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Chapter 1
General Introduction

Based on: Does midbrain urocortin 1 matter? A 15-year journey from stress (mal)adaptation
to energy metabolism. A review
Tamás Kozicz, Linda Sterrenburg, Lu Xu

Stress (2011) 14:376-383
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Chapter 1

Human major depressive disorder (MDD) is characterized by a period of at least two weeks
in which the patient experiences minimally five (out of nine) core depressive symptoms
(Association, 2000). MDD is a major problem in our society as every year 5-8% of the adult
world population is suffering from a depressive episode and the lifetime risk for MDD is
estimated around 15-20% (Andlin-Sobocki and Wittchen, 2005; Murray and Lopez, 1997;
Wittchen and Jacobi, 2005; Wittchen et al., 2011). The consequences of this disorder are
substantial as they include, besides the symptoms that disable a person, suicide behavior,
and increase the risk to develop other disorders like cardiovascular disorders, dementia and
obesity (Evans et al., 2005; Heuser, 2002; Kessler and Wang, 2008; Schulz et al., 2000;
Wolkowitz et al., 2011). Interestingly, women are twice as frequently affected by MDD as
men (Gorman, 2006; Kessler, 2003). Furthermore, the resistance to MDD treatment is high,
as only half of the patients respond positively to medication (Gaynes, 2009; Rush et al.,
2009). Although significant efforts have been made in the last couple of decades to improve
MDD diagnosis and therapy, the understanding of the disorder is still limited. The presence
of various symptoms that differ between patients further complicates the development of
drugs to treat MDD. Clearly, studies aimed to obtain better insight into the neuronal basis of
the etiology of MDD are urgently needed, and may benefit from better knowledge about the
sex-specificity of the brain regions involved in the disorder. This PhD thesis research has
been performed to contribute to this aim. It is assumed that various factors may lead to
depressive behavior, such as genetic predestination, adverse life experiences, pain and
stress (Blackburn-Munro and Blackburn-Munro, 2001; Heim and Binder, 2012; Keller, 2007;
Lohoff, 2010; Rouwette, 2012). In the animal studies reported in this thesis, attention has
been focused on an important cause of depression: the inability to cope with stressors (De
Kloet et al., 2005; Lloyd and Nemeroff, 2011; McEwen, 2007).
The stress response
Throughout life, organisms are confronted with changes in their internal and external
environment that challenge the equilibrium the organisms have to maintain in order to
survive and reproduce. The process of maintaining this equilibrium is called allostasis and
provides stability through change (Ganzel et al., 2010; Juster et al., 2011; McEwen and
Gianaros, 2010, 2011). Allostasis provides a way to continuously evaluate the match
between internal resources and external demands so that physiological adjustments can be
made in anticipation of stress exposure. This process can result in an adequate stress
response to adapt to the circumstances and to the creation of new set points. The
physiological cost of this new balance between system parameters following stress exposure
is called allostatic load. Responses that contribute to allostatic load can be repeatedly
activated, non-habituating, prolonged or inadequate. When allostatic load becomes too high
it can result in chronic dysregulation of allostasis, which can affect mental and physical
health (Ganzel et al., 2010; Juster et al., 2011; McEwen and Gianaros, 2010, 2011).
Stress triggers the rapid activation of the sympathetic-adrenal-medullary-axis, which
results within seconds in the release of noradrenaline and adrenaline, to counteract the
acute stressor. When the stressor continues, within minutes the hypothalamo-pituitary
adrenal (HPA)-axis becomes activated, a process discussed in detail below. HPA-axis
activation leads to the release of corticosteroids (corticosterone in rodents and cortisol in
9

General Introduction

Chapter 1

humans) that contributes to the physiological stress response (e.g., increased alertness and
activation of metabolism and circulation). The stress response is eventually terminated by
corticosteroids via a negative feedback (Fig. 1). Not only the initiation but also the timely
termination of the stress response is essential for the organism, as prolonged exposure to an
increased corticosteroid titer while the stressor has already disappeared is a waste of energy
and may be harmful to the organism (De Kloet et al., 2005; McEwen, 2007).
Stress and the paraventricular nucleus of the hypothalamus
As mentioned above, activation of the HPA-axis is a main component of the stress response.
When an animal launches an endocrine stress response, corticotropin-releasing factor (CRF)
is released from the paraventricular nucleus of the hypothalamus (PVN) in response to a
stressor. CRF stimulates corticotrope cells in the anterior lobe of the pituitary gland to
secrete adrenocorticotropic hormone (ACTH), which in turn triggers the release of
glucocorticoids from the adrenal cortex (Arborelius et al., 1999; Sapolsky et al., 2000; Vale et
al., 1981) (Fig. 1). The glucocorticoids can bind to mineralocorticoid and glucocorticoid
receptors (MR and GR, respectively). After disappearance of the stressor the HPA-axis
response is terminated by a negative feedback mechanism, which consists of adrenal
glucocorticoids that inhibit CRF release from the PVN and ACTH release from the pituitary
gland (Reul and De Kloet, 1985). The action of CRF on the pituitary is mediated via the high
affinity CRF1 receptor (Chen et al., 1993; Lovenberg et al., 1995; Vaughan et al., 1995).
Link between depression and stress
Stress is thought to be a contributing factor for depression. In humans the experience of
stressful life events, also in early life, increases the risk to develop MDD, although the actual
outcome also depends on genetic factors (Gold et al., 1988; Heim and Binder, 2012; Keller et
al., 2007; Wilkinson and Goodyer, 2011). A long-lasting elevated cortisol titer may be
harmful for an individual, as appears from the fact that such a titer is displayed by depressed
patients (Gibbons and McHugh, 1962; Gillespie and Nemeroff, 2005; Parker et al., 2003). In
addition, such patients reveal an increased number of CRF-expressing neurons in the PVN,
the main regulator of the HPA-stress axis (De Kloet et al., 2005; Joëls and Baram, 2009;
McEwen, 1998; Raadsheer et al., 1994).
Animal models for stress research
To study the stress response, several animal models are used, most of which can be divided
in acute and chronic models. Most studies have been performed with rats and mice, as it is
assumed that data obtained from these rodents are (to some extent) applicable to the
human situation. Furthermore, rodents are relatively easy to breed under laboratory
conditions and, moreover, mice can relatively easily be genetically modified to study the role
of particular genes and gene products in the stress response.
During acute stress, an animal is exposed to the stressor only once and for a short
period of time. Acute stressors can be divided in psychological or physiological (Dayas et al.,
2001; Sawchenko et al., 2000). Examples of acute physiological stressors are ether vapor,
10
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hemorrhage, osmotic load and lipopolysaccharide application, while restraint and
immobilization are psychological stressors. At the rodent behavioral level acute stressors
mostly induce temporary anxiety-like behavior but not long-lasting depressive behavior
(Jakovcevski et al., 2008; Liu et al., 2007).
Depressive behavior of rodents can be induced by chronic stressors, i.e., repeated
exposure to strong stressors for a prolonged period (some weeks or longer). When the
stressor is the same every day (chronic predictable stress) the corticosterone response
gradually habituates and the animal adapts to the new situation (Delgado-Morales et al.,
2012; Girotti et al., 2006). However, when the kind of stressor differs daily (chronic
unpredictable stress) animals may fail to adapt (Schmidt et al., 2007, 2009; Willner, 2005;
Willner et al., 1992), a situation not uncommon in animal and human life.
A well-validated animal model for stress research involving chronic unpredictable
stress is the rat chronic variable mild stress (CVMS) model. In this model, rats are subjected
for a prolonged period to a series of unpredictable mild stressors such as isolation, inverted
day-night cycle and wet bedding (Deussing, 2006; Willner, 2005; Willner et al., 1992). CVMS
induces several depression-associated symptoms such as an increased corticosterone titer,
weight loss, anhedonia (the inability to experience pleasure), learned helplessness and
depressive-like behavior (immobility) as revealed by the forced swim test (Deussing, 2006;
Willner, 2005; Willner et al., 1992). A mouse model to study chronic stress responses is the
chronic social stress model. This involves a twice a week change of the social hierarchy in
the animal’s home cage, which increases the corticosterone titer and anxiety-like behavior
(Schmidt et al., 2007, 2009). Another mouse model is the chronic social defeat stress model,
in which mice are repeatedly confronted with aggressive mice from another strain. This
results in avoidance behavior, weight loss and increased immobility, as shown in the forced
swim test (Berton et al., 2006; Kudryavtseva et al., 1991).
In most of this PhD thesis research the Wistar rat has been used as a rat strain. It
has been exposed to acute restraint stress and to CVMS to investigate its stress response.
Furthermore, Brattleboro rats have been studied after exposure to acute ether stress.
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Figure
1.
Scheme
of
the
hypothalamo-pituitary-adrenal axis.
Upon exposure to a stressor,
corticotropin-releasing factor (CRF)
from the paraventricular nucleus
(PVN) stimulates adrenocorticotropic
hormone (ACTH) release from the
pituitary gland, which results in
adrenal release of corticosteroids.
These exert feedback on the pituitary
and PVN to terminate the stress
response. (Modified after Paxinos and
Watson, 1997.)

Stress and arginine-vasopressin
Next to the “stress neuropeptide” CRF, the neuropeptide arginine-vasopressin (AVP)
influences the release of ACTH. AVP is produced in the PVN and co-expressed with CRF
(Sawchenko et al., 1984a,b). Under normal physiological conditions the effect of AVP on
ACTH release is limited (Favrod-Coune et al., 1993). However, in response to stress, AVP
works as a co-activator of CRF and enhances ACTH and, hence, cortisol release (Aguilera,
1994, 1998; Aguilera et al., 2008; Gispen-de Wied et al., 1992; Lightman and Young, 1988;
Ono et al., 1985). The strength of this AVP action depends on the kind of stressor, being
weak in response to an acute stressor but strong upon chronic stress exposure (Aguilera et
al., 2008; Roper et al., 2011).
AVP acts on its targets via three major receptor types. The V1a receptor is present in
smooth muscle and liver, the V1b receptor occurs in the pituitary gland and the V2 receptor
is mainly found in the kidney, where it is involved in water resorption (antidiuresis) (Lolait et
al., 1995; Roper et al., 2011). Besides its peripheral presence, V1a also exists in several
regions of the brain where it is involved in the control of various neuroendocrine and
behavioral processes (Landgraf, 2006; Ostrowski et al., 1992; Szot et al., 1994).
AVP is not only produced by the PVN but also in the supraoptic nucleus,
suprachiasmatic nucleus, bed nucleus of the stria terminals (BST) and medial amygdala (De
Vries and al-Shamma, 1990; Rood and De Vries, 2011). Possibly, AVP from the latter brain
12
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areas modulates the stress response separately from its direct action on the HPA-axis, via
projections to stress-sensitive brain regions like the central amygdala and the hippocampus.
The BST and CeA control the PVN
The activity of the PVN is controlled by several brain areas, in particular by the oval and
fusiform subdivisions of the BST (BSTov and BSTfu, respectively) and the central amygdala
(CeA) (Herman et al., 1994, 2005). All three areas are located in the forebrain and play roles
in the stress adaptation process, as appears from the fact that 1) all produce the stress
peptide CRF (Gray, 1993; Merchenthaler et al., 1982; Morin et al., 1999; Swanson et al.,
1983) and contain CRF1 receptors (Van Pett et al., 2000), 2) acute stressors (e.g., single
defeat and restraint) induce expression of the immediate early gene (IEG) product c-Fos,
which indicates their stress-induced transcriptional activation (Dayas et al., 2001; Ito et al.,
2009; Martinez et al., 1998; Radley and Sawchenko, 2011; Radley et al., 2009), 3) chronic
stress increases the CRF mRNA content of the BSTov and CeA, which suggests increased
CRF secretion by these regions (Albeck et al., 1997; Kim et al., 2006), 4) a lesion study
suggests that the dorsal BST, which encompasses the BSTfu and BSTov, mediates the acute
stress-induced c-Fos expression in the PVN and, hence, the corticosterone response (Choi et
al., 2007), and 5) similarly, lesioning the CeA decreases the ACTH and corticosterone
response upon immobilization stress (Beaulieu et al., 1986). Interestingly, also here AVP
seems to be involved, controlling the BSTov, BSTfu and CeA. This appears from the following
observations: 1) the BSTfu contains AVP-immunoreactive fibers, which indicates that it
receives AVP input (from an unknown source) (Rood and De Vries, 2011), 2) CeA neurons
become excited upon application of AVP (Huber et al., 2005; Viviani and Stoop, 2008), and
3) the BSTfu, BSTov and CeA all contain the V1a receptor, which suggests that these regions
can be modulated by AVP (Ostrowski et al., 1992; Young et al., 2000).
The Edinger-Westphal nucleus
Besides the above-mentioned stress-sensitive forebrain nuclei, research by our group
(Kozicz, 2007; Kozicz et al., 2011b) and by others (Spangler et al., 2009; Weninger et al.,
2000) suggests that the midbrain centrally projecting Edinger-Westphal nucleus (EWcp;
Kozicz et al., 2011a) is also involved in the stress response. For this reason, this nucleus is a
main area of interest in this PhD thesis research. The EWcp produces urocortin 1 (Ucn1)
(Bittencourt et al., 1999; Calle et al., 2005; Iino et al., 1999; Kozicz et al., 1998, 2002;
Ryabinin et al., 2005), which is a member of the CRF family of neuropeptides and has a
sequence identity of 45% with CRF (Vaughan et al., 1995). In rodents, Ucn1 neurons in the
EWcp are activated by a wide variety of acute stressors and show a strong upregulation of cFos and of Ucn1 mRNA (Gaszner et al., 2004; Kozicz, 2007, 2009; Kozicz et al., 2001, 2011b;
Weninger et al., 2000). Chronic stressors also activate EWcp-Ucn1 neurons. These stressors
include both predictable/repeated stressors like chronic ether stress, and chronic
unpredictable/variable stressors such as CVMS (Korosi et al., 2005; Xu et al., 2010). The
stimulatory effect on Ucn1 mRNA is stressor-specific since chronic variable stress increases
Ucn1 mRNA (Derks et al., 2010) and chronic ether stress does not (Korosi et al., 2005).
13
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Sex-specificity of the stress response and depressive behavior

In spite of the clearly higher prevalence of MDD in women, the underlying neural mechanism
of this sex-dependency is largely obscure, possibly because most animal studies on the
relation between stress and depression have been carried out in males. Nevertheless, the
studies that included female rodents have indicated that prenatal stress of the mother has a
differential effect on the brain of female and male offspring. In male rats, in particular the
hippocampus and learning processes are affected, whereas in female rats HPA-axis activity
and anxiety- and depression-like behavior are stimulated (Alonso et al., 1991; Keshet and
Weinstock, 1995; Weinstock, 2007). Maternal separation stress increases the CRF content of
the PVN only in female rats (Desbonnet et al., 2008) whereas footshock stress stimulates
learned helplessness in males but not in females (Dalla et al., 2008; Jenkins et al., 2001).
Furthermore, in response to various stressors female rats show higher ACTH and
corticosterone titers than males (Gaszner et al., 2009a; Handa et al., 1994; Taylor et al.,
2011; Xu et al., 2010) and these titers remain elevated (McCormick et al., 2002). Also at the
behavioral level female rats differ from males in their stress response, as females show more
immobility in tests for depressive-like behavior (Bale and Vale, 2003). These data together
indicate that female rodents are more responsive to stressors than males.
A limited number of studies have focused on possible sex-specific functioning of brain
regions involved in the stress response. The response to footshock increases the amount of
CRF mRNA in the PVN in female rats but not in male ones (Iwasaki-Sekino et al., 2009).
Furthermore, after chronic variable stress CRF mRNA in the PVN is increased in males but
not in females (Duncko et al., 2001). Also in the EWcp sex differences have been
demonstrated: in mice, males show increased Ucn1 mRNA upon chronic stress (Derks et al.,
2010) whereas in the human EWcp male but not female suicide victims reveal strongly
elevated Ucn1 mRNA contents (Kozicz et al., 2008b). As to the BSTov, BSTfu and CeA, up to
now, sex-dependent effects of stressors on CRF dynamics have not been reported, but acute
footshock stress appears to evoke a similar increase in CRF mRNA in the CeA of female and
male rats (Iwasaki-Sekino et al., 2009).
Circuitry of brain centers involved in the stress response
The above-mentioned stress-sensitive brain areas do not act independently from each other,
but form a well-orchestrated network of neuronal circuitries that are either complementary
or have a hierarchic organization (for review see Joëls and Baram, 2009; McEwen and
Gianaros, 2010), which will be summarized as follows.
The activity of the PVN is under control of various extrahypothalamic regions (Fig. 2).
Among the forebrain regions are the limbic BSTov, BSTfu and CeA, which form part of the
extended amygdala and are connected with each other. Furthermore, the BSTfu has a direct
connection with the PVN (Choi et al., 2007; Cullinan et al., 1993), and the BSTfu is
innervated by the BSTov (Dong et al., 2001b) and by the CeA (Dong et al., 2001a). In
addition, there is a connection between the CeA and the BSTov (Herman et al., 2005;
Sakanaka et al., 1986). CRF is the main neuropeptide in these limbic regions, and, as these
exhibit mainly CRF1 receptors (Van Pett et al., 2000), CRF appears to be the main
neurotransmitter that mediates their mutual interactions. In addition, as indicated above,
14
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also AVP plays a role in the control of the limbic centers and of the PVN (Ostrowski et al.,
1992; Young et al., 2000).
The EWcp does not seem to have any direct connection(s) to the PVN, CeA or BST,
which indicates that this midbrain nucleus does not directly influence HPA-axis activity
(Bittencourt et al., 1999; Kozicz, 2007). However, there is growing evidence that information
from the EWcp is relayed via the dorsal raphe nucleus (DR), with which it is connected (Clark
et al., 2007; Fabre et al., 2011; Kozicz, 2010; Neufeld-Cohen et al., 2010). The DR is the
main source of brain serotonin (5-HT) and its effect on stress-related mood is well
established (Lowry et al., 2008; Michelsen et al., 2008). It sends axons to the CeA, BSTov,
BSTfu and PVN, and may control these centers via various types of 5-HT receptor (Hammack
et al., 2009; Marvin et al., 2010; Saha et al., 2010; Schiller et al., 2003). Therefore, via the
DR and these centers, the EWcp could influence HPA-axis activity (Kozicz, 2010).
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Figure 2. Simplified scheme of the circuitries that connect the limbic central amygdala (CeA), the oval
(BSTov) and fusiform (BSTfu) bed nucleus of the stria terminalis, the hypothalamic paraventricular
nucleus (PVN), the centrally projecting Edinger-Westphal nucleus (EWcp) and the dorsal raphe
nucleus (DR). CRF: corticotropin-releasing factor, CRF1: CRF receptor 1, CRF2: CRF receptor 2, ERα:
estrogen receptor α, ERβ: estrogen receptor β, Ucn1: urocortin 1, V1a: vasopressin 1a receptor, 5-HT:
serotonin, 5-HT R: serotonin receptor. The “?” after some receptors indicates that the presence of
that particular receptor in that region is speculative.
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Epigenetic mechanisms and adaptation

Many stressors affect neuronal functioning not only by rapid depolarizations that lead to fast
release of neurochemical messengers, but also by stimulation or inhibition of long-term
subcellular processes such as gene expression and neurotransmitter biosynthesis. Generally,
these long-term effects can be reversed by removing the stressor, but in some cases the
neurons will be irreversibly affected, with increased vulnerability of the individual for
stressors throughout the rest of its lifetime as a result (McClelland et al., 2011; Sterlemann
et al., 2008). The underlying molecular mechanism responsible for such drastic changes is
not well known. A possible mechanism, not thoroughly investigated, however, is a change in
the epigenetic status of one or more genes involved in the stress response. In such a
situation the degree of gene transcription, and hence of subsequent protein formation, is
altered without a change in DNA sequence (Jaenisch and Bird, 2003; Reik and Dean, 2001).
This is explained as follows. The DNA in the cell nucleus is wrapped around histones that
determine the degree of chromatin packaging and, hence, the ability of the gene to be
transcribed (Fig. 3). Only in the open chromatin state gene transcription is possible. Several
epigenetic mechanisms can alter the state of the chromatin. A well-known mechanism that
increases gene transcription is acetylation of histone tails (Clayton et al., 2006; Spencer and
Davie, 1999). Histone acetylation is performed by histone acetyltransferases (HATs), while
histone deacetylation is catalyzed by histone deacetylases (HDACs) and decreases gene
transcription (Annunziato and Hansen, 2000; Cress and Seto, 2000; Lee and Workman,
2007; Masumi, 2011). Another important epigenetic mechanism, which does not act via
histones, is DNA methylation. In this process specific cytosine-phosphate-guanine (CpG)
islands in the DNA are methylated, which results in decreased gene transcription (Bird, 1986;
Deaton and Bird, 2011).

Figure 3. When many histones are acetylated, the chromatin is in an open state (left). In this state the
basal transcription complex can bind to the DNA and gene transcription occurs. Acetylation is reversed
by histone deacetylases (HDACs), which leads to closed chromatin (right). Then, the transcription
complex cannot bind to the DNA and gene transcription is repressed. Acetylation by histone
acetyltransferases (HATs) opens the chromatin again. (Modified from Tsankova et al., 2007.)
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There are a few indications that epigenetic changes are involved in the stress
response. First, chronic social defeat stress changes the histones in the hippocampus at
promoters of the transcripts of brain-derived neurotrophic factor (BDNF), which become
downregulated (Tsankova et al., 2006). Furthermore, in stress-susceptible mice chronic
social stress decreases methylation of the promoter of the Crf gene in the PVN, which
increases neuronal CRF mRNA contents (Elliott et al., 2010).
Aim of this PhD thesis research
The aim of the research described in this PhD thesis was to obtain more insight into the
functioning of the stress-sensitive PVN, limbic regions and EWcp during stress, with
particular attention to the involvement of the neuropeptides CRF, Ucn1 and AVP, the possible
sex-specificity of these brain areas, and the potential role of epigenetic mechanisms in the
stress response.
Outline of the thesis
In chapter 2 the effect of the absence of AVP on the control of the secretory activities of the
PVN, BST, CeA and EWcp has been investigated. For that purpose, quantitative
immunocytochemical studies have been performed on the dynamics of CRF and Ucn1 in the
Brattleboro rat, which lacks the AVP gene (Buckingham, 1981; Williams et al., 1985).
In chapter 3 the effects of acute restraint stress on the PVN, BSTov, BSTfu and CeA
and possible sex-dependence of these effects have been tested, using quantitative
immunocytochemistry and in situ hybridization. Furthermore, HAT and HDAC mRNAs were
assessed by quantitative reverse transcription polymerase chain reaction (RT-PCR), to test
for a possible role of epigenetic mechanisms in the control of CRF secretory activity.
In chapter 4 brain center- and sex-specific responses to CVMS have been studied, as
well as changes in histone acetylation and DNA methylation that possibly underlie Crf gene
transcription.
The effect of chronic stress on Ucn1 neuronal activity in the EWcp has been
examined in chapter 5, including possible stress-induced epigenetic changes. In addition, the
effect on the synaptic input to the Ucn1 neurons and on mitochondria were studied.
In chapter 6, the results and conclusions described in the previous chapters of the
thesis have been discussed in a wider context, and a model is presented for the roles in the
stress response of the brain centers investigated. Finally, suggestions have been made for
future research that would further increase the insight into the neural mechanisms of the
stress response and might, therefore, contribute to a better insight into the underlying
neural mechanisms of adaptation and allostasis, and to maladaptation that leads to
depression.
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Acute ether stress in Brattleboro rats

Chapter 2
Abstract

Arginine-vasopressin (AVP), corticotropin-releasing factor (CRF) and urocortin 1 (Ucn1) play
a role in the stress response. The CRF-producing paraventricular nucleus of the
hypothalamus (PVN), oval bed nucleus of the stria terminalis (BSTov) and central amygdala
(CeA), and the Ucn1-expressing centrally projecting Edinger-Westphal nucleus (EWcp) all
possess AVP receptors. We hypothesized that AVP is involved in the response of these four
brain centers to acute physiological (ether) stress. To test this hypothesis, we studied AVPdeficient Brattleboro (BB) rats using quantitative immunocytochemistry. First, we showed
that non-stressed wild-type (WT) and BB rats did not differ from each other in c-Fos
contents, indicating similar (immediate early) gene expression activity, but that in BB rats
CRF contents were lower in the PVN and higher in the CeA. Second, we found that stress
induced c-Fos responses in the PVN, CeA and EWcp, with strengths different for each center
but similar for BB and WT rats. Finally, no effects of stress on CRF and Ucn1 contents were
seen in the WT rat brain, but in BB rats stress increased CRF contents in the PVN, and the
CeA revealed more CRF in stressed BB than in WT rats. On the basis of these results we
propose that during acute stress AVP interacts with, especially, the PVN and the CeA to
change their rates of biosynthesis and/or release of CRF.
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Introduction

The vertebrate stress response involves changes in a large number of neurochemical
messengers produced by a variety of brain centers (De Kloet et al., 2005; Ulrich-Lai and
Herman, 2009). A large body of evidence suggests that members of the corticotropinreleasing factor (CRF) family, including CRF and the urocortins, play roles in adaptation to
stress (De Kloet et al., 2005; Gysling et al., 2004; Joëls and Baram, 2009; Koob and
Heinrichs, 1999; Kozicz, 2007), whereas arginine-vasopressin (AVP) mostly potentiates the
action of CRF under stress conditions (Aguilera, 1998; Aguilera et al., 2008; Buckingham,
1981; Favrod-Coune et al., 1993; Lightman and Young, 1988; Ono et al., 1985). However,
the precise relationship between the brain CRF and AVP responses to stress is largely
unclear, which issue is the subject of this study.
The physiological response to stressors is strongly regulated by CRF release from the
paraventricular nucleus of the hypothalamus (PVN) (Cook, 2004; De Kloet et al., 2005),
which stimulates the pituitary gland to secrete adrenocorticotropic hormone (ACTH),
resulting in increased corticosteroid release from the adrenals (Arborelius et al., 1999; De
Kloet et al., 2005; Vale et al., 1981). In addition, stress recruits CRF neurons in the oval bed
nucleus of the stria terminalis (BSTov) and the central amygdala (CeA) (Herman et al., 2005;
Koob and Heinrichs, 1999) and urocortin 1 (Ucn1) neurons in the centrally projecting
Edinger-Westphal nucleus (EWcp) (Kozicz, 2007). The stress-sensitive BSTov and CeA
(Martinez et al., 1998) host many CRF neurons (Gray, 1993; Morin et al., 1999; Swanson et
al., 1983), have an effect on mood (Davis et al., 2010; Walker and Davis, 2008; Walker et
al., 2003) and also play a role in the PVN response to acute stress (Herman et al., 1994,
2005). Like the other three centers, the EWcp is stress-sensitive (Gaszner et al., 2004; Korosi
et al., 2005; Kozicz, 2007) and is the brain's largest source of Ucn1 (Vaughan et al., 1995).
Its mRNA expression is inversely related to that of CRF mRNA in the PVN (Kozicz et al.,
2004; Weninger et al., 2000). Interestingly, all these four stress-sensitive brain centers
contain the AVP receptors V1a and V1b (Johnson et al., 1993; Szot et al., 1994; Veinante
and Freund-Mercier, 1997; EWcp: L.J. Young, personal communication), suggesting that AVP
might exert its effects on the stress response, at least in part, via these centers. Under
physiological conditions the effect of AVP alone on ACTH release is limited (Favrod-Coune et
al., 1993) but together with CRF, AVP potentiates ACTH release at the pituitary level under
stress conditions (Aguilera, 1994, 1998; Aguilera et al., 2008; Lightman and Young, 1988;
Ono et al., 1985). AVP's relationship with CRF also appears from the fact that CRF is
produced in the PVN, the BSTov and the CeA (Caffe et al., 1987; Hallbeck et al., 1999),
stressing the hypothesis that these centers are of special importance to the interaction
between AVP and CRF during the stress response. This hypothesis has been tested in the
present study, using the AVP-deficient Brattleboro (BB) rat as experimental animal. BB rats
display reduced anxiety in the open field test (Williams et al., 1985) and reduced depressivelike behavior in the forced swim test and sucrose preference test (Mlynarik et al., 2007). The
present study is the first to determine whether the lack of AVP has an effect on the contents
of CRF peptide in the PVN, BSTov and CeA, and that of Ucn1 in the EWcp. To study the
stress-related changes as well, we have exposed the rats to acute ether stress, because this
stressor potently increases the AVP mRNA content of the PVN (Kovacs and Sawchenko,
1996). To test the effects of stress exposure, the four brain centers were morphometrically
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analyzed after immunocytochemical staining of c-Fos, a marker of neuronal activity, and of
CRF (in the PVN, BSTov and CeA) and Ucn1 (in the EWcp), to assess CRF/Ucn1 peptide
contents.
Material and Methods

Animals
We used adult (200–250 g) male BB (homozygous AVP-deficient) and wild-type (WT,
homozygous normal) rats from a local Budapest breeding colony, which originates from
Harlan Laboratories (Indianapolis, IN, USA) as described before (Zelena et al., 2009b). BB
rats had been identified on the basis of their supranormal daily water consumption. The rats
were kept individually for 1 week in a controlled environment (temperature: 23±1 °C;
relative humidity: 50–70%), fed on commercial rat chow (Charles River Laboratories,
Budapest, Hungary), with free access to tap water and a day/night schedule of 12/12 h
(lights on at 7 AM). The experiment was carried out between 10 and 12 AM. Four
experimental groups, each consisting of 5 animals, were formed: non-stressed WT, nonstressed BB, stressed WT and stressed BB. Stress was applied by handling as follows: rats
were put into a glass jar filled with ether vapor for 1 min, then kept anesthetized for another
2 min with an ether-soaked nose cone, and then returned to their home-cage for 90 min
(Zelena et al., 1999), before being sacrificed. Non-stressed rats were not handled. Rats from
all four groups were sacrificed by deep anesthetization, injecting intraperitoneally a mixture
of ketamine (50 mg/kg; SelBruHa Allatgyogyaszati Kft, Budapest, Hungary), xylazine (20
mg/kg, Spofa, Prague, Czechia) and promethazine chlorate (0.2 ml/kg; EGIS, Budapest,
Hungary). Then, rats were transcardially perfused with 75 ml 0.1 M sodium phosphatebuffered saline (PBS; pH 7.4) followed by 300 ml 4% paraformaldehyde in 0.1 M PBS. After
dissection, brains were postfixed by immersion in the same fixative for 16 h. The experiment
was carried out in accordance with the European Communities Council directive of November
24, 1986 (86/609/EEC) and had been approved by the Animal Welfare Committee of the
Institute of Experimental Medicine, Budapest, Hungary.

Immunocytochemistry
Fixed brains were transferred to 30% sucrose in PBS, and, when completely submerged,
frozen on dry ice. Twenty-five μm-thick coronal sections were cut on a freezing microtome
(Microm, Walldorf, Germany) and saved in sterile antifreeze solution (0.05 M PBS, 30%
ethylene glycol, 20% glycerol) at −20 °C, until further use (all further procedures at room
temperature). For immunofluorescent labeling, sections were rinsed 3 × 20 min in PBS, and
incubated in 0.5% Triton X-100 in PBS for 30 min. After 2 × 15 min rinsing in PBS, sections
were pre-incubated in 2% normal donkey serum (Jackson Immunoresearch, Westgrove, PA,
USA) in PBS for 30 min. Sections containing the PVN, BSTov and CeA were incubated with
rabbit anti-CRF (1:700; kindly provided by Dr W.W. Vale, San Diego, CA, USA) or rabbit antic-Fos (1:1500; sc-48; Santa Cruz, Biotechnology, Santa Cruz, CA, USA), both in 2% normal
donkey serum, for 18 h. Sections containing the EWcp were incubated with goat anti-Ucn1
(1:200; R-20, sc1825; Santa Cruz) or rabbit anti-c-Fos (1:100), in 2% normal donkey serum,
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for 64 h. This was followed by 2 × 15 min rinses in PBS and incubation in biotinylated
secondary antiserum: sections containing the PVN, BSTov and CeA with Cy3-conjugated
donkey anti-rabbit serum (1:100; Jackson Immunoresearch), those with the EWcp with Cy3conjugated donkey anti-goat (Ucn1) or Cy5-conjugated donkey anti-rabbit (c-Fos) (both sera
1:100; Jackson Immunoresearch). After 2 × 15 min rinsing in PBS, sections were mounted
on gelatin-coated glass slides, air-dried for 16 h, coverslipped with FluorSave (Calbiochem,
San Diego, CA, USA), and studied with a Leica TCS SP2 AOBS system on a DM IRE2 confocal
laser scanning microscope (Leica Microsystems, Wetzlar, Germany).

Microscopy, digital imaging and morphometry
Digital images were taken in serial sections, interspaced by 125 μm, at the midlevel of a
brain center, 5 sections from the PVN (Bregma -1.3 to -2.1; Paxinos and Watson, 1997), 3
from the BSTov (Bregma -0.2 to -0.3), 5 from the CeA (Bregma -1.3 to -2.1), and 5 from the
EWcp (Bregma -5.3 to -6.5 mm), with the confocal microscope. Images had a resolution of
1,024 × 1,024 pixels, and for each brain center two parameters were analyzed with ImageJ
software (NIH, Bethesda, MA, USA): (1) the number of immunofluorescent neurons present
in a section, and (2) the mean staining intensity of 10 individual random neurons in each
section, corrected for background staining in the same section outside the brain center, and
expressed as the specific signal density (SSD) per neuron. In addition, the mean staining
intensity of the CRF-immunopositive fiber area in the BSTov and CeA was measured in each
section, corrected for background staining, and expressed as SSD per area. Data were
averaged over the sections, providing for each parameter and each brain center one value
per animal, which was used for statistical analysis.

Statistics
Each parameter is graphically represented as the means of the animals of an experimental
group and the standard error of the mean (SEM). Means were analyzed with two-way
analysis of variance (ANOVA) (factors: genotype and stress) followed by Fisher's post hoc
test (Statistica, StatSoft, Tulsa, OK, USA), after appropriate transformation of data on the
basis of tests for normality (Shapiro and Wilk, 1965) and homogeneity of variance
(Snedecor, 1989), at α = 5%.
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Results

For each of the parameters studied, comparisons were made between non-stressed BB and
non-stressed WT rats (genotype difference) and between non-stressed and stressed rats
(stress effect). Below we report about these comparisons sequentially.

Genotype differences
c-Fos immunocytochemistry of non-stressed WT and non-stressed BB rats revealed stained
nuclei of neurons in all four brain centers, but whereas the PVN and BSTov showed
appreciable numbers of immunopositive neurons, such neurons were rare in the CeA and, in
particular, in the EWcp (Fig. 1). There was no significant difference in the number of c-Fospositive neurons in any studied brain center between WT and BB rats.
For the number and SSD of CRF-positive neurons in the PVN, ANOVA revealed a
genotype effect (number: F1,15 = 4.6, P<0.05; SSD: F1,15 = 5.0, P<0.05). The non-stressed
BB rats showed a much lower number of CRF-positive neurons than WT rats (BB: 2.4 ± 0.7,
WT: 9.8 ± 2.4, P<0.05; Fig. 2A), and also the SSD revealed weaker CRF-immunoreactivity in
BB rats than in WT rats (BB: 32.2 ± 1.1, WT: 59.7 ± 8.2, P<0.005).
In the BSTov, for none of the studied parameters (number and SSD of stained
neurons, SSD of nerve fibers) an effect of genotype was demonstrable (Fig. 2B).
In contrast, for the CeA a genotype effect was detected both for the number and the
SSD of CRF-positive neurons (number: F1,15 = 7.9, P<0.05; SSD: F1,15 = 9.1, P<0.01). Post
hoc analysis showed that the number of CRF-positive neurons was clearly higher in BB than
in WT rats (BB: 14.7 ± 1.6, WT: 8.3 ± 0.9, P<0.005), which was reflected by the higher SSD
in BB rats (BB: 108.6 ± 3.2, WT: 79.8 ± 4.4, P<0.05; Fig. 2C). The CRF-immunoreactive
fiber area of the CeA did not differ in SSD between BB and WT rats.
Finally, the EWcp did not reveal any difference in Ucn1-immunoreactivity between BB
and WT rats (Fig. 2D).

Stress effects on c-Fos
For the c-Fos response of the PVN a stress effect was present (F1,15 = 13.49, P<0.005) and
the PVN neurons responded to the stressor in both WT and BB rats (Fig. 1A). Compared to
non-stressed rats, the number of c-Fos-positive cells was 3.9× higher in stressed WT
(stressed: 64.6 ± 14.8, non-stressed: 16.4 ± 2.1, P<0.05) and 2.8× higher in BB rats
(stressed: 73.0 ± 18.7, non-stressed: 26.1 ± 4.7, P<0.05). The number of c-Fos-positive
neurons was not significantly different between stressed WT and BB rats.
In the BSTov, stress did not affect the number of c-Fos-positive cells either in WT or
in BB rats (Fig. 1B).
Compared to the PVN and especially to the BSTov, the CeA showed a strong stress
effect (F1.13 = 20.5, P<0.001) in both BB and WT rats (Fig. 1C). In stressed WT rats the
number of c-Fos-immunoreactive neurons was 7.1× higher (stressed: 21.9 ± 5.0, nonstressed: 3.1 ± 2.1, P<0.05) and in BB rats it was 4.5× higher than in non-stressed animals
(stressed: 46.0 ± 15.2, non-stressed: 10.2 ± 3.4, P<0.005), but statistical analysis showed
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Figure 1. c-Fos response to acute ether stress. Representative images and numbers of Fosimmunoreactive neurons (nuclei) per section of (A) the paraventricular nucleus of the
hypothalamus (PVN), (B) the oval bed nucleus of the stria terminalis (BSTov), (C) the central
amygdala (CeA) and (D) the centrally projecting Edinger-Westphal nucleus (EWcp), of nonstressed (ns) and stressed (s) wild-type (WT; dark bars) and Brattleboro (BB; light bars) rats.
Means + SEM, n = 5 per group, *P<0.05.
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Figure 2. CRF/Ucn1 response to acute ether stress. Representative images, numbers of
immunoreactive neurons per section, and specific signal density (SSD; in arbitrary units, a.u.) per
immunoreactive neuron and fiber area, for CRF in (A) the paraventricular nucleus of the
hypothalamus (PVN), (B) the oval bed nucleus of the stria terminalis (BSTov) and (C) the central
amygdala (CeA), and for Ucn1 in (D) the centrally projecting Edinger-Westphal nucleus (EWcp), of
non-stressed (ns) and stressed (s) wild-type (WT; dark bars) and Brattleboro (BB; light bars) rats.
Means + SEM, n = 5 per group, *P<0.05.
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that the strengths of these marked stress responses by the BB and WT rats did not
significantly differ from each other.
Finally, the EWcp revealed a most dramatic effect of the stressor (F1,15 = 283.7,
P<0.00001) both in BB and WT rats. Compared to non-stressed rats, which hardly showed
any c-Fos positivity (Fig. 1D), the number of c-Fos-positive cells after stress was 47.1×
higher in WT (stressed: 50.2 ± 6.4, non-stressed: 1.1 ± 0.6, P<0.00001) and 43.3× higher
in BB rats (stressed: 37.9 ± 2.3, non-stressed: 0.9 ± 0.3, P<0.00001). However, like in the
three other brain centers studied, the numbers of c-Fos-immunoreactive cells in stressed BB
and stressed WT rats did not significantly differ from each other.

Stress effects on CRF and Ucn1
As to the amounts of CRF and Ucn1, remarkable differences were found between the four
brain centers. First, in the PVN for the number of CRF-positive cells no effect of stress was
found, but for their SSD ANOVA revealed an effect of stress (F1,15 = 5.1, P<0.05) and a
stress × genotype interaction (F1,15 = 7.3, P<0.05). For the WT rats, neither the number nor
the SSD of CRF-immunoreactive neurons showed a difference between non-stressed and
stressed WT rats (Fig. 2A), whereas in the PVN of stressed BB rats the SSD was clearly
higher after stress (non-stressed: 32.2 ± 1.1, stressed: 59.3 ± 11.7, P<0.005). However,
there were no differences between the stressed values of WT and BB rats.
In the BSTov the CRF content neither in the neurons nor in the fibers revealed an
effect of stress (Fig. 2B), there was no effect of stress on any studied CRF parameter, and
there was no difference between WT and BB rats as well.
In contrast, in the CeA (Fig. 2C) a genotype effect was present for the SSD of the
CRF fibers (F1,16 = 7.5, P<0.05). In stressed rats the SSD of CRF fibers was higher in BB than
in WT rats (BB rats: 48.7 ± 4.4, WT rats: 32.2 ± 6.1, P<0.05). No effect of stress on the
number or SSD of immunoreactive cell bodies was observed.
In the EWcp, no effect on the number or SSD of Ucn1-positive cells was seen in
response to stress in either BB or WT rats (Fig. 2D).
Discussion

AVP is not involved in c-Fos-mediated gene expression
We have tested the hypothesis that AVP plays a role in the response of CRF- and Ucn1producing brain centers to acute stress, using the AVP-deficient BB rat as experimental
model. Out of the four stress-sensitive brain centers studied, the PVN, CeA and EWcp of WT
rats mounted a c-Fos response to acute ether stress, indicating their involvement in the
response to acute stress. The strengths of the responses differed between the centers, being
moderate in the PVN and strong in the CeA and, in particular, in the EWcp. This indicates
that stress evokes the expression of c-Fos in brain-region-specific ways. The absence of cFos induction in the BSTov by acute ether stress may be explained by the fact that this
nucleus appears to be mainly sensitive to long-lasting stimuli (Walker et al., 2003, 2009).
The finding of a very strong c-Fos response by the EWcp is in accordance with a previous
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study showing that Fos induction of EWcp-Ucn1 neurons takes place already within 30 min
after acute ether stress (Gaszner et al., 2004).
Since the stressed-induced c-Fos responses in the PVN, CeA and EWcp in WT rats
were also observed in BB rats, it seems that AVP does not play a role in Fos-mediated gene
expression in these nuclei. However, when not c-Fos but the stress-related neuropeptides
CRF and Ucn1 are considered, the picture shows a difference between the non-stressed and
stressed situation, as will be discussed below.

Effects of the lack of AVP on CRF/Ucn1 content in non-stressed rats
Compared to non-stressed WT rats, non-stressed BB rats showed less CRF-immunoreactivity
in the PVN but more in the CeA. Assuming that changes in peptide-immunoreactivity indicate
changed amounts of stored peptide, the lack of AVP has likely changed the amount of CRF
stored in a brain center-specific way. Clearly, our data do not permit to conclude whether
these differences in CRF contents between WT and BB rats are due to different dynamics of
CRF biosynthesis and/or of CRF secretion, but previous studies are helpful in interpreting
these data. In BB rats the PVN contains more CRF mRNA than in WT (Mlynarik et al., 2007),
indicating that more CRF peptide is produced. Combining this notion with the present
observation of a lower amount of CRF peptide in the PVN of BB rats, it would appear that the
absence of AVP stimulates that CRF is exported from the cell bodies to be released. In fact,
BB rats continuously look for drinking and this can be a continuous stimulus to the
hypothalamo-pituitary–adrenal axis to release CRF, reducing thereby CRF storage in the PVN.
Indeed, peripheral AVP replacement in BB increases CRF-immunoreactivity of the PVN (Burlet
et al., 1983). Enhanced CRF secretion by the PVN of BB rats might represent a mechanism
that compensates for the lack of the potentiating effect of AVP on basal ACTH release
(Aguilera, 1994; Buckingham, 1981; Favrod-Coune et al., 1993), thus explaining why BB rats
reveal normal basal ACTH and corticosterone titers (Zelena et al., 2003, 2009a).
Following a similar argument, the high amount of CRF in the CeA of BB rats might
reflect decreased CRF secretion and, hence, increased storage of CRF in the CeA cell bodies.
Accordingly, our data would suggest that the lack of AVP reduces CRF secretion from the
CeA, thus reducing anxiety-like behavior. This notion is in line with the fact that CRF in the
amygdala induces anxiety (Gray and Bingaman, 1996) and that BB rats display reduced
anxiety in different behavioral tests (Mlynarik et al., 2007; Williams et al., 1985).
In conclusion, AVP seems to control the PVN and CeA in non-stressed BB rats in
opposite directions. Since AVP receptors are widespread in the mammalian brain, this
difference is possibly due to differential (opposite) actions of AVP-sensitive brain areas that
regulate the activity of the PVN and CeA.
As to the BSTov, we found no evidence for an effect of AVP on basal CRF content, as
the amount of CRF in this brain center was similar between non-stressed WT and nonstressed BB rats. This difference between the BSTov and CeA is in line with the recent
finding that, in contrast to the CeA, prolonged CRF overexpression in the BST does not affect
anxiety (Regev et al., 2010). Like the BSTov, the EWcp does not reveal a difference in Ucn1
peptide content between non-stressed WT and non-stressed BB, arguing against a role of
AVP in the control of Ucn1 in this nucleus when rats are unchallenged.
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Effects of the lack of AVP on stress-induced CRF/Ucn1 content
Since the stimulatory effects of various stressors on CRF release from the PVN have been
well-established (Cook, 2004; De Kloet et al., 2005), our present finding that acute stress
does not change the amount and degree of CRF-immunoreactivity in the PVN of WT rats,
which is in accordance with a previous study (Chappell et al., 1986), should not be
interpreted as a lack of stress effect on PVN-CRF, but rather be explained by stress-induced
increases in de novo CRF production and CRF release that have similar strengths, and for
that reason leave the amount of CRF stored in the cell body unchanged. The earlier reported
(Chowdhury et al., 2000; Ito et al., 2009) and presently confirmed stress-induced increase in
the production of the immediate early gene c-Fos in the PVN is in line with such an
enhancement of CRF biosynthesis.
Meanwhile, as to BB rats, the clearly accumulating effect of stress on the CRF
contents of PVN neurons indicates that the PVN in BB rats is able to respond to stress by
changing its CRF content. However, it could also be the consequence of the enhanced
biosynthesis but unchanged CRF release, suggesting that BB rats do not respond to stress
with changes in CRF release. As both the c-Fos activation and the CRF contents of stressed
BB and WT rats are indeed very similar, we can assume that the CRF release is the same in
the two genotypes. Indeed, the fact that BB rats show unchanged ACTH and corticosterone
responses to ether stress compared to control rats (Zelena et al., 2009a) argues against a
role of AVP in stress-induced hypothalamo-pituitary–adrenal axis stimulation.
As to the BSTov, the CRF contents of its cell bodies as well as of its fibers did not
change in response to stress, neither in BB nor in WT rats. This is possibly because, like in
the case of c-Fos, the acute ether stressor did not act long enough to evoke a CRF response.
Probably, AVP does not play a role in the control of CRF dynamics in this brain area.
However, we could not make a definite conclusion as to this acute stimulus.
Like in the BSTov, in the CeA, CRF is present in both perikarya and fibers. Stress had
no clear effect on the CRF content of the CeA perikarya but for the CRF-immunoreactive
fibers in the CeA the situation is different. Whereas in WT rats no stress effect on the degree
of fiber-immunoreactivity was found, a clear difference was noted between WT and BB rats
under the stress condition. For answering the question whether this, apparently AVPdependent, difference is related to a change in CRF release, the origin of these fibers
(outside the CeA?) needs to be determined.
No stress effects were found on the Ucn1 contents of the EWcp, neither in WT nor in
BB rats. This finding is in line with the fact that acute restraint stress does not change the
Ucn1 content of the mouse EWcp (Okere et al., 2010), but it is in contrast with the
observation that acute pain stress increases the number of such neurons in the rat EWcp
(Kozicz et al., 2001). Our results extend the evidence that the EWcp reacts in a stress- as
well as a species-specific manner to environmental challenges (Gaszner et al., 2004).
Meanwhile, since BB rats do not differ in their Ucn1 content from WT, AVP does not seem to
be involved in Ucn1's response to acute ether stress in EWcp.
Taken together, the present study reveals that the lack of AVP in BB rats is
accompanied by changed CRF/Ucn1 contents that are different for each of the four stresssensitive brain centers studied. The most robust differences with WT rats are seen in control,
non-stressed rats, but the disappearance of differences after stress suggests a changed
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stress sensitivity in BB rats compared to WT. Specifically, our data support the idea that AVP
particularly interacts with CRF-containing neurons in the PVN and CeA but not in the BSTov
and EWcp. These results are best interpreted in terms of stress-induced physiological and
mood changes known to be mediated, at least in part, by these centers. Clearly, our data are
correlative in nature and, as a consequence, do not provide conclusive proof that during
acute stress AVP interacts with the PVN and the CeA. Such proof might be obtained from
experiments in which either BB rats in vivo, or brain slices of such rats containing the PVN or
CeA in vitro, are treated with vasopressin to see whether dynamics of CRF could be restored
to what has been observed in WT rats.
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Abstract

Male and female rodents respond differently to acute stress. We tested our hypothesis that
this sex difference is based on differences in stress sensitivity of forebrain areas, by
determining possible effects of a single acute psychogenic stressor (1 hour restraint stress)
on neuronal gene expression (c-Fos- and FosB-immunoreactivities), content of corticotropinreleasing factor (CRF) -immunoreactivity, and CRF production (CRF mRNA in situ
hybridization) as well as the expression of genes associated with epigenetic events
(quantitative RT-PCR) in the rat paraventricular nucleus (PVN), the oval and fusiform
subdivisions of the bed nucleus of the stria terminalis (BSTov and BSTfu, respectively), and
the central amygdala (CeA), in both males and females. Compared with females, male rats
responded to the stressor with a stronger rise in corticosterone titer and a stronger increase
in neuronal contents of c-Fos, CRF mRNA, and CREB-binding protein mRNA in the PVN. In
the BSTov, females but not males showed an increase in c-Fos, whereas the CRF mRNA
content was increased in males only. In the BSTfu, males and females showed similar stressinduced increases in c-Fos and FosB, whereas in the CeA, both sexes revealed similar
increases in c-Fos and in CRF mRNA. We conclude that male and female rats differ in their
reactivity to acute stress with respect to possibly epigenetically-mediated (particularly in the
PVN) gene expression and neuropeptide dynamics (PVN and BSTov) and that this difference
may contribute to the sex dependence of the animal's physiological and behavioral responses
to an acute stressor.

36

Sex-specific response to acute stress

Chapter 3
Introduction

Many psychopathologies are the result of chronic exposure to stressors, but acute stress may
induce psychological and behavioral disorders too, in a sex-specific manner, as has been
shown in the case of e.g., posttraumatic stress disorder (PTSD; Armario et al., 2008; Cook et
al., 2009). However, compared to chronic stress, relatively little is known about the
underlying mechanism(s) of sex-specific effects of acute stress on the mammalian brain.
Rodent studies have suggested an involvement of the hypothalamo-pituitary-adrenal (HPA)axis (Armario et al., 2008; Belda et al., 2008) because the main neuronal component of the
HPA-axis, the paraventricular nucleus (PVN), reacts to acute stressors such as restraint and
cold by increasing the production of corticotropin-releasing factor (CRF) mRNA and the
release of CRF peptide (Cook, 2004; Hatalski et al., 1998; Kalin et al., 1994). The response
of the HPA-axis to an acute stressor seems to be sex-specific, because female rats show a
higher corticosterone response than males (Iwasaki-Sekino et al., 2009; Lesniewska et al.,
1990).
Various forebrain centers control HPA-axis activity, of which the oval subdivision of
the bed nucleus of the stria terminalis (BSTov) and the central amygdala (CeA; Herman et
al., 1994, 2005) are of particular interest because they 1) play a role in the control of mood
(Davis et al., 2010; Regev et al., 2010; Walker and Davis, 2008; Walker et al., 2003), 2)
change their activity upon stress (Martinez et al., 1998), and 3) host many CRF neurons
(Gray, 1993; Merchenthaler et al., 1982; Morin et al., 1999; Swanson et al., 1983). In
addition to the BSTov, the fusiform subdivision of the BST (BSTfu) has been implicated in the
regulation of the stress response because it has strong projections to the PVN and BSTov
(Dong et al., 2001b) and its lesioning decreases the HPA-axis response to stress (Choi et al.,
2007). Therefore, we hypothesized that acute stress would change the functioning of the
PVN, BSTov/BSTfu, and/or CeA in a sex-specific manner and in this way would evoke a sexspecific stress response by the HPA-axis. More specifically, these changes of these brain
centers might be evident at the gene expression and secretory levels and might be
mediated, at least in part, by epigenetic mechanisms.
Indeed, a single fear stimulus epigenetically changes BDNF gene expression in the
hippocampus (Lubin et al., 2008), and epigenetic mechanisms such as histone acetylation
seem to play a role in the behavioral responses to acute (and chronic) stress (Lubin et al.,
2008; Renthal et al., 2007; Tsankova et al., 2006). Therefore, such epigenetic events might
also underlie acute stress-induced changes in the functioning of the PVN and limbic
structures and, for that matter, in the (sex-dependent) character of the stress response.
To test these hypotheses, we have studied in the PVN, BSTov/BSTfu and CeA the
effects of an acute psychogenic stressor (restraint) on parameters for the neuronal
expression of immediate early gene (IEG) products (c-Fos and FosB) and for the neuronal
production capacity and storage of CRF (CRF mRNA and CRF peptide contents, respectively),
by using in situ hybridization and immunocytochemistry. Subsequently, we correlated these
data with changes in the amount of mRNAs of the epigenetic markers, histone deacetylase
(HDAC) 3, 4 and 5 and histone acetyltransferases (HATs), CREB-binding protein (CBP) and
P300/CBP-associated factor (PCAF; Lee and Workman, 2007; Morrison et al., 2007), by using
quantitative (Q)-RT-PCR. Males as well as females were investigated, to test for sexspecificity.
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Material and methods

Animals
Forty-eight Wistar-R Amsterdam rats (females 200–250 g, males 300–350 g) aged 14 weeks,
were housed on a 12/12-hr light/dark cycle (lights on 7 AM) at 23 °C, with water and food
ad libitum. Animals were divided into two groups, acutely stressed and control rats, each
group consisting of 12 males and 12 females. For acute stress exposure, rats were placed in
a cylindrical plastic restrainer (diameter 45 mm, length 200 mm; several ventilation holes),
for 1 h. Control animals were handled the same as challenged rats but were not stressed.
One hour after the end of stressor exposure, rats were deeply anesthetized with nembutal
(100 mg/kg body weight; Sanofi-Synthélabo, Budapest, Hungary), and a blood sample was
taken for corticosterone (CORT) assay. For the immunocytochemistry/in situ hybridization
study, six male and six female animals per group were transcardially perfused with 50 ml 0.1
M sodium phosphate-buffered saline (PBS; pH 7.4), for 10 min, followed by 250 ml 4% icecold paraformaldehyde in PBS for 20 min. After decapitation, brains were dissected and
postfixed in the paraformaldehyde fixative for 16 h. For the Q-RT-PCR study, six other malen
and female rats per group were decapitated, and after dissection their brains were frozen
until further processing.
The character of the female stress response depends to some degree on the phase of
the estrous cycle (Carey et al., 1995; Viau and Meaney, 1991). To prevent handling-induced
stress, we determined this phase (using vaginal smears) not during the experiment but
directly after sacrificing the female rats, as described previously (Barha et al., 2010; NeufeldCohen et al., 2010; Verma et al., 2010). In the female experimental groups, all cycle phases
appeared to occur in a random-like fashion, and statistical analysis (see below) showed that
outcomes of all parameters measured were normally distributed and had a variance not
significantly greater than that of males. Therefore, we have considered the female group as
a sexually homogeneous population. Obviously, this means that we cannot attribute a
statistically significant difference between males and females to a particular phase of the
female cycle. All studies were conducted in accordance with the Directive 86/609/EEC on the
protection of animals used for experimental and other scientific purposes, and the animal
use guidelines of the Committee for animal resources of Pécs University, Pécs, Hungary.
Procedures were carried out at room temperature unless stated otherwise.

Corticosterone assay
For CORT radioimmunoassay, 5 μl blood serum was treated as described previously (Gaszner
et al., 2004), using 3H-corticosterone (12,000 cpm; 90–120 Ci/mmol, NET-399; Perkin-Elmer,
Boston, MA, USA) and our CS-RCS-57 CORT antiserum (Jozsa et al., 2005b). The inter- and
intra-assay coefficients of variation were 9.2% and 6.4%, respectively, indicating the high
reliability of the method.
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Tissue preparation
Fixed brains were transferred to 30% sucrose in PBS and, when completely submerged,
frozen on dry ice. Twenty-five μm coronal sections between Bregma -0.26 and -3.30 mm
(Paxinos and Watson, 1997) were cut on a freezing microtome (Microm, Walldorf, Germany)
and saved in sterile antifreeze solution (0.05 M PBS, 30% ethylene glycol, 20% glycerol) at
-20 °C until further use.

Immunocytochemistry
After three 20-min rinses in 0.1 M PBS, sections were treated with 0.5% Triton X-100
(Sigma, Zwijndrecht, The Netherlands) in PBS, for 30 min, to enhance antigen penetration.
After two 15-min rinses in PBS, sections were incubated in 1% H2O2 for 30 min, followed by
two 15-min rinses in PBS. Pre-incubation in 2% normal donkey serum (Jackson
Immunoresearch, West Grove, PA, USA) in PBS-BTSA (PBS with 0.5% blocking reagent from
the tyramide signal amplification kit; Perkin-Elmer) for 1 h was followed by incubation in a
primary antiserum in PBS-BTSA with 2% normal donkey serum for 16 h. Primary antisera
raised to c-Fos, FosB and CRF are specified in Table 1. After 2 × 15 min rinses in PBS,
sections were incubated in biotinylated donkey anti-rabbit secondary antiserum (1:200;
Jackson Immunoresearch), rinsed for 2 × 15 min in PBS, incubated with avidin-biotincomplex (1:200; Vectastain Elite ABC kit; Vector Laboratories, Burlingame, CA, USA) for 1 h,
rinsed in PBS for 15 min, and rinsed in tris(hydroxymethyl)aminomethane (Tris) buffer (pH
7.6) for 15 min. Immunostaining was visualized by incubation in 50 mg 3,3′diaminobenzidine (DAB; D5637; Sigma) in 200 ml Tris buffer with 30 μl 35% H2O2 for 10
min. To intensify c-Fos- and FosB-immunostainings, sections were incubated in 7.5%
ammonium nickel sulfate (BDH Laboratory Supplies, Poole, United Kingdom) in Tris buffer for
10 min. Finally, they were mounted on gelatin-coated glass slides, dried at 37 °C for 16 h,
dehydrated, cleared with xylene, coverslipped with Entellan (Merck, Darmstadt, Germany),
and studied with a DMRBE microscope connected to a CD 500 digital camera (Leica
Microsystems, Wetzlar, Germany).

Table 1. Specifications of primary antisera used

Antiserum
c-Fos (sc-48)

Epitope
N-terminus of
human c-Fos

Dilution
1:2,000

FosB (sc-52)

internal region
of mouse FosB
human/rat
CRF(1–41)

1:1,000

CRF

1:2,000

Manufacturer, species
Santa Cruz Biotechnology
(Santa Cruz, CA, USA),
rabbit
Santa Cruz Biotechnology,
rabbit
Gift from Dr W.W. Vale
(The Salk Institute, La
Jolla, CA, USA), rabbit
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In situ hybridization
In situ hybridization of CRF mRNA was carried out using antisense and sense (control; no
hybridization signal was seen) cRNA probes transcribed from CRF cDNA (kindly provided by
Dr. W.W. Vale, La Jolla, CA, USA) and labeled with digoxigenin (DIG)-11-UTP (Roche
Molecular Biochemicals, Basel, Switzerland). Sections were rinsed in PBS for 4 × 15 min,
fixed in 4% ice-cold paraformaldehyde for 30 min at 4 °C, rinsed for 4 × 7 min in PBS, and
preincubated in proteinase K medium containing 0.1 M Tris HCl, 0.05 M
ethylenediaminetetraacetic acid (EDTA) and 0.1 mg proteinase K (Invitrogen, Carlsbad, CA,
USA) for 10 min at 37 °C. After rinsing in autoclaved MQ water, acetylation was performed
with 0.25% acetic acid anhydride in 0.1 M triethanolamine buffer (pH 8.0) for 10 min,
followed by rinsing in 2× concentrated standard saline citrate buffer (2× SSC; pH 7.0) for 5
min. Hybridization mixture (50% deionized formamide, 0.3 M NaCl, 0.001 M EDTA,
Denhardt's solution, 10% dextran sulfate) together with 0.5 mg/ml tRNA and the mRNA DIG
probe (∼ 40 ng/ml) were placed into a water bath for 5 min at 80 °C and then on ice for
another 5 min. Sections were incubated in hybridization solution for 16 h at 58 °C; rinsed for
4 × 7 min with 4× SSC; incubated for 30 min at 37 °C in preheated RNAse medium (0.5 M
NaCl, 0.01 M Tris HCl, 1 mM EDTA, pH 8.0) containing 0.01 mg/ml RNAse A (Roche), which
had been added just before the start of incubation, and stringently rinsed in decreasing SSC
concentrations (2×, 1×, 0.5×). Afterwards, the sections were incubated in 0.1× SSC for 30
min at 58 °C. The alkaline phosphatase method with nitroblue tetrazolium chloride/5-bromo4-chloro-3-indolyl phosphate and toluidine salt (NBT/BCIP; Roche) as a substrate was used
for the detection of the DIG label. Briefly, after rinsing for 4 × 5 min with buffer A (0.1 M
Tris HCl, 0.15 M NaCl, pH 7.5), sections were preincubated in buffer A containing 0.5%
blocking agent (Roche) for 1 h, followed by incubation in sheep anti-DIG-AP (1:5,000;
Roche) in buffer A containing 0.5% blocking agent for 3 h. Subsequently, sections were
rinsed for 4 × 5 min in buffer A and 2 × 5 min in buffer B (0.1 M Tris HCl, 0.15 M NaCl, 0.05
M MgCl2; pH 9.5). After incubation in NBT/BCIP mixture consisting of 10 ml buffer B, 2.4 mg
levamisole (Sigma), and 175 μl NBT/BCIP (Roche) in a light-tight box for 16 h, the reaction
was stopped by placing the sections in buffer C (0.1 M Tris HCl, 0.01 M EDTA; pH 8.0).
Finally, they were processed and studied as for immunocytochemistry.

RNA extraction and cDNA synthesis
One mm-thick coronal sections, cut with a razor blade between the cerebellum and the two
cerebral hemispheres with a coronal brain matrix (15007; Ted Pella, Redding, CA, USA),
were placed on a chilled mat, and brain nuclei were punched out with a Harris Unicore Hole
1.0-mm puncher (Ted Pella). Separate punches were made of the PVN, CeA and BST
(containing both BSTov and BSTfu). Punches were collected in 500 μl ice-cold Trizol (Life
Technologies, Paisley, United Kingdom) and homogenized by sonification. After chloroform
extraction and isopropyl alcohol precipitation, RNA was dissolved in 30 μl RNAse-free,
diethylpyrocarbonate (DEPC)-treated MQ water. Total RNA was measured with an Eppendorf
Biophotometer (Vaudaux-Eppendorf, Basel, Switzerland) and the RNA concentration with a
NanoDrop 1000 spectrophotometer (Thermo Fisher Scientific, Wilmington, DE, USA). The
A260/280 ratio was always between 1.8 and 2.0, indicating high purity. To check for RNA
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integrity, 500 ng of RNA was loaded onto a 1% agarose gel with GelRed nucleic acid gel
stain (Biotium, Hayward, CA, USA), subjected to electrophoresis, and visualized by UV
transillumination. No RNA degradation had occurred; 18S and 28S ribosomal RNA bands
were always intact. First-strand cDNA synthesis was performed using 11 μg RNA dissolved in
11 μl RNAse-free DEPC containing 5 mU pd(N)6 random primers (Roche) at 70 °C for 10
min, followed by double-strand synthesis in 1× strand buffer (Life Technologies) with 10 mM
DTT, 20 U Rnasin (Promega, Madison, WI, USA), 0.5 mM dNTPs (Roche), and 100 U reverse
transcriptase (Superscript II; Life Technologies) for 75 min at 37 °C and for 10 min at 95 °C.

Quantitative RT-PCR
Quantitative RT-PCR was performed on the brain punches (see above) in a total volume of
25 μl buffer solution containing 5 μl of template cDNA, 12.5 μl SYBR Green Master Mix
(Applied Biosystems, Foster City, CA, USA), 1.5 μl DEPC-treated MQ water, and 15 pM of the
forward and reverse primers. Primers were designed in Vector PrimerExpress software
(Applied Biosystems) based on rat cDNA sequences, according to Table 2. The cycling
protocol was 95 °C for 10 min followed by 40 reaction cycles at 95 °C for 15 sec and at 60
°C for 1 min, using a 7500 GeneAmp PCR system (Applied Biosystems). For each reaction,
the cycle threshold (Ct) was determined, i.e., the number of cycles needed to detect
fluorescence above the arbitrary threshold (0.8). At this threshold, Ct values are within the
exponential phase of the amplification. Standard curves were included in duplicate with
cDNA concentrations ranging from 6.25 to 100 ng cDNA per sample. Using these curves, in
which every Ct value corresponds to a certain amount of cDNA, the quantity of cDNA was
calculated for each sample with Applied Bioscience 7500 System Software. All data were
normalized to 18S mRNA contents.

Table 2. Primer sequences used for quantitative RT-PCR. F, forward; R, reverse; HDAC, histone
deacetylase; CBP, CREB-binding protein; PCAF, P300/CBP-associated factor.

Primer
HDAC 3
HDAC 3
HDAC 4
HDAC 4
HDAC 5
HDAC 5
CBP F
CBP R
PCAF F
PCAF R
18S F
18S R

F
R
F
R
F
R

5′ → 3′ Sequence
GCCAAGACCGTGGCGTATT
GTCCAGCTCCATAGTGGAAGT
CAATCCCACAGTCTCCGTGT
CAGCACCCCACTAAGGTTCA
TGTCACCGCCAGATGTTTTG
TGAGCAGAGCCGAGACACAG
GGACCTGGGATCTGCATGAA
TCCAGCAGCCCCAAGAGA
CACGCTCAAGAACATCCTGCA
TCGCTGTAAGTCCGCCATGAATA
GTAACCCGTTGAACCCCATT
CCATCAATCGGTAGTAGCG
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Image analysis
CRF mRNA expression and immunoreactivity of CRF, c-Fos and FosB were assessed in five
sections of the PVN and the CeA and in three sections of the BSTov and BSTfu, at the
midlevel of each brain nucleus, interspaced by 125 μm. Digital images were taken with the
Leica DMRBE microscope (at 1,200 × 1,600 dpi). Numbers of immunoreactive neurons were
counted per section and then averaged over all sections. The specific signal density (SSD) of
CRF staining per individual neuron was determined in Scion Image software (version 3.0b;
NIH, Bethesda, MD, USA), averaged over 10 randomly taken neurons, corrected for
background staining in the same section outside the brain area, and finally averaged over all
sections. In a similar way, the SSD of the area of CRF-immunopositive fibers in the BSTov,
BSTfu and CeA was determined.

Statistical analysis
Each parameter is graphically represented as the mean and SEM of the animals in an
experimental group. Means were analyzed by two-way ANOVA and, if a significant main
effect (stress, sex) was found, by Fisher's post hoc test (Statistica, StatSoft, Tulsa, OK, USA)
after appropriate transformation of data on the basis of tests for normality (Shapiro and
Wilk, 1965) and Bartlett's test for the homogeneity of variance (Snedecor, 1989). In the
figures, statistical differences ( = 5%) are indicated only when they emerged from post hoc
analysis of ANOVA main effects.
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Corticosterone
For CORT, ANOVA revealed strong main effects of sex (F1,14 = 49.9, P<0.00001) and stress
(F1,14 = 41.1, P<0.00005; Fig. 1). Post hoc analysis showed a clear sex difference for
controls (males 0.05 ± 0.01 μmol/liter vs. females 0.23 ± 0.02 μmol/liter, P<0.00005), which
was maintained after stress (males 0.22 ± 0.02 μmol/liter vs. females 0.37 ± 0.02 μmol/liter,
P<0.001). However, compared with controls, stressed males had a much (4.2-fold) higher
CORT titer (stressed 0.22 ± 0.02 μmol/liter vs. controls 0.05 ± 0.01 μmol/liter, P<0.0005);
stressed females showed an only 1.6-fold higher CORT titer (stressed 0.37 ± 0.02 μmol/liter
vs. controls 0.23 ± 0.02 μmol/liter, P<0.001).

Figure 1. Corticosterone titers of control and stressed male (m) and female (f) rats. Means + SEM, n
= 6 per group. *P<0.05 between groups.

Neuronal activity parameters
PVN
To determine the influence of acute stress on IEG expressions in the PVN, c-Fos and FosB
were studied. Immunocytochemistry showed a strong staining of the nuclei of PVN neurons
with the c-Fos antiserum (Fig. 2A), and morphometry revealed a main effect of stress on the
number these immunoreactive neurons (F1,17 = 17.6, P<0.001). Post hoc analysis
demonstrated a higher number of such neurons after stress in both sexes, 12.8-fold higher
in males (stressed 119.2 ± 31.6 vs. controls 9.3 ± 4.0, P<0.0005) and 5.4-fold higher in
females (stressed 62.8 ± 19.9 vs. controls 11.6 ± 4.9, P<0.0005). The difference between
males and females was not statistically significant. A stress effect was also present with
regard to FosB-immunoreactivity (F1,18 = 13.6, P<0.005; Fig. 2B), which was due to the fact
that stressed females showed more (4.8-fold) immunopositive neurons (29.2 ± 9.7) than
control females (6.1 ± 2.5, P<0.001). For the in situ hybridization of CRF mRNA (Fig. 2C),
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ANOVA revealed a stress effect for both the number (F1,18 = 4.8, P<0.05) and the SSD (F1,17
= 5.6, P<0.05) of CRF mRNA-positive neurons. Post hoc analysis showed that this effect was
significant only in males, which, compared with controls, had 2.4-fold more CRF mRNAcontaining neurons (stressed 31.5 ± 6.3 vs. controls 13.0 ± 4.5, P<0.05) and had a 1.6-fold
higher SSD (stressed 27.9 ± 3.6 vs. controls 17.2 ± 4.6, P<0.05). As for CRFimmunoreactivity (Fig. 2D), no stress or sex effects were seen. Taken together, c-Fos was
increased in both sexes, whereas FosB was induced only in females. In males, the CRF
mRNA content was higher after stress.

BSTov
Immunocytochemistry of c-Fos (Fig. 3A) showed an effect of stress (F1,16 = 6.7, P<0.05),
and post hoc analysis revealed that stressed females had 2.6-fold more c-Fos-positive
neurons than female controls (stressed 7.7 ± 1.5 vs. controls 3.0 ± 0.1, P<0.01), whereas
males did not show a significant stress effect. Stressed females had twice as many
immunoreactive neurons as males (females 7.7 ± 1.5, males 3.9 ± 1.0, P<0.05). As for
immunocytochemistry of FosB (Fig. 3B), no differences between stressed and control animals
or between sexes were found. The in situ hybridization study revealed that BSTov neurons
were strongly positive for CRF mRNA (Fig. 3C), but no effect of stress or sex on their number
was seen. In contrast, clear stress and sex effects were observed for the SSD of the CRF
mRNA in individual neurons (F1,17 = 5.2, P<0.05 and F1,17 = 4.8, P<0.05, respectively). Post
hoc analysis showed that stressed males had a 2.7-fold higher SSD than male controls
(stressed 16.2 ± 3.5 vs. controls 6.0 ± 2.7, P<0.05), whereas females differed from males in
that they did not show a significant stress effect. The numbers of CRF-immunoreactive cells
and the SSD of the individual CRF staining did not reveal significant stress or sex effects (Fig.
3D). The same held true for the SSD of the CRF-immunoreactivity of the fiber network in the
BSTov. Taken together, acute stress recruited more c-Fos-positive neurons in females, and
increased CRF mRNA content in males only.
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Figure 2. Paraventricular nucleus of the hypothalamus (PVN) in control and stressed male (m) and
female (f) rats, with representative images, location (inset; based on Paxinos and Watson, 1997),
numbers per section of immunopositive neurons for c-Fos (A), FosB (B), CRF mRNA (C), and CRF
(D), and specific signal density per neuron (SSD; in arbitrary units, a.u.; C,D). Means + SEM, n = 6
per group. *P<0.05. Scale bars = 100 μm.
45

Sex-specific response to acute stress

Chapter 3

Figure 3. Oval bed nucleus of the stria terminalis (BSTov) in control and stressed male (m) and
female (f) rats, with representative images, location (inset), numbers per section of
immunopositive neurons for c-Fos (A), FosB (B), CRF mRNA (C), and CRF (D), and specific signal
density (SSD; in arbitrary units, a.u.) per neuron (C,D) or fiber area (D). Means + SEM, n = 6 per
group. *P<0.05. Scale bars = 50 μm.
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BSTfu
In the BSTfu of control animals, no c-Fos-positive cells were detected (Fig. 4A). However,
after stress, a high number of positive cells occurred, and the ANOVA revealed a clear stress
effect (F1,17 = 34.1, P<0.00005), which was not sex-specific because the numbers of c-Fospositive cells were similar in males (22.7 ± 5.5) and females (17.0 ± 3.7). Also for FosBimmunocytochemistry, an effect of stress was present (F1,18 = 47.9, P<0.000005; Fig. 4B).
Stressed males had 3.1 times more FosB-positive cells than controls (stressed 6.0 ± 0.5 vs.
controls 1.9 ± 0.8, P<0.001), and a similar increase (3.7-fold) was seen in females (stressed
7.5 ± 0.6 vs. controls 2.0 ± 0.7, P<0.00005). In situ hybridization showed a low number of
CRF mRNA-containing neurons in controls, and no stress or sex effects were observed.
Similarly, the SSD of CRF mRNA did not differ among groups (Fig. 4C). CRF-immunoreactivity
was only seen in fibers (Fig. 4D), and the SSD of CRF-immunoreactivity was not significantly
altered by stress. However, a sex effect was obvious (F1,16 = 7.8, P<0.05), because post hoc
analysis showed that in control females these fibers were more strongly stained than in
control males (SSD females 2.19 ± 0.76 vs. SSD males 0.04 ± 0.04, P<0.01). In conclusion,
in both sexes, c-Fos and FosB were increased upon stress exposure, and there was a sex
difference in the amount of CRF in fibers in non-stressed animals.

CeA
With immunocytochemistry, no c-Fos-positive cells were observed in the CeA of controls (Fig.
5A). In stressed animals, however, CeA neurons were recruited and a stress effect was
obvious (F1,18 = 46.3, P<0.00001), with similarly higher numbers of immunoreactive
neuronal nuclei in males (17.0 ± 1.5) and in females (14.3 ± 4.0). No stress or sex effects
were seen for FosB-immunoreactivity (Fig. 5B). With in situ hybridization, control males
showed a very low number of CRF mRNA-containing cells, whereas such neurons were
clearly absent from females (Fig. 5C). Stressed animals, however, had very high numbers of
CRF mRNA-positive neurons (males 20.8 ± 3.6, females 15.9 ± 2.2), and ANOVA revealed a
clear stress effect (F1,14 = 34.1, P<0.00005) but no difference between males and females
(F1,14 = 2.9, P<0.11). For the SSD of CRF mRNA, the ANOVA showed effects of stress (F1,14 =
25.0, P<0.0005) and sex (F1,14 = 4.9, P<0.05). Compared with controls, in both stressed
males (stressed 16.7 ± 2.1 vs. controls 6.5 ± 3.8, P<0.01) and stressed females (stressed
13.0 ± 1.8 vs. controls 0.0 ± 0.0, P<0.005) the SSD was clearly higher. CRF-immunopositive
neurons occurred in all experimental groups (Fig. 5D), but significant stress or sex effects on
their numbers were not found. As for the SSD, a stress effect (ANOVA F1,18 = 14.4, P<0.005)
was observed only in males (stressed 37.6 ± 1.6 vs. controls 30.0 ± 1.0, P<0.005). With the
CRF staining intensity of the fibers in the CeA, a stress effect (ANOVA F1,18 = 9.7, P<0.01)
was seen in males, which had a 1.4-fold higher SSD than controls (stressed 15.4 ± 1.4 vs.
controls 10.9 ± 0.3, P<0.0005). In summary, in both males and females, c-Fos and CRF
mRNA contents were increased upon stress exposure, whereas stress resulted in more CRF
peptide in males only.
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Figure 4. Fusiform bed nucleus of the stria terminalis (BSTfu) in control and stressed male (m) and
female (f) rats, with representative images, location (inset), numbers per section of
immunopositive neurons for c-Fos (A), FosB (B), CRF mRNA (C), and CRF (D), and specific signal
density (SSD; in arbitrary units, a.u.) per neuron (C) or fiber area (D). Means + SEM, n = 6 per
group. *P<0.05. Scale bars = 50 μm.
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Figure 5. Central amygdala (CeA) in control and stressed male (m) and female (f) rats, with
representative images, location (inset), numbers per section of immunopositive neurons for c-Fos
(A), FosB (B), CRF mRNA (C), and CRF (D), and specific signal density (SSD; in arbitrary units,
a.u.) per neuron (C,D) or fiber area (D). Means + SEM, n = 6 per group. *P<0.05. Scale bars = 50
μm.
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Epigenetic activity parameters
PVN
To test for the possibility that the acute restraint stressor would act via an epigenetic
mechanism, enzymes involved in histone acetylation and deacetylation were studied by QRT-PCR. Clear Q-RT-PCR signals were found for the mRNA amounts of HDAC 3, 4, and 5 and
of PCAF, but the ANOVA did not show effects of stress or sex (Table 3). For CBP mRNA,
however, a stress effect (F1,19 = 6.8, P<0.05) and a sex effect (F1,19 = 7.0, P<0.05) were
seen. Post hoc analysis indicated that stressed males had 49% more CBP mRNA than control
males (stressed 1.16 ± 0.11 vs. controls 0.78 ± 0.18, P<0.05). Interestingly, females did not
show a significant stress effect.
Table 3. Q-RT-PCR for HDAC 3, 4 and 5, PCAF, and CBP mRNAs in the PVN, BST, and CeA of control
and restraint stressed male and female rats. Means ± SEM, n = 6.* P<0.05; a: significant with
stressed males, b: significant with control males.

Brain
center
PVN

BST

CeA

Enzyme
HDAC
HDAC
HDAC
CBP
PCAF
HDAC
HDAC
HDAC
CBP
PCAF
HDAC
HDAC
HDAC
CBP
PCAF

3
4
5

3
4
5

3
4
5

Male
control
1.67 ± 0.19
2.06 ± 0.27
1.41 ± 0.17
0.78 ± 0.18a*
0.79 ± 0.08
1.61 ± 0.10
5.15 ± 1.12
1.49 ± 0.17
0.63 ± 0.13
0.52 ± 0.09
1.68 ± 0.23
1.62 ± 0.20
1.57 ± 0.21
0.76 ± 0.12
0.92 ± 0.14

Male
stressed
2.05 ± 0.42
3.45 ± 0.87
2.15 ± 0.27
1.16 ± 0.11
1.07 ± 0.12
1.51 ± 0.23
4.14 ± 0.49
1.52 ± 0.16
0.74 ± 0.21
0.54 ± 0.11
1.54 ± 0.29
1.65 ± 0.09
1.23 ± 0.21
1.12 ± 0.23
0.75 ± 0.19

Female
control
2.07 ± 0.35
2.34 ± 0.38
1.85 ± 0.21
0.54 ± 0.02a*
0.82 ± 0.14
1.36 ± 0.16
4.12 ± 0.64
1.30 ± 0.10
0.47 ± 0.05
0.43 ± 0.05
1.85 ± 0.19
1.72 ± 0.06
2.26 ± 0.58
0.65 ± 0.06
0.50 ± 0.07b*

Female
stressed
3.39 ± 1.15
6.25 ± 2.43
3.22 ± 0.91
0.78 ± 0.14a*
0.96 ± 0.18
1.28 ± 0.26
6.77 ± 1.68
1.46 ± 0.26
0.61 ± 0.10
0.41 ± 0.06
1.58 ± 0.24
2.27 ± 0.47
1.43 ± 0.12
0.90 ± 0.20
0.57 ± 0.04

BST
The Q-RT-PCR data regard the whole BST. We did not find any stress or sex effect for any of
the epigenetic enzyme mRNAs studied (Table 3).

CeA
No differences were found in the expression of HDACs, PCAF and CBP after acute stress.
However, PCAF showed a clear sex effect (F1,19 = 6.0, P<0.05), because control males
revealed 46% more mRNA than control females (males 0.92 ± 0.14 vs. females 0.50 ± 0.07;
P<0.05; Table 3).
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Discussion

It is well established that chronic stress activates the HPA-axis and associated brain centers
involved in the stress response in a sex-specific way (Dalla et al., 2005; Duncko et al., 2001;
Goel and Bale, 2010). In contrast, evidence for such an action of acute stress is scarce and
largely limited to the PVN (Iwasaki-Sekino et al., 2009; Lesniewska et al., 1990). In addition,
little is known about the possible sex-specific cellular responses to acute stress of stress
regulatory centers such as the BSTov, BSTfu, and CeA. The present study is the first to
support the hypothesis that an acute stressor can sex-specifically evoke a stress response in
the rat brain, by changing the expression of the Crf gene and of IEGs, as well as the
dynamics of production and sequestering of CRF by the PVN, BSTov/BSTfu and CeA.
Interestingly, our data point to the possibility that stress-induced changes in gene expression
in the PVN could be partially mediated by epigenetic mechanisms. The results also show that
all these nuclei react to an acute restraint stressor with clear cellular responses, which are
sex-specific in the PVN and the BSTov. These conclusions are discussed below.

Significance of parameters
We have studied various parameters to obtain an impression of the differential involvement
of IEGs in the neuronal response to an acute stressor (Imaki et al., 1996); two IEGs have
been investigated. Among these, c-Fos is generally induced more rapidly and more
transiently by stress than FosB. Therefore, by measuring two IEGs instead of only one,
differential aspects of IEG induction can be investigated (Perrotti et al., 2004). Upon IEG
induction, sets of genes become expressed, including those involved in neuronal secretory
activity. We have focused on the expression of the main stress neuropeptide gene Crf, using
in situ hybridization. Finally, to obtain an impression of stress-induced CRF dynamics, we
assessed the amount of stored CRF by immunocytochemistry, at the level of a nucleus
(number of immunopositive neurons) as well as in individual neurons (SSD). The CRF mRNA
and peptide dynamics were studied 2 hours after the start of stress exposure. As reviewed
by Watts (2005), in the PVN new CRF mRNA has been transcribed already about 1 hour after
stress exposure, and 30 min later the newly translated CRF is packed into secretory vesicles
to be released from the axon terminals after another 30 min. This time sequence of cellular
events means that in our study, upon acute stress, newly synthesized CRF could already
have been exported from the cell bodies to the axon terminals to be released. This notion
underscores the relevance of the 2-hour sample point and the parameters used to assess Crf
transcription and CRF translation, storage and release. As for the latter process, our
measurements do not give direct information about the secretion rate of CRF. However, the
rate of this secretion can be estimated by relating the degree of CRF mRNA (measure for
CRF production) to the degree CRF-immunoreactivity (measure for CRF storage).
Below we interrelate the outcomes of all parameters studied, to obtain an impression
of the series of events that takes place in a brain nucleus upon acute stress exposure, from
IEG induction, via CRF production and storage, to CRF secretion. In this respect, it should be
considered that in the PVN, c-Fos data can be directly related to the CRF mRNA and CRF
peptide data, because stress-induced c-Fos strongly colocalizes with CRF in PVN neurons
(Loughlin et al., 2006). In the BST and CeA, however, c-Fos induction upon stress occurs
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mainly in non-CRF, enkephalin-producing neurons (Day et al., 1999; Loughlin et al., 2006),
so our Fos data provide information on acute stress-induced neuronal responses in these
nuclei.

The PVN
The PVN is a main player in the HPA-axis response to acute stress in males (Chowdhury et
al., 2000; Figueiredo et al., 2002; Ito et al., 2009) as well as in females (Figueiredo et al.,
2002). For males, we found a stress-induced activation of the HPA-axis as evidenced by a
strong increase in CORT titer. This stress-induced activation is also reflected at the level of
PVN neurons by a strong increase in the number of neurons revealing c-Fos and by their
increased CRF mRNA content. This result indicates that restraint stress induces the
expression of IEGs and Crf to increase the neuron's capacity to produce CRF. Stress-induced
activation of the gene expression machinery is also indicated by the finding of stress-induced
increase in the amount of CBP, suggesting the involvement of an epigenetic process (see
also below).
Previously, it was found that acute stress does not change CRF-immunoreactivity in
the PVN (Chappell et al., 1986), and this result has been confirmed in the present study.
When we combine this observation with the increase in CRF mRNA found in male rats, it
appears likely that in activated PVN neurons CRF production and CRF export from the cell
body occur with similarly increased speeds, leaving the net amount of CRF inside the cell
body unchanged. Increased transport of CRF toward the axons would imply that restraint
stress stimulates CRF secretion. This notion is supported by the fact that acute stress
exposure increases CRF release in the PVN in the sheep (Cook, 2004). An acute stressinduced release of CRF is also in line with the observed increase in CORT release in males. In
the female PVN, the stress-induced increase in c-Fos is less strong (7-fold) than in males
(14-fold) and, in contrast to the situation in males, no effect of the stressor on neuronal CRF
mRNA content was seen. This suggests that the CRF neurons in the PVN of females are less
strongly stimulated than in males, leading to less stimulation of CRF release. This sex
difference is reflected by the smaller CORT change in stressed females (1.6-fold increase)
than in stressed males (4.2-fold increase; see also Belz et al., 2003).
In contrast to our results with a restraint stressor, footshock does increase the
amount of CRF mRNA in the female rat PVN (Iwasaki-Sekino et al., 2009). Therefore, the
sex-specific response of the rodent PVN to acute stress appears to be stressor-specific.

The BSTov
The BSTov is well known for its role in the regulation of mood (Davis et al., 2010; Regev et
al., 2010; Walker et al., 2009) but it may also play a role in the stress response (Choi et al.,
2007; Herman et al., 2005; Martinez et al., 1998; Walker et al., 2003). This notion is
supported by the present study, which reveals clear, sex-specific effects of restraint stress on
IEGs and on CRF dynamics in this nucleus. Upon stress, males did not show a stress effect
on IEGs, but their CRF mRNA content was increased. Since stress did not significantly
change the amount of CRF stored in neurons, following the argumentation given above for
CRF dynamics in the PVN, restraint stress might stimulate CRF release from the BSTov after
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equally stimulating CRF production and CRF export from the cell body, leaving the net
amount of CRF stored in the neuron constant. Interestingly, females revealed a completely
different picture; the parameters for CRF dynamics (CRF mRNA and CRF contents) did not
show a significant stress effect, but c-Fos increased. This might mean that in the BSTov not
Crf but other genes downstream of c-Fos are activated by this stressor. Indeed, it was
shown in the BST that after acute stress c-Fos is not colocalized with CRF but with metenkephalin (Day et al., 1999; Kozicz, 2002). In this respect, it is also interesting that the
BSTov is larger in males than in females (Zhou et al., 1995) and contains a dense network of
axon terminals immunoreactive to vasoactive intestinal polypeptide (VIP), a phenomenon
that reveals a clear sexual dimorphism (Zhou et al., 1995). Moreover, CRF neurons in the
BSTov receive input from fibers immunoreactive to pituitary adenylate cyclase-activating
polypeptide (PACAP; Kozicz et al., 1997) and express the PAC1 receptor (Vaudry et al.,
2009). Interestingly, polymorphisms in the PACAP and PAC1 receptor gene are associated
with increased vulnerability for PTSD in females but not in males (Ressler et al., 2011).
Overall, we suggest that a sexual dimorphism in VIP/PACAP in the BSTov could play a role in
the presently demonstrated sex-dependent response of CRF neurons in this nucleus to acute
stress and, consequently, in stress-induced disorders such as PTSD.

The BSTfu
In addition to the BSTov, the BSTfu also seems to play a role in the stress response, because
it contains CRF (Kozicz and Arimura, 2001; Kozicz et al., 1997; Phelix and Paull, 1990), has
strong projections to both the PVN and the CeA (Dong et al., 2001b), and its lesioning
attenuates the stress-induced corticosterone response (Choi et al., 2007). Here, we present
circumstantial evidence for a role of the BSTfu in the acute stress response. We have found
that restraint stress increases the amounts of c-Fos and FosB. However, no stress effects on
CRF dynamics, at either the mRNA or the peptide level, were seen. This suggests that the
IEG responses concern non-CRF neurons, which is in accordance with the almost complete
absence of coexistence of c-Fos and CRF in this nucleus (Day et al., 1999). In this respect it
is relevant that the BSTfu contains glutamatergic neurons (Csaki et al., 2000; Forray and
Gysling, 2004) and met-enkephalin-producing neurons (Kozicz, 2002), which might well be
involved in a BSTfu stress response. Finally, we have found a clear sex-dependence of the
CRF-immunoreactivity of fibers in this nucleus, which was stronger in females than in males.
Functional interpretation of this result in terms of regulation of CRF neuronal activity in the
BSTfu awaits identification of the origin of these fibers.

The CeA
Until now, stimulation of the CeA by an acute stressor (single defeat: Martinez et al., 1998;
restraint stress: Dayas et al., 2001; Ito et al., 2009) had been described only for male rats.
We show that restraint stress also activates the CeA in female rats, as appears from the
stress-induced increase in numbers of c-Fos and CRF mRNA-containing neurons. The
neuronal storage of CRF was only slightly (males) or was not (females) increased upon
stress, so CRF release seems to be increased at the same rate as CRF production. Since
stress exposure induces c-Fos not in CRF-containing neurons but in enkephalin-containing
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cells in the CeA (Day et al., 1999; Loughlin et al., 2006), the present increase in the number
of c-Fos-positive neurons may concern a non-CRF neuronal population in this nucleus. We
have found a clear stimulatory effect of stress on CRF mRNA, indicating that restraint stress
does lead to a secretory response by the CRF neurons. In contrast to the BSTov, this
response can be observed in both males and females, indicating the absence of sex
dependence. Finally, the functional significance of the sex-related difference in the CRF
staining intensity of the CeA fiber network, along with the question of whether these fibers
belong to CRF cell bodies in the CeA or are afferents from CRF neurons running to other
brain areas (e.g., the BSTov), deserves future attention.

Epigenetic processes
We have sought to provide the first evidence that epigenetic mechanism(s) may be involved
in the mediation of acute stress-induced changes in neuronal activity and, in particular, in
gene expression. We found an indication for such an involvement in the PVN. It appears that
restraint stress induces the expression of the CBP gene in this nucleus. CBP is assumed to be
involved in long-term epigenetic changes in gene expression (Wang et al., 2010).
Consequently, the observed stress-induced change in CBP mRNA in the PVN might be an
early sign of major changes (reprogramming) in the stress adaptation system that could
account for a failure to maintain homeostatic equilibrium in stress. In this view, the increase
in CBP mRNA might allow increased histone acetylation and, consequently, induce the CRF
mRNA transcription that we observed in the male rat PVN upon restraint stress. Increases in
CBP and CRF mRNAs were not seen in female rats, so our finding is a first indication that
epigenetic changes can mediate acute stress-induced gene expressions in the PVN that are
sex-specific.
It should, however, be considered that there are other, nonepigenetic mechanisms by
which CBP can control transcription, such as by binding to the transcriptional machinery
(Karamouzis et al., 2007). Therefore, further experiments are needed to conclude definitely
that acute stress acts via histone acetylation on CRF transcription. Such experiments might
concern the determination of the effect of acute stress on the degree of acetylation of Crf
and on the amount of CBP bound to this gene. The absence of any stress effect on
epigenetic enzyme mRNAs in the other brain centers studied suggests that acute restraint
stress does not recruit epigenetic mechanisms.
Conclusions
We have supported our hypothesis that an acute stressor can sex-specifically evoke a stress
response (CORT) and induce changes in the expression of Crf and IEGs as well as the
dynamics of CRF peptide in the PVN, BSTov, BSTfu, and CeA. We have also presented some
evidence suggesting that acute stress may recruit epigenetic mechanisms involving histone
acetylation in the PVN. Finally, we have provided evidence that all centers differ from each
other in one or more aspects of their stress response (amounts of IEGs and/or CRF mRNA
and CRF peptide). Taken together, these results support the idea that each of the brain
centers responds to the acute stressor in its own distinct fashion and that, in this way, these
brain areas control/modify, in a coordinated manner, the animal's stress response. This
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would allow mental and body responses necessary for successful stress adaptation.
Apparently, males and females differ from each other in some components of this response,
particularly at the level of the PVN and the BSTov. Such differences may contribute to the
sex-specificity of the animal's physiological and behavioral responses to an acute stressor.
Our data also provide initial evidence that sex-specific response(s) to acute stressors
may be mediated, at least in the PVN, by an epigenetic mechanism. Because epigenetic
changes in response to significant life events might underlie the development of brain
diseases such as PTSD (Yehuda and Bierer, 2009), which occurs more frequently in females
than in males (Gill et al., 2005), the present data might provide a basis for understanding
how a strong, acute psychogenic stressor could evoke epigenetic changes contributing to the
pathogenesis of such diseases.

55

Chapter 4
Chronic stress induces sex-specific alterations in methylation
and expression of corticotropin-releasing factor gene in the rat
Linda Sterrenburg, Balázs Gaszner, Jeroen Boerrigter, Lennart Santbergen, Mattia Bramini,
Evan Elliott, Alon Chen, Bernard W.M.M. Peeters, Eric W. Roubos, Tamás Kozicz

PLoS One (2011) 6:e28128

Sex-specific response to chronic stress

Chapter 4
Abstract

Although the higher prevalence of depression in women than in men is well-known, the
neuronal basis of this sex difference is largely elusive, and the topic of this study. Male and
female rats were exposed to chronic variable mild stress (CVMS) after which immediate early
gene (IEG) products, corticotropin-releasing factor (CRF) mRNA and peptide, and various
epigenetic-associated enzymes and DNA methylation of the Crf gene were determined in the
hypothalamic paraventricular nucleus (PVN), oval (BSTov) and fusiform (BSTfu) parts of the
bed nucleus of the stria terminalis, and central amygdala (CeA). We obtained indications that
CVMS induced site-specific changes in Crf gene methylation in all brain centers studied in
female rats and in the male BST and CeA whereas the histone acetyltransferase, CREBbinding protein, was increased in the female BST and the histone-deacetylase-5 decreased in
the male CeA. These effects were accompanied by increased amounts of c-Fos in the PVN,
BSTfu and CeA in males, and of FosB in the PVN of both sexes and in the male BSTov and
BSTfu. In the PVN, CVMS increased CRF mRNA in males and decreased CRF in females. The
data confirm our hypothesis that chronic stress affects gene expression and CRF
transcriptional, translational and secretory activities in the PVN, BSTov, BSTfu and CeA, in a
brain center-specific and sex-specific manner. Also, we suggest that brain region-specific and
sex-specific changes in epigenetic activity and neuronal (IEG) activation might play roles in
the sex-specificity of the stress response and the susceptibility to depression.
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Introduction

Chronic exposure to stressors can result in psychopathologies of which depression is ranked
second in the global burden of disease (Bale, 2006; De Kloet et al., 2005; Holsboer, 2000;
Lopez and Murray, 1998; Murray and Lopez, 1997; Reul and Holsboer, 2002; Tafet and
Bernardini, 2003). The incidence of depression is sex-specific, as women are affected twice
as often as men (Gorman, 2006; Kessler, 2003). The neuronal basis of depression is only
fragmentary known but a major neuronal component is corticotropin-releasing factor (CRF)
produced by the hypothalamic paraventricular nucleus (PVN), which controls the
hypothalamo-pituitary-adrenal (HPA-) axis (Arborelius et al., 1999; Vale et al., 1981). In
depressed people the number of CRF mRNA and CRF peptide-containing PVN neurons is
increased (Raadsheer et al., 1994, 1995), which suggests that chronic stressors change the
regulatory input system to the PVN. Rodent studies underpin this idea, showing that various
forebrain centers control HPA-axis activity, of which the central amygdala (CeA) and the oval
subdivision of the bed nucleus of the stria terminalis (BSTov) (Herman et al., 1994, 2005)
are of particular interest. Both play a role in the control of mood (Davis et al., 2010; Regev
et al., 2010; Walker and Davis, 2008; Walker et al., 2003), host many CRF neurons (Gray,
1993; Merchenthaler et al., 1982; Morin et al., 1999; Swanson et al., 1983) and change their
activity upon exposure to chronic stress (Martinez et al., 1998). Also, the fusiform subdivision
of the BST (BSTfu) may act in the stress response because it contains CRF, projects to the
PVN and BSTov (Dong et al., 2001b) and its lesioning decreases the stress response by the
HPA-axis (Choi et al., 2007). Recently, we have found that the rat PVN, BSTov, BSTfu and
CeA are differentially and sex-specifically affected by acute restraint stress (Sterrenburg et
al., 2012). In the present study we analyzed these brain centers for their possible responses
to chronic stressors. We hypothesized that a) chronic stress would affect the functioning of
the PVN, BSTov, BSTfu and CeA in a sex-specific way to evoke a sex-specific HPA-axis
response, b) this response would be borne out at the neuronal gene expression and/or
secretory level, and c) these effects would be effectuated, at least partly, by an epigenetic
mechanism. Indeed, recent studies indicate the involvement of such a mechanism in stress
adaptation. In mice susceptible to chronic social stress, increased CRF mRNA in the PVN is
reflected by decreased methylation of the Crf gene (Elliott et al., 2010), whereas the other
important epigenetic mechanism, histone (de)acetylation, is active in the nucleus accumbens
and hippocampus in a mouse model for depression (Renthal et al., 2007; Tsankova et al.,
2006).
To test our hypothesis, we exposed rats for 2 weeks to the chronic variable mild
stress paradigm (CVMS), a realistic animal model of depression (Choi et al., 2008; Duncko et
al., 2001; Gorka et al., 1996; Marin et al., 2007; Parihar et al., 2011; Willner, 2005), and
subsequently determined various parameters for neuronal activity in the CRF-producing brain
centers mentioned above, namely the presence of a) immediate early gene (IEG)
transcription factors, c-Fos and FosB by immunocytochemistry, as markers for neuronal
activation (VanElzakker et al., 2008), b) CRF mRNA by in situ hybridization, to assess CRF
production capacity, c) CRF peptide by immunocytochemistry, indicating CRF storage, d) Crf
gene methylation by a DNA methylation assay, and e) histone-deacetylases (HDAC) 3, 4 and
5, and histone-acetyltransferases (HATs) CREB-binding protein (CBP) and P300/CBPassociated factor (PCAF) by quantitative (Q)-RT-PCR indicating the capacity for epigenetic
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activity. To reveal sex-specific effects of CVMS exposure, both male and female rats were
studied.
Materials and methods

Animals
Seventy-two Wistar-R Amsterdam rats (females: 200–250 g, males: 300-350 g), aged 14
weeks, were housed at a light/dark 12/12 h cycle (lights on 7 AM) at 23 °C, with water and
food ad libitum. They were used for three experiments (n = 24): a) histology (immunocytochemistry and in situ hybridization), b) DNA methylation assay, and c) Q-RT-PCR. Body
weight was determined at the start of an experiment and at days 5, 10 and 14 of the CVMS
protocol. In each experiment 12 rats (6 males, 6 females) were exposed to CVMS for 2
weeks (for protocol, see Table 1) whereas the other 12 rats (6 males, 6 females) were
handled as stressed rats but not exposed to CVMS (controls). Daytime stressors were always
administered between 8–9 AM, and overnight stress exposure started at 6 PM and lasted till
6 AM. One hour after CVMS exposure on day 14, rats for histology were deeply anesthetized
with nembutal (100 mg/kg body weight; Sanofi-Synthélabo, Budapest, Hungary), and under
anesthesia a blood sample was taken for corticosterone (CORT) assay. Then, rats were
transcardially perfused with 50 ml 0.1 M sodium phosphate-buffered saline (PBS; pH 7.4), for
10 min, followed by 250 ml 4% ice-cold paraformaldehyde in PBS, for 20 min, decapitated,
and their brains dissected and postfixed in the paraformaldehyde fixative for 16 h. For the
other two experiments rats were immediately decapitated and their brains frozen till further
processing. Since the central stress response in rodents is known to have a circadian nature
(Gaszner et al., 2009b), all decapitations were carried out between 9 and 11 AM.
The character of the female stress response depends to some degree on the phase of
the estrous cycle (Carey et al., 1995; Viau and Meaney, 1991). To prevent handling-induced
stress, we determined this phase (using vaginal smears) not during the experiment but
directly after sacrificing the female rats as described previously (Barha et al., 2010; NeufeldCohen et al., 2010; Verma et al., 2010). We have tested successfully our hypothesis that
stress affects the functioning of particular stress-sensitive brain centers. Whether this effect
is directly on these brain areas or proceeds via a change of the phase of reproductive cycle,
cannot be concluded with full certainty. However, such a change is less likely because in the
female experimental groups all cycle phases appeared to occur in a rather random fashion (3
pro-estrous, 2 estrous, 1 di-estrous). Since statistical analysis (see below) showed that in
females data of all parameters measured did not significantly differ from a normal
distribution and had a low variance not dissimilar from that in males, our conclusions on sexdependency apply to female rats in general rather than to females in one particular phase of
the estrous cycle.
All studies were conducted in accordance with the Directive 86/609/EEC on the
protection of animals used for experimental and other scientific purposes and the ethical
codex of animal experiments, and were carried out with the approval of the Ethics committee
on animal research of Pécs University, Pécs, Hungary (approval BA 02/2000-20-2006).
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Table 1. The chronic variable mild stress paradigm

Day
1
2
3
4
5
6
7
8
9
10
11
12
13
14

Stressor type
Swim stress, 2 min (4 °C); humid sawdust, 180 min
Food/water deprivation, permanent
Lights on, overnight; humid sawdust, permanent
Lights off, 180 min; swim stress, 2 min (4 °C)
Food/water deprivation, overnight; isolation, overnight
Cold isolation (4 °C), 15 min; lights off, 120 min
Swim stress, 4 min (12 °C); food/water deprivation, overnight
Inverted light/dark cycle; humid sawdust, overnight
Constant light, overnight; food/water deprivation, overnight
Lights off, 180 min; humid sawdust, permanent
Isolation, overnight; food/water deprivation, overnight
Restraint stress, 60 min; lights on, overnight
Inverted light/dark cycle; food/water deprivation, overnight
Humid sawdust, 180 min; restraint stress, 60 min

Corticosterone assay
For CORT radioimmunoassay, 5 µl blood serum was treated as described previously (Gaszner
et al., 2004), using 3H-corticosterone (12,000 cpm; 90–120 Ci/mmol, NET-399; Perkin-Elmer,
Boston, MA, USA) and our CS-RCS-57 CORT antiserum (Jozsa et al., 2005b). The inter- and
intra-assay co-efficients of variation were 9.2% and 6.4%, respectively, indicating the high
reliability of the method.

Tissue preparation for histology
Fixed brains were transferred to 30% sucrose in PBS, and when completely submerged,
frozen on dry ice. Twenty-five µm-thick serial coronal sections between Bregma −0.26 and
−3.30 mm (Paxinos and Watson, 1997) were cut on a freezing microtome (Microm, Walldorf,
Germany) and kept in sterile antifreeze solution (0.05 M PBS, 30% ethylene glycol, 20%
glycerol) at −20 °C, till further use.

Immunocytochemistry
Free-floating diaminobenzidine (DAB)-immunocytochemistry was carried out as described
previously (Rouwette et al., 2010) using antisera raised in rabbit to c-Fos (dilution 1:2,000 in
PBS; sc-48; Santa Cruz Biotechnology, Santa Cruz, CA, USA), FosB (1:1,000; Santa Cruz) and
CRF (1:2,000; kindly provided by Dr W.W. Vale, The Salk Institute, La Jolla, CA, USA). No
signals were seen after omission of the first antiserum (immunocytochemistry).

61

Sex-specific response to chronic stress

Chapter 4

In situ hybridization
In situ hybridization of CRF mRNA was carried out as described previously (Derks et al.,
2007) using ca. 40 ng/ml antisense or sense (control; no hybridization signal was seen)
cRNA probes transcribed from CRF cDNA (kindly provided by Dr. W.W. Vale), and labeled
with DIG-11-UTP (Roche Molecular Biochemicals, Basel, Switzerland).

DNA methylation assay
Genomic DNA was isolated from punches of the PVN, BSTov, BSTfu or CeA, as follows. One
mm-thick coronal sections, cut with a razor blade between the cerebellum and both cerebral
hemispheres using a coronal brain matrix (no. 15007; Ted Pella, Redding, CA, USA), were
placed on a chilled mat, and regions of interest punched out with a Harris Unicore Hole 1.0
mm puncher (Ted Pella). Separate punches were made of the PVN, CeA and BST (containing
both BSTov and BSTfu). DNA was isolated from the punches using a DNeasy blood & tissue
kit and DNeasy mini spin columns (Qiagen, Valencia, CA, USA) and further processed in
accordance with the manufacturer's instructions. Bisulfite conversion and pyrosequencing of
the promoter region of exon 1 and of the intronic sequence between exons 1 and 2 of the
Crf gene were performed by EpigenDX, as described previously (Kim et al., 2007). The
promoter regions contained the cyclic AMP-responsive element (CRE) and the activator
protein 1 (AP1) sites, which are important regulatory regions containing CpGs (Yao et al.,
2007). As other regulatory regions of Crf do not have CpGs, these have not been analyzed.

RNA extraction and cDNA synthesis
RNA extraction was carried out as reported before (Derks et al., 2008). First-strand cDNA
was synthesized with 11 μg RNA dissolved in 11 μl RNAse-free DEPC containing 5 mU pd(N)6
random primers (Roche), at 70 °C for 10 min, followed by double-strand synthesis in 1×
strand buffer (Life Technologies, Paisley, UK) with 10 mM DTT, 20 U Rnasin (Promega,
Madison, WI, USA), 0.5 mM dNTPs (Roche) and 100 U reverse transcriptase (Superscript II;
Life Technologies), for 75 min at 37 °C and for 10 min at 95 °C.

Q-RT-PCR
Q-RT-PCR was done as described previously (Derks et al., 2008) with primers designed using
Vector PrimerExpress software (Applied Biosystems, Foster City, CA, USA), based on the
respective rat cDNA sequences, according to Table 2. All data were normalized to 18S mRNA
contents.
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Table 2. Primer sequences used for quantitative RT-PCR. F, forward; R, reverse; HDAC, histone
deacetylase; CBP, CREB-binding protein; PCAF, P300/CBP-associated factor.

Primer
HDAC 3
HDAC 3
HDAC 4
HDAC 4
HDAC 5
HDAC 5
CBP F
CBP R
PCAF F
PCAF R
18S F
18S R

F
R
F
R
F
R

5′ → 3′ Sequence
GCCAAGACCGTGGCGTATT
GTCCAGCTCCATAGTGGAAGT
CAATCCCACAGTCTCCGTGT
CAGCACCCCACTAAGGTTCA
TGTCACCGCCAGATGTTTTG
TGAGCAGAGCCGAGACACAG
GGACCTGGGATCTGCATGAA
TCCAGCAGCCCCAAGAGA
CACGCTCAAGAACATCCTGCA
TCGCTGTAAGTCCGCCATGAATA
GTAACCCGTTGAACCCCATT
CCATCAATCGGTAGTAGCG

Image analysis
For each immunocytochemical reaction (CRF, c-Fos and FosB) as well as for in situ
hybridization (CRF mRNA), image analysis was performed in 5 sections of the PVN and CeA
and in 3 sections of the BSTov and BSTfu, at the midlevel of each brain nucleus, interspaced
by 125 µm. Digital images were taken with a Leica DMRBE microscope (at 1,200 x 1,600
dpi). Numbers of immunoreactive neurons were counted per section and then averaged over
all sections. The specific signal density (SSD) of CRF-staining per neuron, was determined
using Scion Image software (version 3.0b; NIH, Bethesda, MD, USA), averaged over 10
randomly taken neurons, corrected for background staining in the same section outside the
brain area, and finally averaged over all sections. In the same way, the SSD of CRFimmunopositive fibers in the BSTov, BSTfu and CeA was measured. For the location of these
brain areas, see Figure 1.
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Figure 1. Schematic representation of
the sampling sites in the rat brain of the
paraventricular
nucleus
of
the
hypothalamus (PVN), oval (BSTov) and
fusiform (BSTfu) subdivisions of the bed
nucleus of the stria terminals, and
central amygdala (CeA). (Modified after
Paxinos and Watson, 1997.)

Statistics
Each parameter is graphically represented as the mean and the standard error of the mean
(SEM) of all 6 animals of an experimental group. Means were analyzed with two-way analysis
of variance (ANOVA), and if a significant main effect (“stress”, “sex”) or interaction “stress ×
sex” was found, Fisher's post hoc test (Statistica, StatSoft, Tulsa, OK, USA) was carried out.
Appropriate transformation of data was applied on the basis of tests for normality (Shapiro
and Wilk, 1965) and Bartlett's test for the homogeneity of variance (Snedecor, 1989). In
addition, data on total DNA methylation per brain region were submitted to Wilcoxon's
signed rank test (Saracci, 1969). Body weight was analyzed using repeated measures ANOVA
with “time” as within-factor.
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Results

Physiological parameters
Corticosterone titer
Radioimmunoassay of CORT (Fig. 2A) revealed a clear difference between male and female
controls (ANOVA: F1.15 = 281.4, P<0.00001), the latter having a 2.9x higher CORT titer. In
response to CVMS, both males (2.0x; P<0.05) and females (1.7x, P<0.0005) showed a
higher CORT titer, underpinning the stress effect (F1.15 = 56.0, P<0.00001).

Figure 2. Corticosterone titer in µmol/l (A) and body weight in grams (B) of control and stressed male
(m) and female (f) rats. Means and SEM, n = 6 per group, * statistical difference between control and
stressed groups indicated at P<0.05.

Body weight
Body weight gain demonstrated clear effects of stress (F1.19 = 58.0, P<0.00001) and sex
(F1.19 = 501.7, P<0.00001; Fig. 2B). While control males showed a body weight gain of about
12% (P<0.005), stressed males lost about 6% of their body weight at day 14 vs. day 1
(P<0.005). Females differed from males in that they had a 20% lower body weight at the
start of the experiment (P<0.0001). Female controls did not change weight during the
experiment, but stressed females at day 14 showed a 10% decrease in body weight
compared to day 1 (P<0.05).
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Gene expressions and secretory activity
Immunocytochemistry and in situ hybridization were performed for all four brain regions
(Fig. 3) and showed clear staining of c-Fos and FosB in the nucleus. CRF mRNA was present
in the cytoplasm and CRF-immunoreactivity was found in the cytoplasm and fibers.

Figure 3. Images of immunocytochemistry of c-Fos (A) and FosB (B), of in situ hybridization of CRF
mRNA (C), and of immunocytochemistry of CRF (D), in the rat hypothalamic paraventricular nucleus.
Scale bars = 20 µm.
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Figure 4. Paraventricular nucleus of the hypothalamus (PVN) in control and stressed male (m) and
female (f) rats, with representative images, numbers per section of neurons stained for c-Fos (A),
FosB (B), CRF mRNA (C) and CRF (D), and specific staining density per neuron (SSD) in arbitrary
units (a.u.; C and D). Means + SEM, n = 6 per group, * P<0.05. Scale bars = 50 µm.
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Figure 5. Oval bed nucleus of the stria terminalis (BSTov) in control and stressed male (m) and
female (f) rats, with representative images, numbers per section of neurons stained for c-Fos (A),
FosB (B), CRF mRNA (C) and CRF (D), and specific staining density per neuron (SSD) in arbitrary
units (a.u.; C and D). Means + SEM, n = 6 per group, * P<0.05. Scale bars = 50 µm.
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PVN
To assess the influence of CVMS on the expression of IEGs, we used c-Fos- and FosBimmunocytochemistry. For c-Fos (Fig. 4A) the ANOVA showed effects of stress (F1.17 = 17.6;
P<0.01) and sex (F1.17 = 7.3; P<0.05), and a sex × stress interaction (F1.17 = 9.0; P<0.01).
Post hoc analysis revealed that males had a dramatically higher number of c-Fos-positive
cells after CVMS (13.2x; P<0.0005), whereas females did not react to CVMS (P>0.05). Also
for FosB effects of stress (F1.19 = 46.7; P<0.00001), sex (F1.19 = 8.8; P<0.001) and a sex ×
stress interaction (F1.19 = 5.1; P<0.05) were present, but here both males and females
showed increased numbers of FosB-positive cells upon CVMS (Fig. 4B). Males mounted a
substantially stronger response than females (males: 4.7x, females: 2.7x; P<0.0005). To
determine if CVMS had affected the production and storage of CRF, in situ hybridization of
CRF mRNA and immunocytochemistry of CRF peptide were carried out, respectively (Fig.
4C,D). Males showed a higher number of CRF mRNA-positive cells after CVMS (2.9x;
P<0.005; Fig. 4C), but in females no significant reaction to CVMS was found (P>0.05).
Similarly, only males revealed a stress-induced increase in the amount of mRNA in individual
neurons (SSD: 1.8x, P<0.05), whereas females did not demonstrate a stress effect. As to
CRF-immunocytochemistry, after CVMS the number of CRF-immunoreactive neurons
decreased by 2.0x in females (P<0.05; Fig. 4D), whereas no stress effect could be detected
in males (P=0.32). The SSD of CRF-stained neurons did not significantly differ between the
experimental groups.

BSTov
With respect to c-Fos, no effect of CVMS was found in either sex (Fig. 5A). In contrast, for
the number of FosB-positive cells ANOVA showed a clear stress effect (F1.18 = 7.5; P<0.05).
Post hoc analysis revealed a 2.1x higher number of c-Fos-positive neurons in males exposed
to CVMS than controls (Fig. 5B; P<0.05). No CVMS effect was detected in females.
Furthermore, also no stress effect was seen in either sex as to the number and SSD of
neurons positive for CRF mRNA (Fig. 5C) or for CRF (Fig. 5D). The size of the human BSTov
revealed a sexual dimorphism, being larger in males than in females (Zhou et al., 1995).
Therefore, we tested if such dimorphism would hold for the CRF-immunoreactive BSTov in
our rats. ANOVA did not demonstrate an effect of sex (F1.16 = 0.46, P>0.05) or of stress (F1.16
= 0.22, P>0.05) on the size (sectioned surface area) of this nucleus.
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Figure 6. Fusiform bed nucleus of the stria terminalis (BSTfu) in control and stressed male (m) and
female (f) rats, with representative images, numbers per section of neurons stained for c-Fos (A),
FosB (B), CRF mRNA (C) and CRF (D), and specific staining density per neuron (SSD) in arbitrary
units (a.u.; C and D). Means + SEM, n = 6 per group, * P<0.05. Scale bars = 50 µm.
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Figure 7. Central amygdala (CeA) in control and stressed male (m) and female (f) rats, with
representative images, numbers per section of neurons stained for c-Fos (A), FosB (B), CRF mRNA
(C) and CRF (D), and specific staining density per neuron (SSD) in arbitrary units (a.u.; C and D).
Means + SEM, n = 6 per group, * P<0.05. Scale bars = 50 µm.
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BSTfu
We observed a clear CVMS-induced increase in the number of c-Fos-positive neurons in
males (P<0.00001; Fig. 6A), whereas in females no effect of CVMS was detectable. A similar
sex-specific situation was encountered for the number of FosB-immunopositive neurons (Fig.
6B), as these had only been recruited in males (6.6x; P<0.005). Similarly to the BSTov,
neither the number nor the SSD of CRF mRNA-positive neurons significantly differed
between control and CVMS groups (Fig. 6C). CRF-positive neurons were not seen, but a
densely CRF-staining fiber network was present throughout the BSTfu (Fig. 6D). The SSD of
these fibers revealed a strong sex difference among control animals, female controls
showing much stronger staining than male controls (P<0.05). CVMS has also resulted in a
strong reduction in the SSD of CRF-immunoreactive fibers in females (4.1x; P<0.05),
whereas in males such an effect was not significant.

CeA
The number of c-Fos-stained neurons was higher in CVMS-exposed males than in controls
(P<0.05; Fig. 7A), whereas no CVMS effect could be shown in females. The number of FosBpositive neurons did not differ among groups (Fig. 7B). The number of CRF mRNA- and CRFpositive neurons and their SSD were similar for males and females, but in both sexes there
was a strong tendency that the number of CRF-immunoreactive neurons had decreased upon
stress (−54% in males; P=0.10, and −43% in females; P=0.064; Fig. 7C,D).

Epigenetic factors
PVN
The total DNA methylation of the Crf gene over all cytosine-phosphate-guanine sites (CpGs)
was consistently higher in stressed females than in female controls (P<0.01), whereas no
stress effect was demonstrable in males. When individual CpGs were considered (Fig. 8A),
CVMS appeared to have increased DNA methylation at CpG-147 and CpG-101. At both CpGs
this effect was sex-specific, as not males but females showed a substantial increase (CpG147: 2.2x; P<0.05, and CpG-101: 1.7x; P<0.05). For the other CpGs no effect of CVMS was
seen. As to histone acetylation and deacetylation, Q-RT-PCR analysis did not reveal a stress
effect on the mRNA amounts of HDAC 3, 4 and 5, PCAF or CBP (Table 3).

BST
The data on epigenetic markers apply to the whole BST. Overall, Crf methylation was less
strong in stressed males than in male controls (P<0.005), whereas females did not show a
stress effect. However, when looking at individual CpGs, 5 CpGs had changed in response to
CVMS (Fig. 8B). At CpG-15 DNA methylation was lower in both males (~10%; P<0.05) and
females (~30%; P<0.05). A sex-specific effect was found for 4 CpGs. At CpGs−226 and
−55, stress resulted in ~10–20% lower DNA methylation in males (P<0.05), whereas stress
did not result in changes in these CpGs in females. On the other hand, at CpG-95 females
showed ~30% lower methylation after stress (P<0.05), whereas in males no change was
observed. At CpG+485, stressed males demonstrated ~10% higher DNA methylation than
controls (P<0.05), whereas a stress effect in females was lacking. Q-RT-PCR revealed a
strongly increased amount of CBP mRNA (1.9x; P<0.05) upon CVMS in females, whereas no
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stress effect was seen in males (Table 3). For the other enzymes studied no stress effects
were found.

CeA
When the total methylation of the Crf gene in the CeA was considered, stressed females
showed less methylation than stressed males (P<0.001). In females, total methylation was
reduced by stress (P<0.005) whereas total methylation in males was not. However, when
individual CpGs were considered, the picture appeared to be more complex. CVMS had
induced changes in 5 CpGs (Fig. 8C). In both CpG-232 and -226 stressed males revealed
stronger methylation than stressed females. In addition, in CpG-226, stressed females had
~10% lower methylation than control females (P<0.05). At CpG-36 males showed stronger
methylation than females, both in the control situation and after CVMS. At CpG+494, CVMS
led to ~10% more methylation in males (P<0.05), whereas females did not react to the
stressor. At CpG+535, finally, stress had decreased methylation in females only, by ~10%
(P<0.05). Q-RT-PCR showed that CVMS had considerably decreased the amount of HDAC 5
mRNA in males (by 1.6x; P<0.05), whereas females did not show a stress effect on histone
acetylation and deacetylation epigenetic markers (Table 3).
Table 3. Q-RT-PCR for HDAC 3, 4 and 5, PCAF and CBP mRNAs in the PVN, BST and CeA of control
and stressed male and female rats. Means ± SEM, n = 6, * P<0.05 compared with control.

Brain
center
PVN

BST

CeA

Enzyme
HDAC
HDAC
HDAC
CBP
PCAF
HDAC
HDAC
HDAC
CBP
PCAF
HDAC
HDAC
HDAC
CBP
PCAF

3
4
5

3
4
5

3
4
5

Male
control
1.6 ± 0.2
2.0 ± 0.3
1.4 ± 0.2
0.8 ± 0.1
0.7 ± 0.2
1.6 ± 0.1
3.2 ± 0.9
1.3 ± 0.1
0.6 ± 0.1
0.5 ± 0.1
1.6 ± 0.2
1.7 ± 0.1
1.8 ± 0.2
0.8 ± 0.1
0.6 ± 0.1

Male
stressed
1.6 ± 0.1
2.4 ± 0.4
1.9 ± 0.3
0.8 ± 0.1
0.6 ± 0.1
1.4 ± 0.2
2.5 ± 0.5
1.4 ± 0.2
0.8 ± 0.2
0.6 ± 0.1
1.5 ± 0.2
2.1 ± 0.3
1.1 ± 0.1*
0.9 ± 0.3
0.7 ± 0.1
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Female
control
2.0 ± 0.3
2.0 ± 0.2
1.9 ± 0.2
0.8 ± 0.1
0.5 ± 0.0
1.7 ± 0.3
3.4 ± 0.8
1.5 ± 0.1
0.6 ± 0.1
0.5 ± 0.1
1.8 ± 0.2
2.0 ± 0.2
1.4 ± 0.2
0.5 ± 0.1
0.6 ± 0.1

Female
stressed
1.9 ± 0.2
2.6 ± 0.4
1.7 ± 0.1
1.4 ± 0.3
0.7 ± 0.1
1.9 ± 0.3
4.0 ± 0.6
1.4 ± 0.1
1.0 ± 0.1*
0.5 ± 0.1
1.6 ± 0.2
2.5 ± 0.2
1.2 ± 0.1
0.6 ± 0.1
0.8 ± 0.1
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Figure 8. Methylation of the Crf gene in the PVN (A), BST (B) and CeA (C) in control and stressed
male and female rats. CpGs, cytosine-phosphate-guanine sites. Means + SEM, n = 6 per group, *
P<0.05.
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Discussion

We show that exposing rats to CVMS activates the HPA-axis, as in both male and female
stressed rats the CORT titer was increased and body weight gain was decreased. These
results indicate that the CVMS paradigm resulted in the chronic activation of the HPA-axis, a
phenomenon often seen in depression (Arborelius et al., 1999; Raadsheer et al., 1994; Tafet
and Bernardini, 2003). While there are several reports on chronic stress-induced Crf
expression and increased CRF release in the PVN, such information on extrahypothalamic
brain centers is scarce (Albeck et al., 1997; Chappell et al., 1986; Kim et al., 2006; Kozicz et
al., 2008a). Moreover, nothing is known about the possible sex-specificity of these
phenomena and their possible dependence on epigenetic mechanisms. Here, we provide new
evidence that chronic stress, as applied by the CVMS paradigm a) affects the functioning of
the PVN, BSTov, BSTfu and CeA to evoke a sex-specific HPA-axis response, b) alters
neuronal gene and peptide expressions, and c) seems to affect epigenetic-associated factors.
Moreover, we show that many of these stress effects are brain center- and sex-specific.
Below we will discuss these conclusions in more detail.

Technical considerations
The CVMS paradigm
Previously we have performed a study on rats exposed to acute restraint stress, and
analyzed the same parameters and brain centers to assess possible sex-specific acute stressinduced responses of CRF neurons in the rat forebrain (Sterrenburg et al., 2012). As an
added value of the present study, we here also aimed to assess the effect of previous stress
history on the animal's response to an acute psychological stressor (restraint) and to
compare the animal's response to acute restraint vs. CVMS-related responses of forebrain
CRF expressing neurons (see later in this Discussion). Therefore, we have modified the
CVMS paradigm in such a way that the rats were exposed to restraint stress on day 14, and
were sacrificed 2 hours after stressor application. This approach has the advantage that the
last stressor in both cases was a 60 min restraint, thus allowing direct comparison of the
animal's response to restraint stress with or without a chronic stress history. One could
argue that because rats were sacrificed 2 hours after the last stressor exposure, the effects
found could have been (particularly) caused by the last stressor of the series of unpredicted
mild stressors, i.e., 60 min of restraint stress. However, our data do not support this idea,
because in the PVN acute restraint stress induces c-Fos in both sexes and FosB only in
females (Sterrenburg et al., 2012), whereas in the present study CVMS increases c-Fos in
males only and FosB in both sexes. In addition, it is well known that the effects of restraint
stress alone are different from that of CVMS exposure (Sterrenburg et al., 2012; Xu et al.,
2010). Therefore, we assume that the effects found in our study are due to the total chronic
stress exposure and not to acute restraint stress.
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The use of c-Fos and FosB
Immunoreactivities to the IEGs c-Fos and FosB are well-established markers for neuronal
activation (Nestler et al., 1999, 2001). c-Fos is induced shortly after exposure to a wide
range of stressors (Kovacs, 1998) including chronic stressors that increase its expression in,
for example, the PVN (Kuipers et al., 2006; Westenbroek et al., 2003). As to FosB, our antiFosB serum recognizes various of its splice variants including full-length FosB, which is
induced by acute stress, and deltaFosB, which is increased after chronic stress (Perrotti et
al., 2004) and is thought to play a role in long-term adaptation (Nestler et al., 1999).

PVN
The present demonstration of CVMS-induced increase in the number of PVN neurons
expressing FosB in both sexes and c-Fos in males underlines the ability of the CVMS
paradigm to induce (several sets of) genes in the PVN (Kim et al., 2006; Nestler et al.,
1999). Most likely, genes induced include Crf, because we here show, in line with previous
studies (Choi et al., 2008; Marin et al., 2007), a CVMS-induced increase in the PVN content
of CRF mRNA in males. Since this increase is not concomitant with an increased storage of
CRF, it seems that CVMS activates CRF production in the PVN neuronal cell body with a
similar strength as CRF export from the cell body toward the axons, in this way leaving the
net amount of CRF stored in the cell body unchanged. Experimental proof that such equal
stimulation of CRF production and CRF export would be concomitant with an, expected,
(equal) increase in CRF release, awaits further proof.
CVMS-induced increased production of CRF seems to be specific for male rats,
because CVMS does not influence CRF mRNA contents in the female PVN, a sex difference
previously observed by Duncko et al. (2001). However, unlike males, females did reveal a
CVMS effect on the amount of stored CRF; as this amount decreased, but the amount of CRF
mRNA did not change, it would seem that the PVN increases CRF release. Obviously, this
would rapidly lead to CRF exhaustion and, hence, to reduced CRF release by females. It
would seem interesting to test whether such a sex difference in the ability to maintain CRF
release upon chronic stress exposure underlies the sex difference in the stress response by
the HPA-axis and, for that matter, the sex difference in human depressive behavior (Gorman,
2006; Kessler, 2003; Marcus et al., 2005; Nock et al., 2010; Takkinen et al., 2004).
Nonetheless, the chronic activation of the PVN in response to unpredictable CVMS is in clear
contrast to the habituating response of this nucleus to homotypic chronic (restraint) stress
(Viau and Sawchenko, 2002), which suggests that the character of the PVN stress response
depends for a substantial part on the nature of the chronic stressor. In response to acute
restraint stress, similarly to the response to CVMS, an increased amount of CRF mRNA was
observed in males, but the amount of CRF peptide did not change in either sex (Albeck et
al., 1997).
With respect to the possible involvement of epigenetic markers in the response of the
PVN to CVMS, in the male PVN no effect of CVMS on histone acetylation and DNA
methylation was seen. This may indicate that the presently demonstrated increase in CRF
mRNA expression in this nucleus upon CVMS does not depend on an epigenetic mechanism.
Still, such involvement cannot be fully ruled out as in our punches other non-CRF-containing
neurons may have “diluted” the histone acetylation and DNA methylation signals below
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detection level. Meanwhile, the CVMS-induced increase in females of Crf methylation at
CpGs−101 and −147 (Fig. 9) may well indicate epigenetic repression of Crf transcription
and, therefore, explain the absence of an increase in CRF mRNA expression upon CVMS.
Since corticosterone is high in females, this might have resulted in an increased negative
feedback on the PVN, possibly via increased DNA methylation, accounting for the absence of
an increase in CRF mRNA after stress.

Figure 9. Panel summarizing statistical effects of CVMS exposure of male and female rats, on
methylation of the Crf gene at sites in 5′ flanking region, exon 1, intron and exon 2 of the Crf gene, in
the PVN, BST and CeA. Dark box indicates methylation increase and light gray box methylation
decrease, each compared with unstressed controls.

Limbic centers
We show that CVMS activates neurons in the BSTov, BSTfu and CeA in the male rat only.
This finding indicates that an involvement of these brain centers in the chronic stress
response is restricted to males, which is in line with the above discussed sex difference in
the way the PVN reacts to CVMS. Extrapolating our results to the human situation, absence
of a response in the BSTov, BSTfu and CeA in females could account for the higher incidence
of depression in women than in men (Gorman, 2006; Kessler, 2003). However, it should be
noted that the presently found changes in reactivity to CVMS by the male BSTov, BSTfu and
CeA are largely restricted to the induction of c-Fos and FosB, whereas no changes were
observed in the neuronal contents of CRF mRNA and CRF peptide, main factors in the stress
response by the HPA-axis. This indicates that the BSTov, BSTfu and CeA are indeed involved
in the animal's response to CVMS, but that possibly neurons containing other
neurotransmitters were activated. In support of this latter, it is well established that acute
stress specifically recruits GABA/met-enkephalin neurons in the BSTov and CeA (Day et al.,
1999; Kozicz, 2002), and glutamate/met-enkephalin neurons in the BSTfu (Csaki et al., 2000;
Forray and Gysling, 2004). However, the role and involvement of these limbic, non-CRF
neuronal populations in the animal’s stress response remains elusive, and should be
addressed in future studies.
Like in the case of the PVN, these results may be specific for CVMS, because Kim et
al. (2006) showed that chronic stressors stronger than CVMS do increase CRF mRNA in the
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male BSTov. On the other hand, the same authors found that chronic stress failed to affect
CRF mRNA contents of the male BSTfu (Kim et al., 2006), suggesting that the neuronal
sensitivity to stressors is not only sex- and stressor- but also brain area-dependent.
The amount of CRF in the fiber network of the BSTfu decreased in females in
response to CVMS. However, whereas the BSTfu has numerous connections with other brain
regions including the PVN (Dong et al., 2001b), it remains to be determined whether the
CRF-immunoreactive fibers are BSTfu afferents or efferents towards the BSTfu and,
therefore, if the CVMS-induced decrease in their immunoreactivity relates to a change in
either input to or output from this nucleus. In humans, males have a larger BSTov than
females (Zhou et al., 1995). Apparently, in our rat strain such a sexual dimorphism does not
exist for the CRF-containing part of the BST (this study) nor for its vasoactive intestinal
polypeptide- and PACAP-containing neurons (Kozicz et al., 1997).
A chronic stress-induced decrease in HDAC5 concomitant with a hypersensitive stress
response occurs in the nucleus accumbens (Renthal et al., 2007). In the present study, we
reveal decreased HDAC5 mRNA in the male CeA upon CVMS, whereas in the female BST the
stressor increases mRNA of another epigenetic marker, histone acetyltransferase CBP.
Therefore, in both forebrain centers CVMS might stimulate an epigenetic process that
enables long-term gene expression. Since the BST and CeA do not react to CVMS with a
change in CRF mRNA, epigenetic activity would seem to concern other genes than Crf. More
specifically, the CVMS-induced decrease in HDAC5 mRNA in the male CeA might account for
the observed increase in c-Fos content.
As to DNA methylation in the forebrain, we found evidence that CVMS decreases Crf
methylation in the male BST, at three CpGs in the promoter region, and increases
methylation at an intronic CpGs between exons 1 and 2. Also the female BST revealed CVMS
effects on Crf CpGs methylation, but these were exclusively inhibitory and concerned only
two CpGs, which differed from the affected CpGs in the PVN (Fig. 7; see also above). These
differences in CVMS-induced methylation among sexes and brain centers suggest that CVMS
affects Crf methylation in a sex- and brain center-specific way as to type (inhibitory vs.
stimulatory) and CpG site. In view of the absence of CVMS-induced changes in CRF mRNA
and peptide contents, elucidation of the possible functional significance of such epigenetic
differences in terms of Crf transcription in the forebrain nuclei would seem of interest.
Conclusions
We have supported our hypothesis that chronic stress, induced by the CVMS paradigm,
recruits CRF-producing neurons in the PVN, BSTov, BSTfu and CeA, in a brain center- and
sex-specific manner that is clearly different from the responses of these brain centers
induced by acute restraint stress (Sterrenburg et al., 2012). In addition, CVMS also leaves a
brain center- and sex-specific epigenetic footprint that may account for the observed
differential responses by these neurons to CVMS. The CVMS-induced increase in Crf
methylation in PVN and the absence of a response of the BSTov, BSTfu and CeA in females
could play a role in the mechanism behind the higher incidence of depression in women.
Determining the nature of this mechanism is beyond the scope of the present study, but it
may be relevant to note that chronic mild stress is known to affect circadian rhythmicity of
locomotion in rats (Gorka et al., 1996). Therefore, it would be interesting to study if the
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presently found sex- and brain center-specific effects of CVMS on neuronal activities reflect,
at least for a part, disturbed circadian activity of these centers, as such disturbances of brain
activity have been presumed to mediate stressor-induced brain disorders like depression
(Gaszner et al., 2009b; Lamont et al., 2007).
In conclusion, our study contributes to the emerging insight that epigenetic
mechanisms could play a role in mounting the central response to chronic stress and, more
specifically, indicates that chronic stress can modulate the programming of CRF-producing
forebrain centers involved in the long-term HPA-axis stress response. We propose that the
mammalian brain possesses sex-specific and epigenetically controlled mechanisms to
promote successful stress adaptation and that, consequently, deregulation of these
mechanisms in one or more of their constituting stress-sensitive brain centers contributes to
the etiology of stress-associated and sex-specific mood disorders, such as depression.
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Abstract

Urocortin 1 (Ucn1) expression in the midbrain is markedly upregulated in major depression.
The purpose of this study was to identify cellular and molecular mechanisms underlying this
increased Ucn1 neuronal activity. We used the chronic variable mild stress (CVMS) paradigm,
a well-validated rodent model for depression, to induce alterations in the activity, plasticity,
epigenetic status and mitochondrial morphology and functioning, of Ucn1 neurons and their
synaptic inputs in the centrally projecting Edinger-Westphal nucleus (EWcp) of the rat. Rats
exposed for two weeks to CVMS showed sustained activation of the hypothalamo-pituitaryadrenal axis (increased corticosterone titer) and depressive-like behavior. In the EWcp, we
found increased neuronal activity (c-Fos contents), indications for decreased Ucn1 promoter
DNA methylation, and increased Ucn1 mRNA and Ucn1 peptide production. Ultrastructurally,
upon CVMS exposure, we observed an increase in stimulatory (likely glutamatergic) synaptic
contacts on the Ucn1 neurons, which revealed smaller (less mature) secretory granules than
controls. This indicated synaptic stimulation of axonal transport and synaptic release of
Ucn1. Also CVMS-induced changes in the activities of mitochondrial complexes I and IV, and
expression of proteins involved in mitochondrial fusion were observed.
Together, our data reflect specific chronic stress-induced changes in structure and
functioning of the EWcp-Ucn1 neuronal system at the cellular and molecular level, indicating
neuronal activation of Ucn1 neurons and possibly contributing to the pathogenesis of
depressive-like behavior.
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Introduction

The significance of urocortin 1 (Ucn1) for controlling mood appears from the fact that its
intracerebroventricular administration elicits strong anxiogenic effects (Gysling et al., 2004;
Kozicz, 2007; Skelton et al., 2000) and that Ucn1 mRNA is markedly upregulated in
microdissected ventromedial midbrain samples of male suicide victims compared to controls
(Kozicz et al., 2008b). The richest source of the brain's Ucn1 is in neurons in the midbrain
centrally projecting Edinger-Westphal nucleus (EWcp) (Kozicz et al., 2011a,b). Based on the
existence of close functional (Fabre et al., 2011; Neufeld-Cohen et al., 2010) and anatomical
(Bittencourt et al., 1999; Clements et al., 1985; Weitemier and Ryabinin, 2005) relationships
between Ucn1 neurons in the EWcp and serotonin neurons in the dorsal raphe nucleus (DR),
the hypothesis has been put forward that Ucn1 is involved in biological processes underlying
psychoaffective disorders, and that EWcp-Ucn1 neurons participate in serotonin-mediated
anxiety and depression-related behavior. This notion is supported by several lines of
evidence: a) null-mutation in the Ucn1 gene leads to impaired adaptation to exposure to
repeated restraint stress (Zalutskaya et al., 2007), b) the expression of Ucn1 strongly
correlates with that of the serotonin transporter gene in the DR (Fabre et al., 2011), and c)
Ucn1/Ucn2 double knock-out mice show decreased anxiety and increased forebrain
serotonergic function (Neufeld-Cohen et al., 2010).
Taken together, the picture is emerging that increased Ucn1 neuronal activity in the
EWcp contributes to mood disorders like anxiety and depression. The present study aims to
identify cellular and molecular mechanisms underlying this increased Ucn1 neuronal activity.
As chronic exposure to stressors has been implicated in the etiology of stress-related
psychopathology (De Kloet et al., 2005; Joëls and Baram, 2009; McEwen, 1998), we have
used the chronic variable mild stress (CVMS) paradigm (Deussing, 2006; Marin et al., 2007)
to induce Ucn1 expression at the transcriptional and translational levels, and in view of the
possibility that an epigenetic mechanism is involved in the pathogenesis of mood disorders
(Nestler, 2009), we have assessed Ucn1 promoter methylation. Ultrastructural studies have
shown that rat EWcp neurons are active peptidergic cells that receive at least three types of
synaptic input (Van Wijk et al., 2009). To test for chronic stress-induced neuronal plasticity
of the EWcp, we performed ultrastructural morphometry to determine if CVMS exposure
would change a) the presence of cell organelles involved in the neuronal biosynthesis (rough
endoplasmic reticulum, RER), packaging (Golgi apparatus) and storage (secretory granules)
of Ucn1, and b) the frequencies of synapse types contacting Ucn1 neurons. Since the
neuronal stress response requires substantial mitochondrial energy mobilization (Frank,
2006; Su et al., 2010), attention was also paid to possible stress-induced changes in
mitochondrial morphology and in the amount of key proteins for mitochondrial fusion and
fission (Chen and Chan, 2005; Cipolat et al., 2004; Frank, 2006; Zorzano et al., 2010) and of
complex I and IV proteins involved in the mitochondrial respiratory chain. Together, the
results reveal a picture of chronic stress-induced changes in structure and functioning of the
EWcp-Ucn1 neuronal system at the cellular and molecular level, and may contribute to the
further understanding of the pathogenesis of stress-related psychiatric disorders.
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Material and methods

Animals
Sixty male albino Wistar-R Amsterdam rats (250-300 g) were kept in standard plastic cages
(40 x 50 x 20 cm) at 22 °C and 55% humidity, on a 12 h light/12 h dark cycle (lights on at 6
AM, light intensity: 200 lux). They were provided with food and water ad libitum. Body
weights were determined at the start of an experiment (day 1) and at days 7 and 15. Thirty
rats were exposed to CVMS, the others served as controls. At day 15 all rats were sacrificed
and randomly distributed over 5 types of experiment, each with 6 stressed and 6 control
rats: 1) diaminobenzidine (DAB)-immunocytochemistry and in situ hybridization, 2)
fluorescent immunocytochemistry, 3) electron microscopy, 4) DNA methylation, and 5)
biochemical determination of mitochondrial complex I and IV activities. All animal handlings
were conducted in accordance with the Dutch law for animal welfare, as verified by the
ethical committee on animal experimentation of Radboud University Nijmegen and the
medical faculty advisory committee for animal resources of Pécs University, Pécs, Hungary.

Chronic variable mild stress paradigm
The CVMS paradigm consisted of exposing rats daily during 14 days to two stressors taken at
random from a pool of 3 daytime stressors (1 h shaking, 1 h confinement, 30 min restraint;
start at 9 AM) and 3 overnight stressors (16 h wet bedding, 16 h crowding, 16 h isolation;
start at 5 PM). (For details of the CVMS paradigm, see Marin et al., 2007; Xu et al., 2010.)

Forced swim test
To evaluate depression-like behavior, 24 rats from experiment 1 and 2 were subjected to a
forced swim test (FST) (Porsolt, 1979). For stressed rats (n = 12) this was on the last two
days of the CVMS paradigm (5 min on day 13, 3 x 5 min on day 14) where the test period
replaced exposure to the last four stressors of the paradigm. Controls (n = 12) were tested
according to the same scheme, but 9 days earlier, to exclude a possible FST-induced (mild)
stress effect at the end of the experiment. During a test, each rat was kept in a glass
cylinder (46 cm long, 25 cm diameter) containing 30 cm of water, at 28 °C. A rat was
considered immobile when no motion was shown except for minimal paw and tail
movements made to keep itself afloat. Behavior was recorded with a video camera, and the
periods spent immobile, swimming, climbing and diving were quantified using JWatcher
software (version 0.9; University of California, Los Angeles, CA, USA, and Macquarie
University, Sydney, Australia: http://www.jwatcher.ucla.edu).

Chemicals
Antisera and nucleotide probes, with their suppliers, are given in Table 1. All other chemicals
were from Sigma Chemicals (Zwijndrecht, The Netherlands) unless stated otherwise.
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Table 1. Primary antisera for immunocytochemistry with dilution, host species, manufacturer and
batch/order number. Drp1: dynamin-related protein 1, Fis1: fission protein 1, Mfn1: mitofusin 1,
OPA1: optic atrophy protein 1, Ucn1: urocortin 1, vGlut2: vesicular glutamate transporter 2.

Antiserum
c-Fos

Dilution Host
species
1:250
Rabbit

Drp1

1:100

Mouse

Fis1

1:100

Rabbit

Mfn1

1:75

Chicken

OPA1
1:25
Synaptophysin 1:1,000

Mouse
Rabbit

Ucn1
Ucn1

1:200
1:30,000

Goat
Rabbit

vGlut2

1:7,000

Guinea
pig

Manufacturer
Santa Cruz Biotechnology (Santa
Cruz, CA, USA)
BD Biosciences
(San Jose, CA, USA)
Imgenex
(San Diego, CA, USA)
Novus Biologicals
(Littleton, CO, USA)
BD Biosciences
Zymed Laboratories
(San Francisco, CA, USA)
Santa Cruz Biotechnology
Gift from Dr. W.W. Vale, The Salk
Institute (San Diego, CA, USA)
Millipore (Amsterdam, The
Netherlands)

Batch/order
no.
sc-52
611112
IMG-5113A
NB111058853
612607
18-0130
R-20 sc-1825

AB5907

Tissue preparation for light microscopy
Rats were anesthetized with nembutal (sodium pentobarbital; Sanofi, Budapest, Hungary;
100 mg/kg body weight). Then, the chest cavity was opened, and animals were perfused
transcardially with 50 ml 0.1 M sodium phosphate-buffered saline (PBS, pH 7.4) for 10 min,
followed by 250 ml ice-cold 4% paraformaldehyde in 0.2 M Millonig sodium phosphate buffer
(pH 7.4), for 20 min, decapitated, and their brains quickly dissected and postfixed in the
same paraformaldehyde fixative, for 16 h at 4 C. After rinsing in PBS, brains were
cryoprotected in 30% sucrose and, when completely submerged, frozen on dry ice. Twentyfive m-thick coronal sections of the midbrain (Bregma -5.0 to -7.0 mm; Paxinos and
Watson, 2001) were cut on a HM 440 freezing microtome (Microm, Walldorf, Germany) and
saved in antifreeze solution consisting of 30% glycerol, 20% ethylene glycol and 0.1 M PBS,
at -20 C, until further processing for in situ hybridization and single and double
immunocytochemistry.

In situ hybridization
Radioactive in situ hybridization was carried out with 33P-labeled antisense and sense cRNA
probes encoding for Ucn1, synthesized from a full length 579 bp Ucn1 cDNA subcloned in
pBluescript-SK+ plasmid. Sections had been mounted onto pre-treated slides
(Superfrost/Plus, Menzel-Glazer, Braunschweig, Germany) and incubated in borax-buffered
4% paraformaldehyde (pH 9.5), at 4 °C for 30 min. After rinsing 3 x 5 min in PBS and drying
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in a vacuum desiccator for 1 h, they were pre-incubated in protein K medium (0.1 M
Tris/HCl, 0.05 M EDTA, 10 µg/ml protein K; Invitrogen, Breda, The Netherlands), for 10 min
at 37 °C. After washing in autoclaved MQ water, acetylation was performed with 0.25%
acetic acid anhydride in 0.1 M tri-ethanolamine buffer (pH 8.0), for 10 min, followed by
rinses with standard saline citrate buffer (SSC; pH 7.0), dehydration, and vacuum-drying, for
2 h. Probes were applied for hybridization at about 10,000 cpm/ml, for 16 h at 58 °C, in
hybridization mixture containing 50% deionized formamide, 5 M sodium chloride, 0.5 M
EDTA, 50x Denhardt’s solution, 50% dextran sulfate and MQ water. After rinses with
preheated SSC at 58 °C, sections were treated with 10 µg/ml ribonuclease A (Roche,
Mannheim, Germany), for 30 min at 37 °C. Rinses in 2x, 1x and 0.5xSSC containing 1 mM
dithiothreitol (Roche Diagnostics, Mannheim, Germany) were followed by rinsing in 0.1xSSC.
Finally, sections were dehydrated, defatted in xylene, rinsed in ethanol, air-dried, coated
with Kodak NTB-2 liquid autographic emulsion (Interscience, Markham, Ontario, Canada),
and exposed in a desiccated, light-tight box, for 5 days at 4 °C. They were developed in
Kodak D-19, for 3.5 min at 14 °C, rinsed briefly in distilled water, fixed with Kodak fixer
(Interscience, Breda, The Netherlands), rinsed in running tap water for 30 min, dehydrated,
and coverslipped with Entellan for microscopical examination. Digital images were taken at a
resolution of 1,200 x 1,600 dpi using a Leica DMRBE system with digital camera (Leica
Microsystems, Wetzlar, Germany) connected to an IBM computer running Scion Image
software (version 3.0b; NIH, Bethesda, MR, USA). For in situ hybridization the amount of
Ucn1 mRNA in the EWcp was assessed by counting the number of radioactive perikarya
(showing a nucleus) in 5 serial sections interspaced by 125 µm and cut medially through the
EWcp. Only perikarya with a silver grain density >5 times above background density outside
the EWcp were taken into account. In the same sections, the specific signal density (SSD) of
the hybridization signal in an individual cell body, corrected for background density, was
measured for 10 random neurons, using ImageJ software version 1.38 (NIH), and expressed
in arbitrary units.

Single immunocytochemistry
For DAB immunocytochemistry, free-floating sections were washed 6 x 10 min in PBS to
remove antifreeze solution, and incubated in quenching mixture of PBS and 2% H2O2, for 30
min at 20 °C. After rinsing in PBS, they were incubated in 0.5% Triton X-100 in blocking
buffer consisting of PBS and 2% normal donkey serum (NDS; Jackson Immunoresearch
Laboratories, West Grove, PA, USA), for 30 min. Then, sections were incubated for 16 h in
affinity-purified primary rabbit antiserum raised against c-Fos (Table 1) diluted in blocking
buffer. After rinsing in PBS, they were treated with biotinylated donkey-antirabbit IgG,
diluted 1:200 in PBS containing 2% NDS, for 2 h at 20 °C. Sections were rinsed in cold PBS,
incubated in avidin-biotin-complex (Vectastain Elite ABC Kit; Vector Laboratories, Burlingame,
CA, USA), for 1 h at 20 °C, and rinsed with PBS, for 3 x 10 min and with Tris buffer (pH 7.6),
for 10 min. Finally, they were treated successively with 0.05% DAB in the Tris buffer, for 10
min, and with 0.00003% H2O2, for about 10 min; the latter reaction was microscopically
controlled and stopped with Tris buffer. After 3 x 10 min washes in PBS, sections were
mounted on gelatin-coated glass slides, air-dried, treated with xylene for 2 x 10 min,
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coverslipped with DePex, and studied with the Leica DMRBE system. The same quantification
procedure was followed as used for in situ hybridization.

Double immunofluorescence
Double immunofluorescence was performed with goat-anti-Ucn1 serum and an antiserum to
synaptophysin or to vGlut2, and with rabbit-anti-Ucn1 and an antiserum to either Fis1, Drp1,
Mfn1 or OPA1 (Table 1). After rinsing in PBS, free-floating sections were treated according to
the heat-induced retrieval method (Pileri et al., 1997; Shi et al., 1991) to improve antigen
reactivity, by transfer into 0.01 M citrate buffer (pH 6.0), heating, for 10 min at 90 °C, and
slowly cooling down, for 30 min. Then sections were rinsed in PBS, treated with 0.5% TritonX100 in PBS, rinsed, and incubated in 2% NDS-PBS with 0.5% tyramide signal amplification
(TSA) blocking reagent (PBS-BTSA; NEN Life Science Products, Boston, MA, USA), for 1 h.
Incubation with primary antisera lasted 16 h for synaptophysin and for vGlut2, at 20 oC, and
3 days with sera to Fis1, Drp1, Mfn1 and OPA1, at 4 °C. For double staining of Ucn1 with
vGlut2 or with Fis1, sections were rinsed in PBS, incubated in a mixture of Cy2- and Cy3conjugated donkey-anti-goat IgG and donkey-anti-rabbit IgG (Jackson Immunoresearch
Laboratories) in PBS-BTSA, for 2 h, rinsed, and mounted on gelatin-coated glasses with
antifade mounting medium (Vectashield Vector Laboratories, Peterborough, United
Kingdom). For double staining of Ucn1 with synaptophysin, Drp1, Mfn1 or OPA1, the TSA
method (Van Gijlswijk et al., 1997) was performed. In short, after incubation in the primary
antisera as described above, sections were rinsed and incubated with, depending on the
primary serum, biotinylated donkey-anti-rabbit, donkey-anti-mouse or donkey-anti-chicken
IgG (Vector Laboratories), for 2 h, rinsed, and incubated in Cy2-conjugated anti-streptavidin
(1:100; Jackson Immunoresearch Laboratories) for 30 min, rinsed, and incubated in Cy3conjugated streptavidin (SA-HRP; 1:200; Jackson Immunoresearch Laboratories), for 30 min,
to detect Drp1, Mfn1 and OPA1. Then Ucn1 was stained by adding Cy2-conjugated donkeyanti-goat or donkey-anti-rabbit serum, for 2 h. Next, sections were processed as described
above. Fluorescence immunocytochemistry images were made with the Leica TCS SP2 AOBS
confocal laser scanning microscope (Leica Microsystems). The same quantification procedure
was followed as for in situ hybridization, to determine the numbers and SSD of Ucn1immunoreactive perikarya present in 10 medial serial sections through the EWcp. In double
immunofluorescence stainings, the SSD of staining for Fis1, Drp1, OPA1 or Mfn1 was
measured in 10 random Ucn1-immunoreactive perikarya per section. In the same sections,
the numbers of synaptophysin- and vGlut2-immunoreactive boutons contacting Ucn1-positive
neurons were counted.

Electron microscopy
Rats were anesthetized, perfused using a mixture of 2% paraformaldehyde and 0.5%
glutaraldehyde in PBS as a fixative, for 20 min and decapitated. Their brains were dissected
as for light microscopy and postfixed in the same fixative for 16 h at 4 °C. Brain slices (300
μm thickness) were cut coronally halfway the EWcp with a VT1000S Vibratome (Leica,
Rijswijk, The Netherlands). Punches of the EWcp made with a Harris Unicore sample cutter
(diameter 1.2 mm; Ted Pella, Redding, CA, USA) were postfixed in 1% OsO4 in PBS, for 1 h
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at 4 °C. Then punches were dehydrated, embedded in Spurr's resin (Agar Scientific,
Stansted, United Kingdom), and ultrathin pale-gold sections cut on an Ultracut UCT
ultramicrotome (Leica).

Electron microscopic morphometry
For ultrastructural morphometry 5 random Ucn1 perikarya cut medially through the EWcp
and showing a nucleus profile, were studied in a Jeol 1010 electron microscope equipped
with a CoolSNAP HQ camera (Jeol, Tokyo, Japan) and ImageJ software version 1.38 (NIH).
Per perikaryon, 4 photographs were taken, equidistantly from the nuclear and plasma
membranes. Per photograph, at a final magnification of x30,000, secretory granules were
analyzed. At x15000, ultrastructural parameters were determined for biosynthesis (RER) and
packaging into secretory granules (Golgi apparatus) of Ucn1, and for energy metabolism
(mitochondria) and degradative capacity (lysosomes). Furthermore, at x20,000
magnification, D-, F- and L-type synapses contacting the Ucn1 perikarya were counted. In
addition, of L-type synapses, the surface of the presynaptic terminal was measured, as well
as the number and surface area of mitochondria.

Ucn1 gene methylation analysis
Genomic DNA was isolated from punches of the EWcp. One mm-thick coronal sections, cut
with a razor blade between the cerebellum and both hemispheres using a coronal brain
matrix (no. 15007; Ted Pella), were placed on a chilled mat and the EWcp was punched out
with a Harris Unicore Hole 1.0 mm puncher (Ted Pella). DNA was isolated from the punches
and further processed according to the manufacturer’s instructions (Qiagen, Valencia, CA,
USA), using Qiagen’s DNeasy blood and tissue kit and mini spin columns. Bisulfite conversion
and pyrosequencing of Ucn1 DNA were performed by EpigenDX (Worcester, MA, USA) as
previously described (Kim et al., 2007).

Mitochondrial enzyme determinations
Punches of the EWcp, obtained as described above, were homogenized (Potter–Elvehjem
homogenizer) in 10% w/v homogenate in sucrose-EDTA-phosphate (SEF) buffer (0.25 M
sucrose, 2 mM K-EDTA, 10 mM sodium phosphate buffer, pH 7.4), and stored at −80 °C. For
enzyme determinations, homogenates were freeze-thawed 3 times and then diluted 2 times
with SEF buffer. The activities of the respiratory chain complexes I and IV were quantified by
spectrophotometry as previously described (Cooperstein and Lazarow, 1951; Janssen et al.,
2007; Rodenburg, 2011; Srere, 1969) and the outcomes expressed relative to the
mitochondrial reference enzyme, citrate synthase (Janssen et al., 2007, 2008).

Corticosterone radioimmunoassay
For the studies of mitochondrial enzyme activities and promoter methylation, per rat (n =
12) 1.5 ml trunk-blood sample was collected in an EDTA vial, centrifuged at 30000 rpm for
10 min, and stored in 50 µl aliquots at –20 °C until corticosterone determination. For
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corticosterone radioimmunoassay, 5 µl of blood plasma was analyzed as described previously
(Gaszner et al., 2004), using 3H-corticosterone (12,000 cpm; 90-120 Ci/mmol, NET-399;
Perkin-Elmer, Boston, MA, USA) and CS-RCS-57 antiserum (Jozsa et al., 2005a). The interand intra-assay co-efficients of variation were 9.2% and 6.4%, respectively, indicating the
high reliability of the method.

Statistics
A random selection procedure was maintained throughout the experiment. Data are
presented as the mean over all animals per experimental group and standard error of the
mean (SEM). Statistical analyses were performed using Statistica Software version 6
(StatSoft, Tulsa, OK, USA), using analysis of variance (repeated measures ANOVA for body
weight and the FST, and two-way ANOVA for the numbers of synapses) and Student’s t-test
for the other parameters, preceded by appropriate transformation of data on the basis of
tests for normality (Shapiro and Wilk, 1965) and homogeneity of variance (Bartlett’s chisquare-test; Snedecor, 1989) and followed by Tukey’s post hoc analysis (Statistica, StatSoft)
(α = 5%).
Results

Physiological and behavioral effects of CVMS
Two weeks after CVMS exposure rats had a 3 times higher plasma CORT titer (1.6 ± 0.4
μmol) than controls (0.5 ± 0.1 μmol; P<0.05; Fig. 1a). As a further indication for chronic
activation of the stress axis, CVMS rats had gained less body weight since the start of the
experiment (+6.8 ± 1.9%) than controls (+18.6 ± 1.5%; P<0.05; Fig. 1b). Also, when
forced to swim for 5 min (FST), they stayed clearly longer immobile (260.7 ± 6.3 sec) during
the first 5 minutes of testing at the second day than controls (192.0 ± 11.7 sec;
P<0.000001; Fig. 1c), indicative of depressive-like behavior.
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Figure 1. CVMS-treated (black columns) and control rats (white columns). (a) Corticosterone titer, (b)
body weight gain at days 7 and 15, relative to day 1, c) immobility during 5 min periods of the forced
swim test at days 1 and 2. Means + SEM, * P<0.05.

Sustained CVMS-induced activation of EWcp-Ucn1 neurons
We assessed CVMS-induced expression of the inducible transcription factor, c-Fos (an often
used marker of neuronal activation; e.g., Kovacs and Sawchenko, 1996) in EWcp neurons
using semi-quantitative immunocytochemistry (Fig. 2a,b), and found that the number of cFos-immunoreactive neurons was dramatically higher in rats exposed to CVMS than in
controls (stressed: 19.9 ± 6.3 vs. control: 1.7 ± 0.2; P<0.01; Fig. 2c). This CVMS-induced
activation of EWcp neurons was concomitant with higher neuronal amounts of Ucn1 mRNA in
the EWcp of CVMS-rats than in controls, as appeared from the higher specific signal density
per neuron (SSD stressed: 5.0 ± 0.3 vs. SSD control: 3.8 ± 0.3; P<0.01; Fig. 2d-g). Like
Ucn1 mRNA, the neuronal amounts of immunoreactive Ucn1 peptide were higher in CVMSrats than in controls (SSD stressed: 18.9 ± 1.0 vs. SSD control: 15.9 ± 0.5; P<0.05; Fig. 2k).
The mean surface area of Ucn1 perikarya did not significantly differ between the groups (Fig.
2l), indicating that CVMS had not changed the mean neuron size.
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Figure 2. Immunocytochemistry of c-Fos in control (a) and CVMS rats (b), and numbers per section of
c-Fos-positive cell nuclei (c). In situ hybridization of Ucn1 mRNA in control (d) and CVMS rats (e), and
the numbers per section (f) and signal specific density (SSD) (g) of Ucn1 mRNA-positive neurons.
Immunocytochemistry of Ucn1 in control (h) and CVMS rats (i), and the numbers (j), SSD (k) and area
(l) of Ucn1-positive neurons. White columns = controls, black columns = CVMS rats. Scale bar = 50
µm. Means + SEM ,* P<0.05, ** P<0.01.
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CVMS-induced neuronal plasticity of EWcp-Ucn1 neurons
At the ultrastructural level D-, L- and F-type synapses were observed that contacted Ucn1
perikarya. In accordance with Van Wijk et al. (2009) they were identified on the basis of the
following characteristics: 1) D-type synapses are small, asymmetric synapses with a
relatively short active site (0.3-0.4 µm) and do not contain mitochondria (Fig. 3a), whereas
L-type synapses are much larger, have a long, asymmetric active site (0.5-1.0 µm) and
contain fair numbers of mitochondria (Fig. 3b). F-type synapses are medium-sized (ca. 0.8
µm), have symmetric active sites, and contain variable numbers of mitochondria (Fig. 3c). To
determine if CVMS had resulted in altered synaptic input, we quantified each synapse type
contacting EWcp-Ucn1 neurons (Fig. 3e). The total number of synapses was 88% higher in
CVMS rats than in controls (stressed: 6.4 ± 1.2 vs. control: 3.4 ± 0.7; P<0.05). Interestingly,
this increase was almost exclusively due to an increase in asymmetric (D- and L-type)
contacts, and especially L-type synapses were more abundant in rats exposed to CVMS than
in controls (stressed: 4.9 ± 1.1 vs. control: 2.0 ± 0.6; P<0.05; Fig. 3e).
To identify mechanisms that could underlie the CVMS-induced activation of EWcpUcn1 neurons, we studied electron-microscopically cell organelles involved in biosynthesis,
packaging, secretion and degradation of Ucn1 (RER, Golgi apparatus, secretory granules,
and lysosomes, respectively). Quantitative analysis of these organelles revealed no
significant difference between CVMS and controls (data not shown), except for the fact that
secretory granules (Fig. 3d) were smaller in rats exposed to CVMS than in controls (stressed:
120.0 ± 3.4 nm vs. control: 128.5 ± 2.8 nm; P<0.05; Fig. 3f). Also the surface area of the
granule profiles was smaller (stressed: 7.2 ± 0.5 vs. control: 8.6 ± 0.4; P<0.05; Fig. 3g).
To support the idea that CVMS had resulted in more excitatory synaptic input, we
performed double immunofluorescence staining for synaptophysin and vGlut2. At average,
both synaptophysin- and glutamate-positive boutons were more abundant on EWcp-Ucn1
neurons of rats exposed to CVMS than of controls (+30%), a difference clearly significant for
synaptophysin (stressed: 10.5 ± 0.3 vs. control: 7.3 ± 0.5; P<0.05; Fig. 3h,i,k) and almost
significant for glutamate (stressed: 2.3 ± 0.1 vs. control: 3.1 ± 0.1; P=0.11; Fig. 3j,l).
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Figure 3. Asymmetrical D-type (a), asymmetrical L-type (b) and symmetrical F-type (c) synapses
(arrowheads) on Ucn1 neurons. Mitochondria are indicated by arrows in (b). Mature secretory granule
(arrowhead) in Ucn1 neuron (d). Numbers of the three synapse types per Ucn1 perikaryon, in control
and CVMS rats (e). Diameter of secretory granules (f) and total surface area of granules (g). Neurons
double-stained for Ucn1 (green) and synaptophysin (red) (h), with detail in (i). Neurons double
stained for Ucn1 (red) and vGlut2 (green) (j). Numbers of boutons immunoreactive for synaptophysin
(k) or vGlut2 (l) per Ucn1 neuron. White columns = controls, black columns = CVMS rats. Scale bars
(a,c,d) = 300 nm, (b) = 500 nm, (h) = 20 µm, (i,j) = 10 µm. Means + SEM, * P<0.05.

CVMS changes mitochondrial functioning in the EWcp
To test for an effect of CVMS on mitochondrial functioning, we studied the number and the
ultrastructural integrity, i.e., morphology, length and shape, of mitochondrial profiles. They
did not differ between CVMS rats and controls (data not shown).
In view of the importance of the balance between fusion and fission of mitochondria
for mitochondrial functioning (Chen and Chan, 2006; Seo et al., 2010), we evaluated these
two processes by immunocytochemistry using antisera against fusion (OPA1 and Mfn1) and
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fission (DrP1 and Fis1) proteins (Fig. 4). After CVMS the number of OPA1-immunoreactive
neurons was dramatically lower than in controls (-92.8%; stressed: 0.5 ± 0.3 vs. control: 6.9
± 2.3; P<0.05; Fig. 4a-c), and the same held for the SSD (-73.4%; stressed: 29.4 ± 15.0 vs.
control: 110.4 ± 24.2; P<0.05; Fig 4d). In contrast, whereas the number of Mfn1immunoreactive neurons was not different, the SSD of these neurons in CVMS rats was
much higher than in controls (stressed: 10.4 ± 2.9 vs. control: 3.7 ± 2.4; P<0.005; Fig. 4eh). Immunofluorescent staining with DrP1 and Fis1 did not reveal differences between CVMS
rats and controls (Fig. 4i-p).

Figure 4. Immunocytochemistry
of fission and fusion proteins in
control (a,e,i,m) and CVMS
(b,f,j,n). Numbers and SSD of
neurons immunoreactive for
OPA1 (c,d), Mfn1 (g,h), DrP (k,l)
and Fis1 (o,p). White columns =
controls; black columns = CVMS
rats. Scale bar in a, holding for
all figures = 50 µm. Means +
SEM, * P<0.05, ** P<0.005.

Since we found a markedly higher number of L-type presynaptic terminals in the
EWcp of stressed rats than in that of controls, we counted mitochondrial profiles in this
synapse type. This number was clearly higher in rats exposed to CVMS than in controls
(stressed: 3.8 ± 0.4 vs. control: 2.6 ± 0.3; P<0.05; Fig. 5a). To assess mitochondrial
oxidative phosphorylation, complex I and complex IV activities were determined. Both
enzyme activities, expressed relatively to citrate synthase activity, were clearly higher in rats
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exposed to CVMS than in controls (complex I; stressed: 63.0 ± 1.8 mU/mU citrate synthase
vs. control: 43.0 ± 6.6 mU/mU citrate synthase; P<0.05, and complex IV; stressed: 520.7 ±
11.6 mU/mU citrate synthase vs. control: 349.5 ± 36.6 mU/mU citrate synthase; P<0.05;
Fig. 5b,c).

Figure 5. Numbers of mitochondria per L-type synapse (a), and measurements of complex I activity
(b) and complex IV activity (c). White columns = control rats, black columns = CVMS-exposed rats.
Means + SEM,* P<0.05.

CVMS-induced epigenetic regulation of the Ucn1 gene
To test if CVMS might affect the EWcp via an epigenetic mechanism, the DNA methylation
status of the Ucn1 gene was analyzed (Fig. 6). First we determined the percentage of
methylated cytosine-phosphate-guanine sites (CpGs) within the gene and found no
difference in total methylation between stressed (3.2 ± 0.1%) and control rats (3.1 ± 0.1%;
P>0.05). However, differences in the methylation state of individual CpGs appeared at three
sites in the gene. At CpG-35 in the 5'-flanking region of exon 1, CVMS showed lower DNA
methylation than controls (stressed: 1.6 ± 0.1% vs. control: 2.0 ± 0.1%; P<0.05), whereas
in exon 2, DNA methylation at CpG+507 (1.4 ± 0.5%) and CpG+569 (2.4 ± 0.8%) was
substantially activated by stress, as the controls did not show any methylation at all (P<0.05;
Fig. 6).
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site. Means + SEM, * P<0.05.
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Discussion

We show that chronic stress results in sustained activation of the HPA-axis (as appears from
the corticosterone determination) and a depressive-like phenotype (shown in the forced
swim test), concomitant with a) an increased neuronal activity of EWcp neurons (as revealed
by c-Fos), b) increased Ucn1 mRNA and Ucn1 peptide contents (as indicated by the SSD),
and c) a reduction in the size of secretory granules (as revealed by ultrastructural
morphometry). The fact that secretory granules were smaller after CVMS indicates that these
were immature, in contrast to the larger and therefore older granules in controls. This
suggests that CVMS stimulates both the production of new, immature granules and the
transport and synaptic release of mature ones. These results converge to reveal increased
secretory activity of EWcp-Ucn1 neurons in response to chronic stress and are also in concert
with our earlier observation of an almost 10-times increase in Ucn1 mRNA expression in the
EWcp in depressed suicide victims vs. controls (Kozicz et al., 2008b). This increased
secretory activity is corroborated by the indication for CVMS-induced lower DNA methylation
at CpG-35 in the promoter region of the Ucn1 gene, and possibly by increased glutamatergic
input to EWcp-Ucn1 neurons.
Stress can induce long-term changes in the brain, and one way in which this might
be achieved is via epigenetic changes that alter gene transcription (Tsankova et al., 2006).
Interestingly, recently it was shown that chronic social defeat stress decreases DNA
methylation of the Crf gene (Elliott et al., 2010). Our study suggests that CVMS changes the
degree of DNA methylation of the Ucn1 gene. Because the promoter is an important site of
gene transcription regulation, decreased methylation at CpG-35 in the Ucn1 promoter might
mechanistically underpin the increased expression of Ucn1 mRNA after CVMS. In addition,
two CpGs in exon 2 revealed increased methylation, but as these are not situated in the
promoter region, their influence on gene transcription might be limited. Intriguingly, the
overall percentage of DNA methylation of the Ucn1 gene is quite low (less than 5%; this
study) when compared to the overall high methylation of the Crf gene in the PVN (6070%)(Elliott et al., 2010). This difference in methylation, also under unstressed, control
conditions, would seem to suggest that the transcription of Ucn1 and Crf are differentially
regulated and that, therefore, different epigenetic mechanisms could be involved.
CVMS not only changes the activity of the neuronal cell bodies in the EWcp but also
the synaptic input to these cells. With the use of anti-synaptophysin it was shown that CVMS
resulted in more synaptic input to the Ucn1 neurons, and ultrastructural analysis indicated
that more L-type synapses are present on these neurons. These L-type synapses are
asymmetric and therefore thought to be excitatory (DeFelipe and Farinas, 1992). This,
together with our demonstration that the number of glutamatergic synaptic terminals on
EWcp-Ucn1 neurons increased in rats exposed to CVMS, reveals a significant neuronal
plasticity in the EWcp in response to chronic stress.
Mounting evidence shows that stress-related neuronal plasticity is supported by
upregulated energy production by mitochondria, which is evidenced by changes in e.g.,
mitochondrial morphology (number and shape of mitochondria), in the activity of the
mitochondrial respiratory chain, and in the dynamics of the processes of mitochondrial fusion
and fission (Chen and Chan, 2006; DiMauro, 2001; DiMauro and Schon, 2008; HerculanoHouzel, 2011; Rezin et al., 2009). Our study also provides further support for this notion,
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because: a) both complex I and IV activities are increased in rats exposed to CVMS vs.
controls, b) the number of mitochondria is larger in presynaptic terminals in rats exposed to
CVMS than in controls, and c) CVMS results in substantial changes in the expression of
marker proteins of mitochondrial fusion.
The current study shows a CVMS-induced increase in both complex I and IV activity.
Interestingly, Rezin and coworkers (2008), using a similar CVMS paradigm, found opposite
responses in the cortex and cerebellum, i.e., reduced complex I and IV activities. This
indicates that chronic stress-sensitivity may be a common phenomenon in the brain, though
brain region-specific as to the eventual cellular response. An increasing body of literature
shows that the dynamic balance between fusion and fission plays a crucial role in the
functioning of mitochondria (Chen and Chan, 2009; DiMauro, 2001; Wallace and Fan, 2010).
Here we reveal that chronic stress clearly affects the expression of proteins controlling the
dynamic process of fusion in EWcp-Ucn1 neurons, because it reduces OPA1 and stimulates
Mfn1. In contrast, we observed no change in the amounts of the fission proteins (Fis1 and
DrP1). Whereas increased Mfn1 stimulates both transient and complete fusion (Chen et al.,
2003; Liu et al., 2009), a low level of OPA-1 specifically promotes transient fusion (Liu et al.,
2009), indicating the presence of increased transient fusion after CVMS. This provides the
neurons with an efficient fusion mechanism by allowing rapid equilibration of matrix and
soluble factors of the inner mitochondrial space, leaving the original morphology of
mitochondria intact (Liu et al., 2009). Indeed, our electron microscopy study revealed no
changes in mitochondrial shape, size and morphology in response to CVMS.
To conclude, this study has revealed a CVMS-induced activation of rat EWcp-Ucn1
neurons concomitant with increased Ucn1 mRNA and Ucn1 peptide production in rats that
show chronic stress-associated depression-like behavior. These data, together with our
previous demonstration of marked overexpression of Ucn1 mRNA in the EWcp suicide victims
with major depression (Kozicz et al., 2008b), strongly suggest that stress-induced synaptic
activation of EWcp-Ucn1 neurons plays a role in the regulation of mood. In addition, we have
found indications for the existence of an epigenetic mechanism that may underlie this
chronic stress-induced activation of the EWcp. It is hoped that further exploration of the
functioning and regulation of this nucleus may contribute to the search for novel targets for
therapy of stress-related psychiatric disorders, such as major depression.
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In this PhD thesis research I have studied the responses of limbic structures, i.e., oval
subdivision of the bed nucleus of the stria terminalis (BSTov), fusiform subdivision of the BST
(BSTfu) and central amygdala (CeA), and of the midbrain centrally projecting EdingerWestphal nucleus (EWcp) to stress. More specifically, the effects of acute and chronic
stressors on the neuronal expression of immediate early genes (IEGs) and neuropeptides in
these nuclei have been examined. In addition, attention has been paid to sex-specificity of
these responses and their possible underlying epigenetic mechanisms. This has led to the
following main observations, described in Chapters 2-5 of this thesis.
a) Compared to normal WT rats, Brattleboro (BB) rats, which lack the arginine-vasopressin
(AVP) gene, reveal less corticotropin-releasing factor (CRF) peptide in the paraventricular
nucleus of the hypothalamus (PVN) and more CRF in the CeA. Upon acute ether stress no
such differences were found.
b) Responses to acute restraint stress differ between male and female Wistar rats, as in
males but not in females, acute stress increased the CRF mRNA content of the PVN. In
addition, only in the PVN of stressed males the mRNA content of CREB-binding protein
(CBP), a histone acetyltransferase (HAT), appears to be increased, indicating an epigenetic
change. In the BSTov, IEG expression increased in females while CRF mRNA increased in
males.
c) Also, chronic stress responses appeared to act sex-specifically as it increased CRF mRNA
in the PVN and IEG expression in the BSTov, BSTfu and CeA in males only. With respect to
epigenetic changes, chronic stress seems to result in sex-specific changes in the DNA
methylation of the Crf gene in the BST, the CeA and the PVN.
d) In the EWcp, chronic stress increased both urocortin 1 (Ucn1) mRNA and Ucn1 peptide
contents and appeared to induce more synaptic contacts on EWcp neurons, higher
mitochondrial activity and a change in DNA methylation of the Ucn1 gene.
In this General Discussion the significance and interrelationships of these various results will
be discussed.
The role of AVP in the control of limbic CRF- and midbrain Ucn1-producing nuclei
In response to stress, AVP is released from the PVN together with CRF to stimulate
adrenocorticotropic hormone (ACTH) release from the pituitary gland (Aguilera, 1994;
Buckingham, 1981; Favrod-Coune et al., 1993). Besides this action on the hypothalamopituitary-adrenal (HPA) -axis, which is mediated via the vasopressin 1b (V1b) receptor on
corticotrope cells in the anterior pituitary (Lolait et al., 1995; Roper et al., 2011), AVP is also
produced in extrahypothalamic areas (De Vries and al-Shamma, 1990; Rood and De Vries,
2011) from where it may modulate various stress-sensitive brain regions. The actions of AVP
on these regions are mostly exerted by the vasopressin 1a (V1a) receptor (Ostrowski et al.,
1992; Szot et al., 1994). In this research we have examined the influence of a lack of AVP on
the brain centers of interest. Ether stress was used as an acute stressor because it increases
the AVP mRNA content of the PVN (Kovacs and Sawchenko, 1996). To study the role of AVP,
we used the AVP-deficient BB rat as an experimental model. Compared to WT rats, such rats
display low anxiety in the open field test (Williams et al., 1985) and reduced depressive-like
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behavior as measured in the forced swim test and the sucrose preference test (Mlynarik et
al., 2007).
Because BB rats lack the potentiating effect of AVP on ACTH release, one might
expect that the rats have impaired ACTH and corticosterone (CORT) release. However, both
basal and acute stress-induced ACTH and CORT release are normal in these animals (Zelena
et al., 2003, 2009a), which could be the result of a developmental compensatory mechanism
that involves, e.g., increased CRF release from the PVN. Indeed, CRF release from this
nucleus seems to be higher in BB than in WT rats as evidenced by a higher CRF mRNA
expression (Mlynarik et al., 2007) and, as we show in Chapter 2, a lower amount of stored
CRF. Another brain region that differs between WT and BB rats, is the CeA, where we have
found more CRF in unstressed BB rats than in unstressed WT animals. Accumulation of CRF
in the neuronal cell body may be the result of decreased CRF release. Lesioning the CeA
leads to an increase in basal CRF mRNA in the PVN (Prewitt and Herman, 1997), which
suggests an inhibitory effect of the CeA on this nucleus. Therefore, possibly, a decrease in
CRF release from the CeA is the cause of the increased CRF release from the PVN indicated
by our study (Chapter 2).
Our results also indicate that acute stress induces IEG expression in the PVN, CeA
and EWcp, in both BB and WT rats. However, in the BSTov of these rats no such stress
effect was seen. In addition, also CRF and Ucn1 contents were unaffected in the BSTov and
EWcp of both WT and BB rats. These data indicate that AVP does not influence these centers
with respect to IEG expression and peptide dynamics. Taken together, our results suggest
that under unstressed conditions the lack of AVP is concomitant with low CRF release from
the CeA and strong CRF release from the PVN, processes that together may play an
important role in maintaining the physiological basal plasma ACTH titer. In contrast, in the
acute stress situation, the lack of AVP does not seem to affect the stress-induced IEG
expression and CRF/Ucn1 contents of any of the brain regions studied, which suggests the
action of a compensatory mechanism in BB rats. This indicates that, in the normal rat, AVP in
extrahypothalamic centers acting via the V1a receptor (Ostrowski et al., 1992; Szot et al.,
1994) does not play a major role in the modulation of the acute stress response. This is in
contrast with AVP in the PVN, which stimulates ACTH release from the pituitary via the V1b
receptor in a stress-dependent way (see above).
Brain center-specific responses to acute stress
The PVN, which controls the HPA-axis, plays an important role in the stress response and its
activity is thought to be modulated by various other brain areas, such as the CRF-containing
BSTov, BSTfu and CeA (for details, see General Introduction). To obtain more insight in the
effect of acute stress on the rat PVN, BSTov, BSTfu and CeA, their reactions to two acute
stressors, namely ether (Chapter 2) and restraint (Chapter 3), have been analyzed in a
comparative manner.

The hypothalamic PVN
With respect to epigenetic changes we have found that acute restraint stress increases the
neuronal content of CBP mRNA in the PVN (Chapter 3). This result implicates an increase in
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the degree of histone acetylation, which possibly stimulates gene transcription. The
interesting fact that an only briefly acting stressor (restraint) is already capable to induce
epigenetic changes is not without precedent. Lubin et al. (2008) showed that a single fear
stimulus modulates DNA methylation of the Bdnf gene, suggesting that one, brief stressful
event can change the epigenetic status of a gene. In our case, an epigenetic change might
be a first sign of reprogramming of the stress response with long-term consequences. In line
with the suggested increase in histone acetylation, we also observed acute stress-induction
of the IEG, c-Fos (Chapter 3). Furthermore, acute restraint stress increased the CRF mRNA
amount, indicating increased CRF production, whereas the CRF content did not change,
suggesting increased CRF release. This suggestion is in accordance with studies showing an
increased CRF mRNA content in the PVN after both acute restraint and cold stress (Hatalski
et al., 1998; Hesketh et al., 2005; Kalin et al., 1994) and is supported by the demonstration
of increased CRF release from the PVN in sheep upon acute predator stress (Cook, 2004).
Indeed, by measuring the overall activity of the HPA-axis using a CORT radioimmunoassay
we showed that acute restraint stress increases the secretion of CORT by the adrenals and,
hence, that the HPA-axis is activated.
In addition to restraint stress, we have applied ether stress as a tool to study the
stress response by PVN neurons. Like restraint, this stressor induced IEG expression and did
not change the amount of CRF peptide. Therefore, we conclude that the stress responses
found for this nucleus are not stressor-specific but hold for acute stressors in general.

The extended amygdala
In the BST acute restraint stress did not change the mRNA content of HAT and histone
deacetylase (HDAC) enzymes (Chapter 3). However, the neuronal CRF mRNA contents
were increased, a phenomenon also observed after acute pain stress (Rouwette et al.,
2011). Since the amount of CRF stored in the cells had remained unchanged, increased CRF
release is expected. Our finding that, in contrast to CRF mRNA, the c-Fos content of the
neurons was not changed by the stressor, may indicate that in the BSTov c-Fos is not
(directly) involved in Crf gene expression, which is in line with the fact that after acute
stress, c-Fos and CRF do not co-localize in the BST (Day et al., 1999). Like restraint, acute
ether stress did not change IEG expression and CRF peptide content, indicating the absence
of stress-specificity.
In the BSTfu, restraint induced IEG, confirming previous findings of increased IEG
expression after acute restraint stress (Radley et al., 2009; Radley and Sawchenko, 2011).
Since no stress effect was seen on HAT and HDAC enzymes, another mechanism may play a
role in IEG induction. Also, no changes in the CRF mRNA and CRF peptide amount were
observed after restraint stress, suggesting unchanged CRF release. Since c-Fos and CRF do
not co-localize in the BST after acute stress (Day et al., 1999), the stress-induced IEG
expression in the BSTfu may concern neurons that do not produce CRF but contain one or
more of the other neurotransmitters present in the BSTfu, such as glutamate (Csaki et al.,
2000; Forray and Gysling, 2004), GABA (Day et al., 1999; Poulin et al., 2009) and metenkephalin (Kozicz, 2002).
Like in the BST, acute restraint stress did not affect the neuronal contents of HAT and
HDAC enzyme mRNAs in the CeA (Chapter 3). Restraint, however, did induce IEG
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expression, which apparently did not depend on the epigenetic mechanism studied.
Previously, an increase in IEG content of the CeA was also found for restraint stress (Dayas
et al., 2001; Ito et al., 2009) and for single defeat (Martinez et al., 1998). We show that this
IEG induction is concomitant with increases in the amounts of CRF mRNA and (slightly) of
CRF peptide, indicating an overall increase in CRF production and release in response to
acute restraint stress. This notion is supported by a study in sheep, providing direct evidence
for increased CRF release in the CeA during acute stress (Cook, 2004).
We show that not only restraint but also acute ether stress induces IEG in the CeA,
but in contrast to restraint stress, ether stress does not change the amount of CRF
(Chapter 2). This indicates that the CeA activity is influenced by both stressors, but that the
type of cellular response is stressor-specific. Possibly, only psychological stressors, like acute
restraint stress, affect CRF dynamics (Chapter 3). This stressor-specificity is further
underlined by the finding that another acute stressor, formalin-induced pain, does not
change CRF mRNA dynamics (Rouwette et al., 2011). In sheep, acute predator stress
stimulates GABA release from the CeA (Cook, 2004). Therefore, the ether-induced gene
expression of the CeA in our study might be related to GABA-mediated gene upregulation, a
speculation, however, that awaits support from the mapping of the neurons’ full
neurochemical phenotype.

The EWcp
The EWcp responds to various acute stressors in a stressor-specific fashion (Gaszner et al.,
2004; Kozicz, 2007; Kozicz et al., 2011b). Previously, it was found that acute restraint does
not change the Ucn1 content in the mouse EWcp (Okere et al., 2010), but both restraint and
ether stress do induce IEG in the EWcp of the rat (Gaszner et al., 2004). Also, in the present
study, ether stress induced IEG in the rat EWcp, but the Ucn1 content in this nucleus
remained unaffected (Chapter 2).

Conclusions about acute stress effects
Taken together, our studies reveal that acute stress activates the PVN, BSTov, BSTfu, CeA
and EWcp, a process that is stressor-specific in the case of the CeA and EWcp and that may
depend to some extent on epigenetic events. These findings support the idea that each of
these brain regions contributes in its own specific way to the rat’s coordinated acute stress
response. In humans, one severe acute stressor can evoke long-term effects in brain circuits
that eventually lead to serious brain disorders like depressive-behavior and posttraumatic
stress disorder (PTSD) (Armario et al., 2008; Cook et al., 2009). Possibly, the brain regions
involved in the acute stress response are involved in this disorder.
Brain center-specific responses to chronic stress
Stress-sensitive brain regions may play different roles in the generation of acute vs. chronic
stress responses. Therefore, in addition to the above discussed studies on restraint and ether
stress, we performed experiments in which the effects of chronic variable mild stress (CVMS)
on the PVN, BSTov, BSTfu and CeA were studied (Chapter 4).
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The hypothalamic PVN
In the PVN we did not observe an effect of CVMS on the amount of HAT and HDAC enzyme
mRNAs (Chapter 4). However, CVMS did result in IEG induction, confirming previous data
on chronic stress-exposed rats (Kim et al., 2006). In our study, the DNA methylation status
of the Crf gene in the PVN was not changed by CVMS treatment. Remarkably, decreased
methylation of the Crf gene was observed in the PVN of mice that were susceptible for
chronic social stress (Elliott et al., 2010). Possibly, such a decrease was obscured in our
study as we did not make a distinction between susceptible and resilient animals. In
addition, our PVN punches did not only contain CRF neurons but also neurons producing
other neurotransmitters, which might have diluted a possible DNA methylation signal below
the detection level. However, despite the absence of a visibly changed DNA methylation, we
demonstrated a CVMS-induced increase in neuronal CRF mRNA content, a finding that is in
line with previous studies (Choi et al., 2008; Marin et al., 2007). It indicates the involvement
of another epigenetic mechanism in chronic-stress induced CRF mRNA upregulation. With
respect to the amount of CRF peptide, no change was observed upon CVMS exposure, which
is also in accordance with previous data (Chappell et al., 1986). This result, combined with
the finding of increased CRF mRNA, suggests that CVMS activates both the production and
the release of CRF, leaving the net amount of CRF stored in the cell unchanged. Such
increased CRF release from the PVN is in agreement with our demonstration of an CVMSinduced rise of the CORT titer.

The extended amygdala
CVMS did not change HAT and HDAC enzyme mRNAs in the BST, but it did increase the IEG
content of the BSTov (Chapter 4). This finding is in accordance with the view that this
region is especially sensitive to long-lasting threats (Walker et al., 2003, 2009). Furthermore,
CVMS seems to change the degree of DNA methylation in the BST: at three sites of the Crf
gene methylation appeared to be decreased, while at a fourth site our data indicated an
increase. However, how these changes relate to alterations in gene transcription is unclear,
because the CRF mRNA content did not reveal an obvious change. Possibly, other
(epigenetic) mechanisms have counteracted the changes in DNA methylation, leaving the
final CRF mRNA content unchanged. We also did not observe a CVMS-effect on the CRF
peptide content, suggesting that CVMS does not affect CRF secretion from the BSTov.
Possibly, the CVMS stressor is not strong enough to influence BSTov secretory activity as
stronger stressors like daily restraint combined with mild stressors do affect (stimulate) CRF
mRNA (Kim et al., 2006). Apparently, the stress response of the BSTov is stressor typespecific and/or depends on stressor strength.
In the BSTfu, CVMS also caused an increase in IEG content, but no change was
found in CRF mRNA, which is in line with studies using other and stronger chronic stressors
(Kim et al., 2006). The absence of an effect on CRF mRNA, despite increased IEG induction,
indicates that c-Fos is not involved in Crf expression but in another aspect of CVMS-induced
neuronal activation. Possibly, this concerns upregulation of other neurotransmitters produced
by the BSTfu such as GABA, met-enkephalin (Day et al., 1999; Kozicz, 2002; Poulin et al.,
2009) and glutamate (Poulin et al., 2009).
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Interestingly, in the CeA the mRNA content of HDAC5 appeared to be decreased
upon CVMS exposure, a phenomenon which could have resulted in increased histone
acetylation. Chronic stress-induced decrease in HDAC5 mRNA was found in the nucleus
accumbens (Renthal et al., 2007), underlining the involvement of histone acetylation in the
response to chronic stressors. Possibly, this epigenetic activity is responsible for the
induction of c-Fos after CVMS. Another indication for a role of epigenetic mechanisms in
chronic stress-induced activation of the CeA comes from our observation that CVMS had
increased DNA methylation at one site in the Crf gene. However, this increase could not be
correlated with a change in CRF mRNA. Possibly, methylation of only one CpG site in the Crf
gene is insufficient to substantially change transcription of the gene. Alternatively, as was
suggested above for Crf methylation in the BSTov, another (epigenetic) mechanism may
have compensated for the increase in DNA methylation. Chronic social stress does increase
CRF mRNA (Albeck et al., 1997), suggesting a stressor-specific response by this brain region.

The EWcp
The stress-sensitivity of the EWcp has been well established (e.g., Bittencourt and
Sawchenko, 2000; Kozicz, 2007; Kozicz et al., 2011b). In response to chronic stress, IEG
expression (Korosi et al., 2005; Xu et al., 2010) and Ucn1 mRNA contents (Derks et al.,
2010) become increased in the rodent EWcp. Furthermore, an increase in Ucn1 mRNA was
shown in male suicide victims with major depression (Kozicz et al., 2008b). These data
indicate that chronic stress has a profound effect on the production of Ucn1 in this nucleus.
In the present study this notion was further corroborated. We show that CVMS increases
DNA methylation of the Ucn1 gene at two CpGs and decreases it at a third CpG (Chapter
5). In addition, CVMS causes IEG induction and increases both Ucn1 mRNA and Ucn1
peptide contents. This would suggest that CVMS increases not only Ucn1 production but also
Ucn1 release. To substantiate this idea, we studied the effects of CVMS on secretory
dynamics of Ucn1 neurons in the EWcp with quantitative electron microscopy (Chapter 5).
This revealed that in CVMS-exposed animals these neurons contain more small (immature)
secretory granules and less large (mature) granules than in control rats, suggesting that
CVMS had stimulated the de novo formation of these granules and that old secretory
granules had been transported out of the cell bodies to be released from the axon terminals.
A morphological indication for such an increased stimulatory input to the neurons was
apparent indeed, as CVMS had increased the numerical density of synaptic contacts onto the
Ucn1 neurons: especially asymmetric, L-type synapses, thought to be excitatory, had
increased in number and, moreover, contained more mitochondria after stress exposure,
indicating increased energy-dependent neurotransmitter release.
The EWcp exerts its role in the stress response probably via the lateral septum, the
dorsal raphe nucleus (DR) and the ventromedial hypothalamus. These regions receive Ucn1immunoreactive efferents from the EWcp (Bittencourt et al., 1999; Weitemier et al., 2005)
and contain the type 2 CRF receptor (Van Pett et al., 2000). A study with Ucn1/Ucn2 doubleknockout mice showed that deletion of both Ucn1 and Ucn2 genes increases the serotonin
content of the DR and its target areas like the basolateral amygdala, the hippocampus and
the enthorinal cortex (Neufeld-Cohen et al., 2010). Therefore, Ucn1 released from the EWcp
might inhibit the DR and affect its targets (Kozicz, 2010; Neufeld-Cohen et al., 2010). As a
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result, chronic stress-induced Ucn1 could inhibit the DR system and its serotonin tone, an
intriguing possibility that is currently under investigation in our research group (T. Kozicz et
al., unpubl. res.).

Conclusions about chronic stress effects
In conclusion, we have provided initial evidence that chronic stress may change DNA
methylation and HAT and HDAC enzyme production. However, these changes could not be
directly related to changes in IEG expression and CRF mRNA content. Furthermore, we
showed that in response to CVMS the PVN probably increases its CRF release. The limbic
regions are also involved in the response to chronic stress, but their CRF mRNA and CRF
peptide contents were not affected by chronic stress. The limbic regions could possibly
inhibit the HPA-axis response to chronic stress. In this way these regions may provide
negative feedback to the PVN and prevent excessive activation of the HPA-axis. In addition
chronic stress possibly increased Ucn1 release from the EWcp, indicating a role for this brain
region in the stress response.
Sex-specificity of the stress response

The acute stress response
In the PVN of female rats acute restraint stress did not change HAT and HDAC enzymes, in
contrast to the change in CBP mRNA in males (Chapter 3). Also, whereas acute stress
increased IEG expression in the PVN of both males and females, this correlated with an
increase in CRF mRNA in males but not in females, a sex-specific stressor effect that is in
accordance with a previous study on acute restraint stress (Lunga and Herbert, 2004). The
observation that footshock stress increases CRF mRNA in the PVN in females (Iwasaki-Sekino
et al., 2009) suggests that the response of the PVN is not only sex-specific but also stressorspecific.
In the BSTov, acute restraint stress increased IEG expression in females only, which
in contrast to males, did not change neuronal CRF mRNA contents. This suggests the
involvement of the BSTov in the female stress response but only of neurons that contain
neuropeptides other than CRF. No sex-specific responses were found for the BSTfu, as acute
stress induced IEG induction in females as well as in males. In the CeA no sex differences
were observed upon acute stress with respect to IEG expression, but a clear sex-dependence
was seen for the neuronal CRF content, which was increased in males only (Chapter 3).
The results discussed above, show that the PVN, BSTov and CeA reveal sex-specific
changes in cellular activity in response to an acute stressor.

The chronic stress response
With respect to epigenetic changes a sex difference appears in the PVN, as CVMS seems to
increase DNA methylation in females at two CpGs, whereas no CVMS-induced changes in
methylation were observed in male rats. In contrast, males but not females, revealed an
increase in neuronal CRF mRNA content (Chapter 4). This also previously observed sex
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difference (Duncko et al., 2001) suggests that in males CRF release is higher and matched
by increased CRF biosynthesis, while in females existing CRF is released without being
replaced by new peptide. In both sexes the assumed increase in CRF release could account
for the observed higher stress-induced CORT titer in females than in males, a sex difference
seen before (Gaszner et al., 2009a; Handa et al., 1994; Taylor et al., 2011; Xu et al., 2010).
In the BST, chronic stress appears to have affected DNA methylation in both sexes,
but in females methylation was decreased at two CpGs, while in males three CpGs showed a
decrease and one an increase in methylation (Chapter 4). In addition, in females chronic
stress increased the neuronal CBP mRNA content, but no IEG induction was seen. In males,
however, IEG expression increased in both the BSTov and BSTfu.
In the CeA, the effects of chronic stress on DNA methylation were opposite in the
sexes. In females there was a decrease at two CpGs, while in males stress resulted in an
increase at one CpG. Furthermore, no changes with respect to HAT and HDAC enzymes were
detected in females, whereas in males histone acetylation tended to be increased (Chapter
4). Another sex difference concerned stress-induced IEG induction, which had taken place in
males but not in females.

Physiological significance of sex-specific neuronal stress responses
The physiological interpretation of the various sex differences shown by us in the stresssensitive brain areas of the rat can be found in the different ways male and female rats cope
with stressors. Female rats show more immobility during the forced swim test (a test for
depressive-like behavior) than males (Bale and Vale, 2003), which suggests that females
have a more passive stress coping strategy. Female rats also reveal less exploratory behavior
than males in the open field after exposure to a chronic stressor (Dalla et al., 2005). Both
the BST and CeA are thought to be involved in stress coping strategy. The BST is implicated
in an active coping strategy (Linfoot et al., 2009; Wigger et al., 2004) while the CeA is
thought to mediate a rather passive stress-coping strategy (Legradi et al., 2007; Roozendaal
et al., 1991). Here we show that the BSTov, BSTfu and CeA are activated by chronic stress in
males only. Whereas the activation of the BSTov and BSTfu in males might be related to a
more active coping strategy, the lack of activation of the CeA in females is less easily
interpreted. Possibly, the female CeA is only activated to evoke a passive coping strategy
upon acute stress and not upon chronic stress.
The fact that the limbic regions do not seem to play a role in the response to chronic
stress in female rats might seem surprising in the light of the higher incidence of depressive
behavior in females than in males (Gorman, 2006; Kessler, 2003). A possible explanation for
this sex difference, however, might be that this lack of activation of the limbic regions might
result in an altered modulation of the PVN in females (cf. Carvalho-Netto et al., 2011;
Herman et al., 2005; Jankord and Herman, 2008), leading to a higher CORT titer and, hence,
to an increased risk of CORT-induced maladaptation resulting in depressive behavior.
A model of the rat stress response
The model presented in the General Introduction shows the brain regions studied in this PhD
thesis research and the multiple connections between them. Although from our studies some
general pattern of activation in response to acute or chronic stress could be deduced, we
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conclude that the limbic system cannot be viewed as one comprehensive system, but rather
needs to be considered as consisting of different components each having their own specific
response. This response is not only specific to the stressor but also to sex.

Figure 1. Overview of IEG induction in response to acute and chronic stressors, in male and female
rats. ↑: increased IEG induction, =: unchanged IEG induction, ?: effect on IEG induction unknown.
Central amygdala (CeA), oval (BSTov) and fusiform (BSTfu) bed nucleus of the stria terminalis, the
hypothalamic paraventricular nucleus (PVN), the centrally projecting Edinger-Westphal nucleus
(EWcp), and the dorsal raphe nucleus (DR).
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Perspectives

With this PhD thesis research evidence has been provided that the BSTov is sex-specifically
involved in the acute stress response. This is an important first step in unraveling the
mechanism behind the difference in acute stress response between males and females and
the way(s) this difference might contribute to the sex-specific CORT responses observed. To
elucidate how activation of the BSTov in females influences the stress response, assessing
the effects of lesioning the BSTov on the stress response would seem to be a suitable
approach. Examining the effects of such lesioning on the activities of the other limbic regions
and the PVN, might reveal sex-specific connectivities between these centers and the BST.
Furthermore, elucidating the neurochemical phenotype of the recruited BSTov neurons
would improve our knowledge of the neurochemical mechanisms that support these
connectivities, and facilitate our understanding of the significance of this intriguing forebrain
nucleus in the stress response and the control of mood.
In addition to the acute stress response, our research has also yielded information
about sex-specific responses of limbic brain regions to chronic stressors. A surprising finding
is that the limbic regions are only activated in males, possibly explaining why maladaptation
leading to depressive-like behavior is more common in females than in males (Gorman,
2006; Kessler, 2003). The mechanism underlying the role of limbic brain regions in the
development of depressive-like behavior as seen in rodents could be studied more in detail
by, e.g., lesioning each of these regions separately and/or by applying specific genetic tools
that modulate the expression of, e.g., the Crf gene, and consequently assess differences in
the neuroendocrine, physiological and behavioral stress response between male and female
rats.
Our observations furthermore provide preliminary indications that acute stress might
be able to change histone acetylation and that chronic stress could change both DNA
methylation and histone acetylation. This suggests that both short- and long term stressful
events could induce epigenetic changes, in this way constituting a mechanism by which
environmental factors like stressors influence the transcription of various genes. However,
the epigenetic changes found in our study did not (always) correlate with changes in IEG or
the CRF/Ucn1 mRNA contents. One explanation could be that other (epigenetic) mechanisms
are involved that counteract and hence obscure the primary stressor effects. Another
possibility is that the epigenetic changes found are not strong enough to affect gene
transcription to a detectable degree. Thirdly, in view of the large number of determinations,
especially in case of the many CpGs in the Crf and Ucn1 genes, the possibility cannot be
excluded that some of the effects found (especially in the small, 10-20% range) may be
statistically false-positive and, hence, biologically insignificant. To test for all these three
possibilities, repeated and more detailed studies are needed, to better specify if and how
stress-induced epigenetic changes influence the transcription of these genes. Clearly, the
series of studies presented in this PhD thesis, are only a first and modest step towards such
a specification.
Finally, it will be of great interest to extend the observations made in this thesis
research with more physiological and behavioral data, so that their functional interpretation
can be strengthened. Then, the major challenge will be to translate the conclusions drawn
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from the animal studies to the human situation where failing allostasis leads to
maladaptation and depression.
Final conclusions
The aim of this PhD thesis research was to obtain more knowledge about the involvement of
limbic, hypothalamic and midbrain regions in the generation of the physiological stress
response. The main results are, firstly, that these regions are involved in the stress response
in a sex-, structure- and stressor-specific way, secondly, that the absence of stress-induced
activation of limbic regions in females might be related to the higher incidence of depressivelike behavior in female rats and humans, and thirdly, that both acute and chronic stressors
possibly induce epigenetic changes in the brain regions studied that may affect their
functioning on the long-term. Our results can contribute to the design of experiments
elucidating the sex-specific brain mechanisms that are responsible for the pathogenesis of
stress-induced (human) depression, and as a next step, the development of a (sex-specific)
therapy of this brain disorder.
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5-HT

serotonin

5-HT R

serotonin receptor

ACTH

adrenocorticotropic hormone

ANOVA

analysis of variance

AP1

activator protein 1

AVP

arginine-vasopressin

BB rat

Brattleboro rat

BDNF

brain-derived neurotrophic factor

BST

bed nucleus of the stria terminalis

BSTfu

fusiform subdivision of the bed nucleus of the stria terminalis

BSTov

oval subdivision of the bed nucleus of the stria terminalis

CBP

CREB-binding protein

CeA

central amygdala

CORT

corticosterone

CpG

cytosine-phosphate-guanine

CRE

cyclic AMP-responsive element

CRF

corticotropin-releasing factor

Crf

CRF gene

CRF1

CRF receptor 1

CRF2

CRF receptor 2

Ct

cycle threshold

CVMS

chronic variable mild stress

DAB

diaminobenzidine

DEPC

diethylpyrocarbonate

DIG

digoxigenin

DR

dorsal raphe nucleus

DrP1

dynamin-related protein

EDTA

ethylenediaminetetraacetic acid

ERα

estrogen receptor α

ERβ

estrogen receptor β

EWcp

centrally projecting Edinger-Westphal nucleus

Fis1

fission protein 1

FST

forced swim test
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HAT

histone acetyltransferase

HDAC

histone deacetylase

HPA-axis

hypothalamo-pituitary adrenal axis

IEG

immediate early gene

MDD

major depressive disorder

Mfn1

mitofusin 1

NBT/BCIP

nitroblue tetrazolium chloride/5-bromo-4-chloro-3-indolyl phosphate and
toluidine salt

OPA1

optic atrophy protein 1

PACAP

pituitary adenylate cyclase-activating polypeptide

PBS

sodium phosphate-buffered saline
TSA

PBS-B

PBS with tyramide signal amplification blocker agent

PCAF

P300/CBP-associated factor

PTSD

posttraumatic stress disorder

PVN

paraventricular nucleus of the hypothalamus

Q-RT-PCR

quantitative reverse transcription polymerase chain reaction

RT-PCR

reverse transcription polymerase chain reaction

SEM

standard error of the mean

SSC

standard saline citrate buffer

SSD

specific signal density

Tris

tris(hydroxymethyl)aminomethane

Ucn1

Ucn1 gene

Ucn1

urocortin 1

V1a receptor vasopressin 1a receptor
V1b receptor vasopressin 1b receptor
V2 receptor

vasopressin 2 receptor

VGlut2

vesicular glutamate transporter 2

WT

wild-type
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Stress is one of the most important risk factors for the development of major depressive
disorder (MDD). MDD affects 5-8% of the population with an incidence twice as high in
women as in men. The etiology and underlying pathobiology of MDD is largely unknown.
With this PhD thesis research I have aimed at contributing to the elucidation of the neuronal
mechanisms that underlie MDD, by identifying with cellular, molecular and behavioral
methods, the sex-dependent responses of several stress-sensitive brain regions in rodent
animal models in response to acute and chronic stressors.
The main established regulator of the stress response is the hypothalamo-pituitary-adrenal
(HPA) -axis, which helps the organism to cope with the stressor by the adrenal secretion of
cortisol (in humans and fish) or corticosterone (in most other vertebrate species). The HPAaxis is activated by the secretion of corticotropin-releasing factor (CRF) and the CRFpotentiating neuropeptide, arginine-vasopressin (AVP) from the paraventricular nucleus of
the hypothalamus (PVN). In turn, the PVN is modulated by various stress-sensitive brain
regions, such as the bed nucleus of the stria terminalis (BST), the central amygdala (CeA)
and the centrally projecting Edinger-Westphal nucleus (EWcp), which secrete CRF or, in case
of the EWcp, the CRF-related peptide urocortin 1 (Ucn1).
Stressors evoke physiological, neural and endocrine stress responses leading to adaptive
behavior, by altering the activity of these brain regions, changing the expression of various
genes, and the secretory dynamics of their neuropeptides. I have measured these processes
in response to acute and chronic stressors using quantitative immunocytochemical, in situ
hybridization, RT-PCR, electron microscopical and behavioral methods, comparing male with
female rats. In addition, I have tested the hypothesis that some of the responses are
effectuated by epigenetic mechanisms (changing gene expression without altering the DNA
sequence).
First, the role of AVP in the stress response was studied in AVP-lacking Brattleboro rats. In
unstressed condition, the PVN in these animals had less CRF than normal, wild type animals,
a difference that had disappeared upon acute stress exposure, while in the CeA the
Brattleboro rats had more CRF. Apparently, in the unstressed condition the lack of AVP in the
Brattleboro rat was compensated by increased CRF release from the PVN and decreased CRF
release from the CeA, enabling the Brattleboro rats to display a normal corticosterone titer.
The rats were also able to display a normal stress response, which was also expressed in a
similar acute stress-induced immediate early gene (IEG) expression in the Brattleboro and
normal rat.
Furthermore, upon acute restraint stress, clear sex-specific changes were observed, as to
enzyme markers for epigenetic activity, and with respect to CRF mRNA production in the
PVN, IEG expression in the oval part of the BST (BSTov) and CRF content in the CeA. Also,
the response to chronic stress revealed obvious sex-specific changes, namely in epigenetic
markers and in CRF mRNA and CRF contents in the PVN, and in IEG expression in the BSTov,
the fusiform subdivision of the BST (BSTfu) and the CeA.
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Finally, evidence was found that in the EWcp chronic stress resulted in changes in epigenetic
activity, IEG induction, and Ucn1 mRNA and Ucn1 dynamics. Moreover, this stressor
increased synaptic input to the EWcp neurons, apparently activating the release of secretory
granule-bound Ucn1, a process that seems to be supported by increased mitochondrial
activity.
Taken together, this PhD thesis research has shown that the mammalian stress response is
stressor-, sex- and brain region-specific. The fact that upon chronic stress male animals
revealed substantially more signs of neuronal activation than females may indicate that the
latter are less capable of evoking a successful stress adaptation response, a situation that
might play, at least partly, a role in the preferential incidence of depression in women. Our
research data can contribute to the further elucidation of the (epigenetic, sex-dependent)
mechanisms underlying maladaptation to adverse environmental conditions and the possible
resulting disorders.
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Stress is een van de belangrijkste risicofactoren voor het ontwikkelen van een depressieve
stoornis (“major depressive disorder”, MDD). MDD treft 5-8% van de populatie en komt bij
vrouwen ongeveer tweemaal zo vaak voor als bij mannen. De oorzaak en onderliggende
pathobiologie van MDD is grotendeels onbekend. Met het onderzoek in dit proefschrift heb ik
geprobeerd om een bijdrage te leveren aan het ophelderen van de neuronale mechanismen
die ten grondslag liggen aan MDD, met gebruikmaking van cellulaire, moleculaire en
gedragsmethoden. Daarbij heb ik me gericht op de geslachtsafhankelijke respons van
verschillende stressgevoelige hersengebieden op blootstelling aan acute en chronische
stressoren in knaagdiermodellen.
De best bestudeerde regulator van de stressrespons is de hypothalamo-hypofyse-bijnier
(HHB)-as, die ervoor zorgt dat het organisme om kan gaan met de stressor, door de secretie
van cortisol (in mensen en vissen) of corticosteron (in de meeste vertebraten) door de
bijnieren. De HHB-as wordt geactiveerd door “corticotropin-releasing factor” (CRF) en het
CRF-versterkende neuropeptide arginine-vasopressine (AVP), die beide worden afgegeven
door de paraventriculaire nucleus van de hypothalamus (PVN). Op zijn beurt wordt de PVN
gereguleerd door verschillende stressgevoelige hersengebieden, zoals de bed nucleus van de
stria terminalis (BST), de centrale amygdala (CeA) en de centraal projecterende EdingerWestphal nucleus (EWcp), die CRF afscheiden, of, in het geval van de EWcp, het aan CRFgerelateerde peptide urocortine 1 (Ucn1).
Stressoren lokken fysiologische, neurale en endocriene responsen uit die leiden tot adaptief
gedrag, omdat ze de activiteit van deze hersengebieden, de expressie van verschillende
genen en de secretie van hun neuropeptiden beïnvloeden. Ik heb deze processen in reactie
op acute en chronische stressoren gemeten door gebruik te maken van kwantitatieve
immunocytochemie, in situ hybridisatie, RT-PCR, elektronenmicroscopie en gedragstesten,
waarbij mannelijke en vrouwelijke ratten met elkaar zijn vergeleken. Daarnaast heb ik de
hypothese getoetst dat enkele van deze reacties worden beïnvloed door epigenetische
mechanismen (veranderingen in genexpressie zonder veranderingen in de DNA-sequentie).
Allereerst is de rol van AVP in de stressrespons bestudeerd in de AVP-deficiënte Brattleboro
rat. In ongestreste conditie bevatte de PVN van deze dieren minder CRF dan de PVN van
normale, “wildtype” dieren, een verschil dat echter verdween door blootstelling aan een
acute stressor (“restraint”, d.w.z. beperking van de bewegingsvrijheid) terwijl de CeA juist
meer CRF ging bevatten. Blijkbaar wordt in de ongestreste conditie het gebrek aan AVP in de
Brattleboro rat gecompenseerd door verhoogde afgifte van CRF door de PVN en verlaagde
afgifte van CRF door de CeA, waardoor deze dieren per saldo een normale corticosterontiter
hebben. Ook kunnen ze een normale stressrespons produceren, wat zich ook uit in eenzelfde
door acute stress geïnduceerde expressie van “immediate early genes” (IEG) in Brattleboro
en normale ratten.
Vervolgens zijn er na acute “restraint stress” geslachtsspecifieke veranderingen gevonden in
enzymmarkers voor epigenetische activiteit en in de CRF mRNA productie in de PVN, IEG
expressie in het ovale gedeelte van de BST (BSTov) en de hoeveelheid CRF in de CeA. Ook
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de respons na chronische stress liet geslachtsspecifieke effecten op de epigenetische
markers zien, op de hoeveelheid CRF mRNA en CRF in de PVN en op IEG expressies in de
BSTov, het fusiforme gedeelte van de BST en de CeA.
Tenslotte zijn aanwijzingen verkregen dat chronische stress in de EWcp leidt tot
veranderingen van epigenetische activiteit, IEG expressie en dynamiek van Ucn1 mRNA en
Ucn1. Bovendien leidde deze stress tot een sterkere synaptische input op de EWcpneuronen, hetgeen wellicht verantwoordelijk is voor een verhoogde afgifte van Ucn1 uit
secretiegranula, een energievragend proces dat ondersteund leek te worden door verhoogde
mitochondriale activiteit.
Samengevat heeft het onderzoek dat in dit proefschrift is beschreven aangetoond dat de
stressrespons in zoogdieren specifiek is voor een gegeven stressor, geslacht en
hersengebied. Het feit dat mannelijke ratten in reactie op chronische stress aanzienlijk meer
tekenen van neuronale activatie laten zien dan vrouwtjesratten kan erop wijzen dat de laatst
genoemde dieren minder goed in staat zijn om een succesvolle stress-adaptatierespons te
genereren. Deze situatie kan, tenminste gedeeltelijk, verklaren waarom depressie vaker
voorkomt bij vrouwen dan bij mannen. Het hier gepresenteerde onderzoek kan bijdragen
aan opheldering van de (epigenetische en geslachts-afhankelijke) mechanismen die ten
grondslag liggen aan (mal)adaptatie aan aversieve omgevingsfactoren en de eventueel
hieruit voortvloeiende stoornissen.
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Zo, het is dan nu tijd om een dankwoord te gaan schrijven voor mijn proefschrift. Het
duurde allemaal langer dan gehoopt, maar na vijf jaar zit het werk er nu echt op. Alleen de
verdediging rest mij nog. Het was een tijd met hoogte- en dieptepunten, zoals dat denk ik bij
elk promotieproject is, en een tijd waarin ik veel heb geleerd. Alle collega’s maakten dat ik
me thuis voelde op de afdeling.
Eric, voor jou is het de laatste tijd wat rustiger denk ik. Ik ben een van de laatsten waarvoor
je promotor bent en dat zal denk ik wel even wennen zijn. Ik ben je dankbaar voor alles wat
je voor me gedaan hebt. Toen ik solliciteerde was je al snel met het beantwoorden van
mailtjes en dat is altijd zo gebleven. Altijd stond je voor mij klaar. Bedankt voor al je wijze
lessen, en het mij leren om kritisch naar mijn eigen onderzoek te kijken en de juiste
onderzoeksvragen te stellen.
Tamás, fijn dat je mijn co-promotor bent. Ik heb veel van je geleerd op het gebied van
onderzoek doen en van je enthousiasme voor het onderzoek. Ook bedankt voor je
opbeurende woorden als het weer even niet meezat. Ook de etentjes rond kerst bij je thuis
vond ik een leuke manier om gezellig met elkaar bij te praten. Ook was het leuk om met z’n
allen naar de LARC meeting te gaan.
Ard, bedankt voor je begeleiding en voor het opzetten van de samenwerking tussen MSD en
de afdeling. Zonder jou was dit project er niet geweest. Door jouw kritische blik en jouw
andere kijk op zaken heb ik een ruimere blik gekregen. Ook fijn dat ik dankzij jou de
mogelijkheid had om ook gedragsexperimenten op te zetten en uit te voeren. Hoewel de
uitkomsten hiervan uiteindelijk niet in het proefschrift zijn gekomen, heb ik er veel van
geleerd.
Verder wil ik Gert Flik als voorzitter van mijn manuscriptcommissie noemen. Bedankt voor
alle adviezen. Ook de andere leden van de commissie, Harry Steinbusch en Cor Sennef, wil ik
bedanken voor het lezen van mijn manuscript.
En dan mijn paranimfen. Tom bedankt voor het aanhoren van al mijn gezeur. Het was fijn
om in dezelfde fase van onze aio-periode te zitten en dezelfde dingen mee te maken en
hoogte- en dieptepunten te delen. En natuurlijk bedankt voor de bokspaal ;). Wat een lol. En
wat hebben we ook gelachen tijdens de LARC meeting. Debbie, fijn om iemand te hebben
om lekker mee te kletsen tijdens de pauzes. Het was altijd gezellig, althans dat vond ik.
Misschien vond jij mijn geklaag wat minder ;). En natuurlijk bedankt voor alle hulp bij de
PCR’s en het maken van de probes.
Ook wil ik alle aio’s bedanken voor alle gezelligheid en afleiding op onze kamer. Lu, leuk dat
ik je paranimf mocht zijn en leuk om je te helpen met Nederlands leren. Ook samen op
cursus in Keulen was gezellig. Rick, succes nog met jouw project en dankzij alle adviezen
van ons als aio’s heb jij straks natuurlijk een perfect project ;). Leuk om met je te
discussiëren over gedragsexperimenten. Miyuki, nog bedankt voor de oliebollen hè! Ze
werkten goed om me op te beuren. Nicole, het was leuk om samen met jou naar Israël te
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gaan. Naast het werk hebben daar we mooie dingen gezien en ik heb een leuke tijd gehad.
Alhoewel ik wel meer geluk had met mijn kamergenoot dan jij . Diane, het was gezellig om
met je koffie te drinken (of in mijn geval thee) en te lunchen en leuk dat we bij je bruiloft
mochten zijn. Adhanet, ook met jou kon ik lachen. Ik zal nooit meer je gezicht vergeten toen
je een Chinees snoepje van Lu probeerde (en waarvan de smaak blijkbaar tegenviel). Balazs,
thank you for all your advices and for performing the experiments in Hungary.
En ik kon natuurlijk ook niet zonder de analisten. Frouwke, bedankt voor je hulp bij mijn
vragen bij de talloze immunokleuringen en in situ hybridisaties die ik op jouw lab heb
gedaan. Peter, bedankt voor je hulp bij de genotyperingen van de muizen. Je bracht ook
echt sfeer op de afdeling. Ron, fijn dat je me kon helpen met mijn laatste
gedragsexperimenten. Tony, nog bedankt voor de hulp bij het snijden op de cryostaat. Kari,
bedankt voor alle gesprekken die we gehad hebben en voor je wensen voor een goed
weekend (op dinsdagmiddag ). Verder wil ik Liesbeth van het Gemeenschappelijk
Instrumentarium bedanken voor de hulp wanneer ik een probleempje had met de confocale
microscoop. Ook wil ik alle medewerkers van de VGD en boerderij van het CDL bedanken
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