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Chapter 1
General Introduction
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The research described in this PhD thesis aims at increasing the insight in the role of the
non-preganglionic Edinger-Westphal nucleus (npEW) in the stress response, with special
focus on sex differences. In addition to this General Introduction, which should help the
reader to understand the background and motivation of the research, the thesis contains five
chapters dealing with experimental studies, viz. on the variability in rat housekeeping genes
(HKGs) between sexes and different brain areas in response to stress, on sex differences in
npEW-urocortin 1 (Ucnl) in the mouse and rat, on sex differences in the dynamics of brainderived neurotrophic factor (BDNF) and cocaine- and amphetamine-regulated transcript
(CART) in the rat npEW, and on differences in npEW-Ucnl dynamics between male and
female cannabinoid receptor 1 knockout mice (CB1-/-) challenged with acute and chronic
variable mild stressors (CVM). In the last chapter, the General Discussion, the results of these
studies will be discussed in the broader context of stress adaptation and brain disorders such
as anxiety and major depression.

Adaptation to stress
In order to survive, animals and humans have to maintain homeostasis, a dynamic
internal equilibrium, by adapting to the permanent changes in their environment. An
important physiological adaptation process is adaptation to stress. The phenomenon "stress"
was defined for the first time in 1936 by Hans H.B. Selye as "a non-specific response of the
body to any threatening demand". Selye already recognized the important role of stress in the
development of various diseases. More recently, Bruce S. McEwen (2000) defined stress as "a
real or interpreted threat to the physiological or psychological integrity of an individual that
results in physiological and/or behavioral responses". An event that triggers the stress
response is called a "stressor". Two main systems control the stress response: the autonomic
nervous system and the neuroendocrine system (see eg Tsigos and Chrousos, 2002). In
response to an acute, life threatening situation that requires a response within minutes or even
seconds, the autonomic nervous system, under the influence of adrenalin and noradrenalin
from the locus ceruleus and the adrenal medulla, activates the sympathetic nervous system to
prepare the body for an emergency response by changing cardiovascular, respiratory,
gastrointestinal, renal, and endocrine processes. This stress response is beyond the scope of
this thesis. Focus will be on the neuroendocrine stress response, wherein the limbic system
activates the hypothalamo-pituitary-adrenal (HPA-) axis in situations that require response of
the body on a time-scale of hours or days (Jankord and Herman, 2008). Upon activation, the
paraventricular nucleus of the hypothalamus (PVN) produces corticotropin-releasing factor
(CRF), which induces the release of adrenocorticotropic hormone (ACTH) from the pituitary
gland. ACTH in turn stimulates the secretion of glucocorticoids, corticosterone in rodents and
Cortisol in humans and fish, from the adrenal cortex. These hormones enable the body to
respond adequately to the stressor via physiological changes like increased heart rate and
blood pressure, enhanced energy metabolism and activation of the immune response. They
also serve to terminate the stress response via negative feedback mechanisms that enable the
individual to keep the ΗΡΑ-axis response within proper limits.
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ΗΡΑ-axis dysregulation and depression
In some cases, activation of the ΗΡΑ-axis in response to significant life events, like
maternal separation or a divorce, does not lead to proper adaptation but to HPA-axis
hyperactivity. This situation is clinically apparent from a continuously high concentration of
CRF in the PVN and in the cerebrospinal fluid, and a high glucocorticoid titer in the blood,
phenomena most likely due to inability of glucocorticoids to effectively inhibit HPA-axis
activity (Pariante and Lightman, 2008). HPA-axis hyperactivity is often found in major
depression and is therefore thought to induce major depression in people who are particularly
susceptible to develop this brain disorder (de Kloet et al., 2005). It is a disease with severe
symptoms, like a persistent depressed or anxious mood, loss of motivation or of pleasure
(anhedonia), feeling of helplessness and/or worthlessness, eating and sleeping problems, and
recurrent thoughts of suicide. Major depression has a lifetime prevalence of more than 10%
and is therefore a significant health issue in today's society (WHO International Consortium
on Psychiatric Epidemiology, 2000).

Sex differences in stress sensitivity and depression
Women are twice as likely to develop major depression than men (Weizmann and Olfson,
1995). This difference may be due to the fact that the stress response by the HPA-axis differs
between men and women: in response to a stressor men show a stronger increase in ACTH
and Cortisol than women (Kirschbaum et al, 1999; Kudielka and Kirschbaum, 2005). It seems
that female hormones, especially estrogen, are responsible for high susceptibility to stressors
and, thereby, for the development of major depression. In women and female mammals,
estrogen fluctuates considerably during the menstrual, respectively the estrous cycle, with a
maximum estrogen blood titer during the follicular phase in women and during pro-estrus in
animals. Women have the highest chance to develop depressive symptoms in periods of low
estrogen and strong estrogen decline such as in the pre-menstrual, post-partum and post
menopausal periods (Payne, 2003). This phenomenon is also clear from animal studies: the
strength of the stress response in sheep strongly depends on the phase of the estrous cycle
(Komesaroff et al., 1998) and female rats reveal a sex-specific activation of the HPA-axis in
response to stressors (Louvart et al., 2006). Furthermore, in rat, open-arm activity and social
behavior are intensified during pro-estrus, indicating that estrogen makes females less anxious
and lets them feel less "stressed" (Frye and Waif, 2004).

The non-preganglionic Edinger-Westphal nucleus
The Edinger-Westphal nucleus (EW) is traditionally known as a cholinergic,
preganglionic parasympathetic nucleus in the midbrain, projecting to the ciliary ganglion. The
EW was discovered in the human fetal brain in 1885 by Ludwig Edinger and identified in the
human adult brain in 1887 by Karl F.O. Westphal. Postganglionic axons running from the
ciliary ganglion innervate two muscles: the musculus sphincter pupillae, which constricts the
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pupil, and the musculus ciliaris, which controls lens accommodation. However, more
recently, evidence has accumulated that the structure and the function of the EW are more
complex than originally thought, and the existence of an anatomically and functionally
distinct neuronal population in the EW has been postulated. These neurons are not cholinergic
and do not innervate the ciliary ganglion, but contain high amounts of the neuropeptide
urocortin 1 (Ucnl) and send their axons to various areas in the brain (Skelton et al., 2000). To
distinguish this neuronal population from the cholinergic neurons in the EW, the term nonpreganglionic EW (npEW) has been introduced (Ryabinin et al., 2005; Weitemier et al., 2005;
Kozicz, 2007). In addition to Ucnl, various other factors are present in the npEW. Main
factors are brain-derived neurotrophic factor (BDNF; Kozicz et al., 2008b; Gaszner et al.,
2009), cocaine and amphetamine-regulated transcript (CART; Kozicz, 2003; Xu et al., 2009),
nesfatin-1 (Xu et al., 2009), cholecystokinin (Innis and Aghajanian, 1986) and substance Ρ
(Smith et al., 1994). Ucnl, CART and BDNF in the npEW have been implicated in the stress
response (Kozicz, 2003, 2007; Gaszner et al., 2009). In addition, the npEW seems to be
involved in alcohol consumption (Ryabinin and Weitemier, 2006), thermoregulation (Telegdy
et al., 2006), food and fluid intake (Weitemier and Ryabinin, 2005) and anxiety-like behavior
(Pan and Kastin, 2008).

Involvement of the npEW in the stress response
Increasing evidence indicates a strong involvement of npEW-Ucnl neurons in stress
adaptation. These neurons exhibit conspicuous activity changes in response to various acute
and chronic stressors (Kozicz, 2007). An early sign of neuronal activation is the production of
the immediate early gene, cFos. The number of cFos-containing cell nuclei can be quantified
by immunocytochemistry and is a reliable measure for neuronal activity. Acute pain, ether,
restraint and lipopolysaccharide stressors that activate CRF production in the PVN, also
increase the expression of cFos in npEW-neurons (Kozicz et al., 2003; Gaszner et al., 2004).
In chronic stress situations, where the PVN-CRF neurons show habituation of neuronal
activity and CRF production, the npEW response does not habituate, as three weeks of ether
stress did not decrease cFos neuronal activity (Korosi et al., 2005). This maintained activation
of the npE W upon chronic stress is reflected in the enhanced secretory dynamics of the three
major neurochemical secretory substances of this nucleus, Ucnl, BDNF and CART.
Ucnl
Ucnl is a member of the CRF neuropeptide superfamily, which further consists of CRF
itself, urotensin-I, sauvagine, and urocortin 2 and 3 (Skelton et al., 2000). Ucnl is mainly
expressed in the npEW and exerts its actions via the CRF receptors 1 and 2 (CRF-R1 and
CRF-R2). These G protein-coupled receptors have distinct expression patterns in the brain
and control different physiological processes. Ucnl has equal affinity for both receptors but is
thought to be the endogenous ligand for CRF-R2, because it binds to this receptor with much
higher affinity than CRF itself (Skelton et al., 2000).
Like CRF in the PVN (Pinnock and Herbert, 2001), the amount of Ucnl in the npEW is
increased by acute stressors (Weninger et al., 2000; Kozicz et al., 2004). During acute stress,
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the npEW and the PVN seem to work in concert. However, during chronic stress there
appears to be an inverse relationship between the two adaptation centers. While chronic
stressors lead to continuous high CRF in the PVN (Tsigos and Chrousos, 2002), Ucnl in the
npEW returns to basal level (Korosi et al., 2005). Additional evidence for a special relation
between the npEW-Ucnl neuronal system and the PVN comes from studies with transgenic
mice. First, Ucnl-knockout mice show an impaired ΗΡΑ-axis response to repeated restraint
and cold stress (Zalutskaya et al., 2007). Furthermore, in CRF-overexpressing mice, in which
CRF in the PVN is chronically elevated, Ucnl in the npEW is downregulated (Kozicz et al.,
2004), and in the opposite situation, in CRF-knockout mice, Ucnl is elevated (Weninger et
al., 2000).
BDNF
BDNF is a neurotrophic factor that promotes growth, differentiation and survival of
neurons by binding to two receptors, TrkB and γΠ5ίπκ. The protein is widely expressed
throughout the brain (Chao, 2003) and is an important player in the development of major
depression. During this disease the concentrations of BDNF in the blood (Karege et al., 2002),
hippocampus and prefrontal cortex are decreased compared to control subjects (Karege et al.,
2005). These effects can be abolished by antidepressant drug treatment. In addition, it appears
that the regulation of BDNF in stress and depression is sex-dependent. More specifically, the
dynamics of BDNF in stress-sensitive brain areas are more sensitive to stressors in the female
than in the male brain (Lin et al., 2008). This sex-dependence might be caused by estrogen
acting via the estrogen-responsive element of the bdnf gene (Scharfman and MacLusky,
2006). Indeed, estrogen regulates BDNF mRNA expression in the brain, to a degree
depending on the brain area (Gibbs, 1999; Jezierski and Sohrabji, 2000; Zhou et al., 2005;
Sohrabji and Lewis, 2006). Stressors influence BDNF in the rat npEW (Gaszner et al., 2009)
and, remarkably, in humans BDNF mRNA expression differs between control and depressed
subjects in a sex-specific way (Kozicz et al., 2008b).
CART
CART is widely expressed in the central nervous system, and is very abundant not only
in the hypothalamus (Keller et al., 2006) but also in the npEW (Couceyro et al., 1997), where
it is stored within the same secretory vesicles as Ucnl (van Wijk et al., 2009). The
neuropeptide plays a role in food intake and drug reward, and also seems to be involved in the
stress response by regulating ΗΡΑ-axis activity in a sex-dependent manner (Smith et al.,
2004; Koylu et al., 2006). In rodents, the CART mRNA response to an acute stressor differs
between males and females in the arcuate nucleus, the PVN and the amygdala (Balkan et al.,
2006; Gozen et al., 2007). In addition, CART neurons in the npEW are recruited in response
to stressors (Kozicz, 2003).
The responses to stressors of Ucnl, BNDF and CART in the npEW, and the difference in
Ucnl and BDNF mRNA expressions between control and depressed subjects suggest that
these factors may play a role in the sex-dependent development of major depression.
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Endocannabinoids
For thousands of years, the herb Cannabis saliva has been used to induce healing or
feelings of pleasure. The cannabinoid tetrahydrocannabinol (THC) is thought to be the main
psychoactive chemical compound of this plant. THC binds to two endogenous receptors,
cannabinoid receptors 1 and 2 (CB1 and CB2 receptor), which have distinct distributions. The
CB1 receptor is located in the central nervous system, while the CB2 receptor occurs in the
periphery. The presence of these receptors has led to the discovery of endocannabinoid
signaling. Besides cannabinoid receptors this signaling involves endocannabinoid ligands
such as anandamide and 2-arachidonoylglycerol (2-AG). Furthermore, enzymes that
synthesize these ligands on demand and enzymes for ligand degradation have been
demonstrated (Fride et al., 2005). Endocannabinoid signaling does not proceed via classical
synaptic communication. Instead, postsynaptic release of endocannabinoids activates
presynaptic CBl receptors, inhibiting presynaptic neurotransmitter release (Katona and
Freund, 2008).
Endocannabinoid signaling is involved in many important physiological and (patho-)
physiological processes like energy metabolism (Bellocchio et al., 2008), stress adaptation
(Hill et al., 2005), anxiety (Viveros et al., 2005) and addiction (Parolaro and Rubino, 2008).
As to stress, endocannabinoid signaling has been well studied in the PVN. During negative
feedback on CRF release from the PVN, glucocorticoids induce endocannabinoid release
from the parvocellular neurons. These endocannabinoids bind to the presynaptic CBl
receptors of stimulatory, glutamatergic intemeurons, and in this way inhibit glutamate release
within the PVN (Di et al., 2003) and, consequently, CRF release. In addition, not only do
acute and chronic stressors influence endocannabinoids in various brain areas like the
prefrontal cortex, the hippocampus and the midbrain, but depressed subjects also show an
increase in CBl receptors in the prefrontal cortex. Compelling evidence for involvement of
endocannabinoid signaling in the stress response and the pathogenesis of major depression
comes from studies on CBl receptor knockout mice (CBl-/-). Such mice lack the CBl
receptor and reveal abnormal physiology and behavior. They show a strong expression of
CRF mRNA in the PVN, a high responsiveness to CRF-induced ACTH secretion, and high
corticosterone titers under both basal and stressful conditions (Cota, 2008). In addition, CB1/- demonstrate anhedonia and high anxiety-like behavior. These characteristics are all
hallmarks of major depression. Therefore, these findings strongly indicate the involvement of
endocannabinoid signaling in the stress response and in major depression.

Aim of this thesis
When adaptation to stressful circumstances fails, there is a risk of developing stressrelated diseases like anxiety and major depression, a risk that is approximately two times
higher for females than for males. Stress-sensitive brain areas like the npEW play a central
role in the coordination of the stress response and may therefore be key factors in the
transition from stress adaptation to stress maladaptation. The present thesis research aims at
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increasing our insight in the role of the npEW in the stress response, with special attention to
differences between males and females.

Outline of the thesis
To pursue the aim of this thesis we have performed several studies in an integrated,
behavioral, histological and molecular biological approach.
When using the quantitative-reverse transcriptase-polymerase chain reaction (q-RT-PCR)
technique it is important to normalize data of the gene of interest to that of an HKG, in order
to accurately determine the degree of gene expression. HKGs are genes involved in basic
functions needed for the maintenance of cell functioning. They are generally considered to
have a constitutive and constant expression, which is crucial for appropriate normalization of
data. From preliminary experiments it became clear that in our experiments this was not
always the case. We therefore decided to further explore this phenomenon under the
experimental conditions applying to this thesis research. For this purpose we tested the HKGs,
glyceraldehyde-3-phosphate dehydrogenase (GAPDH), 18S and ß-actin. The results are
described in Chapter 2.
To examine the role of the npEW in sex-dependent stress adaptation, it is important to
first study possible sex differences under basal conditions. In Chapter 3 sex differences in
Ucnl dynamics are examined in mice, and in Chapter 4 in rats. These studies include
quantitative (q-)RT-PCR, in situ hybridization and immunocytochemistry.
Ucnl is not the only factor important to npEW-functioning. Therefore, in Chapter 5, we
explored sex differences in the rat npEW under basal conditions for BDNF and CART. These
studies involved q-RT-PCR, in situ hybridization and immunocytochemistry.
In order to investigate the development of major depression in laboratory animals,
researchers usually apply the chronic variable mild stress paradigm (Marin et al., 2007), in
which mice or rats are stressed every day for some weeks with different mild stressors like
wet bedding, tilted cages, continuous lighting, and food or water deprivation. In this
paradigm, the animals show a depression-like phenotype which makes them a suitable model
to investigate the mechanisms underlying major depression. In Chapter 6 this paradigm has
been used to study the interaction between the dynamics of Ucnl in the npEW and
endocannabinoid signaling, in normal and stressed, male and female CB1-/-. The study was
performed with behavioral, in situ hybridization and immunocytochemical methods.
In the last chapter, Chapter 7, the results and conclusions obtained in the previous
chapters are discussed with regard to the aim of the thesis. In addition, this chapter provides
insight in the future directions necessary to further explore the role of the npEW in stress
adaptation and stress-induced brain disorders.

Chapter 2
Housekeeping genes revisited - different expressions
depending on gender, brain area and stressor
Nicole M. Derks, Mareike Müller, Balazs Gaszner, Debbie Tilburg-Ouwens,
Eric W. Roubos, L. Tamâs Kozicz
Neuroscience (2008) 156: 305-309.
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Abstract
House-keeping gene (HKG) mRNAs are used to normalize expression data of genes of
interest in quantitative reverse transcriptase polymerase chain reaction studies. Such
normalization assumes constant HKG expression under all circumstances. Although sporadic
evidence suggests that HKG expression may not always fulfill this requirement and, therefore,
such normalization may lead readily to erroneous results, this fact is generally not sufficiently
appreciated by investigators. Here, we have systematically analyzed the expression of three
common HKGs, glyceraldehyde-3-phosphate dehydrogenase, ribosomal subunit 18S and βactin, in two different stress paradigms, in various brain areas, in male and in female rats.
HKG expressions differed considerably with respect to brain area, type of stressor and gender,
in an HKG-specific manner. Therefore, we conclude that before final experimentation, pilot
expression studies are necessary to select an HKG which expression is unaffected by the
experimental factor(s), allowing reliable interpretation of expression data of genes of interest.
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Introduction
Normalization of quantitative reverse transcriptase polymerase chain reaction (q-RTPCR) data of a gene of interest to that of an 'house-keeping gene' (HKG) is commonly
considered a crucial step in accurately determining gene expression levels in experimental
designs (Suzuki et al., 2000; Tanic et al., 2007). The 'ideal' HKG will be expressed in all cells
of an organism and this expression will be constant under all circumstances and among all
tissues (Thellin et al., 1999). However, recent studies suggest that expression of HKGs can
vary depending on the experimental design. For example, during brain development, the
degree of expression of the glyceraldehyde-3-phosphate dehydrogenase (GAPDH) gene
changes whereas that of the ribosomal subunit 18S remains constant (Al-Bader and Al-Sarraf,
2005). In contrast, when adult rats were subjected to dietary restrictions, GAPDH was found
to be a stable HKG for accurate normalization, while under this condition 18S expression
appeared to be regulated (Tanic et al., 2007). In addition, stress induces 28S rRNA expression
in the amygdala (Maeda et al., 2005) and glucocorticoid treatment affects 18S rRNA
expression in the cerebral cortex and hippocampus (Tanic et al., 2007). In all these cases
normalization may lead readily to erroneous results (Thellin et al., 1999; Dheda et al., 2004),
a notion, however, that is generally not sufficiently appreciated by investigators.
In this study, we analyzed the (lack of) constancy in the expression of the HKGs
GAPDH, 18S and ß-actin, in two different stress paradigms (acute and chronic stress), in
various brain areas, viz. the hypothalamic paraventricular nucleus (PVN), hippocampus,
central nucleus of the amygdala (CeA), oval nucleus of the bed nucleus of the stria terminalis
(BNSTov), prefrontal cortex (PFC), motor cortex (MoC), Edinger-Westphal nucleus (EW)
and cerebellum (Ce), in male and female (in random phases of the estrous cycle) rats.

Materials and Methods
Animals
Wistar-R Amsterdam rats (225-250 g; L/D 12/12 hrs; lights on 07.00 hrs) were housed
under standard vivarium conditions in three groups, acutely stressed, chronically stressed and
control rats, each group consisting of 6 males and 6 females. For acute stress, rats were placed
in a plastic restrainer (length 200 mm, diameter 45 mm, several ventilation holes) for 1 hour.
For chronic stress, rats were exposed to 'chronic variable stress' for 14 days (after Marin et
al., 2007; see Table 1). Control animals were handled as challenged rats, but not stressed.
Studies were conducted in accordance with the Declaration of Helsinki and the animal use
guidelines from the Medical Faculty Committee for Animal Resources of Pecs University,
Pecs, Hungary.
RNA extraction and cDNA synthesis
Frozen brains were cut using a coronal brain matrix (Ted Pella, Redding, CA, USA; no:
15007) between the cerebellum and both hemispheres. Then 1 mm-thick coronal sections
were made with a razor blade. The brain slides were placed on a chilled mat, and the areas
were punched out with a Harris Unicore Hole 1.0 mm puncher (Ted Pella). Punched samples
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were collected in 500 μΐ ice-cold Trizol (Life Technologies, Paisley, UK) and homogenized
by sonification. After chloroform extraction and isopropyl alcohol precipitation, RNA was
dissolved in 30 μΐ RNAse-free DEPC. Total RNA was measured with an Eppendorf
Biophotometer (Vaudaux-Eppendorf AG, Basel, Switzerland). First strand cDNA synthesis
was performed using 1 μg RNA dissolved in 11 μΐ RNAse-free DEPC containing 0.25 mU
pd(N)6 (random primers; Roche, Almere, the Netherlands) at 70 °C for 10 min, followed by
double-strand synthesis in lx strand buffer (Life Technologies) with lOmM DTT, 20 U
Rnasin (Promega, Madison, WI, USA), 0.5 mM dNTPs (Roche) and 100 U reverse
transcriptase (Superscript II; Life Technologies) at 37 0 C for 75 min and at 95 0 C for 10 min.
RNA concentration was measured with the NanoDrop 1000 Spectrophotometer (Thermo
Fisher Scientific, Wilmington, DE, USA). The A260/280 ratio was in all samples between 1.8
and 2.0, indicating high purity. To check for RNA 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. There appeared to be no
RNA degradation as indicated by intact 28S and 18S ribosomal RNA bands in all samples.
Tabel 1
Day Stress type
1
2
3
4
5
6
7
8
9
10
11
12
13
14

swim stress, 2 min (4 0 C); humid sawdust, 3 h
food/water deprivation, permanent
lights on, overnight; humid sawdust, permanent
lights off, 180 min; swim stress, 2 min (40C)
food/water deprivation, overnight; isolation, overnight
cold isolation (40C), 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, 3h; restraint stress, 60 min

Q-RT-PCR
Quantitative RT-PCR was performed in a total volume of 25 μΐ buffer solution containing
5 μΐ of template cDNA, 12.5 μΐ SYBR Green Master mix (Applied Biosystems, Foster City,
CA, USA), 1.5 μΐ DEPC-treated MQ and 15 μΜ of each primer. Primers for the house
keeping gene glyceraldehydes 3-phosphate dehydrogenase (GAPDH), ß-actin and 18S were
designed using Vector PrimerExpress software (Applied Biosystems) based on the rat cDNA
sequence for GAPDH (ace. number M32599), ß-actin (ace. number NM 031144) and 18S
(ace. number Ml 1188). Primer pairs were for GAPDH: 5'-TGCCATCACTGCCACTCAGA3' and 5'-GTCAGATCCACAACGGATACATTG-3', for ß-actin: 5'-GTAACCCGTTGAACCCCATT-3' and 5'-CCATCCAATCGGTAGTAGCG-3' and for 18S: 5'-TTGCTGATCCACATCTGCTGG-3' and S'-ATTGCCGACAGGATGCAGAA-S'. The optimum
temperature cycling protocol was determined to be 950C for 10 min followed by 35 reaction
cycles at 950C for 15 s and at 60oC for 1 min, using a 7500 GeneAmp PCR system (Applied
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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 Ctvalues are within the exponential phase of the amplification. Standard curves were included in
duplo with cDNA-concentrations ranging from 6.25 ng to 100 ng cDNA content. Using these
curves, where 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.
Efficiencies of the primer pairs were for GAPDH: 1.97 (r2 = 0.991), for ß-actin: 1.94 (r2 =
0.996) and for 18S: 2.04 (r2 = 0.999).
Slatistics
Differences between group mean values were tested by multiple analysis of variance and
Student's t-test, after testing for normality (Shapiro and Wilk, 1965) and homogeneity of
variance (Bartlett's chi-square test; Snedecor and Cochran, 1989) and followed by Fisher's
LSD post hoc test using Statistica (StatSoft, Tulsa, OK).

Results
Our data revealed that the reaction of an HKG mRNA strongly depended on the type of
stressor, the brain area and the gender. Moreover, the relations of the three HKG mRNAs to
these three factors were quite different from each other. This is clear from the following
results.
As to the type of stressor: in the PVN, acute stress increased ß-actin in both males
(+43%; Fi,9=0.83; p<0.05) and females (+28%; Fi,io=0.88; p<0.05), whereas chronic stress
increased this HKG only in females (+29%; Fi,io=0.95; p<0.05). Furthermore, in the female
BNSTov, acute stress increased the expression of ß-actin (+42%; F|,io=0.73; p<0.05) and 18S
(+41%; Fi,io=0.33; p<0.05), but chronic stress had no effect on these HKGs. In the MoC,
chronic stress increased GAPDH in females (+30%; F Fi,io=0.79; p<0.05) and decreased 18S
in both males (-22%; Fi,9=0.23; p<0.05) and females (-23%; F Fi,io=0.36; p<0.05), but acute
stress had no effect on these HKG in this area, neither in males nor in females. In the male
hippocampus, acute stress increased ß-actin expression (+50%; Fi 9=0.73; p<0.05) but chronic
stress did not show any effect on this HKG. The different actions of the two stressors also
appeared in the male prefrontal cortex, where GAPDH expression was +48% higher
(Fi,9=0.09; p<0.05) after chronic than after acute stress.
As to gender: in the female PVN upon chronic stress, ß-actin and 18S expressions were
+40% (Fi,io=0.38; p<0.05) and +27%, (F[,io=0.13; p<0.05), respectively, higher than in males.
In the BNSTov, GAPDH expression in control males was higher than in control females
(+28%; F Fi,9=0.60; p<0.05). In the PFC, GAPDH expression was lower in control (-38%;
Fit9=0.35; p<0.05) and chronically stressed (-32%; Fi,io=0.07; p<0.05) females than in the
corresponding males. Moreover, after acute stress, GAPDH expression in the EW was much
higher in males (+56%; F5,3o=0.18; p<0.05) than in females. In the hippocampus, 18S
expression was lower in control males than in control females (-20%; Fii9=0.29; p<0.05).
As to brain area: in the hippocampus, acute stress stimulated only ß-actin expression
(males: +33%; F=0.73; p<0.05) while in the PFC this stressor increased only GAPDH
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(females: +52%; F=0.65; p<0.05). Furthermore, the BNSTov was only affected by acute
stress whereas the MoC was only affected by chronic stress (see also above). More generally,
whereas most brain centers revealed (varying degrees of) stressor- and/or gender-specific
HKG mRNA expression dependences, the CeA and Ce did not show any dependence at all.
These and more differences between the three HKG mRNAs in their stressor-, brain area- and
gender-specific expressions are summarized in Figure 1.

Discussion
The aim of the present study is to raise attention to the fact that neuronal proteins
generally considered (and utilized) as 'housekeeping', i.e. being assumed to remain stable
under experimental conditions known to change 'neuronal activity', in fact may change
dramatically in expression upon cellular activation. As an experimental tool to induce such
activation, we have used specific stressors that we have shown before to strongly affect the
secretory activity of the midbrain Edinger-Westphal nucleus, which is involved in stress
adaptation (e.g. Calle et al., 2005; Korosi et al., 2006; Derks et al., 2007; Kozicz, 2007;
Kozicz et al., 2008a,b). Previously, some indications have arisen that GAPDH, ß-actin and
18S may not be constantly expressed under all experimental conditions and in each brain
centre (Bustin, 2002; Proudnikov et al., 2003; Egeskov Bonefeld et al., 2008; Femandes et al.,
2008). The present study reveals that the degree of expression of each of these HKGs differs
considerably with respect to each of the parameters 'stressor', 'gender' and 'brain area', and
that this expression is HKG-specific, as is discussed below.
GAPDH expression does not differ upon acute or chronic stress or between genders in the
PVN, CeA, hippocampus and Ce. However, acute and chronic stress did change GAPDH
expression in the EW, MoC and PFC, and together with the BNSTov these brain areas
showed gender differences in control and also in stressed rats. In contrast to GAPDH, ß-actin
did not show stress-dependent expression in the MoC and PFC, but did show an increased
expression upon acute and chronic stress in the PVN, BNSTov, EW and hippocampus. The
PVN was the only studied brain area where this HKG was found to be differently expressed
between males and females. The third HKG, 18S, seems to be the least affected by acute and
chronic stress, since acute stress only increased its mRNA expression in the BNSTov and
chronic stress decreased this expression only in the MoC. In all other brain areas 18S
expression was unaffected by either stressor. However, in the PVN, BNSTov and
hippocampus, 18S expression revealed gender differences. Taken these data together, we
conclude that GAPDH, ß-actin and 18S differ in their expression patterns throughout the
brain, in a stressor- as well as in a gender-specific way.
It is beyond the scope of this study to discuss in detail each of the new data as to their
physiological significance. In fact, this would be impossible because our PCR approach does
not permit to attribute the expression of a given HKG mRNA to an identified neuron type and,
moreover, because the brain areas studied are involved in more than one, often complex
process. Nevertheless, some general statements can be made. Obviously, the stressorspecificity of HKG expression in the PVN, BNSTov, EW, hippocampus and PFC may be
related to the involvement of these centers in the regulation of the stress response, which is
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Fig. 1. GAPDH, ß-actin and 18S mRNA expressions in male and female rats under different stress
conditions in the hypothalamic paraventricular nucleus (a), oval nucleus of the bed nucleus of stria
terminalis (b), Edinger-Westphal nucleus (c), motor cortex (d), central nucleus of the amygdala (e),
hippocampus (f), prefrontal cortex (g) and cerebellum (h). n=6, except for the PVN, EW, CeA, PFC,
BNSTov of control males (n=5). The amount of cDNA is expressed in ng + S.E.M. Grey and white
bars indicate males and females, respectively, a, acute stress, c, control, ch, chronic stress. A number
atop of an error bar indicates significant difference with a group of that number. One asterisk above
such a number means that significance is at ρ < 0.05, two asterisks means a significance of ρ < 0.01.
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known to be differentiated as to stressor type (Koob and Heinrichs, 1999; Kozicz, 2002;
Figueiredo et al., 2003; Hunter et al., 2007; Kozicz, 2007; McEwen, 2007; Cerqueira et al.,
2008). Similarly, gender-specificity in HKG response in these brain areas fits in with the fact
that the activities of these centers either differ between males and females and/or respond to
stressors in a gender-dependent manner (Stefanova et al., 1998; Dunöko et al., 2001; Luine,
2002; Kozicz, 2007).
As to the technical aspects of our qPCR approach, we feel that our procedure is sound as
1. we have used our standard method, which has been well established over the years in
studies of the brains of various animal species including mouse, rat, tree shrew and frog
(Derks et al., 2007; Gaszner et al., 2008; Ridane et al., 2008; Kozicz et al., 2008a), 2. in our
experiment, degradation of mRNA will be minimal in view of the very short period of
maximally 2 minutes passing between decapitation and tissue preservation by freezing, which
is supported by the analysis of RNA quality and integrity, 3. the differences found as a result
of stressor-exposure are not at random, as would be expected when technical variations would
be their cause, but occur systematically, specifically and highly reproducibly in distinct brain
areas and gender, and 4. the statistical tests were carried out with strong power, on the basis of
a large number of animals (36), showing numerous strong differences that are statistically
highly significant. Therefore, we conclude that the data found in this study are the result of
biological and not of technical factors.
A central issue in this study is why 'housekeeping' genes do differ with regard to the
various parameters studied. The answer must be, clearly, that 'housekeeping' by these genes
is often not a constitutive event, but a highly regulated process in which stressor type and
gender play important regulatory roles that depend in character on the particular function of
the HKG in a given (neuronal) cell type. This notion implies that a particular HKG can only
be used as reliable tool to normalize the data of expression of other genes if its expression is
stable, i.e., does not change upon the experimental condition. As a consequence, before
starting an experiment, for each experimental object (e.g. animal, organ, cell type) preliminary
studies are necessary to select an HKG, or mRNA in general, which expression is unaffected
by the experimental paradigm. Since in extensive experiments, such an approach may be very
laborious and unpractical, we would recommend that in such cases gene expression data are
presented in a mathematically uncorrected way, together with the raw expression data of the
HKG, in order to enable the reader to interpret the outcomes of the study in an appropriate
way.

Chapter 3
Presence of estrogen receptor β in urocortin 1-neurons
in the mouse non-preganglionic Edinger-Westphal
nucleus
Nicole M. Derks, Eric W. Roubos, L. Tamâs Kozicz
General and Comparative Endocrinology (2007) 153: 228-234.
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Abstract
Adaptation to stress involves the activity of the hypothalamic-pituitary-adrenal (HPA-)
axis. Urocortin 1 (Ucnl) coordinates responses to stressors. An increasing body of evidence
suggests that such responses are sexually dimorphic and in females depend on the phase of the
estrous cycle. Previously, in the non-preganglionic Edinger-Westphal nucleus (npEW),
moderate immunostaining of the estrogen receptor α (ERo) was demonstrated, whereas
estrogen receptor β (ERß) was found to be more abundant. We have aimed at confirming the
presence and identifying the type of ER in Ucnl-containing neurons in the npEW in the
mouse, and at assessing whether the degree of Ucnl mRNA expression is gender-related.
Using immunocytochemistry, we could not demonstrate ERa-immunoreactivity in the npEW,
but we did show a high density of ERß-immunopositive neurons in the npEW of both male
and female mice. A majority of Ucnl-positive neurons showed ERß-immunoreactivity in their
nuclei. In situ hybridization and RT-PCR did not reveal significant differences in both the
number of neurons expressing Ucnl mRNA and the strength of their Ucnl mRNA expression.
We will extend our gender comparison to other phases of the estrous cycle.

l ' i L-«. l'I I I A ' i l l ' S l l l l ü l ' l l

I l II'[111 II [ì HI II M II d l t i l l

I - I l l ' I l i I HI " 111 U l i

IM (I II M' Il [ i l

W

Introduction
Classically, adaptation to stress involves the hypothalamic release of corticotropinreleasing factor (CRF) and vasopressin, which govern the activity of the hypothalamicpituitary-adrenal (HPA-) axis, reflected in blood concentrations of adrenocorticotrope
hormone (ACTH) and corticosteroid hormones (Carrasco and Van de Kar, 2003; Jacobson,
2005; de Kloet et al., 2005). Recently, it became clear that still another nucleus plays a role in
stress adaptation by activating CRF receptors (Perrin and Vale, 1999), namely the nonpreganglionic Edinger-Westphal nucleus (npEW), which is the main site of production of
urocortin 1 (Ucnl; Vaughan et al., 1995; Kozicz et al., 1998, 2002; Bittencourt et al., 1999;
Ryabinin et al., 2005). Ucnl is a 40-amino acid member of the CRF neuropeptide family,
which consists of urotensin, sauvagine, urocortin 1, 2 and 3 (Suda et al., 2004), and
coordinates the endocrine, autonomic and immune responses to stressors, stimulating ACTH
release (Vaughan et al., 1995) and locomotor activity (Skelton et al., 2000) and decreasing
social interactions, immune functions, water and food intake, and gastric emptying (Skelton et
al., 2000). The effects of Ucnl on anxiety are diverse (Spina et al., 2002; Gysling et al.,
2004): stimulation of the CRFi receptor increases anxiety (Swiergiel and Dunn, 1999), while
a decrease in anxiety was found after stimulation of the CRF2 receptor (Bale et al., 2000;
Kishimoto et al., 2000).
Evidence suggests that responses to stressors are sexually dimorphic and that the stress
response in females is dependent on the phase of the estrous cycle (Komesaroff et al., 1998).
Estrogen replacement therapy in post-menopausal women and ovariectomized rats suppresses
ΗΡΑ-axis activity (Dayas et al., 2000). Also, anxiety and stress behavior are influenced by
estrogen during the estrous cycle: in pro-estrous, when levels of estrogen are high, open-arm
activity and social behavior are increased (Frye and Waif, 2004). Furthermore, in rat, a
gender-specific activation of the ΗΡΑ-axis occurs in response to heterotypic stressors
(Louvart et al., 2006). These differences point to a role for estrogen in mediating responses to
stressors. The classical receptors for estrogen are steroid receptors. Multiple genes are coding
for these receptors, resulting in two subtypes: estrogen receptors α (ERa) and β (ERß; Koike
et al., 1987; Kuiper et al., 1996; Toran-Allerand, 2004). These types differ in their distribution
and function (Gustafsson, 2003; Merchenthaler et al., 2004). The expression patterns of ERa
and ERß partly overlap, but they also show some marked differences (Mitra et al., 2003;
Nomura et al., 2005). As to the npEW, VanderHorst et al. (2005) demonstrated moderate
immunostaining for ERa, whereas Mitra et al. (2003), focussing on the β receptor, showed
strong ERß immunoreactivity.
Based on the above observations, we hypothesize a sexually dimorphic activity of npEWUcnl neurons controlled by estrogen. This hypothesis implies that estrogen receptors are
present in npEW-Ucnl neurons and that the production of Ucnl in these neurons is influenced
by the plasma estrogen level. To test this hypothesis in the mouse, we have aimed at: 1.
confirming the presence and identifying the type of estrogen receptor in the npEW nucleus, 2.
determining if and which estrogen receptors occur in npEW-Ucnl neurons, and 3. assessing
whether the degree of Ucnl mRNA expression in these neurons is gender-specific.
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Materials and Methods
Animals
Twelve (six for immunocytochemistry, six for in situ hybridization) adult (8-weelc old)
male and twelve female mice in estrus were used. They were housed in standard plastic cages
(40x25x20 cm; 4 animals/cage), in a vivarium maintained in a temperature- and humiditycontrolled environment, on a 12-h light/dark cycle (lights on 6:00 a.m.), and they had access
to tap water and rodent chow ad libitum. Female breeding mice were checked every morning
for the presence of vaginal plugs to estimate the phase of the estrous cycle. All procedures
were conducted in accordance with the Declaration of Helsinki and the guidelines for animal
experimentation from the Medical Faculty Advisory Committee for Animal Resources of Pecs
University, Hungary, based on the Law of 1998, XXVIII, for Animal Care and Use in
Hungary.
Histology
Mice were deeply anaesthetized with nembutal (100 mg/kg body weight; SanofiSynthélabo, Maassluis, The Netherlands) and their chest cavity opened. They were perfused
transcardially with 50 ml 0.1 M sodium phosphate-buffered saline (PBS; pH 7.4), followed by
50 ml of 4% ice-cold paraformaldehyde with 2% acrolein (immunocytochemistry) or 4% icecold paraformaldehyde (in situ hybridization). After perfusion, animals were decapitated, and
their brains were removed, postfixed for 24 h at 4 0 C, and stored in autoclaved 0.1 M PBS, at
4 0 C. Then they were transferred into 30% sucrose in 0.1 M PBS, and when they completely
submerged they were frozen in dry ice. Coronal sections (25-μιη) of the midbrain (Bregma 2.80 to -4.04 mm; Paxinos and Franklin, 2001) were saved in sterile antifreeze solution (0.05
M PBS, 30% ethylene glycol, 20% glycerol) at -20 °C.
Immunocytochemistry
After 4x15 min rinses in 0.1 M PBS, 0.5% Triton X-100 (Sigma-Aldrich, Zwijndrecht,
The Netherlands) in 0.1 M PBS was applied for 30 min, to enhance antigen penetration. After
an additional 15 min rinse in PBS, sections were incubated for 30 min in 2% normal goat
serum (#005-000-121; Jackson Immunoresearch Labs, West Grove, PA, USA) in PBS, to
block non-specific binding sites. All steps were carried out at room temperature (20 °C)
unless stated otherwise, under continuous, gentle agitation. Sections were incubated in
polyclonal (rabbit) ERa or ERß antiserum (1:5,000/1:2,000) in 2% normal goat serum for 48
h at 40C, followed by 3x15 min rinses in PBS, and incubated in secondary anti-rabbit (Vector
ABC Elite Kit; PK-6101; Vector Labs, Burlingame, CA, USA) for Ih. After a 3x15 min
rinses in PBS, sections were incubated in ABC reagent supplied with the ABC Elite Kits
(Vector Labs) for Ih. Immunostaining was visualized with 10 mg 3-3'-diaminobenzidine
(DAB; D 5637; Sigma-Aldrich) in 50 ml Tris buffer (pH 7.6), for 10 min. The reaction was
controlled under a stereomicroscope and stopped in Tris buffer.
For immunofluorescent labeling, after 4x15 min rinses in PBS and incubation in 0.5%
Triton X-100 in PBS for 30 min, sections were incubated in 2% normal donkey serum (NDS)
in PBS for 30 min, and incubated in (a mixture of) primary antisera in 2% NDS for 48h at 4
0
C. The following sera were used: 1. polyclonal (goat) anti-Ucn 1 (R-20; sc-1825; Santa Cruz
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Biotechnology Inc., Santa Cruz, CA, USA) at 1:300, 2. polyclonal (rabbit) anti-ERa (1:5,000;
H-222; gift from Dr G. Greene, University of Chicago, IL, USA), and 3. polyclonal (rabbit)
anti-ERß (1:2,000; #80424; gift from Dr S. Alves, Cornell University, New York, NY, USA).
The secondary antisera Cy^conjugated anti-goat IgG (1:80) and Cy3-conjugated anti-rabbit
IgG (1:100; Jackson Immunoresearch Labs) were applied for 3h. Following several rinses in
PBS, sections were mounted on glass slides, coverslipped with anti-fade Vectashield (Vector
Labs), and studied with a Leica DMRBE microscope connected to a Leica DC 500 digital
camera (Leica Microsystems, Wetzlar, Germany).
The high specificities of the Ucnl, ERa and ERß antisera have been reported previously
(Friend et al., 1997; Bittencourt et al., 1999; Mitra et al., 2003). Moreover, when primary
antisera were omitted or replaced by pre-immune mouse, goat or rabbit sera at dilutions of the
primary sera, no immunoreactions were observed.
Non-radioactive in situ hybridization
Hybridization was carried out using antisense and sense (control; no hybridization signal
was seen) cRNA probes transcribed from a linearized 550 bp Ucnl cDNA, and labeled with
DIG-11-UTP using a labeling kit (Roche Molecular Biochemicals, Basel, Switzerland). In situ
hybridization steps were carried out at room temperature unless stated otherwise. First,
sections were fixed in 0.1 M borax-bufifered 4% paraformaldehyde (pH 9.5) at 4 0C for 30
min. Then, sections were rinsed four times for 7 min with 0.1 M PBS followed by preincubation in proteinase Κ medium (0.1 M Tris/HCl, 0.05 M EDTA, 0.1 mg proteinase K) for
10 min at 37 0 C. After rinsing 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 rinsing in 2 times concentrated (2x) standard saline citrate buffer (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 digoxigenin
(DIG) probe (ca. 2.5 ng/ml), was placed into a water bath at 80 °C for 5 min and then on ice
for another 5 min. Sections were incubated in hybridization solution for 16 h at 58 °C, rinsed
four times for 7 min with 4x SSC, incubated for 30 min at 37 °C in preheated RNAse medium
(0.5 M NaCl, 0.01 M Tris/HCl, 0.001 M EDTA; pH 8.0) containing 0.01 mg/ml RNAse A,
which had been added just before the start of incubation, and stringently washed in decreasing
SSC concentrations (2x, lx, 0.5x, O.lx) for 30 min at 58 0 C. The alkaline phosphatase method
with nitroblue tetrazolium chloride/5-bromo-4-chloro-3-indolyl phosphate, toluidine salt
(NBT/BCIP) as substrate, was used for the detection of the DIG label. Briefly, after rinsing
four times for 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 3 h of
incubation with sheep anti-DIG-AP (Roche; 1:5,000) in buffer A containing 0.5% blocking
agent. Subsequently, sections were rinsed four times for 5 min in buffer A, followed by two
times of 5 min rinsing in buffer Β (0.1 M Tris/HCl, 0.15 M NaCl, 0.05 M MgCb; pH 9.5).
After 16 h of incubation in NBT/BCIP medium (10 ml buffer B, 2.4 mg levamisole, 175 μΐ
NBT/BCIP mixture; Roche) in a light-tight box, the reaction was stopped by placing the
sections in buffer C (0.1 M Tris/HCl, 0.01 M EDTA; pH 8.0). After rinsing twice for 5 min,
sections were mounted on gelatin-coated glass slides, dried for 16 h at 37 0 C, rinsed in
distilled water, dehydrated, cleared in xylene and coverslipped with Entellan.
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Image analysis
Digital images were taken at a resolution of 1,200x1,600 dpi using the Leica optical
system with a Leica digital camera (Leica, Wetzlar, Germany) connected to an IBM computer
running Scion Image software (version 3.0b; NIH, Bethesda, MR, USA). Confocal laser
scanning microscopy (Leica Microsystems TCS SP2 AOBS system; Leica) was used to take
images of the fluorescence immunocytochemistry. Ucnl-positive cell bodies were counted at
the midlevel of the npEW (Bregma -2.80 to -4.04 mm; see Paxinos and Franklin, 2001) in 4
serial sections interspaced by 75 μπι. As the mathematical correction factor for section
thickness according to Floderus (1944) was nearly 1 (0.965), no correction for this thickness
was applied.
RNA extraction and cDNA synthesis
Freshly punched out npEW nuclei were individually collected in 500 μΐ ice-cold Trizol
(Life Technologies, Paisley, UK) and homogenized by sonification. After chloroform
extraction and isopropyl alcohol precipitation, RNA was dissolved in 30 μΐ RNAse-free
DEPC. Total RNA was measured with an Eppendorf Biophotometer (Vaudaux-Eppendorf
AG, Basel, Switzerland). First strand cDNA synthesis was performed using 1 μg RNA
dissolved in 11 μΐ RNAse-free DEPC containing 0.25 mU pd(N)6 (random primers; Roche) at
70 0 C for 10 min, followed by double-strand synthesis in lx 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) at 37 0 C for 75 min and at
95 0 C for 10 min.
Real-time RT-PCR
Real-time RT-PCR was performed in a total volume of 25 μΐ buffer solution containing
5 μΐ of template cDNA, 2x SYBR Green Master mix (Applied Biosystems, Foster City, CA,
USA), 1.5 μΐ DEPC-treated MQ and 15 pM of each primer. Primers for the house-keeping
gene glyceraldehyde 3-phosphate dehydrogenase (GAPDH) and Ucnl were designed using
Vector PrimerExpress software (Applied Biosystems) based on the mouse cDNA sequence
for GAPDH (ace. number M32599), Ucnl (ace. number NM_021290) and ERß (ace. number
NM_207707). Primer pairs were for GAPDH: 5'-CATGACCACAGTCCATGCCA-3' and 5'TGGCATGGACTGTGGTCATG-3', for Ucnl: 5'-TCCATCGCAGATTCGGATC-3' and 5'GGAGCTCCATCTTGCACTGG-3' and for ERß 5'-CTGAGCGACAACCAGTGGCT-3'
and 5'-ATGGACATGATGCTCTCAGAGACTC-3'. The optimum temperature cycling
protocol was determined to be 95 0C for 10 min followed by 35 reaction cycles at 95 0 C for
15 s 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. The Ct values for the house-keeping gene were
subtracted from the Ct values for Ucnl to give the normalized Ct value. These ACt values
were tested for significance.
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Statistical analysis
Per experimental group, in the npEW, numbers of neurons immunopositive for Ucnl and
for Ucnl mRNA were expressed as means ± standard error of the mean (SEM). Differences
between group mean values were tested for statistical significance by ANOVA after testing
for normality (Shapiro and Wilk, 1965) and for homogeneity of variance (Bartlett's Chisquare test; Snedecor and Cochran, 1989).

Results
In all experimental groups in both males and females, several ER-a-immunoreactive (ir)
cell nuclei were observed in the lateral periaqueductal grey but not in the npEW, where Ucnlir neurons were always visible (Fig. 1). ERß-ir nuclei were also abundant in the lateral
periaqueductal grey and, moreover, in the superior colliculus. In contrast to ERa, a large
number of ERß nuclei were found in the npEW (Fig. lb). The ß-reeeptor immunoreactivity
was found predominantly in the neuronal cell nuclei, but some immunoreactivity was seen in
the cytoplasm. No ERß-positive glial cells were seen.
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Fig. 1. Immunocytochemistry for Ucnl, ERa and ERß in female mouse non-preganglionic EdingerWestphal nucleus (npEW). npEW neurons are immunoreactive to Ucnl (a) and their cell nuclei to
ERß (b). ERa-immunoreactivity could not be observed in these neurons (c), but was present in the
lateral periaqueductal grey (PAGI) (d; arrows), aq, aqueduct; RN, raphe nucleus. Scale bar = 50 μιη.

Since the mouse npEW revealed both Ucn-l-ir neurones and ERß-positive cell nuclei, we
investigated by double labeling immunocytochemistry whether Ucnl and ERß were present in
the same neurons. Indeed, ERß and Ucn-1 colocalized in most Ucnl-neurons (Fig. 2).
Non-radioactive in situ hybridization was used to visualize Ucn-1 mRNA in male mice
and in female mice in estrous (Fig. 3). Ucnl-expressing neurons amounted 31.6 ± 2.8 in
female and 37.1 ± 2.3 in male mice, a difference that was not statistically significant (p =
0.06; n=6).
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Fig. 2. Confocal immunofluorescence of Ucnl and ERß in Ucnl-neurons of the npEW. (a) Ucnl, (b)
ERß and (c) colocalization of Ucnl and ERß. Fig. d is a high magnification detail of Fig. c. Arrow
points to cytoplasmic presence of both Ucnl and ERß. aq, aqueduct. Scale bar a-c = 50 jam; d = 10
μιη.
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Fig. 3. In situ hybridization of Ucnl mRNA expression in the npEW, of (a) a male mouse and (b) a
female mouse in estrous. (c) No significant differences appear in the number of Ucnl-expressing
neurons per medial npEW section (p = 0.06). Black bar = males (n=6), white bar = females (n=6).
Scale bar = 50 μιη
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Using RT-PCR, the degrees of Ucnl mRNA and ERß mRNA expression in the npEW of
males and females were assessed. The efficiencies for the Ucnl, ERß and GAPDH primers
were respectively 2.3 (r2 = 0.99), 1.7 (r2 = 0.97) and 2.1 (r2 = 0.99) throughout all runs. The
ACt values for Ucnl mRNA of males (n=6; 9.3 ± 2.0) and of females (n=6; 10.1 ± 1.1) did
not differ significantly (F = 0.79; ρ = 0.44). Also for ERß mRNA expression no significant
differences (F = 0.57; ρ = 0.40) were found between males (n=6; 13.2 ± 0.3) and females
(n=4; 13.3 ±0.4).

Discussion
In vulnerable individuals, chronic stress, via dysregulation of the ΗΡΑ-axis, is known to
develop into mental disorders like depression (Arborelius et al., 1999; Tafet and Bernardini,
2003). Women seem to have a higher vulnerability for stress-related disorders than men
(Seeman, 1997; Kessler, 2003). This vulnerability appears to be highest in periods of low
estrogen or estrogen decline, like the pre-menstrual, post-natal and post-menopausal period
(Payne, 2003). Furthermore, psychological stressor-induced ACTH and Cortisol increases are
stronger in men than in females (Kirschbaum et al, 1999; Kudielka and Kirschbaum, 2005).
However, none of the gender differences in stress responses are reflected by hyperactivity of
the ΗΡΑ-axis. Therefore, these differences may depend on other brain areas than the
hypothalamus.
In the present study we have demonstrated a high density of ERß-positive neurons in the
mouse npEW of both male and female mice, but RT-PCR revealed no difference in ERß
mRNA expression between both sexes. We have not been able to show ERaimmunoreactivity. Although previous studies confirm the presence of ERß in the mouse EW
(Mitra et al., 2003; Merchentaler et al., 2004; Nomura et al., 2005), there are differences in
outcome concerning ERa: whereas Mitra et al. (2003) and Nomura et al. (2005) also could not
demonstrate ERa in the EW, few lightly stained ERa-positive neurons were shown by
VanderHorst et al. (2005). This discrepancy might be due to the use of different first
antibodies or to the use of an amplification step in the immunocytochemistry. Inclusion of an
amplification step in our protocol for this antibody does not seem to be necessary since we did
find ERa-immunoreactivity in the lateral periaqueductal grey. ERß-immunoreactivity was
predominantly seen in the neuronal cell nuclei, though some immunoreactivity was present in
the cytoplasm as well. Cytoplasmic distribution of ERß-ir has been reported before (Alves et
al., 1998; Mitra et al., 2003) and is in line with the discovery of non-genomic steroid signaling
via receptors located in the cytoplasm, on cell organelles, and on the plasma membrane
(Bjömström and Sjöberg, 2005; Wehling and Lösel, 2006). In the hippocampus, ERß was
found at cytoplasmic organelles and the plasma membrane, suggesting major non-genomic
transduction of estrogen actions (Milner et al., 2005). This could also be the case for the
npEW.
To test if estrogens can directly affect Ucnl neurons in the npEW, we have studied
whether ERß colocalizes with Ucnl. Our immunofluorescence study supports this possibility,
since the majority of Ucnl-ir neurons showed ERß-ir in their nuclei. A further support for a
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direct action of estrogens on Ucn-1 neurons may come from immuno-electron microscopic
demonstration of ERß receptors.
In the rat paraventricular and supraoptic nuclei, Ucnl mRNA expression is directly
upregulated by binding of ERa to a half estrogen-responsive element, and down-regulated by
ERß via CRE-dependent elements, both elements being present in the Ucnl promoter region
(Haeger et al., 2005). Since in the npEW of the mouse no α-subtype seems to be present, the
presumed action of estrogen on mouse Ucnl-neurons is unlikely to proceed via this receptor.
In view of the abundant presence of ERß in this nucleus (present study), we suggest that
estrogen acting via the ERß controls npEW-Ucnl neuronal activity. This mechanism might
give rise to gender differences in Ucnl-expression, but our quantitative in situ hybridization
studies do not reveal significant differences in the number of Ucnl mRNA-expressing
neurons in the npEW between males and females in the estrous phase. Similarly, quantitative
RT-PCR did not show a gender-specific difference in the strength of Ucnl mRNA expression
in the npEW. This might indicate that Ucnl-neurons in the mouse npEW have the same
activity in males and females. Other possible explanations for our result are that the changing
estrogen titre affects Ucnl mRNA expression during the cycle or that the receptors are
activated by locally produced estrogen. The latter possibility is not likely, however, since it
was found that there is no aromatase activity in the adult midbrain (Raab et al., 1995), which
would be necessary for estrogen formation. Consequently, receptor activation in the EW
seems to depend on circulating estrogens. Therefore, it seems worthwhile to extend our
gender comparison to other phases of the estrous cycle.

Chapter 4
Sex differences in urocortin 1 dynamics in the nonpreganglionic Edinger-Westphal nucleus of the rat
Nicole M. Derks, Balàzs Gaszner, Eric W. Roubos, L. Tamâs Kozicz
Neuroscience Research (2010) 66: 117-123.
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Abstract
Women have higher vulnerability to stress and stress-induced diseases than men.
Estrogen may be involved in the control of sex-dependent stress adaptation via estrogen
receptors α and β (ERa/ß). Urocortin 1 (Ucnl) in the npEW plays an important role in stress
adaptation. We hypothesize that the activity of npEW-Ucnl neurons differs between sexes
and is related to estrogen signalling. We here indicate by immunocytochemistry the absence
of ERa and the presence of ERß in the npEW-Ucnl neurons. Q-RT-PCR of the npEW
confirmed this notion, demonstrating that in male rats ERß mRNA was almost 5 times higher
than in females in di-estrus. Furthermore, Ucnl mRNA in males was nearly 10 times and 1.6
times higher than in females in di- and pro-estrus, respectively, indicating a sex-dependent
difference in Ucnl biosynthetic activity. Since, at the same time, immunocytochemistry
revealed that the amount of Ucnl peptide stored in the cell bodies of the npEW-Ucnl neurons
did not differ between males and females, as judged on the basis of the number and
immunosignal density of these neurons, we propose that the rate of axonal Ucn 1 transport
and, possibly, the strength of Ucnl secretion, are dependent on sex to the same degree as is
Ucnl biosynthesis.
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Introduction
Classically, in rat the endocrine responses to stressors are considered to depend on
activation of the hypothalamo-pituitary-adrenal (HPA-) axis (for reviews, see Carrasco and
Van de Kar, 2003; de Kloet et al., 2005; Jacobson, 2005). A midbrain nucleus proposed to
play an important role in stress adaptation, is the Edinger-Westphal nucleus (EW; Weninger
et al., 2000; Kozicz, 2007). The EW is traditionally known as a cholinergic, preganglionic
parasympathetic nucleus projecting to the ciliary ganglion. However, more recently evidence
has accumulated for the existence of an anatomically and functionally distinct, noncholinergic neuron population within the EW (Saper et al., 1976; Loewy et al., 1978; Loewy
and Saper, 1978; Bürde et al., 1982; Vasconcelos et al., 2003; Ryabinin et al., 2005; Laursen
and Rekling, 2006) that produces urocortin 1 (Ucnl). This 'non-preganglionic EW' (npEW;
Ryabinin et al., 2005; Weitemier et al., 2005; Kozicz, 2007) is the main production site in the
brain of urocortin 1 (Ucnl), a peptide belonging to the corticotropin-releasing factor (CRF)
neuropeptide family and binding to the CRF2 receptor (CRF2) with a higher affinity than
CRF itself (Vaughan et al., 1995; Kozicz et al., 1998, 2002; Bittencourt et al., 1999). The
npEW-Ucnl neurons have been strongly implicated in stress adaptation, because they exhibit
conspicuous activity changes in response to acute and chronic stressors (Weninger et al.,
2000; Gaszner et al., 2004; Korosi et al., 2005; Kozicz, 2007), Ucnl-null mice reveal an
impaired ΗΡΑ-axis response to repeated restraint and cold stress (Zalutskaya et al., 2007) and
CRF2-deficient mice are hypersensitive to stressors (Bale et al., 2000) (for review see Kozicz,
2007).
Evidence suggests that the regulatory mechanisms underlying the stress response in
animals and man are sex-dependent. In both rat and human, females seem to be more
vulnerable to stress than males, possibly because of a stronger negative adrenal glucocorticoid
feedback (Dalla et al., 2005; Kudielka and Kirschbaum, 2005; Louvart et al., 2006). This sex
difference in stress sensitivity may explain why stress-related disorders like anxiety and major
depression occur about twice as often in females as in man (Weissman and Olfson, 1995;
Kessler, 2003; Gorman, 2006). Also, female wildtype and CRFR2-null mice show more
pronounced depressive-like behavior than males (Bale and Vale, 2003).
Estrogen may play an important role in sex-dependent stress adaptation, because stresssusceptibility is highest in periods of a low or declining estrogen titer (Seeman, 1997; Payne,
2003). For example, in rats in di-estrus, when the estrogen titer is low, anxiety- and
depression-like behavior is high (Frye and Waif, 2004; Waif et al., 2009a,b). Estrogen might
influence the stress response by binding two types of estrogen receptor (ER), ERa and ERß.
These receptors are closely associated with Ucnl, because their distributions overlap in the
paraventricular and supraoptic nuclei and, as is of special relevance to this study, in the EW
(Kozicz et al., 1998; Bittencourt et al., 1999; Mitra et al., 2003). VanderHorst et al. (2005)
described moderate immunostaining in the EW for ERa whereas Mitra et al. (2003) and
Sheng et al. (2004) reported strong immunoreactivity in this nucleus for ERß. Haeger et al.
(2006) found that estrogen in the PVN may differentially regulate Ucnl mRNA expression,
depending on the type of estrogen receptor involved: estrogen increases Ucnl gene
transcription through ERa and decreases it via ERß. However, the nature of the relationship
between estrogen and Ucnl in the npEW is not known.
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On the basis of the observations described above, we hypothesize that the activity of the
npEW-Ucnl neurons differs between sexes and is in some way related to estrogen. To test
this hypothesis, we have examined in rat 1. what type of estrogen receptor is present in the
npEW, 2. if such receptors) occur(s) in npEW-Ucnl neurons, 3. if the degree of expression of
these receptors differs between males and females in different phases of the estrus cycle (proestrus, when estrogen is high and di-estrus, when estrogen is low), and 4. if the amounts of
Ucnl and of Ucnl mRNA in the npEW-Ucnl neurons differ between sexes and between proand di-estrus.

Materials and Methods
Animals
Ten male and 20 female (10 in pro-estrus, 10 in di-estrus) Wistar-R Amsterdam rats were
housed in standard plastic cages (40x25x20 cm; 5/cage), in a temperature- and humiditycontrolled environment, on a 12-h light/12-h dark cycle (lights on 6:00 a.m.). They were
allowed ad libitum to access tap water and rodent chows. After sacrifice, vaginal smears were
taken to determine the phase of the estrous cycle. All procedures were conducted at the
Anatomy Department of Pecs University, Pecs, Hungary, in accordance with the Declaration
of Helsinki and the animal use guidelines of the Medical Faculty Advisory Committee for
Animal Resources of Pecs University, based on the Law of 1998, XXVIII, for Animal Care
and Use in Hungary. We did everything to minimize the number of animals used and their
suffering.
Fixation
Rats were deeply anaesthetized with nembutal (100 mg/kg body weight), their chest
cavity opened, and perfused transcardially with 50 ml 0.1 M sodium-phosphate-buffered
saline (PBS; pH 7.4) followed by 250 ml of 4% ice-cold paraformaldehyde with 2% acrolein.
After perfusion, animals were decapitated and their brains removed, postfixed for 24 h at 4
°C, and stored in autoclaved 0.1 M PBS, at 4 °C. Then they were transferred into 30% sucrose
in 0.1 M PBS, and when completely submerged, frozen on dry ice. Thirty μπι-ΐΐι^ coronal
sections at the level of the superior colliculus (Bregma -5.0 to -7.0 mm; see Paxinos and
Watson, 2001) were saved in sterile antifreeze solution, at -20 0 C, until further processing.
All subsequent staining procedures were carried out simultaneously, to assure that sections of
all experimental groups were treated in the same way.
Immunocytochemistry
After 4x15 min rinses in 0.1 M PBS, sections were consecutively treated with 1% sodium
borohydride for 30 min, 0.1 M PBS (15 min rinse) and 0.5% Triton X-100 (Sigma-Aldrich,
Zwijndrecht, The Netherlands) in 0.1 M PBS for 30 min, to facilitate antigen penetration.
After an additional 15 min rinse in 0.1 M PBS, sections were incubated in 2% normal goat
serum (#005-000-121; Jackson Immunoresearch Laboratories, West Grove, PA, USA) in 0.1
M PBS for 30 min, to block non-specific binding sites. Sections were incubated in polyclonal
(rabbit) Ucnl-antiserum (1:30,000; gift from Dr. W.W. Vale, The Salk Institute, San Diego,
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CA, USA), ERa-antiserum (1:5,000; H-222; gift from Dr G. Greene, Ben May Department
for Cancer Research, University of Chicago, Chicago, IL, USA) or ERß-antiserum (1:2,000;
#80424; gift from Dr S.E. Alves, Merck Research Laboratories, Rahway, NJ, USA) in 2%
normal goat serum for 48 h at 4°C, followed by 3x15 min rinses in 0.1 M PBS, and incubated
in secondary anti-rabbit antiserum (Vector ABC Elite Kit; PK-6101; Vector Laboratories,
Burlingame, CA, USA) for 1 h. After a 3x15 min rinses in 0.1 M PBS, sections were
incubated in ABC reagent supplied with the ABC Elite Kits (Vector Laboratories) for 1 h.
Immunostaining was visualized with 10 mg 3-3'-diaminobenzidine (DAB; D 5637; SigmaAldrich) in 50 ml Tris buffer (TBS; pH 7.6) for 10 min. The reaction was controlled under a
stereomicroscope, and stopped in Tris buffer.
For immunofluorescent labelling, after 4x15 min rinses in 0.1 M PBS, sections were
treated with 1% sodium borohydride for 30 min, and 0.5% Triton X-100 in 0.1 M PBS for 30
min, and then incubated in 2% normal donkey serum (NDS) in 0.1 M PBS for 30 min, and in
(a mixture of) primary antisera in 2% NDS for 48 h at 4°C. Antisera used were polyclonal
(goat) anti-Ucnl (R-20; sc-1825; Santa Cruz Biotechnology Inc., Santa Cruz, CA, USA) at
1:250, and polyclonal (rabbit) anti-ERß (1:3,000). The secondary antisera Cy^conjugated
anti-goat IgG (1:80) and Cy3-conjugated anti-rabbit IgG (1:100) (Jackson Immunoresearch
Laboratories) were applied for 3 h. Following several rinses in 0.1 M PBS, sections were
mounted on glass slides, coverslipped with anti-fade Vectashield (Vector Labs) and studied
with a Leica Microsystems TCS SP2 AOBS confocal laser scanning microscope (Leica
Microsystems, Wetzlar, Germany).
Antisera characterizations
Both Ucnl sera have been generated against whole rat Ucnl (AA 1-40). The high
specificity of each serum has been confirmed by preadsorption with synthetic Ucnl (0.1 and
1.0 μg/ml diluted antiserum), which completely abolished immunoreactivity in the rat
midbrain (for details see Bittencourt et al., 1999; Tumbull et al., 1999). The ERa-antiserum
has been raised against a peptide consisting of AA 586-600 of the rat estrogen receptor
(C1355, synthesized by Macromolecular Resources, Fort Collins, CO, USA). The peptide was
conjugated with keyhole limpet hemocyanin, and injected into rabbits. The high binding
specificity of the resulting polyclonal antiserum was demonstrated by its ability to recognize
authentic in vitro translated ER, binding to recombinant transfected ER and to a ca. 65 kDa
immature rat uterine cytosolic protein that was also recognized by a previously defined antiestrogen receptor antiserum to the hinge regions of the rat ER (ER715; for details see Furiow
et al., 1990; Friend et al., 1997). For the development of the ERß-antiserum, rabbits had been
immunized with the peptide (EARSLEHTLPVNRETLKRK)-8-MAP, representing AA 64-82
of ERß-485 (accession no. U57439; spanning exons 2 and 3); serum had been collected and
titrated by Research Genetics (Huntsville, AL, USA). Antisera had been affinity-purified over
Amino-Link columns (Pierce Chemical, Rockford, IL, USA) conjugated with the immunogen,
and eluted with 0.1 M glycine (pH 3.0). Eluates had been dialyzed against PBS and kept
frozen in aliquots at -80 0 C. Previous Western blot analyses showed that the ERß 485
antiserum recognizes a protein that migrates at about 60 kDa on SF9 cell blots, at 55 kDa on
human ovary and testes blots, and at 70 kDa on whole tissue extracts of rat and mouse brain.
The serum labels cos-7 cells transfected with ERß and labeling is abolished both in these cells
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and in the mouse hippocampus by preadsorption with the immunogenic ERß peptide fragment
AA 64-82 (for details, see Mitra et al., 2003).
RNA extraction and cDNA synthesis
Frozen brains were cut between the cerebellum and both hemispheres, using a coronal
brain matrix (no. 15007; Ted Fella, Redding, CA, USA). One mm-thick coronal slices were
cut with a razor blade, placed on a chilled mat, and the EW punched out with a Harris Unicore
Hole 1.0 mm puncher (Ted Fella). Punched samples were collected in 500 μΐ ice-cold Trizol
(Life Technologies, Paisley, UK). After their homogenization and sonification, RNA was
extracted with chloroform, precipitated with isopropyl alcohol, and dissolved in 30 μΐ RNAsefree DEPC. Total RNA was measured with an Eppendorf Biophotometer (VaudauxEppendorf AG, Basel, Switzerland). First strand cDNA synthesis was performed using 1 μ§
RNA dissolved in 11 μΐ RNAse-free DEPC containing 0.25 mU pd(N)6 (random primers;
Roche, Almere, The Netherlands) at 70 0 C for 10 min, followed by double-strand synthesis in
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) at 37 0 C for 75 min and at 95 CC for 10 min.
Quantitative RT-PCR
Quantitative RT-PCR was carried out in 25 μΐ buffer solution containing 5 μΐ of template
cDNA, 12.5 μΐ SYBR Green Master mix (Applied Biosystems, Foster City, CA, USA), 1.5 μΐ
DEPC-treated MQ and 15 μΜ of each primer. Primers to detect the mRNAs of the
housekeeping enzyme 18S, of Ucnl and of ERß were designed using Vector PrimerExpress
software (Applied Biosystems) based on the respective rat cDNA sequences for 18S (ace.
number EU 139318), Ucnl (ace. number NM_019150) and ERß (ace. number U57439).
Primer pairs were for 18S: 5'-GTAACCCGTTGAACCCCATT-3' and 5'-CCATCCAATCGGTAGTAGCG-3', for Ucnl: 5'-CCATCTTGCACTGGATAGACAC-3' and 5'-CAGATTCGGATCCTGGACCA-S', and for ERß: 5'-CTACGTAGACAACCGCCAT-GAGT-3' and 5'TGCCCAGAAGTTGGCCATAG-3'. Primer efficiencies were 2.0 for 18S (^=1.0), 1.9 for
Ucnl (r2=1.0) and 2.0 for ERß (r2=1.0) throughout all the runs. The optimum temperature
cycling protocol was determined to be 95 °C for 10 min, followed by 35 reaction cycles at 95
0
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, Ctvalues were within the exponential phase of the amplification. Standard curves were included
in duplo with cDNA-concentrations ranging from 6.25 ng to 100 ng of cDNA content. Using
these curves, where every Ct-value corresponded to a certain amount of cDNA, the quantity
of cDNA in arbitrary units (a.u.) was calculated for each sample with Applied Bioscience
7500 System Software (Derks et al., 2008). Data analysis was performed on the averaged data
from three PCR runs.
Housekeeping genes are generally considered to be stable during neuronal dynamics, and
therefore are being used to correct for possible methodological variations of q-RT-PCR data
(Suzuki et al., 2000; Tanic et al., 2000). We used 18S, which was expressed in a constant
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manner in our experiment (males: Ct = 14.5 ± 0.1; females in pro-estrus: Ct = 14.4 ± 0.1;
females in di-estrus: Ct = 13.9 ± 0.3).
Image analysis
Digital images were taken at a resolution of 1,200 χ 1,600 dpi using the Leica DMRBE
system with a Leica digital camera (Leica Microsystems) connected to an IBM computer
running Scion Image software (version 3.0b; NIH, Bethesda, MR, USA). Fluorescence
immunocytochemistry images were made with the Leica confocal laser scanning microscope
(Leica Microsystems).
For quantification of the amount of Ucnl in the npEW, Ucnl-immunoreactive (ir) cell
bodies were counted at the midlevel of the npEW (Bregma -5.0 to -7.0 mm; see Paxinos and
Watson, 2001) in 4 serial sections medially through the npEW, interspaced by 75 μπι. Since
the mathematical correction factor for section thickness according to Floderus (1944) was
nearly 1 (0.965), no correction for this thickness was applied. The same sections and neurons
were used to quantify the amount of Ucnl per neuron, by determining with the Image J
software (NIH, Bethesda, MA, USA) the specific signal density (SSD) of the total
cytoplasmic profiles of 10 randomly taken neurons, which was corrected for background
density present in the same section outside the npEW. The degree of colocalization of Ucnl
and ERß-ir in the npEW, was determined by expressing the number of ERß-ir neurons as a
percentage of the Ucnl-ir neurons. Numbers of neurons, SSD and percentages of
colocalization were determined in each of the four sections per animal, and the outcomes
averaged, providing for each parameter one value per animal, which was used for statistical
testing for possible differences between experimental groups.
Digital imaging of illustrations
Confocal microscopy was carried out with the Leica confocal microscope equipped with
a Leica DM IRE2 inverted epifluorescence laser with bright field, using a 488 nm Argon laser
and a 561 nm orange laser and x20 dry and x63 oil immersion objectives, and a Leica DC 500
digital camera (Leica Microsystems). Confocal images were processed using overlays of the
two wavelength channels, using the standard Leica software. Digital images of sections were
taken at 1,200 χ 1,600 dpi, using the software supplied with the Leica digital camera. They
were imported into Adobe Photoshop 7.0, if necessary digitally adjusted as to brightness and
contrast, and assembled into plates at a resolution of 400 dpi.
Statistical analysis
Random selection procedures were maintained throughout the experiments. Per
parameter, values of each experimental group (n=5) were expressed as mean ± standard error
of the mean (SEM) and statistically analyzed by ANOVA and Student's t-test (a=5%) after
testing for normality (Shapiro and Wilk, 1965) and homogeneity of variance (Bartlett's Chisquare test; Snedecor and Cochran, 1989).
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Results
Immunocytochemistry of estrogen receptors in the rat npEW
In the brain slices, in addition to the npEW, the lateral periaqueductal grey (IPAG) was
present (Fig. la), which we used as a control for the immunocytochemical demonstration of
ERa. Several ERa-ir cell nuclei were observed in the 1PAG but not in the npEW (Fig. lb),
where many Ucnl-ir neurons were visible (Fig. 1c). On the other hand, numerous ERß-ir
nuclei were seen in neurons of the npEW (Fig. Id).
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Fig. 1. DAB-immunocytochemistry of Ucnl and estrogen receptors in npEW of the male rat. a)
Survey of the npEW. ERa-itnmunoreactivity is not present in the npEW (b), where Ucnl-ir neurons
are always visible (c). ERß neuronal nuclei are numerous in the npEW (d). aq, cerebral aqueduct; flm,
fasciculus longitudinalis medialis; PAG, periaqueductal grey; ΠΙ, motor nucleus of the oculomotor
nerve. Scale bar = 50 μιη.
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Fig. 2. Immunofluorescence of Ucnl (a) and ERß (b), in npEW neurons of a female rat in pro-estrus.
Double-immunofuorescence shows that ERß colocalizes with Ucnl in almost all npEW neurons (c).
Scale bar = 50 μιη.
Colocalization of Ucnl and ERß
Given our finding with single immunocytochemistry that Ucnl and ERß were present in
the rat npEW, we performed doublelabeling immunocytochemistry in males and in females in
pro-estrus to reveal colocalization of ERß with Ucnl in the npEW (Fig. 2). Indeed, ERß and

Sex differences in urocortin 1 dynamics in the npEW of the rat
Ucnl colocalized in 94.0 ± 0.7% of all npEW-Ucnl-neurons in males and in 99.4 ± 1.1% of
these neurons in females. ERß-ir was found in the neuronal cell nuclei but was also present in
the cytoplasm.
Regulation ofERß mRNA
Q-RT-PCR revealed the presence of ERß mRNA in the npEW. The quantity of ERß
mRNA in this nucleus was assessed with q-RT-PCR. To reduce possible methodologically
induced variations in the data, ERß mRNA values were normalized on the basis of the amount
of the mRNA of 18S. These data are given in Fig. 3. ANOVA revealed statistically significant
differences among the experimental groups (Fi,i9 =15.2; p<0.01) and Student's t-test showed
that females in di-estrus (0.25 ± 0.04) had respectively 85% and 83% lower amounts of ERß
mRNA than females in pro-estrus (1.64 ± 0.25; p<0.01) and males (1.45 ± 0.22; p<0.01).
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Fig. 3. ERß mRNA in the npEW of male and female rats was assessed by q-RT-PCR. All values are
expressed as means + standard error of the mean. Top letters indicate groups with which a significant
difference exists (p<0.01). D, females in di-estrus; M, males; P, females in pro-estrus; a.u., arbitrary
units.
Ucnl dynamics in male andfemale rats
Amounts of Ucnl mRNA in the npEW were measured by q-RT-PCR and normalized
with the 18S mRNA values (Fig. 4a). These data showed Ucnl expression to be different
between the groups (Fi,^ =9.3; p<0.01). Moreover, post hoc analysis revealed that females in
di-estrus (0.21 ± 0.01) had a 75% lower amount of Ucnl mRNA than females in pro-estrus
(0.84 ± 0.32; p<0.05) and an even 91% lower amount than males (2.20 ± 0.48; p<0.05). Ucnl
mRNA in females in pro-estrus was 62% lower than in males (p<0.05).
Fluorescence immunohistochemistry was used to assess the amounts of Ucnl peptide in
the npEW. The number of Ucnl-positive neurons (Fig. 4b) was not significantly different
between females in di-estrus (30.3 ± 1.2), females in pro-estrus (34.2 ± 1.3) and males (31.4 ±
2.6). Also, no differences were found for the specific signal density (SSD; Fig. 4c) of the
Ucnl immunosignal per neuron between females in di-estrus (34.3 ± 6.6), females in proestrus (53.1 ± 8.9) and males (53.6 ± 5.8).
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Fig. 4. Ucnl in the npEW of male and female rats, assessed by measuring Ucnl mRNA by q-RT-PCR
(a) and the number (b) and specific signal density (SSD; c) of Ucnl-immunoreactive neurons by
immunocytochemistry. All values are expressed as means + standard error of the mean. Top letters
indicate groups with which a significant difference exist (p<0.05). D, females in di-estrus; M, males;
P, females in pro-estrus; M, males; a.u., arbitrary units.

Discussion
In this study we have tested the hypothesis that the activity of the npEW-Ucnl neurons
differs between sexes. This hypothesis has been confirmed, because 1) ERß are present in the
npEW-Ucnl neurons, 2) the expression of this receptor depends on sex because male rats
have higher amounts of ERß mRNA than female rats in di-estrus, and 3) Ucnl dynamics were
found to differ between male and female rats, and appeared to be dependent on the phase of
the estrus cycle. Below we will discuss these aspects into detail.
Methodological
considerations
In studying the dynamics of ERß and Ucnl in the npEW, we have not only determined
their expression (amount of mRNA) but also assessed, by quantitative immunocytochemistry,
the amount of Ucnl peptide present in the npEW (by counting the numbers of
immunoreactive cells) as well as in individual Ucnl-containing neurons (by measuring the
SSD). If it is assumed that in these cells gene transcription to mRNA and mRNA translation
into protein are coupled at least to some degree, combining the data from PCR and
immunocytochemistry allows to obtain an indication about two fundamental secretory
processes, viz. biosynthesis and secretion, which cannot be measured reliably in a neuron by
any other standard quantitative method. So, increased mRNA contents and stable Ucnl
peptide contents suggest that Ucnl is produced, transported as well as released from the
neuron at similarly increased rates, leaving the amount of Ucnl peptide in the perikaryon at a
constant level {i.e., no change in SSD; more production is matched by more outward transport
from the cell body). Obviously, detailed information about the intensities of the individual
processes of biosynthesis and secretion of Ucnl will be necessary to support this assumption.
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Non-nuclear presence ofERß
Our immunocytochemical staining indicates that ERß is the only estrogen receptor
present in the rat npEW. This notion is strongly supported by our q-RT-PCR data obtained
with primers specific for ERß. This is in concert with our previous findings in the mouse,
showing exclusively ERß receptors in this nucleus (Derks et al., 2007). Also similar to the
latter study, we have found, in addition to the presence of ERß in the nucleus, a cytoplasmic
distribution of ERß-ir in the rat npEW, a phenomenon also reported at the light microscope
level by Alves et al. (1998) in the PVN of the rat and by Mitra et al. (2003) in the mouse
brain. Electron microscopy of ERß in the hippocampus showed that the receptor can also be
present at extranuclear sites (Milner et al., 2005). ERß has also been detected in
mitochrondria of the hippocampus and forebrain (reviewed in Arnold and Beyer, 2009).
Therefore, the presence of ERß-ir in the cytoplasm of npEW-Ucnl neurons suggests a
nongenomic estrogen action.
Sex differences in ERß expression
Many studies have revealed a low expression of ERß when the estrogen level is high (e.g.
Isgor et al., 2002; Orikasa and Sakuma, 2004; Suzuki and Handa, 2004). However, other
studies suggest that ERß expression depends not only on the estrogen titer but also on the
brain area (Patisaul et al., 1999; Greco et al., 2001). More specifically, Österlund et al. (1998)
found increased ERß mRNA in the arcuate hypothalamus but a reduced ERß mRNA level in
the medial amygdala, upon estradiol treatment. We have demonstrated by q-RT-PCR low
ERß expression in the npEW of females in di-estrus, the phase of the estrous cycle when the
estrogen titer is low, compared to females in pro-estrus, when the estrogen titer is high, and in
males. This clearly indicates that the expression of ERß mRNA is sex-dependent and varies
across the estrous cycle.
Sex difference in Ucnl mRNA expression
We have shown a sex-dependence in the amount of Ucnl mRNA in the npEW, which is
considerably higher in males than in females. It is also shown that Ucnl mRNA expression in
females depends in some way on the phase of the estrous cycle: in the di-estrus Ucnl mRNA
is lower than in pro-estrus. Our immunodouble-labeling demonstrates that ERß is present in
nearly all Ucnl-neurons of the npEW, both in males and females, and q-RT-PCR reveals that
ERß in the npEW depends at least to some extent on the phase of the estrous cycle. An ERßmediated inhibitory control has been proposed for the action of estrogen on Ucnl expression
in another major stress-regulatory brain area, the PVN (Haeger et al., 2006). Therefore, it may
be that estrogen via ERß plays a direct role in the regulation of Ucnl mRNA in the npEW.
However, the possibility that estrogen influences Ucnl neurons indirectly via other
mechanisms should also be considered. For example, NPY and orexin fibers densely
innervate the npEW (Baldo et al., 2003; Gaszner et al., 2007) and form synaptic contacts with
Ucnl neurons (Gaszner, et al., 2007; Derks et al., unpubl. data). NPY and orexin neurons in
the brain are also sensitive to estrogen. Estrogen decreases NPY in the hypothalamus
(Pelletier et al., 2007), and orexin expression in the lateral hypothalamus differs between
phases of the estrous cycle (Porkka-Heiskanen et al., 2004). Therefore, changes in the
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secretion of these peptides might lead to a changed regulatory input to the npEW and,
consequently, to a changes in the degree of Ucnl expression.
Possible significance of sex-dependent actions of Ucnl neurons
Since we have demonstrated that the amount of Ucnl peptide in Ucnl-neuronal cell
bodies does not obviously differ between males and females in both pro- and di-estrus,
differences in the degree of mRNA expression are likely paralleled by differences in the rates
of Ucnl axonal transport and secretion (see above). This would imply that in females Ucnlneurons secrete less Ucnl towards their targets than in males. We have shown that the npEWUcnl content is low in female rats. Given the fact that these rats have high corticosterone
titers (Rhodes et al., 2002; Pefla et al., 2009) and are more anxious than males (Pigott, 2003;
Cloître, 2004) it would seem that a low Ucn 1 content is related to a high corticosterone titer
and high anxiety. This notion is supported by the observation that pro-estrus females have
more npEW-Ucnl and are less anxious (Frye and Waif, 2004) than females in di-estrus.
Moreover, Ucnl-deficient mice show increased anxiety-like behavior (Vetter et al., 2002).
The mechanism underlying this relation could be the inhibition of Ucnl neuronal activity by
corticosterone, which we recently demonstrated for the rat npEW (A. Korosi and W.
Scheenen, unpubl. res.). Likely targets of the rat npEW are the lateral septum (LS) and the
dorsal raphe nucleus (DR; Bittencourt et al., 1999; Bachtell et al., 2004; Turek and Ryabinin,
2005; Kozicz, 2007), which show a high abundance of CRF2 (Van Pett et al., 2000) and play
a role in the stress response. More specifically, in the mouse DR, restraint and swim stress
affect neuronal activity (Kirby et al., 2007) such as serotonin release towards the central
amygdala (Mo et al., 2008) and the LS (Price et al., 2002). In the LS, restraint stress leads to
an increase in neuronal activation, which habituates when the restraint stress is chronically
repeated (Stamp and Herbert, 1999). Both LS and DR seem to be involved in the pathogenesis
of depression (Sheehan et al., 2004; Michelsen et al., 2007; Bach-Mizrachi et al., 2008; Gos et
al., 2009) and receive afferent axonal projections from the npEW (Bittencourt et al., 1999;
Bachtell et al., 2004; Turek and Ryabinin, 2005). In addition, Ucnl in depressed male, but not
in female suicide victims is markedly downregulated (Kozicz et al., 2008). On the basis of
these facts, we assume that sex-dependent differences in npEW-Ucnl release controlling the
activity of the LS and DR, might play a role in the sex-dependent stress adaptation response
as well as in the pathogenesis of stress-induced brain diseases like anxiety and major
depression.
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Abstract
In mammals, females generally appear more vulnerable to stressors than males. The nonpreganglionic Edinger-Westphal nucleus (npEW) has been implicated in regulation of the
stress response. Brain-derived neurotrophic factor (BDNF) and cocaine- and amphetaminerelated transcript peptide (CART) are sex-specifically involved in the stress response too, and
are present in the human and rat npEW. We hypothesized that male and female rats would
differ in the expression of BDNF and CART in the npEW. Using immunocytochemistry and
in situ hybridization we found that BDNF, CART and the estrogen receptor β (ERß) are
colocalized in the npEW. Q-RT-PCR showed no differences in CART and BDNF coding
mRNAs between males and females, but quantitative immunocytochemistry revealed a 16%
lower number of BDNF-immunoreactive neurons, and 19% lower CART-immunoreactivity in
females compared to males. Considering the fact that Ucnl, CART and BDNF are coexpressed in the npEW with ERß and their protein expression differs between males and
females, we propose that the functioning of the npEW may contribute to the sex differences
that exist in stress sensitivity.
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Introduction
Females seem to be more vulnerable to stressors than males (Dalla et al., 2005; Kudielka
and Kirschbaum, 2005; Louvart et al., 2006). Stress is a major risk factor for the development
of major depression (Reul and Holsboer, 2002; Hammen, 2005; Bale, 2006; Goldberg, 2006),
which has a lifetime prevalence of more than 10% (Weissman et al., 1996), with women
being twice more likely to develop this psychiatric disorder than men (Kessler, 2003;
Takkinen et al., 2004; Marcus et al., 2005). This difference is most likely related to the titers
of gonadal steroid hormones such as estrogen (Goel and Bale, 2009).
In addition to the 'classical' hypothalamo-pituitary-adrenal (HPA-) axis, recently the
midbrain non-preganglionic Edinger-Westphal nucleus (npEW) has been implicated in
regulation of the stress response. Different kinds of stressor activate the neurons in this
nucleus (Gaszner et al., 2004). The production of the urocortin 1 (Ucnl) in the npEW
(Vaughan et al., 1995; Kozicz et al., 1998; Bittencourt et al., 1999) increases in rodents upon
various types of acute stress (Weninger et al., 2000; Kozicz, 2003) and habituates during
chronic homotypic stress in the mouse (Korosi et al., 2005) and chronic psychosocial stress in
the tree shrew (Kozicz et al., 2008a). Ucnl expression is sex-dependent, being lower in
female rats than in males (Derks et al., data under pubi.). Furthermore, male but not female
suicide victims with major depression show an increased expression of Ucnl mRNA in the
npEW (Kozicz et al., 2008b). These data suggest a role of sex hormones in the chronic stress
response of the npEW. Indeed, in mouse and rat this nucleus possesses estrogen receptor β
(ERß; Derks et al., 2007, data under pubi.).
Besides Ucnl, brain-derived neurotrophic factor (BDNF) and cocaine- and amphetaminerelated transcript peptide (CART) are abundant in the rat (Kozicz, 2003; Gaszner et al., 2009)
and human (Kozicz et al, 2008b; Xu et al., unpubl. data) npEW. Although this co-distribution
suggests the presence of BDNF and CART in the same neurons, their colocalization in the
npEW neurons expressing ERß has not been studied in a single study yet.
BDNF is involved in the stress response and in stress-related mood disorders (Castrén,
2004; Yulug et al., 2009). The presence of an estrogen-responsive element in the bdnfgene
(Scharfman and MacLusky, 2006) suggests that estrogen regulates BDNF mRNA expression.
Indeed, in female rats BDNF levels in stress-sensitive brain areas are more sensitive to
stressors than in males (Lin et al., 2008), and BDNF mRNA is lower expressed in the npEW
of women than of men (Kozicz et al., 2008b). The effect of estrogen on BDNF depends on the
brain area; estrogen increases BDNF mRNA in the pyriform cortex, medial and basomedial
amygdala and in the CAI and CA3 regions of the hippocampus but not in other amygdaloid
and hippocampal regions or in the prefrontal cortex and olfactory bulb (Gibbs, 1999; Zhou et
al., 2005), and decreases BDNF mRNA in the cingulate cortex (Jezierski and Sohrabji, 2000;
Sohrabji and Lewis, 2006). All these facts make BDNF an interesting candidate in the search
for factors causing sex differences in stress adaptation.
CART is a peptide involved in the regulation of food intake, drug reward and stress
responses (Asakawa et al., 2001; Koylu et al., 2006; Rogge et al., 2008), and regulates ΗΡΑaxis activity in a sex-dependent manner (Smith et al., 2004; Koylu et al., 2006). In rodents,
the CART mRNA response to an acute stressor differs between males and females in the
arcuate nucleus, the paraventricular nucleus of the hypothalamus (PVN) and the amygdala
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(Balkan et al., 2006; Gozen et al., 2007), and npEW-neurons containing CART increased
activity in response to stress (Kozicz, 2003).
The facts presented above led us to hypothesize that male and female rats would differ in
the expression of BDNF and CART in the npEW. To test this hypothesis first we studied
colocalization of BDNF and ERß with CART in the npEW, and then quantified the amount of
BDNF and CART protein/peptide and their mRNAs in females in pro-estrus (when estrogen
is highest during the estrous cycle) and in males. Measurements were made by quantitative
immunocytochemistry, in situ hybridization and quantitative RT-PCR.

Materials and methods
Animals
We used 11 male and 11 female rats of the Wistar-R Amsterdam strain, of each group 5
for RT-PCR and 6 for histology. From day zero on, animals were housed in standard plastic
cages (40x25x20 cm; 5-6 animals/cage), in a vivarium maintained in a temperature- and
humidity-controlled environment. All animals were kept on a 12-h light/12-h dark cycle
(lights on 6:00 a.m.) and were allowed ad libitum to access tap water and rodent chow
throughout the experiments. All rats were sacrificed between 9 and 10 a.m. After initiation of
the fixation or decapitation, vaginal smears were taken to ensure all females studied were in
the same (pro-estrus) phase of the estrous cycle. All procedures were conducted at the
Anatomy Department of Pecs University, in accordance with the Declaration of Helsinki and
the animal use guidelines approved by the Medical Faculty Advisory Committee for Animal
Resources of Pecs University, based on the Law of 1998, XXVIII, for Animal Care and Use
in Hungary.
Tissue fixation
Rats were deeply anaesthetized with nembutal (100 mg/kg body weight), their chest
cavity opened, and perfused transcardially with 50 ml 0.1 M PBS (pH 7.4) followed by 250
ml of 4% ice-cold paraformaldehyde (for in situ hybridization and immunocytochemistry for
BDNF and CART) or 4% ice-cold paraformaldehyde to which 2% acrolein had been added in
case of immunocytochemistry for ERß. After perfusion, animals were decapitated and their
brains removed, postfixed in the same respective fixatives for 24 h at 4 °C, and stored in
autoclaved 0.1 M PBS at 4 0 C. Then they were transferred into 30% sucrose in 0.1 M PBS,
and when completely submerged, frozen on dry ice. Thirty μπι-Οι^ coronal sections at the
level of the superior colliculus (Bregma -5.0 to -7.0 mm; see Paxinos and Watson, 2001)
were saved in sterile antifreeze solution at -20 °C, until histological processing. All
subsequent staining procedures were carried out simultaneously, to ensure that sections of all
experimental groups were treated in the same way.
Double labeling fluorescence immunocytochemistry
After 4x15 min rinses in PBS, sections were treated with 1% sodium borohydride (only
for labeling for ERß) and 0.5% Triton X-100 (Sigma Chemicals, St. Louis, CA, USA) in PBS
for 30 min, rinsed in PBS, and then incubated in 2% normal donkey serum (NDS) in PBS
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with 0.5% TSA blocking reagent (PBS-B15"*; NEN Life Science Products, Boston, MA, USA)
for 30 min, and in (a mixture of) primary antisera in 2% NDS in PBS-B for 16 h. The
following sera were used: 1. polyclonal (rabbit) anti-BDNF (1:250; ANTO 10; Alomone
Laboratories), 2. monoclonal (mouse) anti-CART (1:1,500; Ca6-1F4D4; generous gift from
Dr. J.T. Clausen, Novo Nordisk A/S, Bagverd, Denmark), and 3. polyclonal (rabbit) anti-ERß
(1:2,000; #80424; gift from Dr S.E. Alves, Merck Research Laboratories, Rahway, NJ, USA).
The secondary antisera Cy^conjugated anti-goat IgG (1:80) and Cy3-conjugated anti-rabbit
IgG (1:100) (Jackson Immunoresearch Laboratories, West Grove, PA, USA) were applied in
PBS-BTSA for 2.5 h. Following several rinses in PBS, sections were mounted on glass slides,
coverslipped with Fluorsave (Calbiochem, La Jolla, CA, USA) and studied with a Leica
confocal laser scanning microscope (Leica Microsystems, Wetzlar, Germany).
Combined in situ hybridization-immunocytochemistry
Hybridization was carried out using sense (control; no hybridization signal was seen) and
antisense cRNA probes transcribed from a linearized 550 bp BDNF cDNA (generous gift
from CM. Gall, University of California, Research Faculty, Irvine, CA, USA), and labeled
with DIG(digoxigenin)-l 1-UTP using a labeling kit (Roche Molecular Biochemicals, Almere,
The Netherlands). In situ hybridization steps were carried out at 20 0C unless stated otherwise.
First, sections were fixed in 0.1 M borax-buffered 4% paraformaldehyde (pH 9.5) for 30 min
at 4 0 C. Then, they were rinsed 4 times for 7 min with 0.1 M PBS. Acetylation was performed
with 0.25% acetic acid anhydride in 0.1 M tri-ethanolamine buffer (pH 8.0) for 10 min,
followed by rinsing in 2 times concentrated (2x) standard saline citrate buffer (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 (ca. 2.5 ng/ml) was kept for 5 min at 80 0 C, and then placed on ice for 5 min. Sections
were incubated in hybridization solution for 16 h at 58 0 C, rinsed four times for 7 min with 4x
SSC, incubated for 30 min at 37 °C in preheated RNAse medium (0.5 M NaCl, 0.01 M
Tris/HCl, 0.001 M EDTA; pH 8.0) containing 0.01 mg/ml RNAse A, which had been added
just before incubation, and washed stringently 2 times in 2xSSC for 5 min, in IxSSC and
0.5xSSC for 10 min, and in 0. IxSSC for 30 min at 58 °C. Afterwards, sections were washed 4
times for 5 min in buffer A (0.1 M Tris/HCl, 0.15 M NaCl; pH 7.5) and treated with 0.5%
Triton in buffer A for 30 min. After rinses in PBS, they were incubated in 2% NDS in PBSBTSA for 30 min, and in a mixture of (mouse) anti-CART (R-20; sc-1825; Santa Cruz
Biotechnology Inc., Santa Cruz, CA, USA) in 1:50 and (sheep) anti-DIG-alkalic phosphatase
(1:5,000; Roche Molecular Biochemicals) in 2% NDS in PBS-BTSA for 16 h. After washes in
PBS, sections were incubated in (donkey) anti-goat Cy2 (1:70) for 2.5 h and biotinylated
(rabbit) anti-sheep (1:100; Vector Laboratories, Burlingame, CA, USA) for 1 h, washed in
PBS, and incubated in streptavidin-conjugated HRP (1:100; NEN Life Science Products).
After rinsing in PBS, sections were incubated in Cy3-conjugated tyramide solution (1:100 in
Amplification Diluent; NEN Life Science Products) for 30 min, rinsed in PBS, coverslipped
in Fluorsave and studied with the Leica confocal laser scanning microscope.
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Antiserum specificities
The BDNF antiserum had been generated against the protein CVLEKVPVSKQLK,
corresponding to amino acids 166-178 of the human BDNF precursor. The high serum
specificity was confirmed by preadsorption with BDNF blocking protein ANT-010 (Alomone
Laboratories), which abolished staining. Primary serum omission or replacement of the serum
by non-immune goat or rabbit antiserum at the dilution of the primary antiserum completely
prevented immunostaining (Gaszner et al., 2009). The monoclonal anti-CART serum had
been generated against CART peptide (54-102). To test its specificity, it was omitted from
the incubation mixture or replaced with BSA, or sections were incubated with the serum after
its preadsorption with excess CARTp at 10" M for 24 hours; in no case any positive staining
was observed, confirming the high specificity of the serum as shown by Singru et al. (2007).
Labeling of the highly specific ERß-antiserum is abolished in cos-7 cells transfected with
ERß and in the mouse hippocampus by preadsorption with the immunogenic ERß peptide
fragment AA 64-82 (for details see Mitra et al., 2003).
RNA extraction and cDNA synthesis
Frozen brains were cut between the cerebellum and both hemispheres, using a coronal
brain matrix (no. 15007; Ted Pella, Redding, CA, USA). One mm-thick coronal slices were
cut with a razor blade, placed on a chilled mat, and the Edinger-Westphal nucleus punched
out with a Harris Unicore Hole 1.0 mm puncher (Ted Pella). Punched samples were collected
in 500 μΐ ice-cold Trizol (Life Technologies, Paisley, UK). After their homogenization and
sonification, RNA was extracted with chloroform, precipitated with isopropyl alcohol, and
dissolved in 30 μΐ DEPC-treated MQ. Total RNA was measured with an Eppendorf
Biophotometer (Vaudaux-Eppendorf AG, Basel, Switzerland). First strand cDNA synthesis
was performed using 1 μg RNA dissolved in 11 μΐ RNAse-free DEPC containing 0.25 mU
pd(N)6 (random primers; Roche Molecular Biochemicals) at 70 0 C for 10 min, followed by
double-strand synthesis in lx strand buffer (Life Technologies) with lOmM DTT, 20 U
Rnasin (Promega, Madison, WI, USA), 0.5 mM dNTPs (Roche) and 100 U reverse
transcriptase (Superscript II; Life Technologies), at 37 0 C for 75 min and at 95 0 C for 10 min.
Quantitative RT-PCR
Quantitative RT-PCR was carried out in a total volume of 25 μΐ buffer solution
containing 5 μΐ of template cDNA, 12.5 μΐ SYBR Green Master mix (Applied Biosystems,
Foster City, CA, USA), 1.5 μΐ DEPC-treated MQ and 15 μΜ of each primer. Primers for 18S,
CART and BDNF were designed using Vector PrimerExpress software (Applied Biosystems)
based on the respective rat cDNA sequences, for 18S (Genebank accession no. EU139318),
CART (Genebank accession no. NM_017110) and BDNF (Genebank accession no.
NM_012513). Primer pairs were for 18S: 5'-GTAACCCGTTGAACCCCATT-3' and 5'CCATCCAATCGGTAGTAGCG-3', for CART 5'-CCGAGCCCTGGACATCTACTC-3'
and 5'-CGCCTTGGCAGCTCCTT-3'and for BDNF 5'-GGTCACAGCGGCAGATAAAAAG-3' and 5'-TTCGGCATTGCGAGTTCCAG-3'. Primer efficiencies were 2.0 for 18S
(1^=1.0), 2.0 for CART (^=0.98) and 1.96 for BDNF (r2=0.99) throughout all runs. The
optimum temperature cycling protocol was determined to be 95 "C for 10 min followed by 35
reaction cycles at 95 0 C for 15 sec and at 60 0 C for 1 min, using a 7500 GeneAmp PCR
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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 were within the exponential phase of the amplification. Standard curves
were included in duplo with cDNA-concentrations ranging from 6.25 ng to 100 ng of cDNA
content. Using these curves, where every Ct-value corresponded to a certain amount of
cDNA, the quantity of cDNA in arbitrary units was calculated for each sample with Applied
Bioscience 7500 System Software (Derks et al., 2008). Three PCR runs were performed for
each sample. Data analysis was performed on the averaged data from these three runs.
Image analysis
Digital images were taken with the Leica confocal laser scanning microscope. Confocal
microscopy was carried out with the Leica confocal laser scanning microscope equipped with
a Leica DM IRE2 inverted epifluorescence laser with bright field, using a 488 nm Argon laser
and a 561 nm orange laser (Leica Microsystems) and x20 dry and x63 oil immersion
objectives. Images were processed using overlays of the two wavelength channels, using the
standard Leica software. Digital images of sections were taken at 1,200 χ 1,600 dpi, using the
software supplied with the Leica DC 500 digital camera.
Ucnl-positive cell bodies were counted at the midlevel of the npEW (Bregma -5.0 to -7.0
mm; see Paxinos and Watson, 2001) in 4 serial sections interspaced by 75 μπι, medially
through the npEW. The same sections were used to quantify the intensity of immunoreactive
staining of a neuron, by determining the specific signal density (SSD) of 10 randomly taken
neurons, which was corrected for background density present in the same section, using the
ImageJ software (NTH, Bethesda, MA, USA). Counts were averaged per section, and the SSD
first per neuron and then per section, providing for each parameter one value per animal.
Digital imaging of illustrations
Pictures were imported into Adobe Photoshop 7.0, if necessary digitally adjusted as to
brightness and contrast, and assembled into plates at a resolution of 300 dpi.
Statistical analysis
Random selection procedures were maintained throughout the experiments. Values of
each experimental group (n=5) were expressed as means ± standard error of the mean (SEM)
and statistically analyzed with Student's t-test (a=5%) after testing for normality (Shapiro and
Wilk, 1965) and for homogeneity of variance (Bartlett's Chi-square test; Snedecor and
Cochran, 1989).

Chapter 5

Results
CART
a

BDNF

CART-BDNF

c

aq

PAG

4

npFW

ICC male
d

aq

e

f

h

i

PAG

nplW

ICC female

III

ι

,

' t

η ρ RW

ISH
Fig. 1. Colocalization of BDNF and CART in the non-preganglionic Edinger-Westphal nucleus
(npEW) of the male and female rat. Immunofluorescence CART (a, d) and BDNF (b, e). Doubleimmunofluorescence shows that BDNF protein in the npEW colocalizes with CART peptide (c, f).
Immunofluorescence for CART (g) combined with in situ hybridization for BDNF mRNA (h) shows
the presence of BDNF mRNA in CART neurons (i). Scale bars = 50 μιη. aq, aqueduct; ICC,
immunocytochemistry; ISH, in situ hybridization; PAG, periaqueductal grey; III, motor nucleus of the
oculomotor nerve.
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Fig. 2. olocalization of CART and ERß. Immunofluorescence CART (a, g) and ERß (b, h) in npEW
neurons of a male and female rat. Double-immunofuorescence reveals that CART protem in the npEW
colocalizes with ERß (c, i). Figure d, e and f are higher magnifications of, respectively, a, b and c.
Scale bars = 50 μπι. aq, aqueduct; PAG, periaqueductal grey; III, motor nucleus of the oculomotor
nerve.
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Colocalization of BDNF and CART
To determine the presence of CART (Fig. la and d) and BDNF (Fig. lb and e) in the
male and female npEW, double-labeling immunocytochemistry was performed. This revealed
that CART-immunoreactive (ir) and BDNF-ir cell bodies fully overlapped in the npEW in
both male and females (Fig. 1c and f). In addition, we combined CART
immunocytochemistry (Fig. Ig) with in situ hybridization for BDNF (Fig. Ih). This showed
that BDNF mRNA was present in CART-ir neurons of the npEW (Fig. 1 i). All these results
hold for both male and female rats.
Colocalization of CART and ERß
To test for colocalization of ERß with CART in the npEW, we performed double-labeling
immunocytochemistry. This showed that ERß-ir occured in all CART-ir neurons, in both
males and females (Fig. 2).
BDNF and CART dynamics
Q-RT-PCR did not reveal a statistically significant difference in the expression of the
BDNF coding transcript in the npEW between males (0.8 ± 0.1) and females (1.0 ± 0.1; Fig.
3a; ρ > 0.05) and also no differences were found between males (1.5 ± 0.2) and females (1.3 ±
0.3) in CART mRNA expression (Fig. 3d).
Immunocytochemistry revealed a 16% lower number of BDNF-ir neurons (Fig. 3b) in the
npEW of females (46.7 ± 0.5) than of males (55.4 ± 1.9; ρ < 0.01), but for the SSD no sex
difference was found (males: 63.5 ± 5.3 V5. females: 58.0 ± 7.7; Fig. 3c). Reversely, CART
did not show a sex difference between males (48.9 ± 2.2) and females (53.1 ± 2.0) as to the
number of immunoreactive neurons (Fig. 3e) but it did show a clearly lower SSD (-19%) in
females (20.7 ± 1.2) than in males (25.7 ±1.3; p<0.05; Fig. 3).

Sex-specific expression of BDNF and CART in the midbrain npEW in the rat

a
"

b#

BDNF mRNA
1au
5-

70

BDNF SSD

BDNF neurons
*

60·

τ

1.0·

0.S·

50

^

M

CART mRNA

e#

·)-

f

CART neurons

ΛΛ_

Τ

50·

Î
1-

ί

τ

τ

CART SSD
in,
au
25·

40-

20·

30-

15·

20-

IO·

10-

5 ·

I

*

J

τ

0.3

11

—

0-

—

0 -

M
F
M
F
M
F
Fig. 3. Production of BDNF and CART in the npEW of male and female rats was assessed by
measuring BDNF mRNA (a) and CART mRNA (d) by q-RT-PCR, and determining the numbers (b
and e) and specific signal densities (SSD; c and i) of BDNF- and CART-ir neurons by
immunocytochemistry. All values are expressed as means + standard error of the mean. Asterisk
indicates statistically significant difference, * p<0.05. a.u., arbitrary units; F, females; M, males.

Discussion
In this study our hypothesis that male and female rats will differ in the expression of
BDNF and CART in the npEW has been supported by the facts that BDNF and ERß
colocalize with CART in rat npEW neurons and that amounts of BDNF protein and CART
peptide differ between males and females. In the following, these results will be discussed.
Determination of the dynamics npEW neurons
As to our approach to determine dynamics of BDNF and CART in the npEW, we have
not only determined their mRNA expression but also assessed, by quantitative
immunocytochemistry, the amount of protein/peptide present in the npEW (by counting the
numbers of immunoreactive cells) as well as in individual immunoreactive neurons (by
measuring the SSD). If it is assumed that in these cells the processes of gene transcription and
of translation into protein are coupled at least to some degree, combining the data from q-RTPCR and immunocytochemistry allows to obtain an indication about two fundamental
secretory processes, viz. biosynthesis and secretion, which at the current technological state
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cannot be reliably measured for BDNF and CART in a neuron by any standard quantitative
method. For instance, increased mRNA contents and stable protein/peptide contents may
suggest that the protein/peptide is produced, transported and released from the neuron at
similar, high rates, leaving the amount of protein/peptide stored in the perikaryon stable (/' e ,
no change in SSO). In contrast, a stable mRNA production but reduced protein/peptide release
will be reflected in accumulation of the protein/peptide in the perikaryon (/' e, increased
SSD). Combining such data on the SSD of individual neurons with changes in the total
number of immunoreactive cells could give an indication on the dynamics of the secretory
activity of the npEW neurons.
Colocalization of BDNF, CART and ERß
The npEW is the main site of Ucnl in the brain (Skelton et al., 2000). About 70% of the
npEW neurons are Ucnl-positive (van Wijk et al., 2009). Previously, BDNF (Gaszner et al.,
2009) and CART (Kozicz et al., 2003; van Wijk et al., 2009) have been demonstrated in
npEW-Ucnl neurons. Furthermore, we previously found that Ucnl colocalized with ERß in
the npEW (Derks et al., 2007). The series of immunocytochemical doublelabeling in this
study indicate the colocalization of BDNF, CART and ERß in the same neurons in the rat
npEW. Furthermore, we revealed for the first time the presence of BDNF mRNA in the
npEW. Adding the current data to the previous data on colocalization of Ucnl with CART, it
appears that the Ucnl/CART neurons in the rat npEW also produce BDNF and exhibit ERß
receptor immunoreactivity.
npEW-BDNF and -CART dynamics
We have tested if BDNF and CART dynamics in the rat npEW are sex-specifically
regulated. This hypothesis is supported for the following reasons. Firstly, the number of
npEW neurons that is immunoreactive to BDNF is clearly lower in females than in males.
This suggests that in the female npEW some BDNF mRNA-positive neurons, a
subpopulation, contain only very low amounts of BDNF protein (below the detection limit of
immunocytochemistry), and that BDNF in these neurons may have been transported to, and
released from axon terminals in the npEW target areas. Secondly, CART-ir neurons in
females revealed a clearly lower SSD than in males. This lower SSD in females together with
unchanged CART mRNA expression could indicate a lower amount of CART protein in
perikarya, and suggest that CART, similarly to BDNF, is being transported to and secreted
from axon terminals at a higher rate in females than in males. Together these quantitative data
support our hypothesis that the secretory dynamics of both BDNF and CART are sexspecifically regulated. However, they also show that the dynamics of secretory activity of
npEW neurons could differ; with respect to BDNF, only a subpopulation of npEW-BDNF
neurons seems to be controlled, whereas to CART all npEW neurons appear to be regulated in
a sex-specific manner. Whether the heterogeneity in the BDNF neuronal population is related
to differential neuronal recruitment, e g in response to changed physiological demand, or is
reflecting functionally distinct neuronal subpopulations, remains a future issue.
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Functional implications

Considering the facts that Ucnl, CART and BDNF are co-expressed in the npEW
(Kozicz et al., 2003; Gaszner et al., 2009; van Wijk et al., 2009; present study) and that BDNF
and CART are differentially regulated between males and females, the functioning of the
npEW could contribute to the sex differences that exist in stress sensitivity and the
pathogenesis of stress-related diseases like major depression. There is circumstantial evidence
for an involvement of Ucnl, BDNF and CART in the development of anxiety and depression,
in a sex-specific manner (Siuciak et al., 1997; Asakawa et al., 2001; Chaki et al., 2003;
Karege et al., 2005; Miraglia del Giudice et al., 2006; Pae et al., 2007; Kozicz et al., 2008b).
Our present demonstration of ERß in rat npEW Ucnl neurons that also produce BDNF and
CART in a sex-specific way extends this notion, and suggests that the functioning of the
npEW may also contribute to the sex differences in the pathobiology of stress-related brain
diseases.

Chapter 6
Differential effects of stress on urocortin 1 dynamics in
the non-preganglionic Edinger-Westphal nucleus in
cannabinoid receptor 1-knockout mice vs. wild type
littermates
Nicole M. Derks, Otto Pinter, Bregtje Mulders, Catherine Ledent, Erik
Hrabovszky, Eric W. Roubos, Dora Zelena, L. Tamâs Kozicz
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Abstract
The non-preganglionic Edinger-Westphal nucleus (npEW), main site of urocortin 1
(Ucnl) synthesis, plays an important role in the stress response and major depression, in a
sex-specific manner. Endocannabinoid signaling is also involved in these processes, as is
clear from studies with cannabinoid receptor 1-knockout mice (CBl-/-). We have tested our
hypothesis that during stress endocannabinoid signaling modulates npEW-Ucnl in a sexdependent way. First, we observed that female but not male CBl-/- have lower behavioral
despair and higher anxiety than wildtypes. Then, we showed presence of the CBl receptor in
npEW-Ucnl neurons, using radioactive in situ hybridization. Finally, a quantitative
immunocytochemical and in situ hybridization study revealed that in males npEW-Ucnl
neurons contained less Ucnl mRNA in CBl-/- than in wildtypes (-33%), but females did not
show this genotype difference. Furthermore, CBl-/- and wildtypes responded differently to
stress. While in wildtypes, npEW-Ucnl mRNA content did not respond to restraint stress but
increased during chronic variable mild stress (+51%), Ucnl mRNA in CBl-/- increased upon
restraint (+60%) but not during chronic variable mild stress. Finally, in wildtypes, a sex
difference appeared after chronic variable mild stress in that Ucnl mRNA was higher in
males vs. females. In conclusion, CBl-/- sex-dependently differ from wildtypes as to
depressive-like symptoms and npEW-Ucnl dynamics. Therefore, we propose that in the
mouse endocannabinoid signaling sex-dependently modulates the npEW at the level of Ucnl
neurons, playing in this way a role in the pathogenesis of anxiety and major depression.
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Introduction
Chronic stress is a risk factor for the development of anxiety and major depression (Tafet
and Bernardini, 2003; Bale, 2006), and strongly activates the hypothalamo-pituitary-adrenal
(HPA-) axis, characterized by elevated corticotropin-releasing factor (CRF) in the
hypothalamic paraventricular nucleus (PVN) and hypercortisolemia (de Kloet et al., 2005;
Pariante and Lightman, 2008). Besides the ΗΡΑ-axis, the non-preganglionic EdingerWestphal nucleus (npEW), which is the main production site of urocortin 1 (Ucnl; Vaughan
et al., 1995; Kozicz et al., 1998, 2002; Bittencourt et al., 1999), seems to play an important
role in stress adaptation and in the pathogenesis of anxiety and major depression. More
specifically, Ucnl-neurons in the npEW respond to various acute and chronic stressors
(Weninger et al., 2000; Gaszner et al., 2004; Korosi et al., 2005; Kozicz, 2007), and in Ucnl/- mice, responses of the ΗΡΑ-axis to repeated restraint stress and to cold stress are impaired
(Zalutskaya et al., 2007), and anxiety-related behavior is enhanced (Vetter et al., 2002).
Furthermore, in male suicide victims, Ucnl mRNA in the npEW is dramatically high (Kozicz
et al., 2008).
Endocannabinoid signaling also seems to be involved in stress adaptation and
maladaptation, eg. the development of anxiety and major depression. Endocannabinoid
signaling involves various endocannabinoid substances, such as anandamide and 2arachidonoylglycerol, which are postsynaptically secreted to bind to presynaptic cannabinoid
receptors 1 and 2 (CBl and CB2 receptors; Pride et al., 2005) and inhibit presynaptic
neurotransmitter release (Patel and Hillard, 2008). By this inhibition, endocannabinoid
signaling forms part of the negative feedback exerted by glucocorticoids on CRF release by
the PVN during stress adaptation (Di et al., 2003), most likely via the CBl receptor (Bama et
al., 2004). Studies of CBl knockout mice (CBl-/-) underline the importance of the CBl
receptor in stress adaptation. These mice show strong expression of CRF mRNA in the PVN,
high responsiveness to CRF-induced ACTH secretion, and a high corticosterone titer (Bama
et al., 2004; Cota, 2008). In addition, CBl-/- reveal increased anxiety-like behavior and
enhanced susceptibility to develop depressive-like behavior, indicating that the CBl receptor
is involved in anxiety- and depressive-like behavior (Martin et al., 2002; Haller et al.,
2004a,b).
Based on the involvement of the npEW-Ucnl and endocannabinoid-CB 1 receptor
signaling in stress (mal)adaptation, we hypothesized that during stress endocannabinoid
signaling modulates Ucnl-neurons at the level of the npEW, and that the dynamics of npEWUcnl responses to stress differs between CBl-/- and wildtype littermates (WT), in a sexdependent manner. To address this hypothesis, we first tested male and female CBl-/- and
WT for anxiety- and depressive-like behavior under non-stress, restraint stress and chronic
variable mild stress (CVM; Marin et al., 2007) conditions. We then examined whether the
CBl receptor is present in mouse npEW-Ucnl neurons. Finally, we carried out a quantitative
in situ hybridization and immunocytochemical study to measure npEW-Ucnl dynamics (at
the mRNA and peptide levels) in male and female CBl-/- compared to WT.
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Materials and methods
Animals and experiments
For radioactive, qualitative in situ hybridization, three adult male CD1 mice (Charles
River, Saint-Aubin-les-Elbeuf, France; body weight 30-35 g) were obtained from a local
breeding colony at the Institute of Experimental Medicine, Budapest.
For the behavioral and subsequent immunocytochemical study, 144 mice, aged 10 weeks
were used in four groups (n=36/group): male and female WT, and male and female CB1-/-.
These mice were the 15th generation of WT and CB1-/- mice developed at the Institut de
Recherche Interdisciplinaire en Biologie Humaine et Nucléaire, in Brussels, via heterozygous
breeding on a CD1 outbred background, with selection of the mutant CB1 gene at each
generation (for breeding details see Ledent et al., 1999). Mice used in this study were bred at
the Institute of Experimental Medicine, Budapest, Hungary. They were housed under standard
laboratory conditions (lights on from 07:00-19:00 h, temperature 21±2 °C, humidity ca. 60%,
standard rodent chow and water ad libitum). The experiment lasted 15 days, and all mice were
weighed on days 1, 7 and 14. Each group was divided into restraint stressed, CVM, and
unstressed control subgroups (n=12/subgroup)
Restraint stress was given 60 min prior sacrifice, on day 15, by placing mice in 50 mlcentrifuge tubes (length 100 mm, inner diameter 30 mm, with a 15 mm long cone with a 5
mm-breathing hole at its top). On day 4, these animals were tested in an elevated plus maze.
CVM consisted of a 14-day series of unpredictable stressors (Table 1). This group was tested
in a forced swim test on days 1 and 14, and in the elevated plus maze at day 11. Besides the
weighing, control mice were left undisturbed. On day 15, all mice were sacrificed. To
measure the physiological parameters for ΗΡΑ-axis activation, mice were decapitated. For
quantitative measurements on Ucnl, mice were anaesthetized with a mixture of ketamine (50
mg/kg; SelBruHa Allatgyogyaszati Kit, Budapest, Hungary), xylazine (20 mg/kg, Spofa,
Prague, Czechia) and promethazine chlorate (0.2 ml/kg; EGIS, Budapest, Hungary) and
perfused within 10 min.
For qualitative radioactive in situ hybridization mice were decapitated and brains
immediately dissected. In the behavioral study, per group, from 6 mice blood samples were
taken and thymus and adrenal glands dissected immediately after decapitation, whereas the 6
other mice were perfused for chemical brain fixation before brain dissection.
Animal experimentation was carried out in accordance with the European Communities
Council Directive of 24 November 1986 (86/609/EEC) as reviewed and approved by the
Animal Welfare Committee of the Institute of Experimental Medicine, Budapest, Hungary.
Care was taken to minimize the number of animals and their suffering.
Organ and hormone measurements
The adrenal glands and the thymus were weighed in preweighed tubes. Blood samples
were collected in ice-cold Eppendorf tubes and centrifuged at 3,000 rpm/min for 20 min. The
plasma was stored at -20°C until hormone measurements. ACTH was measured by a
radioimmunoassay (RIA) in 50 μ 1 plasma, as described before. ACTH antiserum (batch 8514)
had been raised in rabbit at the Institute of Experimental Medicine, Budapest, and was
directed against the middle part of human ACTHi_39. Its high specificity was shown by the
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absence of cross-reaction with the other proopiomelanocortin-derived peptides γ-MSH, CLIP,
ACTHi_i4, ACTHi_i97 ACTHi 1-24 and ACTH25-39, and only 0.2% of cross-reaction with aMSH (Zelena et al., 1999). The intra-assay coefficient of variation was 7.2%. Plasma
corticosterone (CORT) was measured in 10 μ I plasma by RIA using a highly specific
corticosterone antiserum raised in rabbit against B-carboxymethyloxime BSA, at the same
125
institute (Zelena et al., 2003). I-labeled B-carboxymethyloxime-tyrosine methylester
(Institute for Isotopes, Budapest, Hungary) was used as a tracer. Interference from plasma
transcortin was prevented by inactivating transcortin at low pH. Assay sensitivity was 1 pmol
and the intra-assay coefficient of variation was 7.5%. All samples were measured in one RIA
run.
Table 1
Day Stress type
Morning
1
2
3
4
5
6
7
8
9
10
II
12
13
14

Afternoon

Overnight

forced swim test
30 min restraint
30 min cold stress
30 min restraint
i.p. saline injection
s.c. saline injection
1 h limited food access
3x rotarod
30 min stroboscope
elevated plus maze
10 min overcrowding
i.p. saline injection
vibration

2 x 1 h tilting
10 min overcrowding
vibration

wet bedding
water deprivation
continuous light
food depr., cont. light
continuous light

10 min overcrowding
water and food depr.
wet bedding
forced swim test

Elevated plus maze
The elevated plus-maze was used to test for anxiety (Pellow et al., 1985), and consisted
of two open arms (30 χ 7 cm) and two closed arms (30 χ 7 χ 30 cm), which extended from a
central platform ( 7 x 7 cm). The apparatus, constructed from dark grey-painted wood, was
elevated 70 cm above floor level on a central pedestal. Mice were individually placed on the
platform, facing an open arm and allowed to freely explore the maze for 5 min. Test
parameters included the number of entries (all four legs) into an open and into a closed arm,
% open entries (open/total entries χ 100), and the times spent in the open, closed and central
parts of the maze. Behavior was recorded and analyzed by means of a computer-based eventrecorder by an observer unaware of the identity of the experimental animals.
Forced swim test
The forced swim test was applied to assess behavioral despair (Porsolt et al., 1977). Mice
were placed in a cylindrical tank (2 1 glass beaker; 13 cm diameter) filled with 1.5 1 water (24
± 10C) and were let to swim for 6 min. Test parameters were duration of immobility (floating
in an upright position in the water, making movements only to keep the head above the water
surface) and time spent with swimming (making more motions than required to keep the head
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above the water). Long floating time (i e., short swimming time) indicates depressive-like
behavior (Porsolt et al., 1977). The remaining time was depicted as struggling time
(movements that break the water surface). Behavior was recorded and analyzed as described
above. After the swimming session, mice were removed from the tank, carefully dried with
paper towel, and returned to their home cages.
Tissue preparation
For radioactive in situ hybridization, brains were snap-frozen on powdered dry ice.
Coronal sections (12 μπι) through the npEW (Bregma -2.80 to -4.04 mm; see Paxinos and
Franklin, 2001) were cut with a Leica CM 3050 S cryostat (Leica Microsystems, Vienna,
Austria), thaw-mounted onto microscope slides coated with 3-aminopropyl triethoxy-silane
(Sigma-Aldrich, St. Louis, MO, USA), air-dried, and stored at -80 0 C.
For non-radioactive in situ hybridization and immunocytochemistry, mice were
transcardially perfused with 50 ml 0.1 M sodium phosphate buffer (PBS) followed by 100 ml
4% paraformaldehyde in PBS. Dissected brains were postfixed by immersion in the same
fixative for 16 h, placed consecutively in 20% sucrose in PBS with 0.02% azide and in 30%
sucrose in PBS, until completely submerged, and frozen on dry ice. Coronal sections (25 μπι)
through the npEW (Bregma -2.80 to -4.04 mm; Paxinos and Franklin, 2001) were saved in
sterile antifreeze solution at -20 °C. All subsequent staining procedures were carried out
simultaneously, to ensure that sections of all experimental groups were treated in the same
way.
Immunocytochemistry
After 4x15 min rinses in PBS, sections were subjected to Heat-Induced Epitope Retrieval
(fflER; Miele Electronic M696, Vianen, The Netherlands) in 0.01 M citrate buffer (pH 6.0)
for 10 min at 90 0 C, and slowly cooled down in 20 min. Then, they were treated with 0.5%
Triton X-100 (Sigma-Aldrich, Zwijndrecht, The Netherlands) in PBS for 30 min, to facilitate
antibody penetration, and rinsed in PBS for 15 min. All steps were carried out at 20 0 C unless
stated otherwise, under continuous, gentle agitation. Sections were incubated in 2% normal
donkey serum (Jackson Immunoresearch Laboratories) in PBS for 30 min, and in polyclonal
goat anti-Ucnl (1:250; R-20; sc-1825; Santa Cruz Biotechnology) in 2% normal donkey
serum for 16 h. The secondary antiserum was Cj^-conjugated anti-goat IgG (1:80; Jackson
Immunoresearch Laboratories), applied for 3 h. Following several rinses in PBS, sections
were mounted on glass slides and coverslipped with anti-fade Vectashield (Vector
Laboratories).
The Ucnl antiserum has been generated against whole rat Ucnl (AA 1-40). The high
specificity of the antiserum had been confirmed by preadsorption with synthetic Ucnl (0.1
and 1.0 μg/ml), which completely abolished immunoreactivity in the rat midbrain (for details
see Bittencourt et al., 1999).
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Radioactive in situ hybridization for CBl receptor
A 1368-bp cDNA fragment corresponding to bases 579-1946 of mouse CBl mRNA was
obtained from mouse hypothalamic cDNA (NM_007726.2) and inserted into plasmid vector
using the PGEM Τ cloning kit from Promega (Madison, WI, USA). The plasmid was grown
in DH5a cells (Invitrogen, Carlsbad, CA, USA), isolated with the QIAfilter Plasmid Maxi kit
(Qiagen; Valencia, CA, USA), linearized with Sal I, purified with phenol/chloroform/isoamyl
alcohol (PCI), extracted with chloroform/isoamyl alcohol, and precipitated with NaCl and
ethanol. The linearized transcription template was transcribed with T7 RNA polymerase in the
presence of 35S-UTP (NEN Life Science Products, Boston, MA, USA) to yield antisense
transcripts (Hrabovszky and Petersen, 2002). To generate a sense control for specificity
testing, the insert was cleaved at an internal Apal site, and a 1 kb sense transcript was
transcribed from the SP6 promoter site.
Tissue treatment steps below were carried out at 20 0 C unless stated otherwise. Slides
were warmed up from -80 0 C to 20 °C, fixed in the 4% paraformaldehyde fixative for 30 min,
rinsed in 2 times concentrated standard saline citrate buffer (2xSSC; pH 7.0) for 2 min,
acetylated in 0.25% acetic anhydride/0.15 M NaCl/0.1 M triethanolamine (pH 8.0; Sigma) for
10 min, and briefly rinsed in 2xSSC solution. Then they were dehydrated in 70, 80, 95, and
100% ethanol (2 min each), delipidated in chloroform for 5 min, and partially rehydrated in
100% ethanol followed by 95% ethanol (2 min each). The slides were air-dried and for the
hybridization step placed in boxes in which the air was humidified. For probe hybridization,
the slides were covered with 100 μΐ of hybridization solution (50% ultrapure formamide,
2xSSC, 20% dextran sulphate, lx Denhardt's solution, 0.5 mg/ml yeast tRNA, 500 μ8/πι1
heparin sodium salt, 0.1% sodium pyrophosphate, 1000 mM DTT and ca. 2.5 ng/ml 3 5 Slabeled cRNA probe) which had been heated to 56 0 C. Hybridization reaction was carried out
at 56 °C for 16 h. Then, sections were rinsed three times 2 min with IxSSC solution, twice for
20 min in IxSSC, twice for 30 min in a 50% formamide/2xSSC mixture (52 °C), for 10 min
0
in 2xSSC, for 30 min at 37 C in 50 μg/ml RNase A (Roche Diagnostics) dissolved in 500
mM NaCl/10 mM Tris-HCl/1 mM EDTA (pH 7.8), for 10 min in 2xSSC, and for 30 min at 52
0
C in 50% forTnamide/2xSSC. Finally, they were rinsed in 2xSSC for 10 min, rinsed briefly in
distilled water and in 70% ethanol for 10 min, air-dried, dipped into Kodak MTB nuclear track
emulsion (Kodak; Rochester, NY, USA) and exposed for 3 weeks in a light-tight box.
Autoradiographs were developed with Kodak developer and fixer (Kodak). Sections were
lightly counterstained with 0.05% toluidine blue (Sigma), dehydrated, and coverslipped with
DPX (Fluka Chemie; Buchs, Switzerland).
Non-radioactive in situ hybridization for Ucnl
cRNA probes were transcribed from a linearized 550 bp Ucnl cDNA (generous gift from
Dr. P.E. Sawchenko, The Salk Institute, La lolla, CA, USA; Cepoi et al., 1999), and labeled
with a digoxygenin (DIG)-ll-UTP labeling kit (Roche Molecular Biochemicals, Basel,
Switzerland). Tissue treatment steps were performed at 20 °C unless stated otherwise. First,
0
sections were fixed in 0.1 M borax-buffered 4% paraformaldehyde (pH 9.5) at 4 C for 30
min. Then they were rinsed four times for 7 min with PBS, and pre-incubated in proteinase Κ
medium (0.1 M Tris/HCl, 0.05 M EDTA, 0.1 mg proteinase K) for 10 min at 37 0 C. After
rinsing in autoclaved MQ water, acetylation was performed with 0.25% acetic anhydride in
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0.1 M triethanolamine buffer (pH 8.0) for 10 min, followed by rinsing in 2xSSC (pH 7.0) for
5 min. Hybridization mixture (50% deionized formamide, 0.3 M NaCl, 0.001 M EDTA, lx
Denhardt's solution, 10% dextran sulfate), together with 0.5 mg/ml tRNA and ca. 2.5 ng/ml
DIG-labeled probe, was placed in a water bath at 80 °C for 5 min, and then on ice for another
5 min. Sections were incubated in hybridization solution for 16 h at 58 0 C, rinsed four times
for 7 min with 4xSSC, incubated for 30 min at 37 °C in preheated RNase medium (0.5 M
NaCl, 0.01 M Tris/HCl, 0.001 M EDTA; pH 8.0) containing 0.01 mg/ml RNase A, and
stringently washed in steps with decreasing (4x, 2x, lx, 0.5x and 0.1) SSC concentrations, the
last concentration for 30 min at 58 0 C. The alkaline phosphatase method with nitroblue
tetrazolium chloride/5-bromo-4-chloro-3-indolyl phosphate toluidine salt (NBT/BCIP) as
substrate, was used for the detection of the DIG labeling. After rinsing four times for 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 3 h of incubation with sheep
anti-DIG-AP (Roche; 1:5,000) in buffer A containing 0.5% blocking agent. Subsequently,
sections were rinsed four times for 5 min in buffer A followed by two rinses of 5 min in
buffer Β (0.1 M Tris/HCl, 0.15 M NaCl, 0.05 M MgCh; pH 9.5). After 6 h of incubation in
NBT/BCIP medium (10 ml buffer B, 2.4 mg levamisole, 175 μΐ NBT/BCIP; Roche) in a lighttight box, the reaction was stopped by placing the sections in buffer C (0.1 M Tris/HCl, 0.01
M EDTA; pH 8.0). After rinsing twice for 5 min, sections were mounted on gelatin-coated
glass slides, dried for 16 h at 37 °C, rinsed in distilled water, dehydrated, cleared in xylene
and coverslipped with Entellan (Merck, Darmstadt, Germany).
Image analysis
Digital images were taken at a resolution of 1,200 χ 1,600 dpi using a Leica DMRBE
microscope equipped with a Leica digital camera (Leica Microsystems) connected to an IBM
computer running Scion Image software (version 3.0b; NIH, Bethesda, MA, USA). To obtain
immunofluorescent images, confocal microscopy was carried out with the Leica confocal
laser scanning microscope equipped with a Leica DM IRE2 inverted epifluorescence laser
with bright field, using a 488 nm Argon laser and a 561 nm orange laser (Leica
Microsystems) and x20 dry and x63 oil immersion objectives. Confocal images were
processed using overlays of the two wavelength channels, using the standard Leica software.
Digital images of sections were taken at 1,200 χ 1,600 dpi, using the software supplied with
the Leica DC 500 digital camera. Ucnl-positive cell bodies were counted at the midlevel of
the npEW (Bregma -2.80 to -4.04 mm; see Paxinos and Franklin, 2001) in 4 serial sections cut
medially through the npEW, interspaced by 75 μπι. The same sections and neurons were used
to quantify the amount of Ucnl per neuron, by determining with Image! software (NIH,
Bethesda) the specific signal density (SSD) of 10 randomly taken neurons, which was
corrected for background density present in the same section. Measurements were averaged
per section, and SSD first per neuron and then per section, providing for each parameter one
value per animal.
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Statistical analysis
Random selection procedures were maintained throughout all experiments. Per parameter
values of each experimental group were expressed as means ± standard error of the mean
(SEM) and statistically analyzed by ANOVA and Student's t-test (a=5%) after testing for
normality (Shapiro and Wilk, 1965) and for homogeneity of variance (Bartlett's Chi-square
test; Snedecor and Cochran, 1989).
Results
Physiological parameters in mice exposed to stress
ANOVA of mean body weight changes of mice of the various experimental groups (Fig.
la) revealed effects of 'stress' (¥^4=25,5; pO.Ol) and of 'genotype' (Fi,74=5.5; p<0.05).
CVM resulted in a strong reduction in body weight in male WT (p<0.01), in female WT
(p<0.05) and in male CB1-/- (p<0.01). Female CB1-/- did not decrease in body weight in
response to CVM, but gained 68% less weight than female CB1-/- controls (p<0.01).
Adrenal gland weights, expressed relative to the body weight (Fig. lb), did not reveal an
effect of'stress', but did show an effect of 'sex' (Fi,74=195.2; p<0.01) as females had higher
relative adrenal gland weights than males.
Thymus weights, expressed relative to the body weight (Fig. 1c), showed effects of
'stress' (Fii74=16.7; p<0.01) and of'sex' (Fi)74=28.8; p<0.01). CVM decreased thymus weight
in both genotypes. Furthermore, CB1-/- control females had a higher thymus weight than
CB1-/- control males (p<0.05), and CVM females showed a higher thymus weight than CVM
males, which held for both WT (p<0.05) and CB1-/- (pO.Ol).
ACTH titers of the various experimental groups (Fig. Id) revealed effects of 'genotype'
(Fi,74=6.4; p<0.05) and 'sex' (Ριρ74=11.4; p<0.01), and interactions for 'genotype χ stress'
(F2,74=3.3; p<0.05) and for 'genotype χ sex' (Fi,74=5.6; p<0.05). In WT, CVM increased
ACTH in females (p<0.05) but not in males. Furthermore, in all groups WT females had
lower ACTH titers than WT males (p<0.05). In CB1-/-, CVM decreased this titer in males
(p<0.05) but not in females, and control females had a lower ACTH titer than control males
(pO.05). In addition, control and restraint stressed CB1-/- had higher ACTH titers than the
respective WT (p<0.05).
The corticosteroid titers of the various experimental groups (Fig. le) revealed a 'sex'
effect (F2,74=6.5, p<0.01) and a 'sex χ stress' (F2,74=20.9, p<0.01) interaction. WT control
females had a higher CORT titer than WT control males (p<0.01). Restraint stress and CVM
increased the CORT titer in males but not in females (p<0.05). This increase was higher after
restraint stress than after CVM (p<0.01). In contrast, restraint stress decreased the CORT titer
in females (p<0.01).
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Fig. 1. ΗΡΑ-axis activation. Measurements of body weight change (a), relative adrenal weight (b),
relative thymus weight (c), ACTH titer (d) and corticosterone titer (e). All values are expressed as
means + SEM. Top letters indicate groups with which a significant difference exist. CBl-/-, CBl
receptor knockout; CVM, chronic variable mild stress; F, females; M, males; WT, wildtype.

Forced swim test
To measure the degree of behavioral despair, the forced swim test was performed before
and after CVM. This test (Fig. 2) revealed effects of 'stress' (FUoo=24.3; p<0.01), of
'genotype' (Fijioo=5.7; p<0.05) and of 'sex' (Fi,ioo=31.2; p<0.01) on the percentage of
floating (Fig. 2a), and effects of 'stress' (Fiiioo=7.3; p<0.01) and 'sex' (Fiiioo=32.6; p<0.01)
and an interaction for 'genotype χ stress' (Fi%ioo=5.; p<0.05) on the percentage of swimming
(Fig. 2b).
Floating behavior was 9% lower in female control CBl-/- than in female control WT
(p<0.05). CVM increased swimming in male WT (+7%; p<0.01), female WT (+6%; p<0.01),
male CBl-/- (+5%; pO.01) and female CBl-/- (+13%; p<0.05). Furthermore, females
showed decreased floating behavior compared to males, in control and CVM mice, for both
WT (-5%; p<0.05 and -6%; p<0.01, respectively) and CBl-/- (-14%; pO.01 and -8%; pO.01,
respectively).
Swimming behavior was 61% higher in female control CBl-/- than in female control WT
(p<0.05). CVM decreased swimming by 46% in male WT (p<0.01) but not in female WT.
Females showed more swimming than males, in control and CVM mice, for both WT (+39%;
p<0.01 and +113%, respectively; p<0.01) and CBl-/- (+180%.; p<0.01 and +134%; p<0.01,
respectively).

Differential effects of stress on urocortin 1 dynamics in the npEW in CBl-/- vs. WT

Swimming

Fig. 2. Forced swim test. Behavioral despair was examined by measuring floating (a) and swimming
(b) behaviour. All values are expressed as means + standard error of the mean. Top letters indicate
groups with which a significant difference exist. CBl-/-, CBl receptor knockout; CVM, chronic
variable mild stress; F, females; M, males; WT, wildtype.

Elevated plus maze
To measure anxiety-like behavior, non-stressed and CVM mice were subjected to the
elevated plus maze. This (Fig. 3) revealed effects of 'stress' (Τι,ιοο=26.7; p<0.01) and of
'genotype' (Fijioo=9.6; p<0.01) on the open arm time, effects of 'stress' (Fi,ioo=79.4; pO.Ol)
and of 'genotype' (Fi,ioo=8.1; p<0.01) on the closed arm frequency, and effects of 'stress'
(Fi,ioo=12.9; p<0.01) and of 'genotype' (Fiiioo=9.2; p<0.01) on the open/total arm entries.
Open arm time (Fig. 3a), a measure for anxiety, was 74% lower in male CBl-/- than in
male WT (p<0.05). Furthermore, CVM increased open arm time in female WT (+221%;
p<0.01), in male WT (+300%; pO.Ol) and in female CBl-/- (+184%; p<0.01).
Closed arm frequency (Fig. 3b), a measure for locomotion, was 55% lower in male CB1/- mice than in male WT (p<0.01). CVM increased closed arm frequency in male WT (+75%;
p<0.01), in female WT (+131%; pO.Ol), in male CBl-/- (+231%; p<0.01) and in female
CBl-/-(+259%;p<0.01).
Open arm entries (% of total; Fig. 3c), a measure for locomotion-independent anxiety,
were 48% lower in female CBl-/- than in female WT (p<0.05). CVM increased the
percentage of open arm entries in female WT (+45%; p<0.05), in male CBl-/- (+45%;
p<0.05) and in female CBl-/- (+117%; p<0.05). Furthermore, after CVM, WT females
showed 34% more open arm entries than WT males (p<0.05).
CBl receptor in EW
The autoradiographic detection of CBl hybridization signal revealed a heterogeneous
expression of CBl mRNA in the brain stem (Fig. 4a). High signal density was present in a
subset of neurons in the periaqueductal gray (Fig. 4b). In the npEW, individual neurons
exhibited a fairly high intensity of labeling (Fig. 4c).
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Open/total arm entries

Fig. 3. Elevated plus maze. Anxiety-like behaviour was examined by measuring open arm time (a),
closed arm frequency (b) and open/total arm entries (c). All values are expressed as means + SEM.
Top letters indicate groups with which a significant difference exist. CBl-/-, CBl receptor knockout;
CVM, chronic variable mild stress; F, females; M, males; WT, wildtype.
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Ucnl mRNA expression
The non-radioactive in situ hybridization (Fig. 5) did not reveal differences in the number
of Ucnl mRNA-containing neurons in the npEW (Fig. 5a) between any of the groups, but did
show effects on the SSD of the mRNA signal (Fig. 5b) of 'genotype' (Fi,74=4.4; p<0.05) and
an interaction for 'genotype χ stress' (F2,74=7.5; p<0.01). The clear differences with respect to
stress, genotype and sex were as follows.
As to genotype: In male CB1-/-, control and CVM mice showed lower Ucnl mRNA
expressions than the respective WT (-34%; p<0.05 and -58%; p<0.01, respectively). Ucnl
mRNA in female CB1-/- was higher after restraint stress (+60%; p=0.05) and lower after
CVM (-39%; p<0.05) than in the corresponding female WT.
As to sex: After CVM, Ucnl in male WT was higher than in female WT (+40%; p<0.05).
Furthermore, CVM increased Ucnl mRNA in WT males (+55%; p<0.05), while in female
WT there was no difference. In CB1-/-, restraint stress increased Ucnl mRNA in females
(+55%; p<0.05) but not in males.
As to stress: CVM increased Ucnl mRNA expression in male WT compared to the
controls (+55%; p<0.05) and to the restraint stress (+49%; p<0.05) situation. In female WT,
CVM increased Ucnl mRNA compared to restraint stress (+55%; p<0.05). In female CB1-/-,
restraint stress increased Ucnl mRNA compared to controls (+56%; p<0.05) and to CVM
mice (+69%; p<0.05).
Ucnl peptide
Fluorescence immunocytochemistry of Ucnl in the npEW is presented in Figure 5.
Statistical analysis did not demonstrate differences in the number of Ucnl mRNA-containing
neurons (Fig. 5c) or the specific signal density (SSD) of the Ucnl-ir signal (Fig. 5d) between
any of the groups.
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Fig. 5. Ucnl in the npEW. The amount of Ucnl mRNA was determined by measuring the number (a)
and the specific signal density (SSD; b) of mRNA-positive neurons vizualized by in situ hybridization.
Ucnl peptide was assessed by measuring the number (c) and the SSD (d) of Ucnl-immunoreactive
neurons vizualized by immunocytochemistry. All values are expressed as means + SEM. Top letters
indicate groups with which a significant difference exist. CB1-/-, CB1 receptor knockout; CVM,
chronic variable mild stress; F, females; M, males; WT, wildtype.

Discussion
In this study we have tested our hypothesis that during stress endocannabinoid signaling
modulates npEW-urocortin 1, and that the dynamics of the Ucnl response to stress differ
between CB1-/- and WT, in a sex-dependent manner. This hypothesis has gained support,
because 1) the CB1 receptor is present in the npEW, 2) knocking out the CB1 gene decreases
behavioral despair in the forced swim test and increases anxiety in the elevated plus maze,
and 3) the response of npEW-Ucnl to stressors differs in mRNA but not protein, between
genotypes, and is sex-dependent. Below we will discuss these aspects in detail.
ΗΡΑ

axis-activation
Parameters indicative of sustained activation of the ΗΡΑ-axis in response to stress are

critical in validating rodent model systems to study the relation between chronic stress and
stress-related brain diseases. In our study, male mice showed the classical response to CVM,
exhibiting an attenuated corticosterone titer (see Kainuma et al., 2009; Kim and Han, 2009),
but higher than the basal titer (Li et al., 2007). In female mice, however, CVM did not change
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the corticosterone level compared to non-stressed mice. These data also indicate that the
ΗΡΑ-axis response to stressors is sex-dependent. Measurements of ACTH titers supported
this conclusion, as after CVM, the titer appeared to be decreased in males but increased in
females. Effects of CVM on corticosterone clearly did not parallel those on ACTH.
Dissociation of corticosterone and ACTH responses to chronic stress has been found before,
and may be explained from the existence of non-ACTH-mediated mechanisms that, for
instance, maintain a high glucocorticoid titer in spite of decreased ACTH secretion (Bomstein
et al., 2008). CVM-induced sustained activation of the ΗΡΑ-axis is further supported by
reduced body and thymus weights in males, as expected (cf. Schweizer et al., 2009; Wang et
al., 2009). Organ weights differed between sexes as well, because unstressed females showed
higher adrenal gland weights than unstressed males, and higher thymus weights than males,
after CVM.
Behavioral phenotypes
Major depression is a complex psychiatric disorder (DSM-IV; American Psychiatric
Association, 1994), which can only be reliably studied in animal models using various
behavioral tests, such as the forced swim test, to measure the degree of behavioral despair
(Porsolt et al., 1977) and the elevated plus maze, to measure anxiety (Pellow et al., 1985).
Therefore, in the present study we have tested mice for behavioral despair and anxiety, using
these tests.
In the forced swim test, CVM decreased swimming and increased floating behavior,
indicating an increase in behavioral despair. This is in accordance with many studies
describing that the CVM paradigm induces increased floating behavior, anhedonia and other
behavioral and physiological changes that resemble characteristics of depressed patients
(Willner, 1997; de Kloet et al., 2005; Schweizer et al., 2009). WT and CB1-/- females showed
more swimming and decreased floating than males, indicating that they had less behavioral
despair. This finding underpins the notion that depression is sex-dependent. Remarkably,
CB1-/- females exhibited increased swimming activity and decreased floating, which strongly
suggests that endocannabinoid signaling plays a role in behavioral despair in this mouse
strain.
In the elevated plus maze, CVM increased the time mice spent in the open arm. However,
it also increased closed arm frequency, indicating that CVM makes animals more active.
Since differences in open arm time may be related to the speed of locomotion, also the
open/total arm entries were calculated, which is a locomotion-independent parameter for
anxiety. This parameter confirmed that CVM mice are less anxious. CVM is generally
assumed to be anxiogenic, but recent studies are in line with our observations, as they indicate
that CVM can also have an anxiolytic effect in some specific mouse strains (Schweizer et al.,
2009). CBl-/- spent less time in the open arm, showed a lower number of closed arm entries,
and had a lower percentage of open/closed arm entries than WT. They therefore seem to be
more anxious than WT. This finding confirms previous studies on our mouse model, which
revealed increased anxiety of CBl-/- in the elevated plus maze (Haller et al., 2004a,b) and the
light-dark box (Crawley, 1985).
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npEW-dynamics
CBl-/- and WT mice differ sex-dependently in the dynamics of npEW-Ucnl responses to
stressors. As to genotype, CBl-/- and WT already differ in Ucnl in a non-stressed situation.
The amount of Ucnl was remarkable low in CBl-/-. Given that CBl-/- have high CRF in the
PVN, this finding underlines the hypothesis between the CRF- and Ucnl-containing neuronal
systems (Weninger et al., 1999; Skelton et al., 2000; Kozicz et al., 2007). As to sex
differences, Ucnl was lower in male CBl-/- than in male WT, but females did not show this
difference. Furthermore, Ucnl mRNA was higher in WT males than in females after CVM,
whereas no differences were seen in non-stressed controls. These results confirm our previous
study on sex differences in Ucnl expression in mice, where no differences were found
between males and females under basal conditions (Derks et al., 2007). The hypothesis that
differences between males and females would arise during stress (Derks et al., 2007), is
supported by the results obtained in the present study. As to the effect of stressors on the two
genotypes, WT and CBl-/- seem to respond differently. In WT, Ucnl does not respond to
restraint stress but increases during CVM, while in CBl-/- Ucnl does increase upon restraint
stress, but not upon CVM.
Relation between the npEW and endocannabinoid signaling
In this study we have found that the CBl receptor is present in the npEW. An earlier
study in the rat could not show the presence of the CBl receptor in this nucleus (Jelsing et al.,
2008). However, in addition to the species difference, the latter authors exposed their
autoradiograms for one week only, whereas our exposure time was three weeks. In addition,
we have used a modified hybridization solution which enhanced further detection sensitivity
(Hrabovszky and Petersen, 2002). Possibly, the expression level of the CBl receptor in the
npEW, in the rat but also in the mouse, is relatively low compared to that in other brain areas.
The presence of CBl mRNA probably reflects the sites of formation and perikaryal
transport of newly synthesized CBl receptors, rather than the sites of functionally active
receptors, as CBl receptors are assumed to be located presynaptically (Fride et al., 2005;
Katona and Freund, 2007). In our study, CBl receptor mRNA was clearly present in the
npEW, but it could either be expressed in the main urocortinergic neurons, or e.g. in
intemeurons. If so, mechanistically, two different mechanisms are possible; 1) CBl receptors
occur in the main neuronal population of the npEW, the Ucnl neurons. In this case, they
would be transported to the presynaptic terminals of these neurons in the putative target areas
of the npEW, the lateral septum and the dorsal raphe nucleus (Bittencourt et al., 1999;
Bachteil et al., 2004; Turek and Ryabinin, 2005; Kozicz, 2007). Release of endocannabinoids
would then likely inhibit the npEW-control of these brain centers. However, the relatively low
levels of cannabinoid binding (Herkebham et al., 1991) and CBl receptor immunoreactivities
(Tsou et al., 1998) in the lateral septal and dorsal raphe nuclei would argue against this
possibility. 2) CBl receptors occur in intemeurons. In this scenario, endocannabinoids
released from npEW neurons (e g Ucnl neurons) would bind to presynaptic CBl receptors of
stimulatory or inhibitory intemeurons thereby inhibiting their activity. This, in tum, would
modulate/control the activity of the main npEW-Ucnl neurons. The fact that a moderate
cannabinoid binding was found in the midbrain central gray (Herkebham et al., 1991)
including the EW area, would favor a mechanism where cannabinoids would act via
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intemeurons in the ηρΕ W. In addition, examples of endocannabinoid presynaptic inhibition of
glutamatergic or GABAergic intemeurons via CB1 receptors have be found in the PVN,
hippocampus, amygdala and cerebral cortex (Di et al., 2003; Iversen, 2003). Nevertheless, the
exact mechanism(s) of action for endocannabinoid signaling in the npEW awaits further
analysis, and so does the neuroanatomical characterization of CB1 receptor expressing npEW
neurons.
In summary, CB1 receptor mRNA is present in the npEW, and CB1-/- show changes in
npEW-Ucnl dynamics under stressed as well as non-stressed conditions. Mechanistically, the
sex-specific modulation of the secretory dynamics of npEW-Ucnl neurons by
endocannabinoid signaling may result in behavioral despair in the forced swim test and
increases anxiety in the elevated plus maze during stress. The data suggest that modulation of
npEW-Ucnl by endocannabinoid signaling contributes to the stress adaptation response, and
that alterations in this modulation leaves the organism at risk for stress-related depressive-like
behavior, in a sex-specific manner.

Chapter 7
General Discussion
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Adaptation to stressful conditions is essential for survival. An important regulatory
system of stress adaptation is the ΗΡΑ-axis (for review see Tsigos and Chrousos, 2002),
which enables the body to adequately cope with the stressor via physiological changes and
controls the strength and duration of the stress response via negative feedback mechanisms.
However, in some individuals and under particular conditions, an adverse life event may lead
to hyperactivation of the HPA-axis (ΗΡΑ-axis maladaptation), resulting in a constantly high
CRF concentration in the PVN and in the cerebrospinal fluid, and a permanently high
glucocorticoid titer in the blood. ΗΡΑ-axis hyperactivity is frequently found in depressed
patients (de Kloet et al., 2005). Women have a two times higher chance to develop major
depression than men (Weissman and Olfson, 1995), which may be due to differences in the
stress response brought about by estrogen (Komesaroff et al., 1998; Kirschbaum et al., 1999;
Kudielka and Kirschbaum, 2005; Louvart et al., 2006). Indeed, women become depressive
particularly in periods of low estrogen and strong estrogen decline (Payne, 2003).
There are many indications for the involvement of a second neuronal system in stress
adaptation and major depression: npEW-neurons exhibit conspicuous changes in response to
acute and chronic stressors and during major depression. For example, acute challenges like
pain, ether, restraint and lipopolysaccharide stressors, as well as chronic, repeated ether stress
increase cFos in npEW-neurons (Kozicz et al., 2001; Gaszner et al., 2004; Korosi et al.,
2005). This stress-induced activation is also seen in the response of Ucnl, BDNF and CART
in this nucleus. Amounts of Ucnl in the npEW are increased by acute stress (Weninger et al.,
2000; Kozicz et al., 2004) while chronic stress leads to a return of Ucnl to basal level (Korosi
et al., 2005). In male suicide victims, but not in females, Ucnl in the npEW is increased
(Kozicz et al., 2008). Furthermore, BDNF in the rat npEW is affected by adverse early life
events (Gaszner et al., 2009), and in the human npEW, BDNF mRNA expression differs
between control and depressed subjects in a sex-specific way (Kozicz et al., 2008). CART
responds to stress in a similar way as Ucnl (Kozicz, 2003).
Another player in the stress response is endocannabinoid signaling (Hill et al., 2005),
which participates in the negative feedback on CRF release from the PVN, via presynaptic
inhibition (Di et al., 2003). CBl-/- show a strong expression of CRF mRNA in the PVN,
strong ACTH secretion, and a high corticosterone titer (Cota, 2008). In addition, such mutants
reveal anhedonia and strong anxiety-like behavior.
The changes in npEW-activity under stressful conditions and during major depression
imply the involvement of the npEW in mechanisms underlying major depression. Therefore,
the aim of this thesis was to increase the insight in the functioning of the npEW, with a special
focus on sex differences. First, we have examined sex-dependent stressor effects on the
HKGs, GAPDH, 18S and ß-actin, and concluded that for each experimental object or set-up
preliminary studies are necessary to select an HKG which expression is unaffected by the
experimental paradigm. Taking this into account, npEW-Ucnl dynamics in males and females
in the mouse and the rat were investigated. Mice did not show sex differences in Ucnl
dynamics under basal conditions, but Ucnl mRNA was higher in male mice after CVM
(chronic variable mild stress). In rats, Ucnl mRNA was already lower in females in
unstressed condition and differed among phases of the estrous cycle. Also BDNF and CART
showed sex-dependent regulation in the rat npEW. Finally, CBl-/- mice revealed strong
differences in depressive-like behavior, npEW-activity and Ucnl dynamics compared to wild
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type mice, making it likely that endocannabinoid signaling modulates the npEW. In this
General Discussion these results will be discussed in more detail and integrated into a model
that describes the role of the ΗΡΑ-axis and the npEW in adaptation to stress and in sexdependent maladaptation that causes brain disorders such as anxiety and major depression.
But first some technical considerations will be made.

Technical considerations
Quantitative immunocytochemistry and in situ hybridization. As to our approach to
determine dynamics of Ucnl, BNDF and CART in the npEW, we have not only measured the
amounts of the respective mRNAs but also assessed by quantitative immunocytochemistry,
the amounts of peptide or protein present in the npEW (by counting the numbers of
immunoreactive cells) as well as in individual immunoreactive neurons (by measuring the
SSD). If it is assumed that in these cells the processes of gene transcription and of translation
into peptide or protein are coupled at least to some degree, combining the data from q-RTPCR or quantitative in situ hybridization with immunocytochemistry allows to obtain an
indication about two fundamental secretory processes, viz. biosynthesis and secretion, which
at the current technological state cannot be measured reliably in a neuron by any other
standard quantitative method. For instance, increased mRNA contents and stable peptide or
protein contents suggest that the peptide or protein is produced, transported and released from
the neuron at similar, high rates, leaving the amount of peptide or protein stored in the
perikaryon stable (i.e., no change in SSD). In contrast, a stable mRNA production but reduced
peptide or protein release will be reflected in accumulation of the peptide or protein in the
perikaryon (i.e., increased SSD). Combining such data on the SSD of individual neurons with
changes in the total number of immunoreactive cells, will give an indication of the total
secretory output of the npEW.
HKGs. Normalization of q-RT-PCR data of a gene of interest to that of an HKG is a
crucial step in accurately determining gene expression levels in experimental designs. The
"ideal" HKG will be expressed at constant strength, under all physiological circumstances and
in all tissues. However, HKG expression can vary depending on the experimental design. In
Chapter 2, we analyzed the expression of the HKGs, GAPDH, 18S and p-actin in
experimental designs relevant to this thesis research. We studied the HKG expressions in two
stress paradigms, in various brain areas, and in male and female rats. This revealed that the
degree of expression of a given HKG differs considerably with respect to each of the
parameters measured and that this expression pattern is HKG-specific. Apparently,
"housekeeping" is not always a constitutive event but often a strongly regulated process. This
implies that a particular HKG can only be used as reliable tool to normalize the data of
expression of other genes if its expression is stable under the experimental condition. As a
consequence, before starting an experiment, we performed preliminary studies to select an
HKG that has an expression unaffected by the experimental paradigm.
CVM as paradigm to induce major depression-like behavior. Physiological
characteristics often found in major depression are high CRF in the PVN and the
cerebrospinal fluid, and a high glucocorticoid titer in the blood (de Kloet et al., 2005). These
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characteristics indicate ΗΡΑ-axis hyperactivity, which is most likely the result of an impaired
glucocorticoid-mediated inhibitory adrenal feedback on the PVN (Pariante and Lightman,
2008). The npEW also contains glucocorticoid receptors (Kozicz et al., pers. comm.) and
might therefore, like the PVN, be under control of glucocorticoids. Indeed, Ucnl mRNA was
found to be higher in male patients with major depression than in control males (Kozicz et al.,
2008). To assess mechanisms underlying the development of major depression, an often used
paradigm is CVM {e.g. Willner et al., 1997; Marin et al., 2007). In Chapter 5 we subjected
mice to the CVM paradigm and found indeed a high corticosterone titer after two weeks of
CVM, indicating ΗΡΑ-axis hyperactivity. Furthermore, examining npEW-Ucnl dynamics in
these mice revealed that CVM, like major depression, increased the amount of Ucnl mRNA.
These results validate the CVM paradigm as a suitable tool to induce a major depression-like
condition in rodents, and indicate the involvement of npEW-Ucnl in the development of this
disorder.

Sex differences
It is only since recently that researchers have started experiments on sex differences in
stress and major depression. The main reason for this is the difficulty of working with female
laboratory animals that show an estrous cycle during which hormones like estrogen and
progesterone fluctuate considerably. This makes it hard to reach the constant conditions
generally thought to be necessary to conduct reliable experiments, without interference by
fluctuating hormones. However, it seems that particularly these female hormones are
responsible for the sex differences in stress responses and the development of major
depression (Seeman, 1997; Gibbs, 1999; Jezierski en Sohrabji, 2000; Payne, 2003; Zhou et
al., 2005; Louvart et al., 2006; Sohrabji and Lewis, 2006). This notion makes it essential to
conduct research in both sexes.
In this thesis research we have investigated sex differences in the dynamics of Ucnl,
BDNF and CART in the npEW. To determine whether estrogen could affect npEW dynamics,
it was important to show the presence of either estrogen receptor (ER) α or β in this nucleus.
In Chapters 3 and 4, ERa was not found in the mouse or rat npEW, but ERß was abundantly
present in both species. ERß appeared to be colocalized with Ucnl (Chapters 3 and 4) and
with CART (Chapter 6). This colocalization, in combination with the presence of BDNF in
npEW-Ucnl neurons (Gaszner et al., 2009), makes an influence of estrogen on Ucnl, CART
and BDNF dynamics highly likely.
Ucnl dynamics were studied in the mouse in Chapters 3 and 5, and in the rat in
Chapter 4, yielding different results. In the mouse under basal conditions, no differences in
Ucnl were found between males and females. CVM, however, increased Ucnl mRNA in
males but not in females. The same phenomenon was found in humans, where Ucnl mRNA
appeared to be upregulated in male suicide victims with major depression but no such
upregulation was observed in females suicides (Kozicz et al., 2008). In the rat npEW,
however, Ucnl mRNA already showed sex-dependent expression under basal conditions,
with Ucnl expression higher in males than in females. No differences were found at the Ucnl
peptide level. It is therefore likely that males and female rodents differ in the rates of Ucnl
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axonal transport and secretion by the npEW. In females, Ucnl neurons seem to secrete less
Ucnl towards their targets than in males.
In Chapter 6 we have examined sex differences in BDNF and CART dynamics in the rat
npEW under basal conditions. In contrast to Ucnl, no changes were seen for BDNF mRNA,
but BDNF protein was more abundant in males than in females. In humans, however, BDNF
mRNA did differ between the sexes, with control males having more BDNF mRNA.
Furthermore, in suicide victims more BDNF mRNA was found in women than in males
(Kozicz et al., 2008).
Like BDNF, CART mRNA did not reveal a sex difference in the rat, but CART was more
abundant in males. In humans, CART mRNA did also not differ between males and females,
and was equally upregulated in male and female suicides (Xu et al., pers. comm.). The data
obtained for basal Ucnl, BDNF and CART dynamics, for Ucnl in response to CVM, and for
Ucnl and BDNF during major depression, strongly indicate that the npEW plays a major role
in the development of major depression in a sex-dependent manner.

npEW and endocannabinoid signaling
Studies on CB1-/- underscore the importance of the CB1 receptor in stress adaptation and
major depression. Like patients with major depression, such mice show hyperactivity of the
ΗΡΑ-axis, reflected by high CRF mRNA in the PVN, strong ACTH secretion, a high
corticosterone titer (Cota, 2008) and enhanced susceptibility to develop depressive-like
behavior (Martin et al., 2002; Haller et al., 2004a,b). In Chapter 5 it is demonstrated that
these knockout mice have increased anxiety-like behavior. Taking these data together,
modulation of the npEW by endocannabinoid signaling is feasible. This idea was tested in
Chapter 5. CB1 receptor mRNA was found to be present in the mouse npEW. No
colocalization study of the CB1 receptor with Ucnl was performed, but the cellular
distribution of CBl-immunoreactivity suggests that the CB1 receptor is mainly expressed in
npEW-intemeurons, which are most likely GABAergic (pers. comm.). The presence of the
CB1 receptor in the npEW strongly implies modulation of the npEW by endocannabinoid
signaling. Indeed, npEW-Ucnl mRNA was lower in male CB1-/- than in male wildtype mice.
This supports the hypothesis of an inverse relationship between the CRF- and Ucnlcontaining neuronal systems in chronic situations (Weninger et al., 1999; Skelton et al., 2000;
Kozicz et al., 2007). However, this difference was not present in females, indicating that CB1/- and wildtypes differed sex-dependently in their npEW dynamics. Moreover, the two
genotypes seemed to respond differently to restraint stress and CVM, because Ucnl in the
latter only increased upon CVM, while in CB1-/- Ucnl increased only upon restraint stress. In
view of these data, we propose that in the mouse endocannabinoid signaling modulates the
npEW, in a sex-dependent manner.
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A model
This thesis research has increased our insight in the role of the npEW in the stress
response of males and females. On the basis of combining data from literature with the results
presented in this thesis, we have constructed a model of the possible interactions between the
PVN and the npEW, and of the role the npEW plays in the stress response and the
development of major depression (Fig. 1).
In this model, which represents the male mechanism, in response to a stressor the limbic
system does not only activate the ΗΡΑ-axis but at the same time also the npEW via
neuropeptide Y (NPY). This notion is supported by the presence of NPY fibers in the npEW,
the activation of npEW-Ucnl neurons by NPY and the occurrence of NPY receptors in
npEW-Ucnl neurons (Gaszner et al., 2007). Also, NPY is present in limbic structures such as
the amygdala, hippocampus and basal ganglia (for review see Kask et al., 2002). Furthermore,
upon stress the npEW can communicate with the ΗΡΑ-axis via stress-induced glucocorticoid
release. The npEW-Ucnl neurons contain the glucocorticoid receptor and Ucnl dynamics are
affected by glucocorticoid administration (T. Kozicz et al., pers. commun.). In addition to
inputs from the limbic system and from the ΗΡΑ-axis, npEW neurons most likely receive
orexinergic input from the lateral hypothalamus (LH; Baldo et al., 2003), serotonergic input
from the dorsal raphe nucleus (DR; T. Kozicz et al., pers. commun.), and GABAergic input
from npEW intemeurons containing the CB1 receptor (Chapter 5). Finally, they are under
control by leptin, which is released by white adipose into the blood (Xu et al., 2009).
In our model we distinguish chronic non-variable stressors and chronic variable stressors.
These different actors evoke different npEW responses. The npEW-Ucnl content habituates
after chronic homeotypic stress (Korosi et al., 2005) but not after CMV (Chapter 5). We
hypothesize that during chronic non-variable stress the input from the various brain areas
leads to a decreased production of endocannabinoids in npEW-Ucnl neurons and,
consequently, to a decreased inhibitory feedback of these neurons to GABAergic intemeurons
in the npEW. Consequently, presynaptic inhibition is alleviated, and the intemeurons start to
inhibit npEW-Ucnl neuronal activity. We propose that, in contrast, during chronic variable
stress the endocannabinoid inhibition of the GABA-ergic intemeurons remains high. As a
consequence, npEW-Ucnl neurons remain active, resulting in strong Ucnl output to the
npEW target areas, viz. the DR and the lateral septum (LS). Both the DR (Sawchenko et al.,
1983) and the LS (Risold and Swanson, 1997) project to the PVN, receive axonal projections
from the npEW (Bittencourt et al., 1999; Bachteil et al., 2004; Turek and Ryabinin, 2005) and
show a high abundance of CRF-R2 (Skelton et al., 2000; Van Pett et al., 2000). Therefore,
changes in npEW-Ucnl dynamics may have an effect on the activity of the ΗΡΑ-axis by
controlling the DR and LS. Furthermore, both the DR and LS are implicated in major
depression, because blunted activity of these brain areas may evoke depressive-like behaviors
that can be reversed by enhancing their activities again (for reviews see Sheehan et al., 2004;
Michelsen et al., 2007). In the DR, serotonergic neurons can be activated via CRF-R2
(Valentino and Commons, 2005). Ucnl secretion may therefore increase neuronal activity in
the DR by binding this receptor and in this way protect against major depression. A similar
mechanism, may hold for the LS, where Ucnl can modulate anxiety-like and depression-like
behavior via CRF-R2 (van Pett et al., 2000).

Chapter 7

Basically, our model does not only hold for males but also for females if an additional
regulatory factor is implemented: estrogen. Upon binding estrogen, the ERß receptor in the
npEW-Ucnl neurons may inhibit Ucnl secretion, in a similar way as it inhibits Ucnl release
from the PVN (Haeger et al., 2006). This idea is supported by our observations of low npEWUcnl secretory activity in unstressed female rats (Chapter 4) as well as in stressed female
mice (Chapter 5). Lower npEW activity will diminish Ucnl output to the LS and DR, and in
this way modulate activities in these brain areas. This sequence of events may be the cause of
the increased risk of females to develop major depression.
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Fig. 1. Model for the interactions between the npEW and the PVN and other brain areas, and the role
of the npEW in the stress response and the development of major depression. See text paragraph 'A
model' for details. Continuous lines indicate established interactions; dashed lines indicate
hypothetical interactions; the dotted line refers to a sex difference. ACTH, adrenocorticotropic
hormone; BDNF, brain-derived neurotrophic factor; CART, cocaine- and amphetamine-regulated
transcript; CB1, cannabinoid receptor 1; CRF, corticotropin-releasing factor; CRF-R2, corticotropinreleasing factor receptor 2; DR, dorsal raphe nucleus; eCBs, endocannabinoids; ERß, estrogen
receptor ß; GC, glucocorticoids; GR, glucocorticoid receptor; 5-HT, serotonin; 5-HTR, serotonin
receptor; IN, intemeuron; LH, lateral hypothalamus; LS, lateral septum; NPY, neuropeptide Y; NPY1/5, neuropeptide Y receptors 1 and 5; ObR, leptin receptor; PVN, paraventricular nucleus; Ucnl,
urocortin 1.
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In addition to Ucnl, we have paid attention to the possible roles of BDNF and CART in
the sex-dependent stress response, and implemented the results into our model. As appears in
Chapter 6, the secretory dynamics of both BDNF and CART in the npEW are inhibited by
estrogen. We propose that upon activation of the npEW, BDNF is released to stimulate the
activity of npEW-neurons in an autoexcitatory, paracrine way. Whereas autoexcitatory action
of BDNF has been well-established in other systems (e.g. Kramer et al., 2002; Larimore et al.,
2009; Oo et al., 2009), such an action of BDNF on the npEW remains hypothetical. CART is
localized in the same secretory vesicles as Ucnl (van Wijk et al., 2009), and will therefore be
released simultaneously with Ucnl, possibly acting on the same targets. Obviously, CART
actions on the ΗΡΑ-axis, DR and LS may be physiologically different from those of Ucnl,
but this has to be established . In this respect, the notion that CART is not only involved in the
stress response but also plays a role in food intake and drug reward (Smith et al., 2004; Koylu
et al., 2006) may be of relevance.
On the basis of our model, it can be hypothesized that sex differences in the control of
the activity of the LS and DR by npEW-Ucnl play essential roles in the sex-dependent stress
adaptation response and pathogenesis of major depression. However, many aspects of the
model are still hypothetical and further research is necessary to confirm this hypothesis.

Follow up research to unravel the role of the npEW in sex-dependent stress adaptation
This thesis research indicates that the npEW plays an important role in the stress response
and in the development of major depression, in a sex-dependent manner. However, to support
our model that describes the possible mechanisms of these actions, several follow-up studies
in our department are in progress. An important aspect that is currently under investigation is
the axonal connectivity of the npEW with its target areas. Van Wijk et al. are performing dye
tracing experiments to uncover efferent and afferent pathways of the npEW, and are carrying
out ultrastructural studies to elucidate the morphology of npEW neurons and their synaptic
connections, including the modes of secretion of npEW factors towards the targets. With this
information the model can be extended with other brain areas interacting with the npEW and
with the sites of action of the signaling molecules involved. In addition, to further elucidate
the role of Ucnl in stress (mal)adaptation and major depression, Van Driel-Sterrenburg et al.
conduct behavioral and pharmacological studies with Ucnl-knockout mice, to quantitatively
determine the significance of Ucnl in depressive-like behavior. In the future, as a follow-up
of Chapters 3 till 6 of this thesis, estrogen replacement studies in ovariectomized mice may
establish estrogen as the responsible factor for the sex differences found in npEW dynamics.
Combined with acute and chronic stress paradigms, estrogen replacement may also indicate if
estrogen affects the npEW stress response. Also, with respect to major depression and to test
the conclusions derived from our rodent studies in the human situation, it will be useful to
compare npEW dynamics in mouse and rat with those in humans.
In addition to its role in stress adaptation and major depression, the npEW seems also to
play roles in processes like alcohol consumption (Ryabinin and Weitemier, 2006), food and
fluid intake (Weitemier and Ryabinin, 2005) and anxiety (Pan and Kastin, 2008). In our
department, Xu et al. (2009) have found that npEW neurons possess leptin receptors and

( Ιΐ.φΙΐΊ

therefore they investigate the possibility that the npEW is involved in the regulation of food
intake (see also Fig. 1). Furthermore, Rouwette et al. are testing the hypothesis that the npEW
is involved in development and/or perception of chronic neuropathic pain. Since the processes
of feeding behavior and pain perception are often closely associated with anxiety and major
depression, involvement of the npEW in these processes will strengthen the notion that this
nucleus plays a central role in these brain disorders.

Final considerations
This thesis research has increased insight in the sex-dependent functioning of the npEW
in rodents, and supports the hypothesis that this nucleus plays an important role in the sexdependent stress response and the development of anxiety and major depression in humans by
acting in conjunction with the classical stress adaptation system, the ΗΡΑ-axis. Further
research on Ucnl and other signaling molecules of the npEW may further increase our
understanding of the complex mechanisms underlying these important brain disorders.
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Summary
In order to survive, animals and humans must adapt to stressful circumstances, a process
controlled by the hypothalamo-pituitary-adrenal (HPA-) axis. When adaptation to stress fails
because the ΗΡΑ-axis is hyperactive, there is a risk of developing stress-related diseases like
major depression, a risk that is approximately two times higher for women than for men. In
addition to the ΗΡΑ-axis, the non-preganglionic Edinger-Westphal nucleus (npEW) appears
to play a central role in the regulation of the stress response and the transition from stress
adaptation to stress maladaptation. The present thesis research aims at increasing our insight
in the role of the npEW in sex differences in the stress response and the development of major
depression, using a broad methodological approach including the rodent (rat and mouse) brain
as the object of research.
To reliably measure gene expression by quantitative (q-) RT-PCR, mRNA data need to
be related to a standard, which usually is the mRNA amount of a so-called housekeeping gene
(HKG) that is constitutively and constantly expressed. In Chapter 2, we scrutinized the
dynamics of the common HKGs, glyceraldehyde-3-phosphate dehydrogenase (GAPDH), 18S
and ß-actin under our experimental conditions. It appeared that the degree of expression of
these HKGs differed considerably with respect to the kind of stressor and brain area in a sexand HKG-specific manner. On the basis of this knowledge, before starting a main experiment,
we performed preliminary studies to select the HKG which expression was unaffected by the
particular experimental set-up.
To test if the npEW plays a role in the mechanism(s) that underlie(s) sex differences in
stress adaptation, first possible sex differences were investigated under basal, non-stressed
conditions. In Chapters 3 and 4 it has been established by immunocytochemistry that the
urocortin 1 (Ucnl)-containing neurons of the mouse and rat npEW possess the estrogen
receptor β (ERß). Despite this presence, with q-RT-PCR, in situ hybridization and
fluorescence immunocytochemistry no differences could be detected in basal Ucnl dynamics
in the npEW between male and female mice (Chapter 3). In rats, however, Ucnl did show
sex-dependent expression under basal conditions as q-RT-PCR revealed higher Ucnl mRNA
in males than in females (Chapter 4). Since no such difference was found at the Ucnl peptide
level, males and females likely differed in the balance between biosynthesis, storage, axonal
transport and secretion of Ucnl. Indeed, Ucnl neurons in females seem to secrete less Ucnl
towards their targets than in males. As our laboratory has previously shown that in humans,
major depression is concomitant with a sex difference in npEW-Ucnl expression, being much
higher in men than in women, we studied the effect of chronic variable mild stress (CVM) on
Ucnl expression. Chapter 5 describes that in situ hybridization revealed that CVM increases
the amount of Ucnl mRNA in the npEW of male but not of female mice, parallelling the
situation in depressed humans. These changes in Ucnl dynamics in response to CVM and in
major depression implicate an involvement of the npEW in the development of major
depression in a sex-dependent manner.
We furthermore demonstrated (Chapter 6) that in the rat npEW, ERß colocalized not
only with Ucnl but also with cocaine- and amphetamine-regulated transcript (CART), and
showed that CART colocalized with brain-derived neurotrophic factor (BDNF). Therefore,
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we have investigated the possibility of sex differences in basal BDNF and CART dynamics in
the rat npEW. In contrast to Ucnl mRNA, no such difference was detected for BDNF mRNA,
but BDNF protein was more abundant in males than in females. Also for CART, mRNA did
not show a sex difference, but the amount of this neuropeptide was higher again in males than
in females. From these results it appears that both BDNF and CART dynamics are sexdependent (Chapter 6).
The brain produces endogenous cannabinoid substances, which may play a role in major
depression. Cannabinoid receptor 1 knockout mice (CB1-/-) show hyperactivation of the
HPA-axis, underscoring the importance of this receptor in stress adaptation and major
depression. In Chapter 5, we have tested our hypothesis that during stress endocannabinoid
signaling affects npEW-Ucnl and in a sex-dependent way. Behavioral tests showed an
increase in anxiety-like behavior and a decrease in behavioral despair in CB1-/-. The presence
of the CB1 receptor in the npEW was established by radioactive in situ hybridization,
revealing the potential site of interaction between endocannabinoid signaling and the npEW.
Quantitative in situ hybridization and immunocytochemistry demonstrated that in non-stress
conditions Ucnl mRNA was lower in male CB1-/- than in male wildtype mice. This
difference was not seen in females, indicating that CB1-/- and wildtype mice differ sexdependently in npEW dynamics. Moreover, the two genotypes seemed to respond differently
to stressors, as Ucnl in wildtype mice only increased upon CVM and in CB1-/- only
increased upon restraint stress. In view of these results, we propose that the mouse
endocannabinoid signaling influences the npEW, in a sex-dependent manner.
In the final chapter, Chapter 7, the results and conclusions described in the previous
chapters and have been integrated with data from earlier studies, to construct a model that
explains how stressors evoke adaptation and maladaptation by acting on the interacting npEW
and HPA-axis. In addition, in this chapter experiments have been discussed to provide further
insight into the significance of the npEW for adaptation to stress and the development of
stress-related brain disorders like anxiety and major depression.
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Samenvatting
Om te kunnen overleven moeten mens en dier in staat zijn zich aan te passen aan
stressvolle omstandigheden, hetgeen wordt geregeld door de hypothalamus-hypofyse-bijnier
(HPA-) as. Wanneer deze adaptatie aan stress faalt en de HP A-as te actief wordt, bestaat er
een vergroot risico op het ontwikkelen van stressziekten zoals angststoornissen en chronische
depressie. Bij vrouwen is dit risico twee maal zo groot als bij mannen. Naast de HPA-as
speelt de non-preganglionaire Edinger-Westphal nucleus (npEW) een centrale rol in de
coördinatie van de stressrespons. Deze nucleus zou daarom een rol kunnen spelen in de
overgang van geslaagde naar mislukte stress-adaptatie ('maladaptatie') en, via deze overgang,
in de ontwikkeling van chronische depressie. Het onderzoek in dit proefschrift richt zich op
het vergroten van ons inzicht in de rol van de npEW bij het optreden van geslachtsverschillen
in de stressrespons.
Om de mate van genexpressie nauwkeurig te bepalen met behulp van quantitatieve-RTPCR (q-RT-PCR) is het cruciaal om de gevonden meetresultaten afte zetten tegen een norm:
de genexpressie van een zogenaamd "huishoudgen", dat constitutief en stabiel tot expressie
komt. Uit inleidende q-RT-PCR experimenten was al duidelijk geworden dat de
huishoudgenen die in ons type onderzoek standaard worden gebruikt, niet altijd constitutief en
stabiel zijn. In Hoofdstuk 2 hebben we dit fenomeen onderzocht voor de huishoudgenen
glyceraldehyde-3-fosfaat dehydrogenase (GAPDH), 18S en ß-actine, onder de experimentele
condities van dit proefschriftonderzoek. In verschillende hersengebieden van mannelijke en
vrouwelijke ratten zijn de expressies van deze huishoudgenen bestudeerd na inperkingstress
en chronische, variabele, milde stress (CVM). De mate van expressie van deze huishoudgenen
verschilde behoorlijk met betrekking tot alle parameters, en de expressiepatronen bleken
huishoudgen-specifiek te zijn. Dit resultaat leidde er toe dat we, voorafgaande aan een
experiment, inleidende proeven hebben gedaan om een huishoudgen te selecteren waarvan de
expressie niet werd beïnvloed door de experimentele opzet.
Om de rol van de npEW bij het optreden van geslachtsverschillen in de stress adaptatie
respons te onderzoeken was het essentieel eerst dergelijke geslachtsverschillen te bestuderen
onder normale, niet-stress condities. In de Hoofdstukken 3 en 4 is door middel van
immunocytochemie aangetoond dat oestrogeen processen in de npEW kan beïnvloeden via de
oestrogeenreceptor β (ERß), die aanwezig is in de urocortine 1 (Ucnl-) neuronen in de npEW
van de muis en de rat. Ondanks de aanwezigheid van ERß konden in de muis met q-RT-PCR
en immunocytochemie geen geslachtsverschillen worden aangetoond in basale Ucnldynamiek (Hoofdstuk 3). De rat vertoonde zulke verschillen echter wel: met q-RT-PCR werd
meer Ucnl mRNA aangetroffen in mannetjes dan in vrouwtjes, maar geen verschillen werden
gevonden op peptideniveau (Hoofdstuk 4). Waarschijnlijk verschillen mannetjes en
vrouwtjes qua axonaal transport en secretie van Ucnl: Ucnl-neuronen in vrouwtjes lijken
minder Ucnl in de richting van hun doelgebieden te secreteren dan in mannetjes. Aangezien
bij de mens chronische depressie geslachtsverschillen in de npEW-Ucnl kan induceren,
hebben we in Hoofdstuk 6 het effect van CVM op Ucnl-expressie in de npEW van de muis
onderzocht. In situ hybridisatie liet zien dat CVM verhogend werkte op het gehalte aan Ucnl
mRNA in mannetjes, maar niet in vrouwtjes, hetgeen gelijk is aan de situatie bij de mens.
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Deze veranderingen in Ucnl dynamiek in respons op CVM en tijdens chronische depressie
wijzen op betrokkenheid van de npEW bij de ontwikkeling van chronische depressie, en wel
op een geslachtsafhankelijke wijze.
In de npEW-neuronen van de rat komt ERß samen voor met cocaine- and amphetaminerelated transcript (CART), en CART met brain-derived neurotrophic factor (BDNF;
Hoofdstuk 5). Daarom is in Hoofdstuk 5 ook onderzoek gedaan naar geslachtsverschillen in
basale CART- en BDNF- dynamiek. In tegenstelling tot in Ucn 1, bleek er geen verschil in
CART en BDNF mRNA, maar was er wel meer CART en BDNF in mannetjes dan in
vrouwtjes op eiwitniveau. Hieruit blijkt dat CART en BDNF allebei geslachtsafhankelijk
worden gereguleerd.
De hersenen produceren endocannabinoïde substanties die wellicht een rol spelen in
chronische depressie. Cannabinoïd receptor 1 (CBl receptor) knockout muizen (CBl-/-)
vertonen hyperactivatie van de HP A-as, wat het belang van de CBl receptor voor
stressadaptatie en chronische depressie onderstreept. In Hoofdstuk 5 hebben we onze
hypothese getest dat tijdens stress endocannabinoïden een geslachtsafhankelijk effect
uitoefenen op de npEW-Ucnl neuronen. Gedragsexperimenten met CBl-/- demonstreerden
een toename in angst-gerelateerd gedrag en een afname in wanhoopsgedrag. Met radioactieve
in situ hybridisatie werd de aanwezigheid van de CBl receptor in the npEW aangetoond,
hetgeen wees op het bestaan van endocannabinoïd-signalering in de npEW. Met quantitatieve
in situ hybridisatie en immunocytochemie werd vervolgens gedemonstreerd dat mannelijke
CBl-/- minder npEW-Ucnl mRNA bevatten dan wildtype mannetjes. Dit verschil werd niet
gevonden in vrouwtjes, hetgeen er op duidt dat CBl-/- en wildtype muizen
geslachtsafhankelijk verschillen in npEW-dynamiek. Bovendien lijken de twee genotypen
verschillend te reageren op stressoren, aangezien Ucnl in wildtype muizen uitsluitend was
verhoogd na CVM, terwijl zo'n verhoging in CBl-/- alleen werd gevonden na acute
inperkingstress. Op basis van deze resultaten denken we dat endocannabinoid-signalen de
npEW van de muis op geslachtsafhankelijke wijze beïnvloeden.
In het laatste hoofdstuk, Hoofdstuk 7, zijn de resultaten en conclusies uit de eerdere
hoofdstukken geïntegreerd met data van vroegere studies, om een model te construeren dat
verklaart hoe stressoren leiden tot adaptatie en maladaptatie, namelijk door aan te grijpen op
de interactie tussen de npEW en de ΗΡΑ-as. Voorts zijn in dit hoofdstuk toekomstige
experimenten aangegeven die meer inzicht kunnen verschaffen in het belang van de npEW
voor stressadaptatie en het ontstaan van door stress veroorzaakte hersenziekten, zoals
chronische angst en depressie.
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