home cage resulting from
higher activity during estrus rather than elevated stress levels due to social housing.
Concordant with previous findings, a synchronisation of the oestrous cycle among
females was not observed.51 In the current study we did not specifically investigated
the effects of the oestrous cycle on the stress response.62. 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. In addition open field
activity did not seem to be affected by the oestrous cycle, since activity of females
in oestrus during an open field test was similar to that of the non-oestrus females
(not shown).
General effects of gender, housing conditions and chronic stress
In this study we found that stress increased activity most profoundly in the first
minute of the open field test. Stress apparently affects the way in which rats react
to a novel or change in environment, even after repeated exposures. Increased first
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minute activity during the stress procedure was most pronounced in individually
housed females, supporting a higher stress-sensitivity of females.64 Social housing
neither attenuated nor aggravated the effects of stress on first minute activity in
males, but social housing was able to prevent this stress effect in females. For
females, individual housing alone most likely already acts as a stressor, and chronic
foot-shocks augment the behavioural and neuroendocrine changes in these isolated
females. Stress exposure increased adrenal weight in this study, corroborating
previous findings.3,14,24,26,27 Also the magnitude of increases in adrenal weight were
found to be dependent of the severity of the stress or stress-sensitivity of the rat
strain.12,68 In the current study adrenal hypertrophy was found in socially housed
males and isolated females, another indication that social housing for males may
be a stressor as isolation is for females. Hypertrophy of adrenal glands has also
been found in depressed patients.39,49 So adrenal weight could be a reliable measure
of the amount of stress experienced during chronic exposure as an alternative for
plasma corticosterone measurements which are more a measurement of an acute
stress response. Gender specific effects of housing conditions have also been found
in other studies. Basal corticosterone levels were higher in isolated than in socially
housed females, while the opposite effect was found in males.6 A positive influence
of social housing on male rats has also been reported however. Social housing was
able to reduce the adverse effects of a social defeat.50,63 Although aggression, related
to the development of a hierarchy, is more likely in a group of non-related males,
and most likely provides additional stress for unrelated socially housed males as used
in the current experiment.
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Locomotor activity in the open field
The most commonly observed effect of chronic stress is decreased open field
activity. Different designs and circumstances of test performance, like testing in the
light period or shortly after stress exposure, as in other studies,10,18,65 might explain
why in this study we found a stress-induced increase in locomotor activity after
chronic exposure. Duncko and co-workers have also reported increased first minute
open field activity but found no change in total activity after chronic mild variable
stress.14 The use of one week intervals between open field tests in the current
experiment was apparently too long for the animals to habituate, which would have
resulted in a reduced activity.11 However, the open field was probably not completely
unfamiliar after repeated exposures, since the inhibition of first minute locomotor
activity of individually housed rats, as seen in the first open field test, disappeared
with subsequent exposures. The stress-induced increase of first minute open field
activity could reflect a higher behavioural reactivity to a mild stress like the transfer
to the open field. Non-stressed rats apparently do adapt to repeated open field tests
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and do not show changes in locomotor activity.
After acute stress, on day 2, no locomotor effect was found, but socially and
individually housed rats showed a different behavioural response, irrespective
of gender. Locomotor activity was inhibited in isolated rats, implying that social
housing can make rats more flexible and less anxious in a novel environment, since
they start exploring immediately. A similar result has been reported by Zimmermann
and coworkers69 who showed that the latency to enter an open field from a start
box was shorter in group-housed rats. This effect of housing conditions could
be mediated by CRH, which is involved in regulating autonomic and behavioural
responses to stress.33,44
Neurobiological changes after chronic stress
It has been found that central administration of CRH leads to decreased
locomotor activity in a novel environment.33 If individually housed rats are
more sensitive to a change in their environment, exposure to a completely novel
environment could be even more stressful leading to increased central CRH-levels
which in turn could lead to reduced locomotor activity during the initial open field
exposure. However elevated CRH levels in the brain could also lead to increased
locomotor activity. Stress has been found to increase CRH-mRNA levels in the
PVN,1,14 and central CRH administration53 and CRH-like peptides have been shown
to increase locomotor activity in a familiar environment.30 Moreover it has been
found that chronic variable stress leads to increased CRH mRNA in the PVN in
male but not female rats, although female baseline expression levels were higher.14
Since the behavioural effects of chronic stress exposure in the current experiment
were more pronounced in females than in males, this implies that females might be
more susceptible to chronic inescapable footshock stress than to chronic variable
stress. Increased CRH mRNA expression in the PVN was not observed after
repeated exposure to the same stressor, due likely to habituation.36 Fos data of the
current experiment shows that rats do not habituate to the chronic footshock stress.
Three weeks of exposure to the stress box still increased Fos expression in the
PVN,58 and the DRN, in most groups. Habituation and the associated loss of Fos
expression in the PVN has been found after two weeks of chronic restrain stress.56
The DRN showed a similar habituation, with acute restrain stress inducing Fosir in the DRN,9 while expression was lost after repeated exposures.55 Inescapable
stress, but not escapable stress activates DRN 5HT neurons,23,37 and rats undergoing
‘psychological’ stress have shown an increased 5HT release in the DRN.19 The
increased Fos expression in the DRN probably implies that serotonergic raphe
neurons were activated in response to the ‘psychological’ stress of exposure to the
stress box. While Fos-ir in the PVN of isolated females was increased after stress
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exposure, the DRN of these animals was non-responsive. This suggests a lack of
activation of the serotonergic system in isolated females whereas social housing
can prevent this dysfunction and act as a ‘natural antidepressant’, maintaining
serotonergic activity during chronic stress. The absence of stress-induced FOS
expression in the DRN of individually housed females most likely is not due to
habituation since the PVN Fos expression in the same animals was increased and
socially housed females showed no habituation of DRN activity.
Oxytocin: A possible mechanism for the beneficial effects of social housing?
A possible mechanism underlying the social housing-induced alleviation of
the stress response could be an oxytocin-mediated reduction of HPA-axis activity.
Oxytocin is released by the supraoptic nucleus and the PVN 21 and has a wellknown role in reproductive behaviour, labour and lactation.15 However, several
studies report that oxytocin can also modulate the stress response.40,60,67 A single
oxytocin injection in males can increase plasma corticosterone levels but repeated
administration causes decreased levels lasting as long as 10 days after cessation of
this treatment.42 In addition, centrally administered oxytocin also decreases stressinduced corticosterone levels in female rats.67 Besides the aforementioned functions
oxytocin has also been shown to be involved in several aspects of social behaviour
7,29
and social recognition.13,17 Social contact increases oxytocin release in rats,61
and has been associated with the beneficial effects of social support during stress
exposure. In humans, social contact is able to reduce the plasma cortisol levels. This
effect most likely involves oxytocin.7,15 Female rats, and women, may seek social
contact during stress, which could increase oxytocin levels, acting as an endogenous
anti-stress response. In the present study the higher Fos expression in the PVN of
socially housed control females compared to isolated control females could be an
indication of increased oxytocin release in socially housed females.
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Conclusions
In summary, social housing can reduce adverse effects of chronic footshock
stress in female rats, preventing the stress-induced adrenal hypertrophy and
locomotor hyperactivity in the open field test. Moreover social housing of females
prevented the chronic stress-induced non-responsiveness of Fos-ir in the raphe
nucleus seen in isolated females. In male rats social housing augmented the stressinduced adrenal hypertrophy and could not prevent the increase in locomotor
activity. Overall, the behavioural changes were quite small in stress-exposed males.
Lack of stress-induced adrenal hypertrophy in individually housed males and a
normal stress-induced increase of Fos expression in the DRN suggests that males
are resistant to this type of stressor or may need longer exposure times to develop
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stress-related pathology. Our results are consistent with findings that the female
gender has higher stress vulnerability and that social housing of female rats might be
a good representation of social support in humans. This creates an opportunity to
explore biological mechanisms underlying the effects of social support in humans,
which is able to effectively reduce the stress response,2,16,22,64 especially in females.
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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.
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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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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.

58

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.

Fos-reactivity unisex groups

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

65

Chapter 3

66

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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Chapter 4

Stress plays an important role in the development of affective disorders.
Women show a higher prevalence for these disorders then men. The course of a
depression 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 support’ might reduce
the adverse effects of chronic stress. To test this hypothesis, male and female rats
were housed individually or socially in unisex groups of 4 rats. The proliferation
marker BrdU was injected 2 weeks before the sacrifice to investigate if stress and
social housing influenced the survival of proliferating cells in the dentate gyrus.
To investigate changes in proliferation, another group of rats was sacrificed
the day after the last BrdU injection. Stress significantly decreased BrdU
labelling in individually housed males and not significantly in socially housed
males. In individually housed females stress increased BrdU labelling, which
was prevented by social housing. The increase found in females is most likely
caused by differences in survival rate, since cell proliferation was not affected by
stress or housing conditions. These results indicate that social support can affect
neurogenesis in both female and male rats, however in a different way.
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Introduction
Stress plays an important role in the onset of affective disorders. Ample evidence
is accumulating from human as well as animal research that females react differently
to stressors than males.1,39 While females are more susceptible to the development of
affective disorders, preclinical stress research has focussed mainly on male animals
and therefore little is known about the neurobiology of females coping with stress.
As stress has negative effects on mental health, social support is known to have
positive effects on stress-coping and there are some indications of a gender difference
in the effect of social support. Psychotherapy that could be viewed as formalised
social support, improves symptoms10 and normalises brain activity in depressed
patients, similar to antidepressant treatment.2 This suggests a neurobiological basis
for the ameliorating effects of social support/psychotherapy.
Recent studies suggest that symptoms of depression are thought to be related to
reduced synaptic plasticity in the brain,25 possibly resulting in the inability to respond
and/or adapt to aversive stimuli. Reduced levels of neurotrophins have been found
in the brains of depressed patients.4,7 One of the neuroanatomical changes found
in depressed patients is a decreased hippocampal volume,21 which appears to be
reversible after recovery from the depression.31 This reduction of hippocampal
volume might be related to a stress-induced decrease in neurogenesis in the dentate
gyrus (DG) of the hippocampus, as found after stress-exposure in rodents12 that can
also be reversed by antidepressant treatment.6
Chronic stress exposure in rodents has been proposed as a valid animal model
for affective disorders. Chronically stressed rats show symptoms characteristic of
depression, like anhedonia and sleep disturbances,3,8,26,38 but most studies were
performed in male rats only.
Since rats are social animals, social housing during stress exposure could provide
an interesting model to study the neurobiological effects of social support. We have
previously shown that social housing in unisex groups ameliorates stress-coping
in female rats but not males. In male rats social housing appeared to increase
the stress-sensitivity, and only isolated control males showed no signs of stress,
whereas isolation by itself appeared to be stressful for females.36,37 Environmental
enrichment has been shown to increase neurogenesis.27 Although social housing
does not qualify as environmental enrichment,34 it apparently affects the way
animals cope with stress, which might be reflected in the number of new neurons
born or the survival of these neurons. Rats were injected with the proliferation
marker BrdU for 5 consecutive days to eliminate oestrous-cycle related variation of
neurogenesis in females.32 The last injection was given 2 weeks before the end of
the stress exposure, in order to investigate the long-term effect of chronic stress on
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neurogenesis. However, the effects, evident after 3 weeks of stress exposure, could
be due either to differences in cell proliferation during the time BrdU was present
or to changes in survival of newly generated cells during the 2 subsequent weeks.
Several studies have shown that stress decreases cell proliferation in the DG in male
rats.16 So, in a follow-up experiment we investigated if females also showed this
stress-induced decrease in cell proliferation.

Material & Methods
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).
Rats were subjected to a chronic stress protocol for 3 weeks. During the dark/active period of the
rats, daily at random times, rats in the stress group were transferred to a footshock box and received 5
inescapable footshocks at random intervals during a 30-120 minute 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. Control rats were placed in similar, non-electrified, cages. To study the effects of
chronic stress on neurogenesis rats were treated with the thymidine analog bromodeoxyuridine (BrdU)
(i.p. 100 mg/kg) for 5 consecutive days to eliminate oestrous-cycle related variation of neurogenesis in
females.32 The last injection was given 2 weeks before the end of the stress protocol (Figure 1B).
In the follow-up experiment female rats were either individually or socially housed (n=6 per
group), and subjected to the same stress exposure protocol but now they were sacrificed after the last
BrdU injection on the eighth day of the protocol (Figure 1A). At the end of the experiments, rats were
deeply anaesthetised on day 22 with sodium pentobarbital (1 ml, 6%) and transcardially perfused with
50 ml heparinised saline and 300 ml of a 4% paraformaldehyde solution in 0.1 M sodium phosphate
buffer (pH 7.4). Adrenal and thymus weights, corrected for body weight, were calculated and used as
indication of the amount of stress perceived.
BrdU

immunohistochemistry

was

carried out on 40 μm free floating sections
as described previously.

19

For the DAB-

BrdU staining the following antibodies
were used: rat-anti-BrdU (1:1000), Oxford
biotechnology, (www.immunologicalsdirect
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Figure 1. Schematic overview of the 3 week protocol.
Down arrows indicate BrdU injections, U show the
endpoints of the two experiments. A. corresponds to
figure 2A, B corresponds to figure 2B
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rat IgG and avidin-biotin-peroxidase complex (1:900). Fluorescent triple staining were applied in TBS
with 3% normal donkey serum with 0.1% Triton-X-100. The primary antibodies used were: mouse
anti-NeuN (1:200, Chemicon), rabbit anti-Cow GFAP (1:500, DAKO), and rat anti-BrdU (1:300,
Oxford biotechnology). The corresponding fluorescent antibodies used were: Donkey-anti-Mouse
rhodamine Red-X-conjugated (1:200, Jackson), Donkey-anti-Rabbit Cy5-conjugated (1:200, Jackson),
Donkey-anti-Rat biotin-SP-conjugated, (1:200, Jackson) together with Fluorescein (DTAF)-conjugated
streptavidin (1:200, Jackson).
Sections were digitised by using a Sony charge-coupled device digital camera mounted on a LEICA
Leitz DMRB microscope (Leica, Wetzlar, Germany) at 100x magnification. The number of DAB
stained BrdU-positive cells in the granule cell layer (GLC) of the DG per 0.1 mm2 were quantified and
group differences were expressed as percentage change with the isolated controls (per sex) at 100%.
Immunofluorescent labelling was visualised under 40x magnification with a confocal laser microscope
(Zeiss LSM510 META-NLO). Percentages of double labelled BrdU-positive cells in the GCL were
quantified. None of the BrdU labelled cells was labelled with both GFAP and NeuN.
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. BrdU 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.29

Results
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. 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
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. 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).
Chronic stress had a significant effect on adrenal weight (F1,32=10.26, p=0.003)
(Table 1), socially housed but not in 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
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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.
Treatment (F1,31=5.26, p=0.029),
gender (F1,31=106.58, p<0.001) and
�������
������
the
interaction
treatment*gender
�
���
���
�����
(F1,31=14.304, p<0.001) had a significant
��
���
effect on the number of BrdU positive
���
cells in the GCL of the DG (Figure 2B
and 3). Females showed a significant
���
�
effect of treatment (F1,16=5.32,
��
p=0.035) and a treatment*housing
�
�����
�������
�����
�������
interaction
(F1,16=8.08,
p=0.012),
����� ������� ����� ������ ������ ������� ������ ������
whereas in the males only the treatment
Figure 2. Change in BrdU-positive cells in the
granule cell layer and hilus with isolated controls effect was significant (F1,15=9.84,
set at 100%. A. 8 days of stress exposure did not p=0.007). Chronic stress decreased
affect cell proliferation. B. Changes after 3 weeks
of stress exposure. Effect of treatment within the number of newly formed neurons
housing conditions: *p<0.05, **p<0.01, effect of in the granule cell layer in isolated
housing within treatment group: #p<0.05.
males (F1,15=6.85, p=0.019), whereas
in socially housed males this effect was not significant. Isolated females, in contrast
to isolated males, showed a stress-induced increase in the number of new neurons
(F1,16=11.05, p=0.004), while social housing prevented this increase. Stressed
isolated females also had higher number of BrdU-positive cells than socially housed
stressed females (F1,16 = 5.42, p=0.033). BrdU-labelling in the hilus was not affected
by stress, gender or housing conditions. Male rats, except the isolated stressed rats,
had more BrdU labelled cells than females (indiv. control: F1,31=46.198, p<0.001,
social control: F1,31=57.808, p<0.001, social stressed: F1,31=25.404, p<0.001). The
majority of the BrdU-positive cells were double labelled with NeuN (87 + 2.3%),
only a small number of cells were double labelling for BrdU and GFAP (3 +1.7%),
the remaining BrdU-positive cells were neither staining NeuN or GFAP. No group
differences were found in the percentages of double labelling, so data were pooled
(Figure 4).
Eight days of stress had no effect on cell proliferation in the dentate gyrus (isol.
control: 19.8+1.8; isol. stressed: 19.2+1.6; social control; 19.2+1.1; social stressed:
20.8+1.5)(Figure 2A).
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Figure 3. Representative photomicrographs of BrdU-positive cells in the dentate gyrus
of the hippocampus of isolated control and chronically stressed rats.

Discussion
Chronic stress exposure had different effects on individually housed male and
female rats. Male rats did show the expected decrease in BrdU-labelling,12 whereas
females unexpectedly showed an increase in BrdU-labelling. In males rats it has been
shown that stress decreases cell proliferation,16,23 so likely the decrease found after
3 weeks of stress exposure in isolated males is a consequence of decreased cell
proliferation. In females however we did not find an effect of housing conditions
nor of acute stress on cell proliferation in the dentate gyrus, indicating that the
differences found after 3 weeks of stress exposure are the result of changes in
survival and not of increased proliferation. The absence of a acute stress effect on
proliferation corresponds with data from Falconer et al. who showed no effect of
acute predator odour stress on cell proliferation in female rats.9 The majority of
BrdU-positive cells was also positively labelled with the neuronal marker NeuN,
showing that most newly born cells became neurons, corresponding with other
studies.9,22,23,28,33
Treatments that are used for depressed patients, like antidepressant medication
and electroconvulsive therapy have been found to increase neurogenesis in
male rodents22,24 and hippocampal neurogenesis appears to be necessary for
the behavioural effects of antidepressants to occur.30 Also treatment with the
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Figure 4. Confocal image
showing
representative
BrdU and NeuN doublelabelled cells (white arrows)
in the dentate gyrus of the
hippocampus.
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antidepressant tianeptine prevents the stress induced decrease in hippocampal
cell proliferation and volume in tree shrews.6 Although we previously showed
that social housing of males increased the adverse effects of chronic stress on
behaviour and FOS expression,36,37 this more stimulating environment may have a
slight ‘antidepressive’ effect and prevent a stress-induced decrease in neurogenesis
in these males, or more likely contributes to increased survival of new neurons.13
Behavioural data, adrenal weights and limbic FOS-expression data indicated that
isolated females were more affected by chronic stress,36,37 it is therefore unlikely that
the increased neuronal survival signifies improved stress-coping. Experimentally
induced DG damage has been shown to increase neurogenesis in the granule cell
layer.20 It could be speculated that increased neurogenesis, as observed in the present
study, in chronically stressed females is a consequence of pathological changes in the
hippocampus, which is only observed in females due to higher stress sensitivity.14
The increase in survival of new neurons found in isolated females could therefore
be a compensatory mechanism for this stress-induced neuronal damage.
It has been found that newly generated neurons in the GLC have axons extending
into the CA3 region after 17-24 days and that are indistinguishable in shape and size
from neighbouring neurons.15 Van Praag and co-workers35 also showed that newly
born neurons form functional connections and are integrated in the hippocampal
circuitry. These newly born neurons also respond to stimuli, as shown by FOS
expression in these neurons, comparable with the expression in older granule cells.17
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There are other reasons to assume that these new neurons may form functional
connections in females, since it has been shown that chronic stress improves spatial
memory, a hippocampal dependent learning task, in female rats,1 while in males
neurogenesis is decreased 5,16 and spatial memory impaired by chronic stress.5,18
Social housing of females may hypothetically provide a distraction that reduces the
long-term impact of stress, among other things by preventing the incorporation of
newly formed neurons into the neural circuitry that processes information related
to the stressful events. Frodl and co-workers11 reported on a gender difference in
hippocampal volume changes in first-episode depressed patients, with men showing
a reduction in grey matter hippocampal volume, which was not observed in women.
Stress-induced increased survival of new neurons might hypothetically provide a
possible mechanism for this gender difference.
The present results demonstrate that chronic stress differentially affects
neurogenesis in male and female rats and suggests that there are gender differences
in the response to stressful events.
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Chapter 5

Social support has a positive influence on the course of a depression
and social housing of rats could provide an animal model for studying the
neurobiological mechanisms of social support. Male and female rats were
subjected to chronic foot-shock stress for 3 weeks and pair-housing of rats
was used to mimic social support. Rats were isolated or housed with a partner
of the opposite sex. A plastic tube was placed in each cage, and subsequently
used as a ‘safe’ area in an open field test. Time spent in the tube was used as a
measurement of anxiety levels. Chronic stress increased adrenal weights in all
groups, except for isolated females who showed adrenal hypertrophy in control
conditions. Chronic stress increased the anxiety level in isolated males, as shown
by increased time the animals spent in the tube. While stress did not affect
anxiety in socially housed males, males with a stressed partner appeared more
anxious. Even though adrenal weights showed that isolated females were more
affected by stress, after chronic stress exposure they spent less time in the tube
than socially housed females. Also socially housed stressed females spent less time
in the ‘safe’ tube compared to control counterparts, indicating stress has a gender
specific behavioural effect. In conclusion: Pair housing had a stress-reducing effect
on behaviour in males. Isolation of females was stressful by itself. Pair housing
of females was not able to prevent stress-induced behavioural changes completely,
but appeared to ameliorate stress-coping.
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Introduction
Social support is known to have a positive influence on mental and physical
health, but surprisingly the neurobiological mechanisms that underlie these effects
have hardly been investigated. In major depression, social support has been reported
to have beneficial effects on the outcome of a depressive episode and prevention
of relapse.15,23,26,34 More stressful life events and less social support are associated
with greater risk of disease progression in HIV patients.29,30 Also in cardiac patients
it is suggested that the amount of social support and psychosocial interventions to
increase social support improve the quality of life and length of survival.2,19
A suitable animal model for studying social support would provide means
to investigate what occurs in the brain and give a better understanding in the
neurobiological mechanisms associated with social support. Social housing of
rodents could provide such a model. During recent years increased attention is
being paid to the effects of housing conditions on rodent behaviour and their
stress response.8,15 Since exposure to stress is a generally accepted animal model
for affective disorders like major depression,32 and social support has a positive
influence on the outcome of a depressive episode, stress parameters may provide a
useful indication of the effects of social housing and social support. In rats social
housing can reduce the effect of a stressful experience, counteracting for example
the behavioural and physiological effects of a social defeat.37,42 Gender differences
in the effects of housing conditions have also been found. While social instability
affects females more than males,20 crowding is stressful for males but it actually
calms females.9 We have previously shown that female rats living in unisex groups
have improved stress-coping, whereas males housed in unisex groups appear to be
more stressed than isolated males.45,46
Affective disorders have a higher prevalence in women,24 and even though this is
widely recognised, preclinical research has mainly focussed on male animals. In the
present study we investigated how the effects of mixed gender pair-housing during
chronic stress influenced behaviour by measuring locomotor activity during repeated
open field tests. Rats were subjected to an open field test with a slight modification
in comparison to the previous experiment,46 in that a tube was placed at the border
of the open field arena, to provide a shelter area. It was hypothesised that, since rats
tend to avoid open spaces and show thigmotaxic behaviour, stress would increase
the time the rats spent in the tube. With no other males present, the possibility of
increased stress levels as a result of aggressive encounters is eliminated in the pairhoused males. We hypothesised that social housing therefore would be beneficial for
both male and females, although for females not necessarily to the same extend as
social housing in a unisex group, since continuous sexual advances of the male could
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generate additional stress for the female.

Material & Methods
Rats & housing conditions
Female (n=30) and male (n=30) Wistar rats were either individually (n=24) or socially housed
(n=36) with a rat of the opposite sex (n=6 per group), in the following combinations; control male
with a control female, control male with a stressed female, and a stressed male with a control female
(See for group names Table 1).
A plastic tube (∅ 8 x 17 cm.) was placed in each cage to offer the socially housed females some way
of escape from the males. Ten days before the start of the experiment and 3 days before being housed
with a female, the male rats were vasectomised under halothane anaesthesia, to prevent pregnancy
of the females. The light-dark cycle was reversed (lights on 19.00-7.00 hr) and water and food was
provided ad lib. At the start of the experiment rats were of the same age with males weighing 287+3 g.
and females 233 ± 2 g. 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 oestrous cycle of the females was monitored by stroking them gently on
the back, which during oestrus produced lordosis behaviour, accompanied by weight loss on the day
of oestrus.
Rats were subjected to a chronic inescapable stress protocol for 3 weeks. Daily, at different
times, rats in the stress group were placed in a box with a metal grid floor and received 5 inescapable
footshocks with changing intervals during a 30-120 minute 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. On the last day, the stress-exposed animals were subjected to the light stimulus only,
so plasma adrenaline and corticosterone changes would reflect the ‘psychological’ aspect of stress
exposure and not that of a foot shock related pain response. Control rats were handled daily but were
not exposed to the adverse environment. All rats were weighed daily.
The rats were sacrificed on day 22 using sodium pentobarbital anaesthesia (1 ml, 6%). Upon
termination blood samples were taken by cardiac puncture and stored at –20°C to determine plasma
corticosterone and adrenaline levels. The rats were transcardially 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 stress box. Adrenal and thymus weights, corrected for body
weight, were calculated and used as indication of the amount of stress perceived.

Table 1. Group names pair-housed rats
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Open field test
Animals were subjected to an open field test (OF) for a period of 8 minutes. The open field test was
performed under red-light conditions between 10 am. - 2 pm., during the active period of the animals,
at least 16 hrs. after the last stress session and before the stress procedure of that day. The test was
repeated 3 times, on days 2, 14 and 21. The tube from the home cage of the rat was placed at the border
of the open field, to provide a ‘safe’ and familiar area in the open field arena. Rats were gently placed in
the tube in the open field at the start of the test. The open field consisted of a circular black arena with
a diameter of 1 m. Locomotor behaviour was recorded with a videotracking system (EthoVision 2.1,
Noldus information Technology, Wageningen, the Netherlands), with a sample rate of 5 samples/sec.
Distance moved per minute (cm), and time spent in the hiding tube (sec) were analysed.

Hormone assays
Adrenaline was extracted from plasma using liquid/liquid extraction with 3,4-dihydroxybenzylamine
as internal standard.38 Briefly, plasma adrenaline was bound to diphenylborate-ethanolamine at pH 8.6.
The extraction was performed with n-heptane (containing 1% octanol and 25% tetraoctylammonium
bromide). Adrenaline was extracted from the organic phase with diluted acetic acid. Adrenaline (20 μl
acetic acid extract) was analysed by using an HPLC/auto-injector (CMA, Sweden) and a Shimadzu LC10AD pump (Kyoto, Japan) The detection limit was 0.1mM.
For quantification of the corticosterone concentration, dexamethason was used as internal
standard. Plasma was extracted with 3ml of diethylether. The extraction procedure was repeated twice.
The organic phase was evaporated to dryness in a 50°C water bath. The residue was reconstituted with
200 μl of mobile phase and 50 μl was injected into the HPLC system. The concentration of both
corticosterone and the internal standard was determined with UV detection at a wavelength of 254 nm.
The detection limit of corticosterone was 10nM.

Statistical analysis
Main effects of housing (individual-social), treatment (control-stress), treatment-partner (controlstress) and gender (males-female) and the interaction effects were analysed by Multilevel (mixed model)
analysis (MlwiN software, version 1.2),35 with random effects for rats and cages, with rats (level 1)
nested in cages (level 2). Weight gain was analysed with nested random effects for days (level 1), rats
(level 2) and cages (level 3). Total distance moved and time spent in the tube were analysed similarly
with open field test (OF) as level 1, rat as level 2 and cage as level 3. Because of the shape of the curve
found for distance moved per minute, these curves were approximated by 2 quadratic spline functions
for the first and second 4 minutes (minute as level 1, OF as level 2, rat as level 3 and cage as level 4).39
A natural log transformation was performed when the data showed a skewed distribution (time spent
in tube, adrenaline). Effects were tested by Z tests. For the multilevel analysis the number of rats was
60, so effective degrees of freedom were large enough for a Z test. When the main effects were found
to be significant further pairwise comparisons were performed by using ANOVA in SPSS 10.0. Data
are presented as group means + SEM.
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Results
Weight
All rats continued to grow, as shown by a significant effect of day on weight gain
(Z= 8,792, p<0.001). Treatment had a significant effect on the growth rate (Z=4.243, p<0.001) The interaction effects treatment by day (Z=-2.935, p=0.003) and
day by treatment-partner (Z=2.162, p=0.03) were significant. Housing conditions
affected the growth rate response to stress, as shown by an interaction effect of
housing and treatment (Z=2.660, p=0.008). Chronic stress exposure decreased the
growth rate of isolated (F1,10=40.614, p<0.001) as well as that of socially housed
males (compared to: control(C♀): F1,10=25.288, p<0.001; control(S♀): F1,10=12.676,
p=0.005). Males housed together with a stressed female partner showed a reduced
growth when compared to isolated controls (F1,10=5.008, p=0.049). In females,
stress reduced growth rate only in the socially housed females, in comparison to
control(C♂ ) females (F1,10=5.846, p=0.036) (Figure 1).
Behaviour
Distance moved per minute

The most relevant differences were found between OF1 and OF3, so these data
will be described in the results section. OF2 showed results intermediate of OF1
and OF3, and will for reasons of clarity not be described in detail, but significant
differences are presented in tables 2A and B.
Main effects
Repetition of the open field test (OF) had a significant effect on distance
moved per minute (Z=-4.483, p<0.001). Interaction effects were found for OF by
housing, OF by treatment by housing and OF by housing by gender (resp. Z=-2.553,
p=0.011; Z=1.991, p=0.047 and Z=2.127, p=0.033). Main effects of minute (Z=-
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Figure 1. Weight gain, expressed as delta weight (gram + SEM) from day 1 of the experiment.
Differences between controls and stressed counterparts (**p<0.01; ***p<0.001) and differences
between individually and socially housed counterparts ($p<0.05) are indicated.

Behaviour mixed-gender groups

�����
����

�������

���

���

���

���

����

�� ����

����

���

���

���

���

�
�

�

�

�

�

�

�

�

�

�

������ �������
������ ����������

�

�

�

�

�

�

�

������

�

�

������ ������
������ ����������

�

�

�

�

�

�

�

�

�

�

�

�

�

������ ���������

Figure 2. Distance moved per minute in cm. + SEM. for the first (OF1) and third open field test
(OF3). See table 3A and B for the description of significant differences between tests and groups.

3.859, p<0.001), minute by OF (Z=3.749, p<0.001), and minute by treatment (Z=2.124, p=0.034) were also found, indicating that treatment and OF affected the time
course pattern of distance walked per minute. Locomotor activity during the first
(min<4) and second part (min>5) of the open field test were differently affected
by treatment, housing conditions and repetition of the test. Both intervals had a
significant main effect on the distance moved per minute (resp. Z=-3.393, p<0.001
and Z=-2.0832, p=0.038). Significant interaction effects for min<4 by housing by
OF (Z=3.226, p=0.001), and min>5 by OF (Z=3.058, p=0.002) were observed.
Males
Overall, socially housed control males showed a decrease in locomotor activity
with repeated exposures to the OF test, indicating they were habituating to the open
field, but this effect was not found in the socially housed stressed males. The socially
housed males also showed a small stress-induced increase in locomotor activity,
whereas isolated males showed little effect of stress exposure (Figure 2).
Within group effects: (Table 2A) Total locomotor activity (over 8 minutes) was
changed only in control(S♀) males, and was decreased during OF3 compared to
OF1 (p=0.017). First 4 minutes: Only the socially housed control males showed
significant changes in activity between the open field tests. Locomotor activity of
activity of control(S♀) males was decreased during the third OF exposure in the first

89

Chapter 5

four minutes (p=0.018). Second 4 minutes: Locomotor activity of control(S♀) males
in the second half of the open field test was decreased in OF3 compared to OF1
(p=0.03). Isolated stressed males showed a decreased activity in OF3 (p=0.007).
Between groups effects: (Table 2B) Socially housed stressed males demonstrated more
total locomotor activity than control(S♀) males (F1,10=6.712, p=0.027) after 3 weeks
of stress exposure, which could be attributed mostly to increased activity during the
first 4 minutes (F1,10=9.255, p=0.012). The stress(C♀) males also showed a higher
locomotor activity than control(C♀) males (F1,10=5.496, p=0.041) during the first 4
minutes of OF3. A single stress exposure (OF1) decreased the activity in the open
field of isolated males in the first minute (F1,10=9.312, p=0.012). Moreover, these
males were also less active than socially housed stressed males in the first minute
after introduction into the arena (F1,10=5.624, p=0.039).
Females
Isolated and socially housed females showed opposite responses in locomotor
activity after repeated open field exposures. Socially housed females decreased the
distance moved, whereas the isolated females increased their locomotor activity.
Isolated females were also more active than socially housed females (Fig. 2 and 4).
Within group effects (Table 2A): Individually housed females: Of control females,
especially the activity in the first minute was increased after repeated OF exposures
(p=0.001) and total locomotor activity was increased during the third exposure
(p=0.02). This increase in total distance moved was caused by increased activity in
Table 2A. Differences in locomotor activity between open field tests
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Down arrows show a decrease in distance moved. <min 4; first 4 minutes of the
open field test, >5 min; second 4 minutes of the open field test. #p=0.052,
*p<0.05, **p<0.01, ***p<0.001
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Table 2B. Locomotor differences between groups within open field tests

Group differences in distance moved per open field test. <min 4; first 4 minutes of
the open field test, >5 min; second 4 minutes of the open field test. *p<0.05,
**p<0.01, ***p<0.001

the first 4 minutes (p=0.022). Chronically stressed isolated females only showed an
increased first minute activity after repeated OF exposures (p=0.016). Socially housed
females: The only effect found in locomotor activity of control(C♂ ) females after
repeated OF exposures was an almost significant decrease in total locomotor activity
during OF3 (p=0.052). Locomotor activity of control(S♂ ) females was significantly
decreased during OF3 (p=0.003). This reduction in activity was observed during
both the first (p=0.008) and second half of the test (p=0.035). Stressed(C♂ )
females showed a reduction in distance moved only during the second half of OF3
(p=0.05).
Between groups effects (Table 2B): Always when significant differences in
locomotor activity between groups were found, the stress-exposed females and
females with a stressed male partner showed a higher locomotor activity. Moreover,
also isolation was a cause of higher locomotor activity. No locomotor differences
were found between the isolated control and stressed females, however isolated
controls were more active than control(C♂ ) females (OF1: F1,10=9.219, p=0.013;
OF3: F1,10=26.340, p<0.001). During OF3 isolated controls were also more active
than the control(S♂ ) females (F1,10=18.802, p=0.001). The difference between
isolated stressed and socially housed stressed females did not reach significance after
3 weeks of stress exposure (F1,10=4.024, p=0.073).
First 4 minutes: Living with a stressed male partner increased locomotor activity
of socially housed control females in OF1 (F1,10=13.227, p=0.005), and resulted in
higher first minute activity (F1,10=5.602, p=0.039). No differences were observed
between control(S♂ ) and stress(C♂ ) females. Isolated controls were more active
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than control(C♂ ) females during the first 4 minutes of OF1 and OF3 (resp.
F1,10=7.033, p=0.024 and F1,10=15.340, p=0.003). Also during the first minute of
OF3 isolated controls were more active than social(C♂ ) females (F1,10=22.507,
p=0.001). The difference between isolated controls and control(S♂ ) females was
only significant during OF3. The isolated females were more active during the first
4 minutes, as well as in the first minute (resp. F1,10=16.275, p=0.002 and F1,10=7.988,
p=0.018). No significant differences in locomotor activity were found between
isolated and socially housed stressed females.
Second 4 minutes: There were no activity differences between control(C♂ ) and
stress(C♂ ) females during the second 4 minutes, nor between control(S♂ ) and
stress(C♂ ) females. Also isolated control and stressed females did not differ in
locomotor activity. However, isolated control females were more active than socially
housed control(C♂ ) females during OF1 and OF3 (resp. F1,10= 9.024, p=0.013 and
F1,10=14.662, p=0.003). A similar effect was found between isolated control and
control(S♂ ) females (resp. F1,10=4.694, p=0.055 and F1,10=13.007, p=0.005). Only
during OF3 isolated stressed females were more active than socially housed stressed
females (F1,10=6.298, p=0.031).
Time spent in the tube:

Main effects
The time the rats spent in the tube showed a significant treatment effect
(Z=3.341, p=0.006), and also the treatment of the partner affected this parameter
(Z=-2.911, p=0.004). Interaction effects were observed for gender by treatment
by OF (Z=2.593, p=0.01) and gender by treatment by housing by OF (Z=-2.767,
p=0.006).
Males

Figure 3. Time (sec) spent in the tube. *p<0.05: stressed compared to control(C), $p<0.05,
$$$
p<0.001: compared to indiv. counterparts, %p<0.05: compared to control counterparts, @p<0.05,
@@
p<0.01: compared to stressed counterparts. #p<0.05, ##p<0.01: comparison between open field
tests
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Figure 4. Characteristic 8 minute walking pattern of a pair-housed control female (A) and isolated
stressed female rat (B) in the open field arena during the third open field test. ● represents each
sample taken by EthoVision.

Summarising, chronic stress exposure increased the time isolated males spent in
the tube. This stress response was prevented by social housing, whereas a stressed
female partner increased the time the control males spent in this sheltered area
(Figure 3).
Within group effects: After 3 weeks of stress exposure isolated males significantly
increased the time spent in the “safe” tube (p=0.023). While socially housed
control(C♀) males did not change the time spent in the tube, males with a stressed
female partner showed a significant increase during OF3 (p=0.005). Socially housed
stressed males on the other hand, showed a decrease in time spent in the tube with
repeated exposures, although this was only significant during OF 2 (p=0.006).
Between group effects: Housing conditions had significant effects on the time rats
spent in the tube. During OF1 socially housed control(C♀) males spent significant
more time in the familiar tube than isolated counterparts (F1,8=8.295, p=0.021).
Control(S♀) males also spent more time in the tube than the isolated controls in
OF1 and OF3 (resp. F1,10=7.701, p=0.02 and F1,10=4.939, p=0.05). Socially housed
stressed males spent less time in the tube than isolated stressed males in OF2 and
OF3 (resp. F1,10= 5.110, p=0.047 and F1,10=10.049, p=0.01). A single stress exposure
session led to increased time in the tube in isolated males (F1,10=8.693, p=0.015).
However, this effect was not found to be significant after 3 weeks of stress exposure
due to high variation in this group. Socially housed stressed males showed the
opposite response and spent significantly less time in the tube during OF2 and
OF3 (compared to control(C♀): resp. F1,8=4.614, p=0.064 and F1,8=6.608, p=0.033;
compared to control(S♀): F1,10=9.749, p=0.011 and F1,10=16.299, p=0.002).
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Females
In general, repeated exposures to the
�
open field increased the time socially
housed control females spent in the
���
���
tube, but this response was absent in
socially housed stressed females and
isolated controls. Isolated females even
decreased the time spent in the tube after
�����
�������
stress exposure (Figure 3).
����������
�
Within groups: Repeated exposures
������ �������
������ ������
������ ����������
to the open field increased the time the
������ ����������
������ ���������
socially housed control(C♂ ) females
spent in the tube (OF1 vs.OF2; p=0.04,
OF1 vs.OF3; p=0.02). Socially housed
females with a stressed male partner only
showed a significant increase during the
�����
�������
Figure 5. A: Relative adrenal weights (mg/g body third exposure (OF1 vs. OF3: p=0.023,
weight). B: Plasma adrenaline concentrations
OF2 vs. OF3: p=0.029). The time the
(10-8 M). Significant stress effects within housing
conditions (*p<0.05, ***p<0.001), housing effect socially housed stress females spent in
within treatment conditions (#p<0.05, ##p<0.01).
Effect of stress compared to control(S) ($ p<0.05, the tube was not affected by repeated
$$$
p<0.001).
exposures. In contrast to socially housed
control females, the isolated control rats,
did not show a change with repeated open field exposures, whereas isolated stressed
females even slightly decreased the time spent in the tube after chronic stress
exposure (OF1 vs. OF3: p=0.007).
Between groups: No significant differences in the time spent in the tube were found
between control females housed with a control or a stressed partner. During OF2
and OF3 socially housed stressed females spent less time in the tube than control(C
♂ ) females (resp. F1,10=5.399, p=0.043, F1,10=6.100, p=0.033). The behaviour of
control(S♂ ) females did not differ from stressed counterparts. During OF3 isolated
stressed females spent less time in the tube than isolated control females (F1,10=4.794,
p=0.053). This latter group spent less time in the tube than control(C♂ ) females
during OF1 and OF3 (resp: F1,10=9.523, p=0.012 and F1,10=22.389, p=0.001), and
control (S ♂) females during OF3 (F1,10=6.988, p=0.025). Isolated stressed females
also spent less time in the tube than their socially housed counterparts (F1,10=8.111,
p=0.017).
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Endocrine parameters
Adrenal weight: Treatment and housing conditions had significant effects on
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Table 3. Endocrine parameters

Significant stress effects within housing conditions (***p<0.001), effects of stress
compared to control(S) ($$$p<0.001).

adrenal weight (resp. Z=5.366, p<0.001 and Z=-2.232, p= 0.026). Also main effects
of gender and gender by housing were observed (resp. Z=16.883, p<0.001 and
Z=5.962, p<0.001), showing that housing conditions differently affected adrenal
weight in males and females (Fig. 5).
Chronic stress exposure increased adrenal weight in isolated (F1,10= 24.960,
p=0.001) and socially housed males (compared to control(C♀ ): F1,10=28.984, p<0.001
and control(S♀) males: F1,10=41.739, p<0.001). Socially housed control(C♀) males
also developed higher adrenal weights than isolated controls (F1,10=4.992, p=0.049),
but the difference with control(S♀) males was not significant. In addition, socially
housed stressed males showed higher adrenal weights than isolated stressed males
(F1,10=12.488, p= 0.005). In females chronic stress exposure significantly increased
relative adrenal weight in the socially housed rats (compared to control(C♂ ):
F1,20=4.541, p=0.046; control(S♂ ): F1,20=6.427, p=0.02). Isolated control females
had higher adrenal weights than social control(C♂ ) and control(S♂ ) females (resp.
F1,20=11.087, p=0.003 and F1,20=13.455, p=0.002), but the difference between
isolated and socially housed stressed animals did not reach significance (F1,20=3.609,
p=0.072) (Figure 5A).
Thymus weight: Treatment had a significant main effect on thymus weight (Z=
-3,261, p<0.001) also the interaction gender by treatment-partner was significant
(Z=-2.373, p=0.018). Thymus weight was significantly reduced in socially housed
stressed males compared to both males housed with a control and a stressed
partner (resp. F1,10=7.613, p= 0.02 and F1,10=14.299, p= 0.004). However no groups
differences were found in the females, indicating that the significant main effects
were due to significant group differences in male rats (Table 3).
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Adrenaline: Treatment did not affect plasma adrenaline levels, but housing
conditions did (Z= -8,763, p<0.001). Also the treatment of the partner (Z= 2,038,
p=0.041), gender (Z=-2.820, p=0.005), gender by treatment-partner (Z=2.173,
p=0.03), and gender by housing by treatment (Z=2.943, p=0.003) had a significant
effect on plasma adrenaline levels. Socially housed control males with a stressed
female partner showed significant increased plasma adrenaline levels compared to
the socially housed stressed males (F1,9=7.048, p=0.026). In addition, the socially
housed control(C♀) and stressed(C♀) males showed significantly lower plasma
adrenaline levels than the isolated counterparts (resp. F1,8 =8.325, p=0.02 and
F1,8=53.308, p<0.001). Isolated control females had significantly higher plasma
adrenaline levels than socially housed control females (control(C♂ ): F1,9= 10.966,
p=0.009; control(S♂ ): F1,10=15.142, p=0.003), and also stressed isolated females
had higher adrenaline levels (F1,9=15.396, p=0.003) than their socially housed
counterparts (Figure 5B).
Corticosterone: No significant effects of stress or housing conditions on plasma
corticosterone levels were found two hours after stress exposure. But a significant
gender effect was found (Z=6.393, p<0.001), with females demonstrating higher
plasma corticosterone levels than males (Table 3).
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Chronic stress exposure and pair-housing with a rat of the opposite sex
differentially affected behavioural and endocrine parameters in male and female
rats. Repetition of the open field tests, housing conditions and stress did not have
major effects on locomotor activity of male rats. In females however, especially
locomotor activity of the isolated rats was affected by repeated open field exposures,
irrespective of the fact whether or not they were exposed to stress. Chronic stress
exposure increased the time males spent in the tube during the open field test, and
this response could be prevented by pair-housing with a female. Interestingly the
presence of a stressed female partner resulted in a response similar to that of isolated
stress males. Females showed an opposite response than males on the parameter
time spent in the tube, and showed under stress-free conditions an increase in the
time they spent in the tube with repeated exposures, which was inhibited by chronic
stress and isolation.
Exposure to stress reduced the growth rate of both individually and socially
housed males, which corroborates other studies,21,27,46 and was also accompanied
by adrenal hypertrophy showing the chronicity of the stress. Social housing with
a female slightly reduced the growth rate in control males, which is likely due to
increased activity in the home cage. Especially males with a stressed female partner
showed a reduced growth rate. The absence of increased adrenal weight in this
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group also suggests that these control(S ♀) males were probably not more stressed
than control(C ♀) males. The lack of a stress effect on weight gain in isolated
females corroborates previous results from our group,46 and results reported by
Duncko and co-workers.13 However, a stress effect on weight gain was observed in
the socially housed females, who showed a significant reduced weight gain compared
to control(C♂ ) females. The stress-exposed female most likely induced an increased
interest of the male partner leading to more social activity in the home cage resulting
in a reduction in weight gain of the females. The slightly reduced weight gain of the
male partners of these stressed females supports this.
The most pronounced differences in locomotor activity in males were found in
socially housed males after 3 weeks of either control or stress treatment. Chronically
stressed socially housed males showed increased locomotor activity in the first four
minutes compared to control counterparts. The higher activity level in the first four
minutes could be due to a stress-induced increase in responsivity to a change of
environment, although it is unclear why isolated males did not show this response
to stress. Chronic stress exposure induced a clear reduction in weight gain and an
increase in adrenal weight in both isolated and socially housed males, eliminating the
possibility that these isolated male rats did not suffer from stress. A reduction in open
field activity, was most evident in control(S♀ ) males. This could either be related to
habituation to the open field, or to the fact that these males also spent significantly
more time in the tube, resulting in less locomotor activity, similar as seen in isolated
stressed males. Isolated females, controls as well as stressed, showed an increase in
locomotor activity with repeated exposures to the open field, corroborating previous
results.46 Together with the observed adrenal hypertrophy, this shows that isolated
females, irrespective of treatment, demonstrated signs of stress exposure. Socially
housed females who did suffer from stress-induced adrenal hypertrophy, although
to a lesser extend than isolated females, demonstrated a decrease in locomotor
activity whenever a change in activity was observed. This could indicate that socially
housed females were habituating to the open field and isolated females were not. A
stress-induced reduction of locomotor activity as usually reported was not found in
the previous46 and current study. Most likely this is due to differences in design and
circumstances of test performance, like testing in the light period or shortly after
stress exposure, as was done in other studies.11,16,47 Increased initial open field activity
was also found by Duncko and co-workers who reported an stress-induced increase
in first minute open field activity.13 The significant stress effects on first minute
locomotor activity, as reported previously46 were not observed in the present study.
Likely this is caused by the presence of the tube in the open field test in which the
animals were placed at the beginning of the test.
Whereas locomotor activity did not show clear stress- and housing-induced
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changes, the parameter time spent in the tube was affected by gender, stress and
pair-housing. In isolated males, as expected, stress exposure increased the time the
animals spent in the shelter of the tube. Socially housed stressed males did not show
this response but showed a decrease in the time spent in the tube, suggesting that
the presence of a female can improve stress-coping in males. Interestingly, males
housed with a stressed female partner appeared to be more anxious as suggested by
them spending more time in the tube during the open field test. One could state that
control(S ♀) males are exposed daily to a mild variant of communication stress. In
this stress paradigm rats are placed in a so called communication box, which exposes
them to visual, olfactory and auditory stimuli produced by foot-shocked rats.14,17,33
In our experiment, control(S ♀) males are exposed to an “unexplainable” of “fearsmelling” female partner in their home cage. This appeared to result in an increased
sensitivity to a mild stressor like a change in environment, however without having
a chronic impact on these males, since no adrenal hypertrophy occurred. Increased
behavioural reactivity to stress could also relate to the observed elevated plasma
adrenaline levels in these control(S♀) males that illustrates increased autonomic
nervous system activity.
Female rats showed an opposite behavioural response to stress than males. In
the current experiment socially housed control females increased the time they
spent in the tube, which was attenuated by stress. Isolated females did not show this
increase and spent significantly less time in the tube after stress exposure. Adrenal
hypertrophy, adrenaline levels and reduced pCREB expression in the dentate gyrus of
the hippocampus44 demonstrated that isolated females were more affected by stress
than socially housed females and that isolation by itself was stressful. It is tempting
to speculate that under control, stress-free conditions, when an environment, like an
open field, becomes familiar, the urge to explore it decreases and females rats spent
more time in a relative shielded area such as the tube. Having a stressed male partner
prolonged the time for this response to occur but apparently had no long-lasting
effects. Male rats with a stressed female partner in contrast, did show a behavioural
stress response. Social housing of females with a male partner was not able to
counteract these behavioural stress-effects as was observed in males. Socially housed
stressed females, although they did not show an increased time in the tube, spent
more time in the shielded area than isolated stressed females. Gender differences in
the behavioural effects of stress have been found previously, especially regarding
learning and memory tasks. In male rats chronic stress reduced spatial memory,
while it is improved in females.7,10,25 Also classical eyeblink conditioning is impaired
in females after stress, whereas males show the opposite response.48 Although an
open field test is not a learning task, apparently stress and housing conditions also
have a gender-specific effect on open field behaviour of rats, specifically on the time
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the animals spent in a sheltered area.
In contrast to the males, the presence of a stressed male partner, did not increase
plasma adrenaline levels in females. However like in the males, plasma adrenaline
levels were higher in isolated rats, indicating higher stress responsivity in isolated
animals. Adrenaline levels rise within minutes after exposure to a stressor.43 One
could argue that the adrenaline levels are the result of stress induced by the brief
transport before the sacrifice and not of exposure to the footshock box. However,
all rats were subjected to the same transport, so differences in adrenaline levels
would still represent differences in stress-reactivity. Socially housed rats are used
to an active, changing environment (namely their home cage), and might be less
affected by transport. This could explain the lower adrenaline levels at the time of
sacrifice of these socially housed rats, with the exception of control(S♀ ) males.
The lack of stress effects on plasma corticosterone levels in the current experiment
does not necessarily represent an insufficient stress exposure or habituation. Blood
samples were taken 2 hours after the last stress exposure, and therefore are not
representative of the stress response. Also, exposure to stress during the active/
dark period could be responsible for this lack of a plasma corticosterone effect.
A study by Retana-Marquez also failed to show a footshock-induced increase in
corticosterone when the footshock was given in the dark period, when baseline
corticosterone levels were higher.36 With the current experimental set-up, adrenal
weight likely provides a more reliable indicator of severity and susceptibility to
chronic stress,12,18 and may serve as indicator of the chronicity of the stress and lack
of habituation.6,20-22
Behavioural data indicate that paired-housed males were less affected by chronic
stress exposure than isolated males. Surprisingly, socially housed males did show
higher adrenal weights than isolated counterparts. Lemaire and co-workers showed
an increased adrenal weight in males exposed to female rats,28 so the somewhat higher
adrenal weight in socially housed males might be caused by the continuous presence
of a female. Taylor and co-workers also showed that the company of females
increased adrenal weight under low-stress circumstances, and that the presence
of females increased the plasma testosterone levels in males.40 Since testosterone
levels are negatively correlated with HPA-axis activity,41 it is tempting to suggest that
possibly elevated testosterone levels induced by the presence of a female may have
decreased the impact of chronic stress exposure in the male, despite them showing
higher adrenal weights than isolated counterparts.
Neurochemical and endocrine changes do not necessarily reflect the impact
of chronic stress. In a visible burrow system, which provides a naturalistic colony
system to study psychosocial stress in rats,3,4 male rats will establish a dominance
hierarchy. Behavioural differences between the dominant and subordinate animals
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are very clear,5 but in this paradigm endocrine and neurochemical changes are similar
in dominant and subordinate rats.1,31 This indicates that, in this model, at least part
of the changes are adaptations to environmental demands and not a sign of severe
chronic stress. It is therefore possible that the higher adrenal weights in socially
housed males found in the current study are not a sign of chronic stress, but also
reflect an adaptation to the presence of a female.
Summarising, gender specific responses were found especially for the behavioural
parameter time spent in the tube. Chronic stress increased the time male rats spent
in the tube, which was prevented by pair-housing with a female. Under control
conditions, socially housed females, increased the time they spent in the ‘safety’
of the tube, implying that this is the normal response to repeated open field
exposures for females, which was inhibited by stress and even more by being housed
individually. Male rats showed an increase in stress-sensitivity when housed with a
stressed partner, whereas females were hardly affected by a stressed male partner.
Concluding, in male rats, pair-housing with a (preferably unstressed) female is able
to prevent several of the stress-induced behavioural and endocrine effects, whereas
in females, social housing cannot prevent the effects of chronic stress, but is better
than isolation.
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Chapter 6

Chronic stress is thought to be an important factor in the aetiology of
depression, whereas social support has stress-reducing properties and a positive
influence on the course of a depressive episode. 21 Days of chronic footshock
stress was used as a model for affective disorders in rats and group housing of
rats could provide a suitable model for social support to study the underlying
neurobiological mechanisms. Male and female rats were either individually or
socially housed in mixed-gender pairs. Limbic Fos expression and phosphoCREB in the dentate gyrus were used as markers of stress coping. In socially
housed males most brain areas analysed showed a stress-induced increased Fos
expression, whereas in isolated males stress-induced increases were lower and
reached significance only in the PVN, prelimbic and anterior cingulate cortex,
and median raphe nucleus. Stress exposure affected Fos-ir only in the SON and
MPN of isolated females, whereas socially housed females showed increased Fosir in more regions. Phospho-CREB expression in the dentate gyrus was increased
after stress in socially but not in individually housed males. In isolated females,
pCREB expression was decreased, which could not be prevented by pair-housing.
In conclusion: Social housing appeared to increase Fos reactivity to stress, but it
augmented DG pCREB expression in males. In females pair-housing with a
male only had slight ameliorating effects, but was superior to isolation.
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Introduction
Stress, as well as lack of social support, plays an important role in the onset
and/or relapse of a depressive episode.12,18,26 Psychotherapy that could be viewed
as formalised social support, improves symptoms13 and normalises brain activity
in depressed patients, similar to antidepressant treatment.5 This suggests a
neurobiological basis for the ameliorating effects of social support/psychotherapy.
Chronic stress has been associated with the onset of a depressive episode, and
therefore chronic stress exposure paradigms are seen as valid animal models of
affective disorders.47 Symptoms of depression, like anhedonia, hypercortisolism,
sleep disturbances, and memory dysfunctions, can be induced in rodents by chronic
stress exposure, and prevented by antidepressant treatment.7,47 In rats, like in
humans, the social environment is an important determiner of the way animals cope
with stress. In male rats social housing is able to counteract the effects of a social
defeat.30,43 Also gender differences are found in influence of housing conditions.2
While social instability affects females more than males,17 crowding is stressful for
males but it appears to calm females.6
The occurrence of affective disorders has been associated with reduced synaptic
plasticity in the brain.11 A dysfunction of processes involved in neural plasticity
could result in the inability to respond and/or adapt to aversive stimuli. Clinical and
preclinical studies have reported plasticity related changes in the prefrontal cortex
and hippocampus, and the effects of antidepressant hereon. Post mortem studies
detected reduced levels of cAMP response-element binding protein (CREB) in the
human temporal cortex and reduced brain derived neurotrophic factor (BDNF)
levels in the hippocampus of untreated depressed patients vs. patients treated with
antidepressants and healthy controls.8,10 In rats stress has negative effects on brain
plasticity, shown by a reduction in hippocampal neurogenesis and apical dendrite
arbor complexity.20,25 Also chronic stress reduces phosphorylated (p)CREB and
BDNF expression in several brain regions,40 whereas antidepressant have been
found to increase pCREB levels in rodents.39
Previously we have shown that social housing of rats in unisex groups can
improve stress coping in females but not in males.46 In this follow up experiment
we investigated whether mixed-gender pair housing could improve stress-coping
in male and female rats. Phospho-CREB expression in the dentate gyrus was used
as a measurement of neuronal plasticity changes in the hippocampus. Expression
of limbic c-Fos was used as a marker of neuronal activity.32 Since chronic stress
affects limbic activity and Fos expression and treatment with antidepressants is able
to modulate the Fos response of stress-exposed rats,1,21 Fos-expression provides a
marker for the modulatory effects of pair-housing.
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Material & Methods
Rats & housing conditions
Male (n=30) and female (n=30) Wistar rats were either individually or pair-housed with a rat of
the opposite sex (n=6 per group). Pair housing occurred in the following 3 combinations; control male
with a control non-stressed female, control male with a stressed female and stressed male housed with
a control non-stressed female (see table 1 for group names). Isolated rats were divided in a control and
stress group (n=6 per group).
A plastic tube (∅ 8 x 17 cm.) was placed in each cage as a shelter. To prevent pregnancy in pairhoused females, the male partner rats were vasectomised under halothane anaesthesia 10 days before
the start of the experiment and 3 days before being housed with a female. The light-dark cycle was
reversed (lights on 19.00-7.00 hr) and water and food was provided ad lib. At the start of the experiment
rats were of the same age with males weighing 287+3 g. and females 233 ± 2 g. 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.

Stress procedure
Rats were subjected to a chronic inescapable stress protocol for 3 weeks. Daily, at random times, rats
in the stress group were placed in a box with a metal grid floor and received 5 inescapable footshocks
at different intervals during a 30-120 minute 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.
On the last day, the stress-exposed animals were placed in the box for 30 minutes and subjected to
the light stimulus only, so Fos activation changes would reflect the ‘psychological’ aspect of stress
exposure and not that of a foot shock-related pain response, that can activate the same or related brain
circuitry.38 Control rats were handled daily but were not exposed to the adverse environment. All rats
were weighed daily.

Immunohistochemistry
The rats were sacrificed on day 22, two hours after the start of the last stress session, by sodium
pentobarbital anaesthesia (1 ml, 6%). The rats were transcardially 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 stress box. The brains were removed and postfixed in
the same fixative overnight at 4ºC. Adrenal weights, corrected for body weight, were used as indication
of the amount of stress perceived.9
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 and pCREB immunostaining was performed on free-floating sections. Sections were
rinsed with 0.3% H2O2 for 10 minutes to reduce endogenous peroxidase activity, thoroughly washed
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with KPBS and incubated with the rabbit anti-Fos antibody (1:10,000, Oncogene Research Products,
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San Diego, CA) or polyclonal rabbit anti-phospho-CREB (pCREB) (1:1000 commercialized by Upstate
Biotechnology, Charlottesville, VA, USA) diluted in 0.02 M KPBS with 0.25% Triton X-100 and 2%
Normal Goat Serum for 72 hours at 4˚C. After thorough washing, the sections were subsequently
incubated for 2 hrs with biotinylated Goat-anti-Rabbit IgG (Vector Laboratories, Burlingame, CA)
(1:1000 in 0.02 M KPBS) and avidin-biotin-peroxidase 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. To control for cross-reactivity due to aspecific
binding, immunostainings were performed by incubating the sections without the presence of one of
the antibodies needed for the reaction (primary, secondary) thereby confirming the specificity of all the
antibodies. All these reactions were negative and confirmed the specificity of the antibodies.
Fos positive cells were blindly quantified using a computerised imaging analysis system in the
following regions:37 nucleus accumbens; bregma +2.15 to 0.45 (core; NacC and shell; NAcS region),
prefrontal cortex; bregma +3.20 to +2.15 (infralimbic; IL, prelimbic; PL, anterior cingulate, anterior
part; ACa), anterior cingulate cortex caudal part; bregma +1.45 to –1.33 (ACc), PVN; bregma –1.08
to-1.78, SON; bregma –0.83 to –1.53, MPN; bregma –0.26 to –1.08, amygdala; bregma –2.00 to 2.85 (central; CeA, medial; MeA, lateral; LaA and basolateral; BLA part), DG: bregma –2.45 to –4.20,
VTA; bregma –5.25 to –6.06, DRN; bregma –7.10 to -9.25, and MRN; bregma -7.60 to –8.85. 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. The number of
pCREB positive nuclei in the granule cell layer of the DG was analysed. Fos an pCREB positive nuclei
were counted using a computer-based image analysis system LEICA (LEICA Imaging System Ltd.,
Cambridge, England). The resulted data were reported as number of positive cells/0.1mm2. No leftright asymmetry was found in Fos and pCREB immunoreactivity and therefore the mean ± standard
error (SEM) of both sides was calculated.

Statistical analysis
Main effects of housing (individual-social), treatment (control-stress) and treatment of the partner
(control-stress) and the interaction effects were analysed by Multilevel (mixed model) analysis (MlwiN
software, version 1.2),28 with random effects for rats and cages, with rats (level 1) nested in cages (level
2). Weight gain was analysed with nested random effects for days (level 1), rats (level 2) and cages (level
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3).34 A natural log transformation was performed when the data showed a skewed distribution (Fos-ir in
the ACc, MPN and PVN). For the multilevel analysis the number of rats was 60 (male + female), so the
effective degrees of freedom is large enough for a Z test, and effects therefore were tested by Z tests.
When the main effects were found to be significant further pairwise comparisons for the males were
performed by using ANOVA in SPSS 10.0. Data are presented as group means + SEM.

Results
Weight gain
Rats in all groups continued to grow, as shown by a significant effect of day on
weight gain (Z= 8,792, p<0.001). Significant effects of treatment (stress or control),
treatment by day, and treatment-partner by day on the growth rate were found (resp.
Z=-4.243, p<0.001; Z=-2.935, p=0.003; Z=2.162, p=0.03). Housing conditions
affected the growth rate in response to stress, as shown by a significant interaction
effect of housing and treatment (Z=2.660, p=0.008). Chronically stressed rats,
isolated (F1,10=40.614, p<0.001), as well as socially housed males (compared to:
control(C♀): F1,10=25.288, p<0.001; control(S♀): F1,10=12.676, p=0.005) showed
a significant reduction in growth rate. Males housed together with a stressed
female partner also showed a reduced weight gain compared to isolated controls
(F1,10=5.008, p=0.049). In females, only the socially housed females demonstrated a
reduced growth rate when compared to control(C♂ ) females (F1,10=5.846, p=0.036)
(Table 2).
Table 2. Mean body weight gain per day and relative adrenal weight.
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Significant stress effects within housing conditions (* p<0.05,***p<0.001),
housing effect within treatment conditions (#p<0.05, ##p<0.01), and effects of
stress compared to control(S♀) ($ p<0.005, $$p<0.01, $$$p<0.001).
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Relative adrenal weight
Relative adrenal weight was significantly affected by treatment and housing
conditions (resp. Z=5.366, p<0.001 and Z=-2.232, p= 0.026). Main effects of
gender and gender by housing were also found (resp. Z=16.883, p<0.001 and
Z=5.962, p<0.001), the latter showing that housing conditions differently affected
adrenal weight in males and females.
In male rats chronic stress exposure increased adrenal weight in isolated
(F1,10= 24.960, p=0.001) and socially housed animals (compared to control(C♀ ):
F1,10=28.984, p<0.001 and control(S♀) males: F1,10=41.739, p<0.001). Compared
to isolated control males, socially housed control(C♀) males developed higher
adrenal weights (F1,10=4.992, p=0.049), but the difference with control(S♀) males
did not reach significance. In addition, socially housed stressed males showed higher
adrenal weights than isolated stressed males (F1,10=12.488, p= 0.005). In socially,
but not individually housed females chronic stress exposure significantly increased
the adrenal weight (compared to control(C♂ ): F1,20=4.541, p=0.046; control(S♂ ):
F1,20=6.427, p=0.02). However isolated control females had higher adrenal weights
than social control(C♂ ) and control(S♂ ) females (resp. F1,20=11.087, p=0.003 and
F1,20=13.455, p=0.002). The difference between isolated and socially housed stressed
animals was not significant (F1,20=3.609, p=0.072) (Table 2).
Fos
Data related to gender differences are only presented when main or interaction
effects involving gender were significant. Group means per brain region of both
females and males are listed in table 3.
Nucleus accumbens: Core (NacC): Treatment had a significant effect on Fos
expression in the core of the accumbens (Z=2.659, p=0.008). The effects on NacC
Fos-ir of housing conditions and the treatment-partner were almost significant
(resp. Z=1.919, p=0.056 and Z=1.946, p=0.051). Stress exposed socially housed
males showed increased Fos-ir in the NacC (F1,8=12.375, p=0.008) compared to
control(C♀) males and they also expressed more Fos labelled cells in this area than
the isolated stressed males (F1,7=7.304, p=0.031). Also the socially housed females
showed a significantly increased Fos expression in the NAcC after stress exposure
compared to control(C♂ ) females (F1,17=7.512, p=0.048).
Shell (NacS): In the shell region of the accumbens significant main effects
of housing (Z=3.735, p<0.001) and housing by treatment (Z=2.192, p=0.029)
were found. Fos-ir in the NAcS of socially housed males was increased after
stress exposure compared to control(C♀) males (F1,8=6.132, p=0.038) and was
higher in socially housed stressed males than in isolated stressed males (F1,7=5.736,
p=0.048). In females no effect of stress exposure on Fos-ir in the NAcS was found,
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however the presence of a stressed male companion increased Fos-ir in this region
(F1,9=5.945, p=0.037). Also we observed a significant difference between socially
housed and isolated control females (compared to control(C♂ ): F1,8=5.645,
p=0.045; control(S♂ ): F1,9=13.480, p=0.005).
Prefrontal cortex (PFC): Treatment, housing and treatment-partner had
significant main effects in all regions of the PFC (IL: resp. Z=4.954, p<0.001;
Z=4.437, p<0.001 and Z=2.501, p=0.012). PL: resp. Z=4.858, p<0.001; Z=4.671,
p<0.001; Z=2.619, p=0.008). ACa: resp. Z=4.014, p<0.001; Z=5.215, p<0.001 and
Z=3.379, p<0.001). ACc: (resp (Z=4.477, p<0.001; Z=3.879, p<0.001 and Z=3.616,
p<0.001. An interaction effect of housing by treatment was observed in the IL, PL
and ACa (resp. Z=2.177, p=0.03; Z=2.642, p=0.008; Z=2.215, p=0.028).
Infralimbic cortex (IL): In socially housed males, stress increased Fos-ir in
the IL compared to control(C♀) (F1,9=15.644, p=0.003) and control(S♀) males
(F1,9=11.966, p= 0.007). Socially housed stressed males also showed significantly
more Fos-ir in the IL than isolated stressed males (F1,8=11.653, p=0.009). Chronic
stress and housing conditions did not affect Fos-ir in female rats.
Prelimbic cortex (PL): Chronic stress increased prelimbic Fos-ir in socially and
isolated males (resp. versus control(C♀): F1,9=17.848, p=0.002; versus control(S♀):
F1,9=5.224, p=0.048; isolated males: F1,8=5.561, p=0.046). Prelimbic Fos-ir in
socially housed stressed rats was higher than in isolated stressed rats (F1,8=13.278,
p=0.007). Compared to isolated control males, social housing with a control female
did not affect Fos expression but housing with a stressed female partner increased
prelimbic Fos-ir (F1,9=7.609, p=0.022). In the PL of socially housed stressed females
Fos-ir was significantly increased compared to control(C ♂) females (F1,10=6.197,
p=0.032).
Anterior cingulate (anterior part) (ACa): Socially housed stressed males
showed significantly more Fos-ir in the ACa than control(C♀) males (F1,9=12.609,
p=0.006). Also in isolated males stress exposure increased Fos expression in the
ACa (F1,8=5.306, p=0.05). Males housed with a stressed female and socially housed
stressed males demonstrated more Fos-positive cells in the ACa than isolated
counterparts (resp. F1,9=7.832, p=0.021 and F1,8=13.462, p=0.006). In socially
housed females the presence of a stressed partner and exposure to stress increased
Fos-ir in the ACa (resp. F1,10=8.583, p=0.015 and F1,10=6.978, p=0.025). Moreover
control females with a stressed partner also showed more Fos labelling in the cortex
than isolated controls (F1,10=8.834, p=0.014).
Anterior cingulate (caudal part)(ACc): Chronic stress increased Fos-ir in
socially housed males (control(C♀): F1,10=15.645, p=0.003; control(S♀): F1,10=9.180,
p=0.013). Socially housed control(S♀) and chronically stressed males had more
Fos-ir in the ACc than their isolated counterparts (resp. F1,9=6.674, p=0.03 and
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F1,10=24.608, p=0.001). In females
stress increased Fos expression
in the socially housed animals
compared to the control(C♂ )
group (F1,10=5.305, p=0.044).
Females with a stressed male
companion showed more Fos
labelling in the ACc than isolated
controls (F1,10=5.802, p=0.037),
and also socially housed stressed
females demonstrated more Fosir than their isolated counterparts
(F1,10=5.075, p=0.048).
Medial pre-optic nucleus
(MPN): Treatment, housing and the
treatment-partner had significant
effects on Fos expression in the
MPN (resp. Z=4.908, p<0.001;
Z=3,540, p<0.001; Z=2.130,
p=0.033). Also a significant effect
of gender (Z=3.876, p= p<0.001)
and an interaction effect gender by
housing (Z=2.986, p=0.003) was
observed, indicating that gender
influenced the effect of housing
conditions on Fos-ir. Compared
to control(C♀) males, the socially
housed stressed males showed
significantly more Fos-ir in the
MPN (F1,10=15.814, p= 0.003).
No effect of stress was observed
in isolated males. Males with a
stressed partner and socially housed
Figure 1. Number of Fos-positive cells
per 0.1 mm2. Stress-effect indiv. control vs.
indiv. stress and control(C♀) vs. stress(C♀):
*p<0.05, **p<0.01, ***p<0.001, stresseffect control(S♀) vs. stress(C♀): %
p<0.05, %% p<0.01, difference between
control(C♀) and control(S♀): $ p<0.05, $$
p<0.01, Differences between individually
and socially housed counterpart: #p<0.05,
##
p<0.01, ###p<0.001.
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Figure 2. Representative photomicrographs of Fos-expression in the PVN of isolated and
socially housed control(C♀ ) and stressed(C♀ ) males.
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stressed males showed more Fos-ir than isolated animals (resp. F1,9=6.842, p=0.028;
F1,9=12.435, p=0.006). Stress exposed socially housed females demonstrated more
Fos-positive cells in the MPN than control(C♂ ) females (F1,8=5.322, p=0.05), and
isolated females (F1,8=5.914, p=0.041).
Paraventricular nucleus of the hypothalamus (PVN): Significant
treatment (Z=6.07, p<0.001), housing (Z=3.47, p<0.001) and treatment-partner
effects (Z=3.456, p<0.001) were found in PVN Fos expression. In both socially
(control(C♀): F1,10=30.071, p<0.001; control(S♀): F1,10, p=15.532, p=0.003) and
individually (F1,8=9.349, p=0.016) housed stressed males PVN Fos-ir was increased.
Socially housed control(S♀) and stressed males showed more Fos-ir in the PVN than
their isolated counterparts (resp. F1,8=5.436, p=0.048; F1,10=68.138, p<0.001) (Figure
2). Socially housed control(S♂ ) females showed significantly more Fos-ir than the
control(C♂ ) females (F1,8=6.337, p=0.036). Stress non-significantly increased Fos
expression in the PVN of isolated females (F1,9=4.157, p=0.072), whereas in socially
housed females it was significantly increased compared to control(C♂ ) females
(F1,9=7.644, p=0.013) (Figure 1).
Supra-optic nucleus (SON): A significant effect of housing (Z=4.788, p=
p<0.001) and an interaction effect of housing by treatment (Z=2.923, p=0.004)
were found. Socially housed stressed males demonstrated more Fos-ir in the SON
than isolated counterparts (F1,10=19.269, p=0.001). In isolated females stress

Stress-effects: indiv. control vs. indiv. stress and control(C) vs. stress(C); *p<0.05, **p<0.01, ***p<0.001, stress effects control(S) vs. stress(C); %p<0.05, %%p<0.01.
Differences between control(C) and control(S); $p<0.05, $$p<0.01. Differences between individually and socially housed counterparts; #p<0.05, ##p<0.01,
###
p<0.001.

Table 4. Mean number of Fos-positive cells per 0.1 mm2
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reduced the number of Fos-positive cells (F1,10=12.498, p=0.005) and they also
showed significant less Fos-labelled cells in the SON than the socially housed
stressed females (F1,10=11.060, p=0.008).
Amygdala: Central amygdala (CeA): Housing conditions and gender had an
effect on Fos-ir in the Central nucleus of the amygdala (resp. Z=3.550, p<0.001 and
Z=-2.044, p=0.021). Also an interaction effect for gender by treatment-partner was
found (Z=-2.014, p=0.044). The socially housed stressed males showed significantly
more Fos labelling than the isolated stressed males (F1,10=13.291, p=0.004). Like
males, only isolated stressed and socially housed stressed females differed in Fosir, with the socially housed rats expressing more Fos-positive cells in the CeA
(F1,10=6.690, p=0.027).
Medial amygdala (MeA): In the medial amygdala treatment, housing and
treatment-partner had significant effects on Fos-ir (resp. Z=4.418, p<0.001,
Z=4.923, p<0.001 and Z=2.643, p=0.008). The interaction between housing by
treatment was also significant (Z=3.529, p<0.001), showing that housing conditions
differently affected MeA Fos-ir in response to stress. Chronic stress increased Fos-ir
of socially housed males (vs. control(C♀): F1,10=29.006, p<0.001; vs. control(S♀):
F1,10=8.938, p=0.014), and stress(C♀) males had a higher Fos expression than
their isolated counterparts (F1,10=24.892, p=0.001). In females both stress and the
presence of a stressed male partner significantly increased Fos-ir (resp. F1,10=7.255,
p=0.023 and F1,10=7.166, p=0.023). No differences were found between isolated
controls and control(C♂ ) females, but control(S♂ ) females had more Fos labelling
in the MeA than their isolated counterparts (F1,10=7.422, p=0.021).
Basolateral amygdala (BLA): Treatment, housing and treatment-partner had
significant effects on Fos-ir in the basolateral amygdala (resp. Z=4.579, p<0.001,
Z=4.733, p<0.001 and Z=2.624, p=0.008). Males with a stressed female partner
showed significantly more Fos-ir in this region than males with a control partner
(F1,10=7.897, p=0.018) and the isolated controls (F1,9=10.670, p=0.010). Stress
increased Fos expression of socially housed males (compared to control(C♀):
F1,10=22.369, p=0.001; compared to control(S♀): F1,10=5.066, p=0.048). Moreover,
Fos-ir in the BLA of socially housed stressed males was higher than that of isolated
males (F1,10=10.793, p=0.008). In females, stress increased Fos expression in the
BLA of socially housed rats compared to control(C♂ ) females (F1,10=6.494,
p=0.029). Socially housed stressed females also showed more Fos labelling than
isolated stressed females (F1,10=5.410, p=0.042).
Lateral amygdala (LaA): Treatment, housing conditions and treatment of the
partner had significant effects on Fos-ir in the lateral amygdala (resp. Z=2.373,
p=0.018, Z=4.715, p<0.001 and Z=2.158, p=0.04). Socially housed stressed
males demonstrated more Fos-ir in the LaA than isolated counterparts (F1,9=5.494,
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p=0.044). Whereas the stress-effect was not significant in socially housed females
(F1,10=3.502, p=0.091), the presence of a stressed male partner increased Fos-ir
in the LaA (F1,10=5.681, p=0.038). More Fos-labelled cells were observed in the
control(S♂ ) females than in the isolated controls (F1,10=10.764, p=0.008).
Dentate gyrus (DG): Treatment (Z=3.372, p<0.001) and housing (Z=2.705,
p=0.007) had a significant effect of Fos-ir in the DG. In socially housed stressed
males the Fos expression was increased compared to control(C♀) and control(S♀)
males (resp. F1,10=8.623, p=0.015 and F1,10=8.930, p=0.014). Isolated males showed
no effect of stress exposure on Fos-ir in the DG but the expression was significantly
reduced compared to socially housed stressed rats (F1,10=9.180, p=0.013). Even
though significant main effects were found, there were no significant expression
differences between the female groups, indicating that in the DG differences
between the male groups account for the reported significant main effects (Fig. 1).
Ventral tegmental area (VTA): Fos expression in the VTA showed a significant
effect of treatment (Z=2.574, p=0.01), housing (Z=2.226, p=0.026), and treatmentpartner (Z=2.097, p=0.036). Chronic stress increased Fos-ir in the VTA of socially
housed males compared to control(C♀) males (F1,9=40.362, p<0.001), as did the
presence of a stressed female partner (F1,10=10.407, p=0.009). Socially housed males
with a stressed female partner showed significantly more Fos-ir than the isolated
control males (F1,9=6.762, p=0.029). Housing conditions also had an effect in
stressed males; with social housing leading to a higher Fos expression (F1,9=11.658,
p=0.008). Since no significant differences were found between female groups, the
reported main effects therefore are due to male group differences.
Median raphe nucleus (MRN): Treatment, housing and gender showed a
significant main effect on Fos-ir in the MRN (resp. Z=4.204, p<0.001; Z=4.146,
p<0.001; Z=2.322, p=0.001). Also the interaction treatment by housing was
significant (Z=3.792, p<0.001). Stress increased Fos expression in socially housed
males compared to control(C♀) and control(S♀) (resp. F1,10=106.710, p<0.001 and
F1,10=10.128, p=0.010). A stressed female partner also led to increased Fos-ir in
the MRN (F1,10=5.023, p=0.049). Also in isolated males stress exposure increased
the Fos expression (F1,8=8.767, p=0.018), and in socially housed stressed males
more Fos-positive cells were found in the MRN than in the isolated stressed males
(F1,9=97.733, p<0.001). In females, a stressed partner, as well as stress exposure,
significantly increased Fos-ir (resp. F1,10=5.174, p=0.046 and F1,10=5.951, p=0.035).
Fos-ir in the MRN of socially housed stressed females was almost significantly
higher than in isolated stressed females (F1,10=4.755, p=0.054) (Figure 1).
Dorsal raphe nucleus (DRN): Fos-ir in the DRN demonstrated a treatment
(Z=3.108, p<0.001), housing (Z=3.324, p<0.001) and treatment-partner effect
(Z=1.743, p=0.04). Treatment by housing was nearly significant (Z=1.935,

115

Chapter 6

������������
����
����

�����
���������

�

�����������

�

����

�������

��
�

���
���

�

���

�

���
�

������ �������
������ ����������

������ ������
������ ����������

������ ���������

�

���������

Figure 3. Number of
pCREB positive cells per
0.1mm2 in the dentate
gyrus of the hippocampus.
*p<0.05: stress effect
compared to control(C♀),
#
p<0.05 compared
to
$
control(S♀),
p<0.05:
compared to indiv. housed
counterparts.

p=0.055). Stress increased Fos expression in socially housed males compared to
control(C♀) (F1,10=20.266, p=0.001) but not to control(S♀) males. Stress did not
affect Fos-ir in isolated males, but isolated stressed males had less Fos than socially
housed stressed males in the DRN (F1,9=12.966, p=0.006). Even though significant
main effects were found, none of the female groups showed significant differences,
indicating that in the DRN group differences in male rats account for the reported
main effects (Figure 1).
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Housing conditions had a significant effect on pCREB levels in the dentate gyrus
(Z=3.336, p=0.008). Treatment by itself and the treatment of the partner of socially
housed rats had no effects on pCREB levels, but a significant interaction effect was
observed for housing by treatment (Z=2.415, p=0.016), indicating that housing
conditions influenced the pCREB response to stress. Also significant interaction
effects were found for gender by treatment (Z= 2,286, p=0.011) and gender by
housing (Z= 2,517, p=0.012), showing that hippocampal pCREB expression in
male and female rats reacted differently to stress and housing conditions (Figure
3 and 4). Stress exposure increased pCREB labelling in the DG of socially housed
males compared to control(C♀) (F1,10 = 5.982, p=0.034). The difference between
socially housed stressed males and control males housed with a stressed partner
was almost significant (F1,10 = 4.678, p=0.056). Stress exposure had no effect on
pCREB expression in isolated males. Socially housed stressed males however
showed significant more pCREB labelling than isolated stressed males (F1,9= 17.018,
p=0.003). In females stress decreased pCREB labelling in both isolated (F1,19= 4.505,
p=0.047) and socially housed rats, albeit the latter as not significant (F1,19=3.838,
p=0.065). Socially housed stressed females however showed more pCREB staining
than isolated stressed females (F1,9= 6.807, p=0.028).
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Discussion
Male and female rats were differentially affected by chronic stress exposure and
social housing in mixed gender pairs. While pCREB expression in the DG of isolated
males was not changed after stress exposure, socially housed males showed an
increased pCREB expression. In females social housing had an ameliorating effect,
but was not able to prevent the stress-induced reduction of pCREB completely. In
socially housed males most brain areas analysed showed a stress-induced increased
Fos expression, whereas in isolated males stress-induced increases were lower and
reached significance only in the PVN, prelimbic and anterior cingulate cortex, and
median raphe nucleus. Also in females, stress-induced increases in Fos expression
were most pronounced in socially housed rats. Individually housed females only
showed a stress response in Fos expression in two brain regions, namely the MPN
and SON. However, stress responses in Fos-ir of socially housed females were
less pronounced than in males. Also the differences found between socially and
individually housed rats were less evident in females.
Fos expression is maximal between 1 and 3 hrs. after a stimulus,21 therefore
social behaviour occurring among cage mates in the period before the sacrifice
could have generated additional Fos expression in the socially housed rats. Due to
reintroduction into the home cage after stress exposure this could have occurred
especially in control(S) and stress(C) rats. The presence of a stressed female partner
increased Fos-ir in several brain regions of the control male, like in the BLA, VTA
and MRN. Of these 3 regions only the VTA expression did not show an additional
stress effect, so likely Fos expression in the VTA of control(S♀) and stress(C♀) rats
was mostly due to increased social interactions. Control(S♀) and stress(C♀) males
likely were subjected to a similar amount of social stimulation, so differences in Fos
expression between these groups, as found in the PFC, PVN, MeA, BLA, DG and
MRN, can most likely be contributed to stress exposure and not to increased social
interactions in the home cage.
In unisex groups of male rats,45 the presence of stressed male cage mates resulted
in similar Fos levels between controls and their stressed cage mates. In the current
study we found that the presence of a stressed female did not produce a level of Fos
expression that was comparable to the level in stressed counterparts. This illustrates
that male rats better tolerate a stressed female partner than the presence of male
cage mates. This in contrast to females with a stressed partner, who showed an
increase in Fos-ir in more brain regions than males with a stressed partner, while the
presence of other stressed females in unisex groups45 did not result in an increased
Fos expression. Although, when comparing Fos expression between individually and
paired-housed females, the individually housed females appeared to be the ones least
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stressed. One could argue that isolated stressed females habituated to the chronic
stress exposure, since they showed no effect of stress on adrenal weight, and Fosir was increased significantly only in the SON and MPN. Open field behaviour of
isolated control and stressed females also did hardly show a stress effect, although
the behaviour of both groups differed from socially housed females.44 Both isolated
control and stressed females however showed adrenal hypertrophy compared to
socially housed counterparts and pCREB expression in the DG was reduced in
chronically stressed isolated females. This indicates that isolated females did not
habituate to the stressor but rather that both, controls and stressed animals, were
exposed to a stressful adverse environment, namely isolation.
Stress exposure results in a release of corticotropin releasing hormone (CRH)
from the PVN.36 In females, but not in males, CRH positive neurons are located in
the MPN as well.24 Possibly these neurons also release CRH during stress, which
might explain the stress-induced increase in Fos reactivity in the MPN found in
isolated females, but not in isolated males. The MPN is mainly associated with
reproductive behaviours,19 and it has been suggested that CRH neurons in the MPN
are involved in the stress-induced suppression of reproductive function.16 We did
not investigate the effect of stress on sexual functioning, all females when in estrus,
were observed to accept the sexual advances of the male, also all isolated females
showed lordosis behaviour when stroked on the back during estrus. Although no
detailed study was made of sexual functioning, it cannot be excluded that, in the
present study, sexual behaviour was affected by chronic stress.
The higher stress-induced Fos expression in the brain of socially housed rats
could be a consequence of the occurrence of frequent sexual interactions. Sexual
experience has lasting effects on the brain19,23,29 and limbic metabolic capacity has
found to be increased after repeated copulations.31 This was, however, investigated
in male rats only, but it is quite possible that the same is true for female rats. Sexual
experience could make the brain more sensitive to other stimuli as well, resulting
in an increased Fos reactivity in socially housed females, even without affecting
basal Fos expression. It is however also possible that pair-housed stressed rats do
not show an increased Fos response to stress compared to isolated counterparts,
but that isolated rats have an attenuated Fos reactivity to stress. Fos expression
is lower in individually housed rats of the present study compared to previously
reported results.45 The difference between isolated rats in these experiments is the
presence of the tube in the home cage. Placing kong toys and nestlets in the cage
of singly housed rats has been found to be sufficient for reducing baseline levels
of corticosterone and ACTH, and the stress response to the acute stressor of a
ip. saline injection in females.3 Isolated rats in the current experiment, as the pairhoused rats, had a tube at their disposal, which functioned, besides being a hiding
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Figure 4. Photomicrographs of pCREB labelling in the dentate gyrus of isolated control and
stressed females, and socially housed control(C♀) and stressed(C♀) males.

place, as a chewing object. If the presence of simple objects the rat can chew on, can
reduce HPA-axis activity,3 a tube likely has an even more pronounced suppressive
effects on the HPA-axis. This could provide an explanation for the low Fos reactivity
of isolated rats in the current experiment. Since rats show thigmotaxic behaviour,
the chance to quietly hide in the tube after stress exposure instead being in the
open “exposed” home cage, might attenuate the stress-response. This in contrast
to socially housed rats, who were denied this opportunity of hiding, because of
“required” social interactions with their cage mate. On the last day rats are exposed
to the stress box for 30 minutes which allows the Fos-mRNA response to be
maximal.48 However, the isolated rats housed with a tube only showed a limited
increase in Fos-ir, compared to rats without a tube.45 Hypothetically, taking shelter
in the home tube could signal “safety” and subsequently suppress the translation of
Fos mRNA to protein. Although apparently without reducing the impact of chronic
stress, since adrenal hypertrophy still occurred.
In the rat brain BDNF expression was found to be reduced after chronic stress
exposure,41 whereas chronic treatment of rats with antidepressants increased
pCREB, and CREB mRNA levels, parallel with mRNA levels of BDNF, in the
hippocampus,27,39 suggesting pCREB can be used as a marker for neuronal plasticity.
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In the current study chronically stressed isolated females had significantly less
pCREB labelling in the dentate gyrus of the hippocampus, implying a stressinduced reduction in synaptic plasticity. In socially housed females a reduction was
also observed, although this did not reach significance and these animals showed
a higher level of pCREB expression than isolated stressed females. This suggests
social housing decreases the impact of adverse events in the brain, but is not able to
forestall the stress-induced plasticity decrease completely. Previously we have shown
that that social housing in unisex female groups is able to prevent the occurrence
of a blunted response of the DRN Fos-ir to stress, which occurred in isolated
females.45 It was suggested that this non-response is associated with a dysfunctional
serotonergic system, as observed in depressed subjects. In the current experiment
both isolated and socially housed females failed to show a stress-induced Fos
response in the DRN, implying a disturbed serotonergic response to stress exposure
in both isolated and socially housed females.15 However, the MRN of socially
housed, but not isolated females, did show a stress-induced increase in Fos-ir. The
MRN sends serotonergic projections to the hippocampus42 and is associated with
improved stress-resistance.14 Possibly the maintenance of serotonergic reactivity
of the MRN can compensate the non-response of the DRN to some extent, and
improve synaptic plasticity in the hippocampus as shown by the slightly higher
pCREB expression in the dentate gyrus of socially housed females compared
to isolated counterparts after chronic stress exposure. Isolated males showed no
change in pCREB expression in the DG after chronic stress exposure.22 This in
contrast to pair-housed males, where chronically stressed rats showed an increased
pCREB expression, suggesting an antidepressive effect of the presence of a female
cage mate. The pCREB expression, and possibly increased hippocampal plasticity,
corroborates with behavioural effects in the open field test,44 where in males social
housing with a female prevented the behavioural effects of stress, and in females,
social housing with a male only had a small beneficial effect.
c-Fos is one of the target genes of pCREB33 and therefore one would expect
a similar expression pattern of Fos and pCREB. Although this was observed for
males, pCREB expression in the DG of females deviated from the Fos expression.
However, Fos and pCREB have a different time course of expression. Fos
expression is maximal between 1 and 3 hrs. after a stimulus,21 whereas pCREB has a
biphasic response pattern.4,35 pCREB shows a fast expression after a stimulus (5-15
min.) and dips at 1-2 hours and peaks again 6-8 hours later. Therefore the observed
pCREB expression in the DG is not necessarily a consequence of exposure to the
stress box, since rats were sacrificed at a time point after the stress at which Fos
expression is maximal but pCREB expression is not. Intriguingly, socially housed
stressed males still showed elevated pCREB levels 2 hours after the stress exposure,
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indicating either a prolonged stress-induced expression or an elevated baseline level
of pCREB.
Summarising, gender specific responses were found especially for pCREB
expression in the dentate gyrus, whereas Fos expression showed generally responses
in the same direction in male and female rats, although the changes were most
pronounced in male rats. In both isolated male and female rats, Fos expression
showed only few stress-induced changes, while weight gain, adrenal weight and
pCREB expression showed that these rats did suffer from chronic stress exposure.
Possibly the presence of a tube in the home cage, reduced Fos-reactivity without
having long-term effects.
Concluding that, in male rats, social housing is able to modulate several of the
stress-induced behavioural and neurobiological effects, whereas in females, social
housing only has slight positive effects, but still is better than isolation for coping
with chronic stress.
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The aim of this thesis was to explore the effects of social housing on chronic
stress exposure in male and female rats. We used chronic footshock stress as a
model for affective disorders, and investigated if social housing could improve
stress coping, and possibly provide an animal model to study the neurobiology
of social support.
In the first experiment male and female rats were either individually or
socially housed in unisex groups of 4 rats. Rats of the stress groups were
exposed to daily footshocks while the control animals were placed in similar nonelectrified cages. Of the social groups, 2 rats in each group were exposed to stress
while the other 2 served as controls.
In a follow-up experiment the animals were either pair-housed with a rat
of the opposite sex, or housed individually. Half of the isolated animals were
exposed to chronic stress, and of the paired housed rats, only one of the pair or
neither received stress. To provide the socially housed females an escape possibility
from the sexual advances of her male partner a plastic tube was added to the
cage. A tube was also placed in the cages of individually housed rats so social
housing was the only different variable between isolated and socially housed
rats.
A wide variety of parameters was used to investigate the impact of chronic
stress and the modulating effects of social housing. Locomotor activity in an open
field test was used to investigate the impact of stress on behaviour. Weight gain
and adrenal weight served as physiological markers and neurobiological effects
of chronic stress were examined by measuring Fos, neurogenesis and pCREB
expression in response to the adverse environment of the footshock box.
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Behavioural effects
The most commonly found effect of stress in an open field test is a decrease
in locomotor activity. We, however consistently found a stress-induced increase in
activity, which in both experiments was most pronounced in the female rats. The
presence of the tube is most likely the cause for the slight differences between the
2 experiments. Since rats in the second experiment were placed in the tube at the
start of the test, this would have an effect, especially on first minute locomotor
activity. Despite differences between experiments, exposure to stress increased
locomotor activity in both experiments. Both, exposure to footshocks and to
stressful components in their home cage, like isolation for females and a stressed
female partner for males, resulted in increased activity. This shows that the increases
in activity, as found in the current experiments, are a measure of a higher, and not a
lower, impact of the stress.
One would expect a “depressed” rat to be less active, similar as found in depressed
patients. Most studies indeed found a reduction in activity after stress exposure in
rats.17,26,72 However, like Duncko and coworkers22 we found a stress-induced increase
in activity, which could be prevented by social housing. There are several possible
explanations for the discrepancy. Mostly behavioural tests were performed shortly
after the stressor, and thus showing an acute behavioural response to stress. We were
interested in the chronic effects of stress on behaviour, therefore rats were tested
about 16 hours after the previous stress session, before the stress session of that
day. Since our rats were housed in reversed light-dark cycle, stress exposure and the
open field test occurred during the active period of the rat, in contrast to several
other studies.17,26
By adding a tube to the open field, we hoped for a more evident behavioural
effect, especially in the males since they showed only small changes in locomotor
activity.
Placement of the tube in the open field provided an extra behavioural parameter,
namely the time an animal spent in the tube. We hypothesised that rats would spent
more time in the safe shelter of the familiar tube after chronic stress exposure.
Isolated males did show this response, and increased the time spent in the tube.
Social housing with a female prevented this response. Surprisingly, the presence
of a stressed female partner also increased the time these males spent in the tube.
This suggests that a stressed cage mate likely was perceived as stressful for the
male, however without an apparent effect on the long-term impact of stress, since
adrenal weight was not affected. Females however, showed a different response to
stress exposure and housing conditions on the time they spent in the tube. Adrenal
weights showed that isolated females were more stressed than socially housed
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females, which is in concordance with results from the unisex experiment. However,
these isolated females spent less time in the tube than socially housed females, and
this effect was further decreased by chronic stress. Socially housed control females
spent more time in the tube with repeated exposures to the open field, which was
reduced after stress. This indicates that, under control (low stress) conditions, the
apparent “normal” response for females is a reduction in exploratory behaviour and
spending more time in the tube when an environment like the open field becomes
familiar.
These studies show that behaviour provides an interesting and valuable parameter
to measure the effects of chronic stress, however the results of behaviour studies are
difficult to interpret especially in the females. Since isolation by itself is stressful for
females, effects of chronic stress appear to be small because the control group is also
stressed. However behavioural differences appear when the individually housed rats
are compared with the socially housed females. Another aspect that should be taken
into account is the fact that behavioural tests to measure stress effects are validated
for males only. Different and even opposite neurobiological and behavioural effects
of stress exposure have been observed in males and females,6,15,31,60,74 it is therefore
not odd that females also show a different response in an open field test.

Fos-reactivity
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Behavioural and physiological data from both unisex and mixed-gender groups
show that isolation was perceived by females as stressful. However it appears that
not a stress-induced increase in Fos-expression, but the lack of such a response, is an
indication of the impact of chronic stress in brains of these females. While the PVN
showed a normal stress-induced increase in activity, brain regions known to modulate
the response to affective stimuli, like amygdala, VTA and raphe nuclei,1,19,42 failed to
show an response to stress in isolated females, whereas socially housed females
responded with increased Fos levels, like the males. Especially the reactivity of the
serotonergic systems seems to be related to the impact of chronic stress. Isolated
females were affected the most by chronic stress exposure and demonstrated a lack
of response of the DRN, whereas the females that were the least stressed, namely
the rats housed in unisex groups, showed an stress-induced increase in DRN Fosactivity. The DRN of stressed females housed with a male partner also failed to
show a stress-induced increase in Fos-ir. However, the MRN of these rats did show a
response, in contrast to that of their isolated counterparts, indicating a slight positive
effect of social housing with a male but not to the same extend as social housing in
unisex groups. Serotonergic neurons in the DRN are activated by inescapable, but
not escapable stress,36,49 and in response to psychological stress serotonin is released
from the DRN.30 It is therefore tempting to relate the absence of Fos-reactivity
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in the DRN of isolated females to dysfunctions found in the serotonergic system
of depressed patients.32,45,47,61 Our data could provide an explanation for the higher
effectiveness of SSRI’s for treatment of depression in women.40,48 Since in our
experiment only the stressed isolated females and not males showed a dysfunction in
the serotonergic system, it is tempting to speculate that especially in women chronic
stress and/or stressful life events result in disturbances in the serotonergic system.
So especially antidepressant drugs that increase the availability of serotonin in the
brain would ameliorate symptoms in women.
Control males housed in unisex groups showed a similar level of Fos expression
as isolated and socially housed stressed males in several brain regions. This indicates
that socially housed control males were stressed by the presence of (stressed) male
cage mates, in contrast to the females. On the other hand, males housed with a
stressed female partner did not show this stress-like increase in Fos expression. This
demonstrates that the elevated Fos expression in non-stressed socially housed rats is
not solely due to the of “fear smelling” cage mates and increased social interactions,
but likely a result of differences in the nature of the social interactions occurring
between male-male and male-female rats.
The variation in basal and stress-induced Fos expression in some brain regions
is quite high, and could be due to the fact that we have performed the experiments
during the active period of the rats. Most studies using Fos expression to investigate
the reactivity to stress were performed during the light/resting period of the rats,
when brain activity is reduced compared to the active/dark period.14 During the
resting period Fos levels are most likely less variable between rats, and the reduced
baseline/control levels could result in a more distinct and more homogenous stressinduced Fos response. In addition, the response to a stressor could be more ‘intense’
during the resting period because when the nervous system is not primed for stress
coping.
In females high variability in Fos expression could also be caused by the estrus
cycle. Sex steroids are known to modulate the stress response11 and Fos mRNA
expression after acute restraint stress is affected by stage of the oestrus cycle.27
However in our chronic stress protocol females were stressed during all stages of
the estrus cycle, which would most likely overrule sex hormone related differences
in stress sensitivity. Concordant with previous findings, a synchronisation of the
estrus cycle among females was not observed.58 Females in every group were
normal cycling females, it is therefore unlikely that the estrus cycle can explain the
differences between the groups.
The absence of a stress-induced Fos expression in most brain regions of the
isolated rats described in chapter 6 (pair-housed rats vs. isolated) suggests that these
rats had habituated to the footshock,62 in contrast to rats described in chapters 2
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Figure 1. Comparison
of Fos expression in
several brain regions
between isolated males
housed
with
and
without a tube.

and 3. However rats were subjected to the same stress procedure and it seems
unlikely that one group of rats would habituate while the other would not. Since the
paired-housed rats showed a normal stress-induced Fos response, the equipment
functioned normally and all rats received footshocks. The isolated rats did show
adrenal hypertrophy and also behavioural data showed that they suffered from
chronic stress, it is therefore unlikely that these isolated rats were habituated to the
stressor.
The isolated rats of the first and third experiment (Chapter 2 and 3 vs. 6)
however also show different levels of Fos expression in several brain areas.
Especially the isolated stressed rats have lower Fos levels and only few regions show
a stress response in the third experiment (chapter 6)(Figure 1). While this could be
due to differences in pre- and perinatal influences, another explanation could be the
presence of a tube in the home cage, which was present in the third but not the first
experiment. Rats show thigmotaxic behaviour, i.e. the avoidance of open spaces and
tendency to hide in sheltered areas. The opportunity to hide in a tube when returned
from the stress exposure, opposite to an “exposed” home cage, might reduce the
reactivity of the stress response, especially of Fos-ir. The expression of Fos mRNA
is maximal after half an hour after the stimulus,75 (see also figure 2A), which is
also the time the animal spent in the stress box during the last exposure, allowing
the mRNA response to be maximal in our experiments. However, when a tube is
present in the home cage, the stress response is minimal compared to rats without a
home tube. It is tempting to speculate that a sheltered home tube signals “safe” and
suppresses the translation of the Fos mRNA to protein (figure 2B).
This hypothesis is supported by preliminary data collected by M. Gerrits from
our lab (unpublished results), who looked at stress responses of Fos-ir and Fos
mRNA in ovariectomized (OVX) females with and without estradiol replacement.
These rats were subjected to the same stress protocol and were also housed with a
tube. She found an increase of mRNA levels in the PVN in both groups, however
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Fos-ir was only increased in the OVX group, thus showing dissociation between Fos
mRNA and protein expression (figure 3).
The translation of mRNA to protein is subjected to modulation, so transcription
of mRNA does not automatically lead to translation of the mRNA to protein.
Regulation of mRNA translation has been studied in mRNA that is transported
to the dendrites. It has been suggested that binding of mRNA to a transport
apparatus could serve as a mechanism to suppress synthesis of the protein until
required,3 also a non-translatable small RNA has been shown to act as a repressor of
mRNA translation in dendrites.70 Another possible mechanism could be translation
repression by small antisense sequences during different levels of translation.13,33
These mechanisms provide a reversible posttranscriptional suppression of mRNA
translation, which could allow fast responses to environmental changes. While
isolated rats got the change to hide quietly in the shelter of the tube, socially housed
rats did not get this opportunity because of exposure to social interactions with the
cage mate after reintroduction in the home cage, preventing the suggested inhibition
of Fos mRNA translation into Fos protein. Also this proposed suppression is region
specific, since Fos levels did not differ in all studied regions. Interestingly, even though
the stress-reactivity of Fos is dampened by the presence of a tube in the cage of
isolated rats, the impact of the chronic stress was not, since they still suffered from
adrenal hypertrophy and behavioural changes in the open field test. In the described
studies Fos expression was used a marker for neuronal activation.59 The function
of the Fos protein is however far from understood. The current study suggests
that Fos expression is not essential for the impact of chronic stress exposure, since
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Figure 2. Graphs adjusted from Zangenehpour.75 (A
(A
A).
). Exposure to light quickly
induces the expression Fos-mRNA, which is maximal 30 minutes after initiation of
the stimulus. The level of the protein Fos is maximal 2 hours after the start of the
stimulus. (B) In our experiment rats were exposed to the stress box for 30 minutes,
allowing the Fos-mRNA response to be maximal. After the stress exposure they were
put back into the home cage with or without tube. The opportunity of taking shelter
in the tube could possibly inhibit translation of Fos mRNA, resulting in a lower level
of Fos protein (bold line).
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Figure 3. Fos-mRNA and Fos protein expression in the PVN of ovariectomized females, with and
without estradiol replacement. Both groups were housed with a tube in the home cage. While Fos
mRNA levels were increased after chronic stress in both groups, Fos protein was increased only in
females without estradiol replacement, showing dissociation of Fos mRNA and protein expression
(preliminary results, courtesy of M. Gerrits).

behaviour, adrenal weight and pCREB expression in the hippocampus showed
changes that were related to chronic stress exposure.
Simple environmental enrichment can have an effect even on the response to an
acute stressor. Belz et al. showed that placing a kong toys and nestlets in the cage of
singly housed rats reduces baseline levels of stress hormones and the stress response
to the acute stressor of a ip. saline injection in females.2 It is reasonable to assume
that if the presence of simple objects the rat can chew on, suppresses activity of the
HPA-axis, a tube has an even more profound effect on HPA-axis reactivity, since a
tube can also be used as a hiding place, besides providing a chewing object. These
data show that even simple cage enrichment has profound effects on how a rats
responds to stimuli, which are likely not limited to the stress response.

Confounding factors
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Positive effects of social housing of unisex groups of male rats have been
found.56,69 An explanation for the absence of such a positive effect, and even an
aggravation of stress symptoms, found in the current study, could be due to the
combination of control and stressed males in the same cage. It is possible that
stress exposure resulted in aggressive behaviour (although not observed) increasing
the stress also for control males. It would have been useful to have added an extra
control group of 4 control males housed in the same cage. In these undisturbed
groups of males, social housing could have been perceived as positive compared
to isolation. It is unlikely that aggression due to the formation of a social hierarchy
in male groups was the cause of the increased impact of chronic stress. In all male
colonies housed in a visible burrow system, no aggression was observed and no
hierarchy was formed in contrast to colonies where females were present 4,5 (R.R.
Sakai, University of Cincinnati, personal communication).
Variation in stress responses between experiments could be caused by differences
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in pre- and postnatal factors, which are known to have long lasting effects on the
adult nervous system. Prenatal stress increases the sensitivity to stressors during
adulthood.18,71 Also maternal behaviour has major effects on the offspring, which
are still apparent during adulthood. Offspring raised by high licking mothers were
less fearful than pups from low licking mothers.28 Pups from high licking mothers
also showed an increased neuronal survival in the hippocampus compared to low
licking mothers, which was still evident after 3 months. 8,9,28 Interestingly, some
of the effects induce by lower maternal care could be reversed by environmental
enrichment.9 These long-lasting effects of pre- and postnatal treatment could be a
confounding factor when attempting to duplicate effects induced by chronic stress
when rats are obtained commercially. Unpublished results from our lab showed that
female rats obtained at the same time, but from different pavilions, were differently
affected by chronic stress exposure. The factors that cause these differences are
impossible to trace, and could vary from different treatment by the keepers of the
mothers and/or pups to genetic variation between breeding pavilions. Therefore
exact duplication of one variable between different experiments could be difficult,
however consistency in the overall picture can be achieved by measuring several
parameters, even when specific results cannot be exactly duplicated.

Sex-specific effects
Different behavioural responses to stress exposure have been found previously,
especially with regard to learning and memory. Spatial memory is negatively affected
by chronic stress exposure in male rats, but is improved in females.7,15,41 Opposite
effects of stress on classical eyeblink conditioning have also been found, which was
improved in males, but impaired in females.74 Several of the investigated parameters
in the current experiments also showed gender-specific responses to both stress and
housing conditions. While locomotor activity in the open field tests showed a stressinduced increase in both males and females, the response to stress and the influence
of social housing on the time the animals spent in the tube showed a gender-specific
response.
The parameter time spent in the tube during an open field test could provide a
sensitive parameter to test the effects of antidepressants in both males and females,
however with responses in the opposite direction. Chronically stressed individually
housed males showed an increase in the time spent in the tube and pair-housing with
a female appeared to have “antidepressant” effects and prevented this increase. The
expected antidepressant response for males would therefore be a decrease in the
time the animals spent in the tube. The most stressed females, namely the isolated
stressed animals, spent the least time in the tube. Socially housed control females
however showed an increase in the time in tube with repeated OF exposures, which
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was inhibited by stress exposure. This indicates that an increase in time spent in the
tube of female rats corresponds to reduced stress levels. So effective antidepressant
treatment in females should result in an increase in time spent in the tube, which is
opposite to the expected response in males.
We have founds sex-specific neurobiological changes after chronic stress exposure
mainly in markers related to neuronal plasticity in the DG of the hippocampus,
namely BrdU labelling (neurogenesis) and pCREB expression. Chronic stressexposure induced a decrease in neurogenesis in male rats, which was prevented by
social housing in unisex groups. This observed decrease is most likely caused by a
decrease in cell proliferation and not survival, since others have found that acute as
well as chronic stress decreases cell proliferation in males.21,34,35 In isolated but not
socially housed females we have found an increase in number of surviving neurones
after stress, without a change in cell proliferation. The latter has also been found by
Falconer et al.25 Chronic stress exposure has been found to reduce pCREB labelling
in several brain regions,66 while antidepressant treatment results in increased pCREB
expression. This implies that antidepressant exert their function by maintaining or
increasing neuronal plasticity.46 We have found a gender-specific effect of pCREB
expression to chronic stress exposure and housing conditions. Socially housed males
with a female partner showed a stress-induced increase in pCREB expression in
the DG, suggesting an antidepressant effect of social housing.64 No stress effect
was observed in isolated males, while isolated females showed a strong decrease
in pCREB expression after stress, which could not be prevented by social housing
with a male partner, although this expression was slightly higher than in isolated
counterparts.
The cAMP-CREB cascade is involved in cell proliferation in the subgranular
cell layer of the DG. Activation of the cAMP-CREB cascade has been found
to increase the number of newly born neurons in the DG.51 In our experiments
isolated females showed an increase in neurogenesis in the DG, while pCREB
labelling in the DG showed a decrease in isolated females (although from a different
experiment). Bromodeoxyuridine (BrdU), a thymidine analog which is incorporated
in the DNA during cell division, was used to measure neurogenesis, and was given to
the rats on days 3 to 7 of the three week stress protocol. Phospho-CREB however
was measured on the last day of the experiment after 3 weeks of stress, and might
therefore not relate to the number of BrdU-positive cells.
It is possible that males still show normal adaptational responses, like a normal
stress-induced increase in Fos-ir, decrease in neurogenesis, increase in pCREB
expression in response to chronic stress, similar to a response to an acute stressor.
Whereas females showed possibly pathological changes after chronic stress exposure,
like the absence of stress-induced Fos-reactivity in several regions, increase in
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survival of newly born neurons, and a decreased pCREB expression.
Reductions in neuronal plasticity are thought to play an important role in affective
disorders.20,46 If neuronal plasticity in the female brain is more sensitive to stress, as
implied by pCREB expression in the DG in our experiments, this could also provide
an explanation for the higher prevalence of affective disorders in women.
Our data seem to support the recently suggested tend-befriend stress response
of females, in contrast to the fight-flight response of males.63 This hypothesis
states that in times of stress females seek support and give support to each other,
instead of a fight or flight response during stressful situations. In our experiments
female rats housed in unisex groups showed an improved stress-coping, while stress
symptoms increased in unisex groups of male rats. Males however were sensitive to
“support” provided by (preferably unstressed) females, as shown in the pair-housed
rats, whereas the support provided by the males was less successful for females.
These data indicate that female rats are more apt at giving support than male rats,
interestingly this seems to correspond with the human situation.38

Can the placebo effect of antidepressants be explained by social
support?
The effective response to a treatment (both physical and pharmacological) can
be related to the treatment itself or to a placebo response. The placebo effect of
antidepressants is quite extensive. It is speculated that about 60% of the patients
who respond to treatment also would respond to treatment with a placebo.39
Although this does not shed a positive light on the efficacy of antidepressants, it is
an interesting phenomenon. The placebo response is not limited to antidepressant
treatment, also pain and Parkinson’s disease show a positive reaction to placebo
treatment.29 This placebo effect could be induced by the expectancy of benefit,
confidence in the healing power of the physician65 or increased attention the
patient receives when treated with a drug, and subsequently an increased amount of
perceived social support. In humans “formalised” social support, like psychotherapy,
is able to normalise brain function similarly as successful antidepressant treatment.10
Successful treatment with a placebo was indistinguishable from successful
antidepressant treatment when looking at symptom improvement, however they
had different effects on brain activity.44,50 These data indicate that although clinical
improvement is similar the neurobiology of placebo and antidepressants is not.
Since the positive effects of social support might mediate part of the placebo
response, the neurobiological changes induced by placebo could be similar as those
of social support. Unravelling the biological mechanisms of the response to placebo
and social support could provide a better understanding of the neurobiology of
symptom improvement and possibly provide new insights in the depressed brain.
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Future prospects
A likely candidate underlying the beneficial effects of social housing/social
support is oxytocin. Oxytocin is well known for its role in parturition, lactation and
maternal behaviour, 24 but it also plays an important role in affiliative behaviours and
social recognition in rodents.12,37 Oxytocin is also involved in the stress response.
Stress responses are attenuated in rodents after i.c.v. administration of oxytocin and
increased after treatment with an oxytocin antagonist.52,53,73 Links between oxytocin
and psychopathology have been found,43,68 and positive associations between plasma
oxytocin levels induced by massage and positive emotions in humans have been
observed,67 providing a link between mood and oxytocin. However, central oxytocin
and peripheral oxytocin release are not correlated,23 which makes it difficult to
study the brain oxytocin system in humans. It would be interesting to investigate
if central administration of an oxytocin antagonist or anti-sense nucleotides blocks
the stress-reducing effects of social housing in females, since they showed the most
pronounced positive effects of social housing. When the hypothesis is correct we
expect that administration of oxytocin or an oxytocin agonist would improve stresscoping in isolated females.
Specifically the serotonergic system of female rats appears to be sensitive to
chronic stress exposure, shown by a non-response of Fos-ir of the raphe nuclei to
stress, which implies a dysfunctional serotonergic system. Microdialysis provides a
method to study the serotonin release in the raphe nuclei and in its projection areas,
like the prefrontal cortex.54,55 If our hypothesis of a disturbed serotonergic system
is valid one would expect that chronically stressed females fail to show an increase
in 5TH release in response to stress, whereas socially housed females in unisex
groups show a normal stress-induced increase. However, performing microdialysis
in socially housed rats likely will give some practical complications.
Especially plasticity related stress-induced changes show gender specific
effects,25,31,60 and are modulated by social housing. Exploration of pathways involved
in synaptic plasticity, like the ERK MAP-kinase pathway, cAMP-CREB cascade,
(anti)apoptotic factors and neurotrophic factors, and their receptors,20,46 during
stress exposure and its modulation by social housing could provide new insights in
the neurobiological mechanisms of social support. It would also be fascinating to
see if manipulation of the cAMP-CREB pathway would influence the effects of
social housing, as it influences the effects of antidepressant treatment.16,57

Concluding remarks
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Male and female rats react different, sometimes even opposite, to chronic stress
exposure and housing conditions. Also at first glance different parameters appear to
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contradict one another, especially in females. However one should take into account
that until recently most research was performed in male subjects only. So available
data on behavioural and neurobiological responses to stimuli, like stress, reflect a
masculine reaction, which probably cannot always be extrapolated to females. This
can make it difficult to explain results found in females, since comparable studies in
the literature are performed in males.
We found that isolation by itself was stressful for females, whereas males did not
appear to be affected by being housed individually. Social housing in unisex groups
reduced the impact of chronic stress in females but not in males. Males however
were positively affected by the presence of a female cage-mate during exposure to
chronic stress, whereas females did not appear to benefit from the presence of a
male partner. Although for females the presence of a male partner was favourable
over being housed alone during stress exposure.
The social environment can modulate the impact of chronic stress in rats and
does so in a gender-specific fashion. Especially ‘support’ provided by females was
the effective in ameliorating stress effects. As chronic stress exposure appears to
provide a valuable animal model for affective disorders, social housing at the time of
stress exposure could represent an interesting model for social support.
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Abbreviations

ACa:

Anterior Cingulate cortex (anterior part)

ACc:

Anterior Cingulate cortex (caudal part)

ACTH:

AdrenoCorticoTropic Hormone

AVP:

Arginine Vasopressin

BDNF:

Brain Derived Neurotrophic Factor

BLA:

Basolateral Amygdala

BrdU:

Bromodeoxy-Uridine

CeA:

Central Amygdala

CREB:

cAMP response-element binding protein

CRH:

Corticotropin Releasing Hormone

DA:

Dopamine

DG:

Dentate Gyrus of the hippocampus

DRN:

Dorsal Raphe Nucleus

ECT:

Electroconvulsive Therapy

FOS-ir:

FOS immunoreactivity

GR:

Glucocorticoid Receptor

IL:

Infralimbic cortex

LaA:

Lateral Amygdala

LC:

Locus Coeruleus

MeA:

Medial Amygdala

MPN:

Medial preoptic nucleus

MR:

Mineralocorticoid Receptor

MRN:

Median Raphe Nucleus

NA:

Noradrenaline

NacC:

Nucleus Accumbens, Core region

NAcS:

Nucleus Accumbens, Shell region

OF:

Open Field test

pCREB:

phosphorylated CREB

PFC:

Prefrontal cortex

PL:

Prelimbic cortex

PVN:

Paraventricular Nucleus of the hypothalamus

(r)TMS:

(repetitive) Transcranial Magnetic Stimulation

SON:

Supra-Optic Nucleus

SSRI:

Selective Serotonin Re-uptake Inhibitor

TH:

Tyrosine Hydroxylase

5HT:

Serotonin

VTA:

Ventral Tegmental Area
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Affectieve stoornissen, zoals depressie, worden vaak voorafgegaan door
stressvolle gebeurtenissen. In tegenstelling tot stress heeft sociale steun een positieve
invloed op het beloop van deze stoornissen. Chronische stress bij ratten wordt
veel gebruikt als diermodel voor affectieve stoornissen. Ratten zijn sociale dieren
en huisvesting in groepen zou een goed model kunnen zijn om de biologische
mechanismen achter sociale steun te onderzoeken. Omdat affectieve stoornissen
twee keer zo veel voorkomen bij vrouwen, werden in dit onderzoek zowel
mannetjes- als vrouwtjesratten gebruikt. De ratten werden geïsoleerd, sociaal
gehuisvest in unisexgroepen van vier ratten of in man-vrouw paartjes. Ratten
uit de stressgroep werden 3 weken lang dagelijks blootgesteld aan stress. Uit
de resultaten verkregen uit de unisexgroepen bleek dat bij vrouwtjes sociale
huisvesting de effecten van chronische stress verminderde, terwijl in mannetjes
deze juist werden versterkt. Ook leidde individuele huisvesting van vrouwtjes,
maar niet van de mannetjes, tot stressgerelateerde gedrags- en neurobiologische
veranderingen. Huisvesting in paartjes had grotendeels positieve gevolgen
bij mannetjes. Een mannelijke partner kon effecten van stress bij vrouwtjes
reduceren maar niet voorkomen. De aanwezigheid van een mannetje was
overigens wel gunstiger voor de vrouwtjes dan isolatie. Duidelijk werd dat sociale
huisvesting zowel op gedrags- als neurobiologisch-niveau de gevolgen van stress
moduleert. Deze effecten verschillen bij mannetjes- en vrouwtjesratten. Sociale
huisvesting lijkt dus een goed model te zijn om de neurobiologie van sociale steun
in kaart te brengen.
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Inleiding
Stress speelt een belangrijke rol bij het ontstaan van affectieve stoornissen,
zoals depressie en angststoornissen. Zo volgt een depressieve episode vaak op
een periode van chronische stress of een zogenaamde ‘stressful life event’. Ook de
genetische achtergrond bepaalt het risico van het krijgen van een depressie. Hoe
hoger het genetische risico hoe minder stress mensen kunnen verdragen voordat
ze een depressie ontwikkelen. Ze zijn als het ware gevoeliger voor de depressogene
effecten van stress. Opmerkelijk is het consequent gevonden geslachtsverschil in het
voorkomen van affectieve stoornissen. Vrouwen lopen een 2 à 3 keer zo groot risico
als mannen, maar een eenduidige verklaring voor dit verschil is nog niet gevonden.
Wereldwijd zijn er 121 miljoen mensen die aan een depressie lijden. Er is voorspeld
dat depressie de belangrijkste oorzaak zal worden van arbeidsongeschiktheid onder
vrouwen in geïndustrialiseerde landen in 2020.
Verhoogde niveaus van het stresshormoon cortisol in het bloed en vergrote
bijnieren (de producenten van cortisol) zoals gevonden bij depressieve patiënten
duiden op een verstoring van de zogenaamde HPA-as (Hypothalamischehypofyse (pituitary)-bijnier (adrenal) as). Deze as is verantwoordelijk voor de
neuroendocriene stressreactie. Patiënten met het syndroom van Cushing, waarbij
een tumor verantwoordelijk is voor hoge plasma cortisol niveaus, hebben ook last
van depressieve episodes. Ook in de hersenen van deze patiënten zijn veranderingen
gevonden die duiden op een overactief stresssysteem. De hippocampus, een
hersengebied betrokken bij leren en geheugen, is verkleind in patiënten met het
Cushings’ syndroom en ook in depressieve patiënten. Deze veranderingen in de
hippocampus lijken reversibel te zijn, want bij succesvolle behandeling lijkt de
grootte van de hippocampus zich te herstellen.
Een omgevingsfactor met stressverlagende invloed is sociale steun. Men heeft
gevonden dat de aanwezigheid van een persoon die steun geeft tijdens stressvolle
omstandigheden, zoals het geven van een presentatie voor een groep, de stress
response verlaagt. Ook bij depressie kan de aanwezigheid van sociale steun de duur
van een depressieve episode verkorten en vermindert het de kans op een nieuwe
depressie.
De meest gebruikte behandelingen van affectieve stoornissen zijn antidepressiva
en psychotherapie, of een combinatie van beide. De antidepressiva die het vaakst
voorgeschreven worden vallen in de categorie Selectieve Serotonine Re-uptake
Inhibitors (SSRI’s). Deze medicijnen voorkomen dat de door neuronen afgegeven
neurotransmitter serotonine heropgenomen wordt, hierdoor blijft deze stof langer
beschikbaar in de contactplaatsen van zenuwen om zijn werking te doen. Een nadeel
van antidepressiva is de tijd die eroverheen gaat voordat de effecten merkbaar zijn
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(3-6 weken), ook zijn er veel bijwerkingen waardoor veel patiënten de therapie
niet afmaken. Nog een nadelig punt van de huidige antidepressiva is dat patiënten
regelmatig niet reageren en verschillende typen antidepressiva moeten ‘uitproberen’
voordat de behandeling aanslaat, waardoor veel tijd verloren gaat.
Er zijn aanwijzingen gevonden dat vrouwen beter reageren op SSRI’s terwijl
mannen meer baat zouden hebben bij, de zogenaamde, tricyclische antidepressiva.
Dit geeft een indicatie dat het vrouwenbrein niet op dezelfde manier reageert op
antidepressiva als het mannenbrein. Dit wordt verder bevestigd door man-vrouw
verschillen die gevonden zijn in hersenactivatiepatronen op emotioneel geladen
stimuli.
Vergelijkbare veranderingen in de hersenactiviteit na succesvolle behandeling
met antidepressiva en psychotherapie duiden erop dat beide therapieën een,
mogelijk zelfde, neurobiologische basis hebben. Psychotherapie zou gezien kunnen
worden als een soort van geformaliseerde sociale steun. Terwijl de positieve effecten
van psychotherapie/sociale steun algemeen bekend zijn, zijn de neurobiologische
mechanismen amper onderzocht. Het in kaart brengen van deze neurobiologische
mechanismen zou een nieuwe richting kunnen aangeven voor de ontwikkeling van
toekomstige antidepressiva of add-on therapieën die de effectiviteit van de huidige
middelen zouden kunnen vergroten.
Diermodel
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Mogelijkheden tot neurobiologisch onderzoek bij de mens zijn beperkt.
De beschikbaarheid van een diermodel voor affectieve stoornissen is daarom
essentieel om de onderliggende endocriene en neurobiologische verstoringen te
kunnen onderzoeken. De meeste diermodellen voor affectieve stoornissen zijn
gebaseerd op het gegeven dat stress een belangrijke factor is in het ontstaan van een
depressie. Chronische stress is het meest gebruikte model, en lijkt ook het best de
symptomen van depressie te benaderen in de rat. Bij chronisch gestresste ratten zijn
veranderingen geobserveerd die aan depressie gerelateerd zouden kunnen worden,
zoals slaapstoornissen, leer- en geheugenproblemen, en het niet voelen van plezier
(beloning). Deze afwijkingen kunnen genormaliseerd worden door middel van een
chronische behandeling met antidepressiva.
Ratten zijn sociale dieren die leven in groepen. Sociale huisvesting zou dan
ook een goed diermodel kunnen zijn om de neurobiologische mechanismen te
onderzoeken van sociale steun. Het door ons gebruikte stressmodel bestaat uit
het geven van 5 footshocks per dag, gedurende een periode van 3 weken. Elke
shock wordt voorafgegaan door een lichtsignaal, waardoor de rat leert dat een
lichtje gevolgd wordt door een nare stimulus waardoor het lampje op zich al een
(psychologische) stressor wordt. Op de laatste dag van het experiment krijgen ratten
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alleen het lichtsignaal, waardoor de geobserveerde neurobiologische veranderingen
het gevolg zijn van de ‘psychologische’ stress van het lampje en het verblijf in de
stressbox. Tijdens deze 3-weekse stressperiode werden mannetjes- en vrouwtjesratten
individueel of sociaal gehuisvest om te kunnen onderzoeken of sociale huisvesting
de gevolgen van stress vermindert en of mannetjes en vrouwtjes verschillend
reageren op isolatie en sociale huisvesting. Veranderingen in gedrag van de ratten
werd gemeten in een zogenaamde ‘open field’ test. De open field is een ronde bak
van 1 meter doorsnede, waarin de loopactiviteit van de rat gemeten kan worden.
De meest gerapporteerde stressgeïnduceerde verandering is een vermindering in
activiteit na stress; een gedragsverandering die normaliseert na behandeling met
antidepressiva. De open field test voorziet dus in een gedragstest die gevoelig is
voor stress en mogelijke stressreducerende factoren. Ratten zijn nachtdieren en dan
ook voornamelijk actief als het donker is. Om gedragstesten te kunnen doen in de
actieve periode van de rat, werden ratten gehuisvest in een omgekeerd dag-nacht
ritme, met het licht uit tussen 7.00 en 19.00 uur.
Sociale huisvesting in unisex groepen
Mannetjesratten die samen met vrouwtjes in een kolonie leven, vormen een
hiërarchie, die wordt gevormd door de uitkomsten van agressieve interacties. De
ondergeschikte mannelijke ratten in deze kolonies lijden aan chronische stress.
Alhoewel in ons experiment de mannetjes gehuisvest zijn in unisex groepen zou
agressief gedrag nog steeds voor verhoogde stressniveaus kunnen zorgen in deze
groepen. Onze hypothese was dan ook dat sociale huisvesting in unisex groepen
in de vrouwtjes de effecten van chronische stress op gedrag en zenuwstelsel zou
reduceren. In het experiment, beschreven in de hoofdstukken 2, 3, en 4, werden
mannetjes- en vrouwtjesratten individueel of sociaal gehuisvest in groepen van 4
mannetjes of 4 vrouwtjes. Ratten in de stressgroep kregen 3 weken lang footshockstress terwijl de vergelijkbare controlegroepen in kooien werden gezet maar geen
footshocks kregen. Van elke sociale groep werden 2 ratten blootgesteld aan stress
terwijl de andere 2 dieren een controlebehandeling kregen. Elke rat werd op 4
tijdstippen (na 1, 7, 14 en 21 dagen) onderworpen aan een open field test om na
te gaan welke gedragsveranderingen konden worden voorkomen door sociale
huisvesting.
Ratten waren, onverwacht, meer actief in de open field, en met name in de eerste
minuut na chronische stress. Dit was het duidelijkst voor de individueel gehuisveste
vrouwtjes, terwijl sociaal gehuisveste vrouwtjes geen activiteitsverandering lieten
zien. Dit geeft aan dat bij vrouwtjes sociale huisvesting de effecten van stress op
het gedrag kan voorkomen. Geïsoleerde controlevrouwtjes, in tegenstelling tot
sociale controlevrouwtjes, toonden ook een toename in loopactiviteit, wat er op
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duidt dat isolatie op zichzelf al stressvol is voor vrouwtjes. Bij de mannetjes lieten
alleen de individueel gehuisveste ratten geen verandering zien in open field activiteit.
Dit suggereert dat deze mannetjes waarschijnlijk de enige ‘stressvrije’ groep van de
mannetjes vormden en dat zowel sociale controle als gestresste mannetjes stress
hebben ervaren, en dat sociale huisvesting eerder de stressniveaus verhoogt dan
verlaagt. De onverwachte verhoging in loopactiviteit kan veroorzaakt zijn door de
manier waarop de open field test is uitgevoerd, namelijk in de actieve periode van de
rat en ongeveer 16 uur na de vorige stresssessie, dit in tegenstelling tot veel andere
studies die testen tijdens de lichtperiode en kort na de stress.
Het gewicht van de bijnieren, het orgaan dat het stresshormoon corticosteron
produceert, wordt algemeen gezien als een goede maat voor de chronische impact
van stress. Sociaal gehuisveste mannetjes en individueel gehuisveste vrouwtjes
laten vergrote bijnieren zien na chronische stress. Wat toont dat deze groepen
blijkbaar het meest te lijden hadden van stress. Dit komt overeen met de gevonden
gedragsveranderingen.
Twee uur na de laatste stresssessie werden de ratten opgeofferd en werd
in de hersenen, door middel van een immunologische kleuring, gekeken naar
hersenactiviteit (c-Fos) in response op de psychologische stress van het verblijf in
de stressbox. Alle ratten toonden na stress een verhoging van activiteitsmarker Fos
in de paraventriculaire nucleus van de hypothalamus (PVN), het beginpunt van de
HPA-as in de hersenen, wat aangeeft dat de stressbox na 3 weken nog steeds door
de dieren als stressor werd ervaren. De meest in het oog springende veranderingen
in hersenactiviteit als gevolg van stress en huisvestingcondities vonden plaats in de
dorsale raphe-kern. Fos-expressie in de dorsale raphe-kern (de oorsprong van het
serotoninesysteem) gaf een normale stressgeïnduceerde verhoging in expressie in
individueel en sociaal gehuisveste mannetjes, maar in vrouwtjes toonden alleen de
sociale vrouwtjes een verhoging in raphe-activiteit na stress. Dit zou bij geïsoleerd
gehuisveste vrouwtjes kunnen duiden op het falen van de raphe-kern om te reageren
op stress, wat gerelateerd zou kunnen worden aan een disfunctie in het serotoninesysteem bij depressieve patiënten (N.B. antidepressiva verhogen het serotoninegehalte
in de hersenen). Mannetjesratten lijken meer resistent te zijn tegen stress en ook de
raphe-kern in mannetjes is nog in staat om een normale stressresponse te geven
na 3 weken (met name geïsoleerde mannetjes), dit in tegenstelling tot geïsoleerde
vrouwtjes. Sociale huisvesting lijkt bij vrouwtjes deze disfunctie te voorkomen.
Veel hersengebieden in sociaal gehuisveste controlemannetjes toonden een
activatiepatroon dat erg leek op dat van gestresste ratten, terwijl dit niet het geval
was bij vrouwtjes. Dit duidt er op dat mannetjes sociale huisvesting met andere
mannetjes als stressvol ervaren.
Neurogenese is het ontstaan van nieuwe neuronen in de hersenen. In tegenstelling
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tot wat lang gedacht is, gebeurt dit niet alleen tijdens de ontwikkeling maar komt dit
ook nog voor in volwassen hersenen. Neurogenese in het volwassen brein komt
voor in 2 gebieden, waarvan de dentate gyrus (DG) van de hippocampus de meest
relevante is voor dit onderzoek. De hippocampus is onder andere betrokken bij het
ruimtelijk geheugen. Ratten die blootgesteld zijn aan stress tonen een reductie van
het aantal nieuwe neuronen dat geboren wordt in de DG, terwijl behandeling met
antidepressiva het aantal juist doet toenemen.
Om het aantal nieuw geboren neuronen te bepalen werden alle ratten geïnjecteerd
met de stof BrdU. Deze stof wordt ingebouwd in het DNA van een cel op het
moment dat die zich deelt en kan later zichtbaar gemaakt worden in de hersenen.
Ratten kregen BrdU gedurende de eerste week van het stressprotocol, waardoor
het aantal BrdU-positieve cellen een weergave was van het aantal overlevende
nieuwgeboren cellen na 3 weken stress. Van mannetjesratten is bekend dat stress de
vorming van nieuwe neuronen onderdrukt, maar wat het effect van stress was op
neurogenese in de DG van vrouwtjes ratten was onbekend. Om vast te stellen of
verschillen in het aantal BrdU-positieve cellen na 3 weken stress het gevolg waren van
een verandering in deling of overleving, werd een aantal vrouwtjesratten direct na
toediening van BrdU opgeofferd na 7 dagen stress. Op deze manier kon onderzocht
worden of stress en sociale huisvesting een effect hadden op de geboorte van
nieuwe neuronen (Hoofdstuk 4).
Chronische stress verminderde het aantal nieuwgevormde neuronen in de
DG van geïsoleerde mannetjes, wat overeenkomt met data uit de literatuur.
Sociale huisvesting toonde, in tegenstelling tot gedrag en Fos-expressie, wel een
stressreducerend effect, en was in staat om de door stress geïnduceerde reductie van
het aantal nieuwgevormde neuronen te voorkomen. In vrouwtjesratten, tot onze
verrassing, resulteerde 3 weken stress in een toename van BrdU-positieve cellen,
wat werd voorkomen door sociale huisvesting. Zeven dagen blootstelling aan stress
en sociale huisvesting had geen effect op het aantal nieuwgeboren neuronen in de
DG. Hieruit valt af te leiden dat de toename die werd gevonden in geïsoleerde
vrouwtjes na 3 weken het gevolg was van een toename in overleving en niet het
gevolg van een toename in de deling. Men zou kunnen speculeren dat deze nieuwe
neuronen ingebouwd worden in het hippocampale hersencircuit dat betrokken is
bij de stressbeleving, en dat het hebben van meer nieuwe neuronen in dat geval niet
gunstig is, maar de gevolgen van stress op lange termijn alleen maar versterken.
Sociale huisvesting in man-vrouw paartjes
Sociale huisvesting in unisex groepen was met name bij vrouwtjes in staat om
de effecten van chronische stress te verminderen of soms zelfs op te heffen, maar
leek bij mannetjes eerder de effecten te versterken. In dit vervolgexperiment hebben
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we gekeken naar de effecten van sociale huisvesting in paartjes van een mannetje
en een vrouwtje. De verwachting was dat de aanwezigheid van een vrouwtje een
positief effect zou hebben bij mannetjes, omdat agressieve interacties in deze
situatie niet voorkomen. Bij vrouwtjes zou de constante aanwezigheid van een
mannetje de effecten van stress kunnen versterken door continue seksuele avances
van het mannetje. Een vrouwtjesrat is om de 4-5 dagen in oestrus, en alleen dan wil
ze paren. Om het vrouwtje een kans te geven zich te verschuilen, werd een PVC
buis in de kooien geplaatst. Om zwangerschap te voorkomen, werden de mannetjes
gesteriliseerd. Ook in dit experiment werd een open field test gedaan (op dag 2, 14
en 21) met een kleine aanpassing, namelijk de ‘bekende’ buis uit de thuiskooi van
elke rat werd in de open field geplaatst. De hypothese was dat meer stress zou leiden
tot een langer verblijf in de buis.
Hoofdstuk 5 beschrijft de gedrags- en endocriene veranderingen in deze paartjes
ten opzichte van geïsoleerde dieren. Chronische stress resulteerde in een toename in
loopactiviteit, wat net als in het eerste experiment het duidelijkst was in individueel
gehuisveste vrouwtjes. Terwijl chronisch gestresste mannetjes inderdaad meer tijd
in de buis doorbrachten, een respons die kon worden voorkomen door sociale
huisvesting, brachten gestresste vrouwtjes juist minder tijd in de buis door. Het
vorige experiment (beschreven in de hoofdstukken 2, 3 en 4), en bijniergewichten
uit dit experiment, toonden dat geïsoleerde vrouwtjes het meest gestresst waren,
terwijl deze vrouwtjes de minste tijd in de buis doorbrachten. Sociaal gehuisveste
controlevrouwtjes brachten gaandeweg echter steeds meer tijd door in de buis.
Terwijl bij mannetjesratten sociale huisvesting deze stressresponse kon voorkomen,
was dit bij de vrouwtjes niet het geval, alhoewel de aanwezigheid van een mannetje
als kooigenoot wel beter was voor de stressverwerking dan isolatie. Een gestresste
kooigenoot had geen gevolgen voor het gedrag in de open field van vrouwtjes,
maar mannetjes met een gestresste vrouwelijke partner brachten meer tijd in
de buis door. Alhoewel een gestresste partner het gedrag van het mannetje wel
veranderde, was dit niet terug te vinden in de bijniergewichten. Blijkbaar had
een gestresste vrouwelijke kooigenoot geen langdurige consequenties voor het
mannetje. Chronische stress verhoogde de bijniergewichten van individueel en
sociaal gehuisveste mannetjes. Sociaal gehuisveste mannetjes hadden echter grotere
bijnieren dan de geïsoleerde mannetjes, terwijl de gedragsdata aantonen dat sociale
huisvesting een stressreducerende invloed had. Het is uit de literatuur bekend dat
ook seksuele interacties de bijnieren van mannetjes kunnen vergroten. Dit zou een
verklaring kunnen zijn voor de grotere bijnieren van sociaal gehuisveste mannetjes.
Uit de bijniergewichten van de vrouwtjes blijkt ook dat de geïsoleerde dieren de
meeste stress ondervonden. Chronische stress vergrootte de bijnieren van sociaal
gehuisveste vrouwtjes, maar had geen effect op het bijniergewicht van geïsoleerde

Nederlandse samenvatting

vrouwtjes. Maar zowel controle- als gestresste geïsoleerde vrouwtjes hadden grotere
bijnieren dan sociaal gehuisveste vrouwtjes.
De neurobiologische effecten van sociale huisvesting van een mannetje met een
vrouwtje zijn beschreven in hoofdstuk 6. Sociaal gehuisveste ratten toonden de
grootste verandering in c-Fos expressie (maat voor hersenactiviteit) na chronische
stress. Onverwacht was dat de geïsoleerde ratten bijna geen stressgeïnduceerde
toename van de Fos-expressie lieten zien, terwijl gedrag en bijnieren duidelijk
toonden dat deze ratten wel leden onder de stress. Dit zou verklaard kunnen
worden door de aanwezigheid van de buis in de thuiskooi. Het is mogelijk dat de
gelegenheid om weg te kruipen in de buis na een stresssessie, het signaal ‘veilig’ geeft
en vervolgens de expressie van Fos remt. Alhoewel sociaal gehuisveste ratten ook
een buis in de thuiskooi hadden, ontbrak de gelegenheid om stilletjes in de buis weg
te kruipen, omdat dit werd verstoord door sociale interacties tussen het mannetje en
het vrouwtje na terugplaatsing in de thuiskooi.
Recente bevindingen tonen aan dat depressieve patiënten een verminderde
hersenplasticiteit hebben. Verandering van plasticiteit kan o.a. bepaald worden door
middel van pCREB expressie in hersenen. Dit stofje is o.a. betrokken bij leer- en
geheugenprocessen. Bij depressieve patiënten zijn verlaagde niveaus van pCREB
gemeten in verschillende hersengebieden terwijl patiënten die succesvol behandeld
waren met antidepressiva geen verlaging lieten zien. In ratten verlaagt chronische
stress de expressie van pCREB. Antidepressiva verhogen de pCREB-expressie. Om
de mogelijke ‘antidepressieve’ effecten van sociale huisvesting te onderzoeken zou
de pCREB-expressie dus een goede maat kunnen zijn.
Bij geïsoleerde mannetjes had chronische stress geen invloed op de pCREBexpressie in de dentate gyrus van de hippocampus (DG), terwijl sociaal gehuisveste
chronisch gestresste mannetjes juist een verhoogde pCREB-expressie lieten zien, wat
in deze groep zou kunnen duiden op een toegenomen stressresistentie. Geïsoleerde
vrouwtjes toonden een reductie in pCREB-expressie. Ook sociaal gehuisveste
vrouwtjes hadden een gereduceerde expressie van pCREB in de DG, alhoewel deze
iets hoger was dan bij geïsoleerde vrouwtjes.
Deze gegevens sluiten aan bij de gedragsdata en laten zien dat bij mannetjes
maar niet bij vrouwtjes huisvesting met een partner van de andere sekse de effecten
van chronische stress kan voorkomen. Ook bleek dat voor een vrouwtjesrat een
mannelijke kooigenoot beter is dan isolatie.

Conclusie
Mannetjes- en vrouwtjesratten reageren verschillend op chronische stress
en verschillen ook in de invloed die sociale huisvesting hierop heeft. De impact
van chronische stress bij mannetjes is verminderd wanneer hij een vrouwtje als
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kooigenoot heeft, maar niet als de kooigenoten mannetjes zijn. Vrouwtjes zijn
juist gebaat bij de aanwezigheid van andere vrouwtjes, maar niet bij een mannetje
als kooigenoot. Ook lijkt isolatie op zichzelf niet heel stressvol te zijn voor een
mannetje, terwijl dit voor vrouwtjes wel het geval is.
Onze experimenten tonen aan dat sociale huisvesting een grote impact heeft
op hoe een rat met chronisch stress omgaat, en dat dit verschilt tussen mannetjes
en vrouwtjes. Deze effecten zijn terug te vinden in het gedrag van het dier en in de
hersenen. Sociale huisvesting van ratten tijdens chronische stress lijkt dus een goed
model om de neurobiologische mechanismen van ‘sociale steun’ op het verloop van
affectieve stoornissen te onderzoeken.

152

Nederlandse samenvatting

153

Dankwoord
154

Het leek zo lang aan het begin, 4 jaar, het zijn er uiteindelijk 5 geworden en ze zijn
voorbijgevlogen. Ik wil iedereen bedanken die deze tijd tot een erg leuke en gezellige tijd
heeft gemaakt.
Verder wil ik allereerst Gert bedanken voor zijn enthousiaste begeleiding de
afgelopen 5 jaar. Dankzij jou is de aiodip uitgebleven, ook toen na anderhalf jaar
werd besloten om te stoppen met mijn promotieproject. Je gaf me de kans om mee te
doen met het chronische stress model en hierbinnen een nieuwe project te starten, zie
hier het eindresultaat. Binnen mijn aio-periode ben je van UD via UHD tot professor
gepromoveerd, ik vind het dan ook erg leuk dat je nu mijn 1e promotor kunt zijn. We
hebben heel wat afgekletst en bediscussieerd de afgelopen jaren. Ook heb je een jaar
verlenging weten te regelen, zonder deze extra tijd was dit boekje niet afgekomen. En
niet te vergeten, dankjewel voor het aanstellen van mij als postdoc!
Hans en Jaap, bedankt voor de leuke en verhelderende discussies, en het doorlezen
en becommentariëren van mijn manuscripten.
Tineke, samen met jou waren de vele uren die ik in mijn beginperiode als aio heb
doorgebracht in het CDL erg gezellig. Naast alle hulp bij het wegen, injecteren en testen
van alle ratten, ging de tijd ook een stuk sneller door het samen becommentariëren en
bediscussiëren van de belevenissen van de dj’s van 3 FM waar de ratten en wij dus ook
naar luisterden. Dank je wel.
Kor, Rikje, Folkert en Tineke bedankt voor alle hulp tijdens het praktische werk op
het lab en de gezellige koffie- en thee pauzes. En niet te vergeten, Folkert bedankt voor
het voorstellen en ophalen van m’n huisdiertje. Gea, Marjolein, Petra, Dirk, Gabor,
Kirsten, Minke, Marieke, Charmaine en niet te vergeten alle studenten die in de loop van
de tijd bij de biologische psychiatrie gewerkt hebben, de koffie- lunch- theepauzes, en
borrels waren (en hopelijk blijven) erg gezellig. Marjolein, samen met jouw naar SBN in
Amherst was erg gezellig. Die kreeft heeft toch wel indruk gemaakt. Andrea, since you
never learned to speak Dutch during the 41⁄2 years we were colleagues and roommates
(maybe I should have talked to you in Dutch more often), I’ll do this in English. Thank
you for the interesting and often very long, sometimes frustrating, discussions. But they
were fun. Ook Sjoukje bedankt voor de leuke samenwerking, en natuurlijk de discussies
die we samen met Andrea gehad hebben. Veel succes in Noorwegen. Veel studenten
hebben meegeholpen met het doen van de experimenten en het verzamelen van alle
gegevens, dank jullie wel.
Bauke, dank je wel voor je hulp met de fluorescentiekleuring en analyse. En Arjen
dank je voor alle instructie voor het gebruik van de CLMS, en het verhelpen van de
regelmatige problemen die ik had met de microscoop.

155

Alle statistiek in dit proefschrift was nooit gelukt zonder de hulp van Marijtje van
Duijn en Tom Snijders van PPSW. Marijtje bedankt voor de SPSS syntax, waardoor de
statistiek een heel stuk sneller ging. En Tom heel erg bedankt voor de vele uren die je
aan mijn data hebt besteed en het verdragen van mijn, vast regelmatig, onbegrijpende
blikken jouw kant op.
Jelly, erg aardig van je dat je de aio-plek waar ik nu op promoveer afgewezen hebt
5 jaar geleden. We zijn bijna tegelijkertijd als aio begonnen, en konden hierdoor mooi
onze aiofrustraties delen, vaak na een film met een biertje erbij. Laten we dit er vooral
inhouden (met in plaats van aiofrustraties waarschijnlijk post-doc en juffrustraties).
Annemieke, samen gestudeerd en bijna gelijk aan onze aiobaan begonnen, en nu
iets na elkaar ‘Doctor’. Ik ben blij dat je nu mijn paranimf bent. De weekenden weg en
de vakanties waren altijd een prima manier om te ontspannen, laten we dat vooral nog
meer doen.
Sia, we zijn al vanaf de middelbare school vriendinnen. Ik vind het erg leuk dat
je mijn paranimf wilt zijn (kunnen we samen zenuwachtig zijn, en dat buigen komt
helemaal goed). De vele schouwburg- en concertbezoeken, en niet te vergeten Lowlands,
waren een goede bron van ontspanning. En dank je wel voor het altijd willen passen op
de planten en Fantus als ik op congresbezoek was.
Claudia, Marianne en Sia, de filmavonden en beauty-uitjes waren erg gezellig, laten
we dat vooral voortzetten.
Wim, zonder jouw hulp was de layout van mijn proefschrift een stuk minder mooi
geworden. Dank je wel voor het willen fungeren als helpdesk bij het oplossen van mijn
InDesign-problemen.
Sylvia heel erg bedankt voor het willen maken van de tekening op de voorkant van
mijn proefschrift. Ik ben erg blij dat je ondanks je bezwaren tegen proefdiergebruik het
toch hebt willen doen.
Pap en mam, heel erg bedankt voor de onvoorwaardelijke steun die jullie gegeven
hebben, zonder was ik vast niet zo ver gekomen.
Nu zijn dan de laatste woorden ingetikt en is het echt af! Toch nog heel onwerkelijk.
Ik kan nu echt voor de volle 100% beginnen aan mijn post-doc baan. Iedereen heel erg
bedankt en ik hoop op een net zo leuke voortzetting.

BEDANKT!!!
156

Publications & Abstracts
C. Westenbroek, J.A. Den Boer and G.J. Ter Horst. Gender-specific effects of social
housing on chronic stress-induced limbic fos expression, Neuroscience, 121, 189-199, 2003.
C. Westenbroek, G. J. Ter Horst, M. H. Roos, S. D. Kuipers, A. Trentani, J. A. Den Boer.
Gender-specific effects of social housing in rats after chronic mild stress exposure. Prog.
Neuropsychopharmacol. Biol. Psychiatry 27, 21-30, 2003.
M. Gerrits, C. Westenbroek, D. S. Fokkema, M.E. Jongsma, J.A. Den Boer, G.J. Ter Horst.
Increased stress vulnerability after a prefrontal cortex lesion in female rats
Brain Research Bulletin, 61, 627-635, 2003.
C. Westenbroek, T. A. B. Snijders, J. A. Den Boer, M. Gerrits, D. S. Fokkema and G.J. Ter
Horst. Pair-housing of male rats and female rats during chronic stress exposure results in
gender-specific behavioral responses. Submitted to Hormones & Behavior
C. Westenbroek, J.A. Den Boer, M. Veenhuis, G.J. Ter Horst. Chronic stress and social
housing differentially affect neurogenesis in male and female rats. Submitted to Brain Research
Bulletin
C. Westenbroek, G. J. Ter Horst. T. A. B. Snijders, M. Gerrits, D. S. Fokkema and J. A. Den
Boer. Differential effects of chronic stress on Fos-reactivity and phospho-CREB expression
in isolated and pair-housed male and female rats. Submitted
A. Sgoifo, S. F. de Boer, C. Westenbroek, F. W. Maes, H. Beldhuis, T. Suzuki, J. M. Koolhaas.
Incidence of arrhythmias and heart rate variability in Wild Type rats exposed to social stress.
American Journal of Physiology 273: H1754-60,1997.

C. Westenbroek, M. Gerrits, J.A. Den Boer, G.J. Ter Horst. Chronic stress coping in isolated
and socially housed male and female rats. Soc. Neuroscience Abstracts 2002. (selected for
pressbook of Soc. Neuroscience USA).
C. Westenbroek, J.A. Den Boer, J. Korf, M.H. Roos, G.J. Ter Horst. Gender-specific effects
of ‘social support’ in rats after chronic stress. (Soc. Neuroscience Abstracts 2001. (selected
for press conference of Soc. Neuroscience USA).

157

158

159

