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Summary

Major depression is associated with both dysregulation of the hypothalamic pituitary
adrenal (HPA) axis and serotonergic deficiency, not the least of the 5-HT,4 serotonin
receptor. There is also accumulative evidence that brain-derived neurotrophic factor
(BDNF) is involved in the pathophysiology of major depression. However, whether
the changes in 5-HT;4 receptor levels are a direct effect of the hyperactive HPA axis
and the reduced levels of BDNF seen in depression is unknown. Furthermore, if the
altered BDNF level is a state or a trait marker of depression remains unclear.

The aims of this thesis were to study the net effects of a dysregulatory HPA axis,
namely high levels of corticosterone and altered glucocorticoid receptor (GR)
signalling, and the effects of BDNF and TrkB on 5-HT,, receptor protein levels. For
this we used organotypic hippocampal cultures and mice models under- and over-
expressing GR (GR+/-, YGR), BDNF (BDNF+/-) and TrkB (TrkB TK). We also
investigated whole blood BDNF levels as trait or state marker of depression in
unaffected twins discordant for affective disorder.

The results show that increased GR signalling, by high levels of corticosterone
or high GR expression, lead to increased hippocampal 5-HT,4 receptor levels. The
increase in 5-HT,4 receptor levels was counteracted by specific blockers for GR and
mineralocorticoid receptor (MR). Decreased GR signalling, by contrast, decreased 5-
HT,a receptor levels, indicating that a dysfunction in HPA axis directly regulates 5-
HT,a receptor levels. BDNF also had an effect on the 5-HT, receptor; high levels of
BDNF decreased hippocampal 5-HT,a receptor levels and BDNF+/- mice displayed
increased hippocampal 5-HT;a receptor levels. That the BDNF-induced alterations in
5-HT>a receptor levels might be dependent on TrkB levels was shown by TrkB TK
mice having increased frontal cortex and hippocampal 5-HT,a receptor levels.
Furthermore, adult organotypic cultures exposed to BDNF for seven days also had
decreased TrkB levels.

The methodological investigations established that whole blood BDNF levels
are measured with accuracy and high reproducibility and that female gender is
associated with higher whole blood BDNF levels, adding important information on
what considerations should be done when measuring blood BDNF. Furthermore, the

combination of genetic risk, female gender and number of recent stressful life events



decreased whole blood BDNF levels, indicating that low blood BDNF levels are a trait
marker of depression.

In conclusion, this thesis sheds light on how BDNF and glucocorticoids regulate
5-HT,4 receptor protein levels, and it associates whole blood BDNF levels to in vivo

brain 5-HT,a receptor binding levels and to risk factors for development of depression.



Resumé

Flere studier har pdvist, at brain-derived neurotrophic factor (BDNF) er nedsat ved
affektive sygdomme, ligesom der ogsa ses dysregulering af hypothalamus hypofyse-
binyreaksen (HPA) samt serotonerge deficits, herunder @&ndringer i serotonin 2A (5-
HT,4) receptorbindingen. Det er imidlertid uvist, om @ndringerne 1 5-HTja
receptorbindingen forirsages direkte af enten den hyperaktive HPA eller nedsat
BDNF-niveau, og om det nedsatte niveau af BDNF udger en state eller trait marker
for depression.

I denne PhD-afhandling undersoges effekten af en dysreguleret HPA, BDNF og
TrkB pé 5-HT,s receptorproteinniveauerne i hjernen. Til det formdl anvendtes
organotypiske hippokampale kulturer og genetisk modificerede mus, der henholdsvis
under- og overudtrykker glukokortikoidreceptoren (GR) (GR+/-, YGR), BDNF
(BDNF+/-) og TrkB (TrkB TK). Fuldblods-BDNF-niveauer blev endvidere undersogt
1 raske tvillinger diskordante for affektiv sygdom.

Resultaterne viser, at eget GR signalering medferer eogede hippokampale
niveauer af 5-HT,5 receptoren; en effekt, der modvirkes af specifikke antagonister for
GR og mineralokortikoid-receptoren. Omvendt medforer tilstande med reduceret GR
signalering en reduktion i 5-HT,s receptorniveauerne. Hojt BDNF niveau nedsatte
endvidere det hippokampale 5-HT,s receptorniveau, og i BDNF+/- mus fandtes
foreget hippokampalt 5-HT,s receptorniveau. Det er sandsynligt, at disse BDNF
associerede a@ndringer i 5-HT,o receptorniveauet athanger af TrkB niveauet, idet
TrkB TK mus udviste foreget 5-HT»a niveau 1 frontale cortex og hippocampus.

I et metodemaessigt valideringsstudie pédvises det, at fuldblods-BDNF-niveauer
kan méles med hej ngjagtighed og hej reproducerbarhed. Det pavises, at der findes
hojere fuldblods-BDNF-koncentration hos kvinder end hos mand, og at
kombinationen af genetiske risikofaktorer for depression, kvindeligt ken og antallet af
nylige stressfulde oplevelser er associeret med nedsat fuldblods-BDNF-niveau, hvilket

tyder p4, at lavt fuldblods-BDNF er en trait marker ved depression.
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Background

Major depression

Major depression is a serious neuropsychiatric illness, probably the western world’s
largest public health burdens. It is predicted to be the second leading cause of
premature death or disability by 2020 (World Health Organisation 2001; Murray &
Lopez 1997). Major depression is a largely heterogenous disease and is characterized
by depressed mood, irritability, low self esteem, feelings of hopelessness and
worthlessness, altered appetite and weight, decreased interest in pleasurable stimuli,

and recurrent thoughts of death and suicide.

Risk factors

Major depression is a highly familial disease; heritability for depression is
approximately 40% (Sullivan et al. 2000; Levinson 2006). Heritability seems to be
more pronounced in women than in men (Marcus et al. 2005), but genes alone are not
predictive for development of affective disorders. It is well acknowledged today that
affective disorders result from an interaction between genetic liability and
environmental risk factors (Kendler et al. 1995; Caspi et al. 2003; Farmer et al. 2005).
An important environmental risk factor is stress and stressful life events often

precipitate the onset of major depression (Caspi et al. 2003; Williamson et al. 1998).

Brain areas involved in depression

Given the diversity of the symptoms in major depression it is likely that multiple brain
regions are involved in this disease. This is supported by brain imaging studies that
have reported changes in blood flow (Drevets 2001; Liotti & Mayberg 2001) and
anatomical abnormalities (Miguel-Hidalgo & Rajkowska 2002; Rajkowska 2000;
Rajkowska et al. 1999) in prefrontal and cingulated cortex, hippocampus, striatum,
amygdala, and thalamus. Of course, these various brain regions would operate in a

complex neural circuitry, together yielding the symptomatic picture seen in major
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depression. Even so, the large majority of studies on major depression point out frontal
cortex and hippocampus as key structures involved in affective disorders. The
hippocampus is of particular interest in depression as it is a key member of the limbic
system controlling emotional behavior and in regulating the hypothalamic-pituitary-

adrenal (HPA) axis (De Kloet et al. 1998).

The HPA axis

Regulation of the HPA axis

All disturbances in the body evoke a stress response which serves to restore
homeostasis and to facilitate adaptation to this disturbance. Essential to the stress
response is the HPA axis and the neurons in the paraventricular nucleus (PVN) that
regulate the activity of this axis. Besides PVN the HPA axis is also controlled by
several brain pathways including excitatory afferents from the amygdala and
inhibitory afferents from the hippocampus and prefrontal cortex (Herman et al. 2005).
The main driving force of the HPA axis is corticotrophin-releasing
factor/hormone (CRF/CRH) which acts with in synergy with arganine vasopressin
(AVP), and leads to the release of glucocorticoids (cortisol in man and corticosterone
in rodents) (Figure 1). All vertebrates have a circadian rhythm of glucocorticoid
secretion, with the highest peak during the active period of the diurnal cycle.
Corticosterone maintains the basal activity of the HPA axis and controls sensitivity or
threshold of the system’s response to stress. By this, corticosterone coordinates other
circadian events like the sleep/awake cycle, food intake, etc. (De Kloet et al. 1998).
Corticosterone also exerts an inhibitory feedback primarily on the pituitary and PVN,

terminating the stress-induced HPA axis activation.
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Figure 1. The HPA axis. Activated neurons in the PVN
of the hypothalamus secrete corticotrophin-releasing
factor (CRF) which stimulates the synthesis and release
of adenocorticotrophin (ACTH) from the anterior
pituitary. Through the blood stream ACTH reaches the

ARt f’i‘f\-.'livm?ﬂmpus adrenal glands and leads to the release of glucocorticoids.
V. & I Glucocorticoids then exert a potent feedback on the HPA
- ; : axis by affecting CRF and ACTH synthesis and release,
. . o thereby inhibiting their own synthesis. (Adapted from
Dexamethasone aGTH Nestler et al. 2002).
4

£

Adrenal
cortex

Corticosteroid receptors

The actions of corticosterone are mediated by the glucocorticoid receptors (GR) and
mineralocorticoid receptors (MR) (McEwen et al. 1986). GR is expressed throughout
the whole brain, while MR is predominately expressed in limbic areas (De Kloet et al.
1998). Both receptors highly colocolize in the hippocampus and hypothalamus (Han et
al. 2005). The high affinity receptor MR is occupied during basal corticosterone
levels, and is believed to be responsible for maintaining the basal tone of the HPA axis
(Ratka et al. 1989; Barden et al. 1995). The low affinity receptor GR on the other hand
is activated when corticosterone levels are high, i.e, at circadian peak or during stress,
and mediates the negative feedback effects of corticosterone on the HPA axis (Barden

et al. 1995; Moldow et al. 2005).

Stress and depression

The HPA axis and depression

A large proportion of patients with severe depressive episodes display hyperactivity of
the HPA axis (Weber et al. 2000; Holsboer-Trachsler et al. 1991; Lesch et al. 1988).
Furthermore, there is an association between HPA axis hyperactivity and depressive
symptoms (Holsboer-Trachsler et al. 1991). The hyperactivity of the HPA axis may

result from an impaired feedback regulation due to altered GR (reviewed in Pariante &
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Miller 2001) expression or function, or by hyper drive of CRH (reviewed in Claes
2004).

Stress and sustained high levels of glucocorticoids decrease brain-derived
neurotrophic factor (BDNF) (Jacobsen & Mork 2006; Nair et al. 2007), induce cell
damage and reduce neurogenesis (Cameron & Gould 1994) and dendritic aborization
(Alfonso et al. 2004), yielding structural changes and damage to the hippocampus. The
stress-related changes may be responsible for the reductions in hippocampal volume
reported in depression (Colla et al. 2007; Saylam et al. 2006). Elevated glucocorticoid
levels secondary to hippocampal damage could produce further injury to the
hippocampus, and consequently, even greater increase in glucocorticoid levels, all due
to loss of normal hippocampal feedback inhibition. There are indications that a
persistent HPA axis dysregulation may increase the risk of depression relapse
(O'Toole et al. 1997; Zobel et al. 2001), but whether hyperactivity of the HPA axis
precedes a depressive episode or is a consequence of it remains unsolved (Steimer et

al. 2007; Holsboer et al. 1995; Mannie et al. 2007).

GR and depression

Because patients with major depression exhibit impaired HPA axis negative feedback
in the context of elevated circulating cortisol levels (Bhagwagar et al. 2003; Weber et
al. 2000), a number of studies have considered the possibility that the expression or
function of GR is reduced in depressed patients. This motion has been supported
through post mortem studies of major depressed patients where reduced GR levels
have been found in several brain areas, including the hippocampus (Lopez et al. 1998;
Webster et al. 2002a).

In the brain, GR has been proposed to modulate emotional behaviour, cognitive
functions and addictive states (Tronche et al. 1999). Successful antidepressant
treatment normalizes HPA axis hyperactivity (Heuser et al. 1996), possibly through an
increase in GR expression and function (Pariante et al. 2001; Lai et al. 2003; Seckl &
Fink 1992) leading to a restoration of the impaired negative feedback inhibition
(Pariante et al. 2004).

There are also indications that GR may also be involved in depression liability. A
recent clinical study has provided evidence that two specific polymorphisms of the GR

gene are associated with an increased risk of developing depression (van Rossum et al.
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2006). Furthermore, mice with genetically decreased GR function display depressive-
like behaviour (Ridder et al. 2005; Boyle et al. 2005), suggesting that impaired GR

signalling may lead to increased vulnerability to stress-induced depression.

The neurotrophin BDNF

BDNF in brain

BDNF is a 14 kDa protein and belongs to the neurotrophin family that also includes
nerve growth factor (NGF), neurotrophin-3 (NT-3), and neurotrophin-4 (NT-4). BDNF
is widely distributed in the central nervous system with the highest levels in the
hippocampus (Yan et al. 1997). It is predominantly produced by neurons, but is also
synthesized and released by astrocytes under the control of neuronal activity (Juric et
al. 2006; Balkowiec & Katz 2000). Early on it was believed that BDNF, like other
neurotrophins, only was secreted from post synaptic neurons, acting retrogradely on
presynaptic terminals (Wetmore et al. 1991). However, recent studies indicate that the
most important way of BDNF secretion is through anterograde transport to the axons
with subsequent release to postsynaptic neurons (Kohara et al. 2001; Adachi et al.
2005).

The expression of BDNF in the brain is regulated by a variety of factors, such as
stress (Jacobsen & Mork 2006; Nair et al. 2007), exercise (Berchtold et al. 2005),

enriched environment (Rossi et al. 2006) and ischemia (Lee et al. 2004).

BDNF in blood

Through a saturable transport system, BDNF passes the blood-brain barrier (Pan et al.
1998). In the blood BDNF is stored in platelets (Yamamoto & Gurney 1990) and
released upon platelet agonist stimulation by thrombin, Ca®*, collagen or shear stress
(Fujimura et al. 2002). But blood BDNF is not only brain derived; other peripheral
sources of BDNF include the endothelial cells (Nakahashi et al. 2000), smooth muscle
cells (Donovan et al. 1995), and eosinophils (Noga et al. 2003).

Animal studies indicate that there is a strong correlation between blood and

brain BDNF during maturation and aging (Karege et al. 2002b). Indeed, blood and
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brain BDNF levels are similarly altered by antidepressant treatment (Shimizu et al.
2003; Chen et al. 2001), in schizophrenia (Toyooka et al. 2002; Durany et al. 2001),
Alzheimer’s disease (Laske et al. 2007; Connor et al. 1997), etc.

BDNF receptors

BDNF mediates its neurotrophic effect through binding to a specific high affinity
receptor, the tropomyosin-related kinase B (TrkB), and to the low affinity
neurotrophin receptor p7SNTR. The TrkB receptor is expressed in a similar pattern as
BDNF in the brain (Fryer et al. 1996; Kokaia et al. 1993; Yan et al. 1997) and is
present in three isoforms; the full length TrkB receptor, and two truncated forms
lacking the intracellular cytoplasmic tyrosine kinase domain; TrkB T1 and TrkB T2.
The TrkB T1 receptor has been implicated as a dominant negative receptor (Haapasalo
et al. 2001) or as a protein that traps BDNF, limiting the available BDNF
concentration for the TrkB full length receptor. However, there are also indications
that TrkB T1 might have some functional properties (Rose et al. 2003).

When BDNF binds to the TrkB full length receptors they dimerize and the
intracellular tyrosine residues become auto-phosphorylated. In addition, three specific
signaling pathways that mediate the effects of BDNF are activated: the mitogen-
activated protein kinase (MAPK) pathway, the phosphotidylinositol-3 kinase/ Akt
pathway and the phospolipase C (PLC) gamma pathway (Chao 2003).

Effects of BDNF

By promoting neurogenesis, synaptic plasticity and cell survival (Schinder & Poo
2000; McAllister et al. 1999; Pencea et al. 2001), BDNF plays an important role in the
development and plasticity of the brain. Furthermore, with BDNF deficient mice the
involvement of BDNF in learning (Linnarsson et al. 1997), obesity (Lyons et al.
1999b), anxiety (Rios et al. 2001) and depression (Chan et al. 2006) has been shown.
The peripheral effects of BDNF are only sparsely investigated but indicate that BDNF
is involved in neuronal regeneration after nerve injury (Novikova et al. 1997) and in

regulating the immune system (Schuhmann et al. 2005; Schenone et al. 1996).
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BDNF and depression

Depression-related changes in BDNF

There is compelling evidence of BDNF being an important player in depression.
Clinical studies have shown that patients with major depression have decreased serum
and plasma BDNF concentrations (Karege et al. 2002a; Gonul et al. 2005; Karege et
al. 2005; Lee et al. 2007). Blood BDNF levels are negatively associated with the
clinical severity of depression (Shimizu et al. 2003). In addition, depressed patients on
antidepressant medication have increased brain BDNF levels at time of death (Chen et
al. 2001). Animal studies also indicate that BDNF and increased BDNF signalling
mediates antidepressant-like effects (Shirayama et al. 2002; Siuciak et al. 1997,
Koponen et al. 2005; Saarelainen et al. 2003). However, the exact involvement of

BDNF in the pathophysiology of depression remains unresolved.

The neurotrophin hypothesis of depression

One hypothesis for the involvement of BDNF in depression is that a stress-induced
deficiency in BDNF contributes to hippocampal pathology and to the development of
depression in vulnerable individuals (Duman et al. 1997). The hippocampus appears to
be particularly vulnerable, as chronic stress results in CA3 pyramidal atrophy and
debranching, while neurons in the amygdala exhibit enhanced dendritic aborization in
response to the same stressor (Vyas et al. 2002). According to the neurotrophin
hypothesis the increase in BDNF after antidepressant treatment (Nibuya et al. 1995;
Altar et al. 2003) helps to repair and protect the hippocampus from further damage
(Figure 2). Thus the inability of neuronal systems to exhibit appropriate, adaptive
plasticity would contribute to the pathogenesis of depression. This hypothesis is
supported by the role of BDNF in attenuating corticosterone-induced cell death (Nitta
et al. 1999), inducing neurogenesis (Pencea et al. 2001) and increasing dendritic
aborization. A recent study indicates that BDNF has a role in regulating hippocampal
volume (Pezawas et al. 2004). In addition, antidepressant treatment increase brain
BDNF levels only after chronic treatment (De Foubert et al. 2004), corresponding to
the time course for the therapeutic action of the medication. Further, the most
clinically effective antidepressants also have the largest inducing effect of BDNF

expression (Nibuya et al. 1995).
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Figure 2. The neurotrophin hypothesis of depression. Chronic stress and high levels of
glucocorticoids decrease BDNF levels and lead to atrophy and damage of hippocampal CA3
neurons, thereby increasing the vulnerability of these neurons to a variety of potential insults
(hypoxia, hypoglycaemia, neurotoxins, and viral infections). High levels of glucocorticoids
also decrease neurogenesis in the hippocampus. Antidepressant treatment increases BDNF and
results in increased growth and survival of neurons. The neurons may also be repaired and
protected against further damage. By these actions, antidepressants may reverse and prevent
the stress-induced changes in the hippocampus, relieving certain symptoms of depression.

(Adapted from Duman et al. 1997).

There are, however, some limitations for this hypothesis. There is some inconsistency
in the antidepressant-induced increase in BDNF (Vinet et al. 2004; De Foubert et al.
2004; Dias et al. 2003; Conti et al. 2002), and not all studies using mutant mice
display a role for BDNF in depression (Lyons et al. 1999; MacQueen et al. 2001).
Furthermore, infusion of BDNF into the ventral-tegmental area-nucleus accumbens

(VTA-NaC) pathway yields depressive-like behaviours (Eisch et al. 2003). The study
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of Eisch and co-workers (2003) could indicate that BDNF may produce different
effects on depression-like behaviour depending on the brain region, accounting for
different aspects of the disease phenotype.

It is possible that a deficiency in BDNF per se is not enough to yield a depressive-like
phenotype, and that a combination of other factors, such as changes in the serotonin
system, would lead to the expression of depressive-like behaviour (Ren-Patterson et al.

2005).

The serotonin system

The serotonin (5-hydrotryptamine; 5-HT) system is involved in multiple physiological
processes including sleep (Sharpley et al. 1994), appetite (McCann et al. 2007),
memory (Liy-Salmeron & Meneses 2007), learning (Hirst et al. 2006), temperature
regulation (Schwartz et al. 1995), mood (Staley et al. 1998) and sexual behaviour
(Hull et al. 2004). Furthermore, disturbances in this system have been implicated in
several disorders, such as depression (Bhagwagar et al. 2006), anxiety (Serretti et al.
2007) and dementia (Lai et al. 2005).

Within the raphe nuclei and the brainstem are clusters of 5-HT neurons that
extend their fibers through the central nervous system and are responsible for releasing
5-HT. The effects of 5-HT are mediated through multiple pre- and postsynaptic
receptors divided into seven distinct receptor families. To date there are 15 known 5-

HT receptor subtypes.

The 5-HT,a receptor

The 5-HT;a receptor is a G-protein coupled postsynaptic receptor. In the rat brain 5-
HT,a receptor is expressed in the cortex, olfactory system, septum, hippocampus,
basal ganglia, amygdala, diencephalon and brain stem (Cornea-Hebert et al. 1999). In
the hippocampus and cortex 5-HT,a receptor is predominantly expressed on pyramidal
neurons, on granule cells and GABAergic interneurons (Luttgen et al. 2004; Willins et
al. 1997). Activation of 5-HT,s receptors evokes both neuronal excitation and

inhibition (Zhou & Hablitz 1999) as it leads to the release of both glutamate
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(Aghajanian & Marek 1999) and GABA (Zhou & Hablitz 1999). In addition, 5-HT,5
receptor agonists like lysergic acid diethylamine (LSD) and 2,5-dimethoxy-4-
iodoamphetamine (DOI) have a hallucinogenic effect, while 5-HT,s receptor

antagonists are atypical antipsychotic drugs (Celada et al. 2004).

The 5-HT, receptor and its association to depression

The monoamine hypothesis of depression is based on the observation that
antidepressant treatment increase brain norepinephrine (NE) and 5-HT levels.
Although selective serotonin reuptake inhibitors (SSRI) increase 5-HT levels within
days, the clinical effects appear only after weeks of treatment. Furthermore,
monoamine depletion does not produce depression in healthy subjects (Heninger et al.
1996), indicating that a serotonin deficiency is not sufficient to elicit a depressive
state.

Both from human (Sheline et al. 2004; Mintun et al. 2004) and animal studies
(Weisstaub et al. 2006; Dwivedi et al. 2005) there is compelling evidence that the 5-
HT;4 receptor is involved in depression and anxiety modulation. Disruption of cortical
5-HT;a receptor signaling in mice is associated with reduced conflict behavior, and
restoration of 5-HT,4 receptor signaling leads to normalized behavior (Weisstaub et al.
2006). Some studies have indicated that patients with major depression have lower
hippocampal 5-HT,4 receptor binding, as shown either by in vivo imaging (Mintun et
al. 2004) or post-mortem (Rosel et al. 2004; Rosel et al. 2000). Meyer et al. (2003)
reported that patients with severe depression and high levels of dysfunctional (more
pessimistic) attitudes have increased prefrontal cortex 5-HT,4 receptor binding and the
level of dysfunctional attitudes correlates with receptor binding. This conclusion was
corroborated by Bhagwagar et al. (2006) that, in addition, showed that recovered, non-
medicated patients with a history of recurrent unipolar depression have increased
cortical 5-HT,a receptor binding in extensive parts of the cortex.

Blockade of 5-HT;a receptors inhibits the effects of stress on BDNF expression
(Vaidya et al. 1999) and confers antidepressant-like improvement in treatment-
resistant depression (Shelton et al. 2001). Therefore, the study of the interaction

between the 5-HT, receptor and BDNF in relation to depression is highly relevant.
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Glucocorticoids, BDNF and 5-HT,a receptors in depression?

BDNF has been reported to be a potent neurotrophic factor for the NE and 5-HT
system (Altar 1999; Mamounas et al. 2000), and thus, BDNF may also affect the
disordered monoamine systems in depression. Unpublished data suggest a strong co-
localization of 5-HT,s and TrkB receptors in the brain (Figure 3). Therefore,
elucidating whether BDNF may affect 5-HT4 receptor levels is highly interesting. It is
known that stress and high glucocorticoid levels are associated with changes in 5-
HT>,4 receptor levels (Dwivedi et al. 2005; Schiller et al. 2003), but the mechanism of
this regulation is still unresolved. The scope of this thesis is to study the effects of
BDNF and glucocorticoids on 5-HT,4 receptor levels and their relationship on

depression vulnerability.

Figure 3. Co-localization of 5-HT,4 and TrkB receptors. Immunohistochemistry and

co-localization of 5-HT,4 receptors and TrkB in the hippocampus. The white arrows indicate

co-localization and the yellow arrows indicate no co-localization.
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Aims of the thesis

The general aims of this thesis were to study the effect of glucocorticoids and BDNF
on 5-HT>x receptor levels and to elucidate whether low blood BDNF levels is a state

or a trait marker of depression.

The specific aims were:

L. To investigate the effects of a dysregulatory HPA axis, namely high levels of

corticosterone and altered glucocorticoid receptor (GR) signalling, on

hippocampal 5-HT;4 receptor levels.

II.  To elucidate the effects of BDNF and TrkB on frontal cortex and hippocampal

5-HT,a receptor levels.

III. To study whole blood BDNF levels in healthy subjects and in people
predisposed to depression through the combination of various risk factors:

personality profile, stressful life events, and gender.
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Materials and Methods

For detailed description of the methodological experiments, we refer to the

corresponding manuscript (appendices).

Experimental analyses

Western blot analysis

Western blot is a technique that is used to detect the expression of a specific protein in
tissue homogenates or cell extracts after size separation by using gel electrophoresis.
The protein homogenate is dissolved in a buffer containing sodium dodecyl sulphate
(SDS). This is an anionic detergent that binds quantitatively to proteins, giving them
linearity and uniform charge, so that they can be separated solely on the basis of their
size (Burnette 1981). Mercaptorethanol is also added in the buffer to reduce any
disulphide bonds within the protein. Detection of the protein of interest is conducted
after electroblotting the separated proteins onto a nitrocellulose membrane and by
using high-quality primary antibodies directed against the desired protein (Burnette
1981). The detection reaction is accomplished with horseradish peroxidase-conjugated
(HRP) secondary antibodies and chemiluminescence, yielding a highly sensitive
analytical system (Kricka 1991).

Western blot is a fast and high throughput technique for investigating protein
expression in any given tissue. The disadvantage of using western blot analysis to
other protein analyses is that information regarding the cellular and anatomical
localization within the region of interest is not obtained. Furthermore, the

quantification is only semiquantitative.

Immunoprecipitation

In order to enrich a given protein to some degree of purity from tissue or cell extracts,
a process called immunoprecipitation is conducted. Immunoprecipitation is a
technique where any antigen is precipitated by using specific antibodies directed

against the antigen of interest. As the densities of TrkB in the organotypic
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hippocampal cultures are below the detection limit of the analysis,
immunoprecipitation was performed previous to western blot analysis. The
immunoprecipitation was carried out by incubating tissue homogenate together with a
pan-Trk antibody (sc-11, Santa Cruz Biotechnology). The pan-Trk antibody
recognizes a C-terminal portion that is highly conserved in all Trk receptor isoforms
(Ip et al. 1993), thereby immunoprecipitating all Trk receptors. The TrkB receptor is
then detected by using a specific TrkB antibody.

Whole blood sample preparation and BDNF ELISA

During coagulation BDNF is released from the thrombocytes (Fujimura et al. 2002). In
whole blood samples coagulation is inhibited by the addition of EDTA. In order to
empty the thrombocytes of BDNF, whole blood was lysed with 3 % triton X-100 and
sonication (Toyooka et al. 2002). Disrupted cell membranes were discarded by
centrifugation.

Lysed blood samples were assessed for BDNF concentrations using a commonly
used commercially available two-site sandwich enzyme-linked immunoabsorbent
assay (ELISA) kit (Chemicon, Temecula, USA) (Yang et al. 2006; Palomino et al.
2006; Altar et al. 2003).

The ELISA analysis quantifies the concentration of the protein by specifically
immobilizing it to a surface by using specific primary antibodies (Engvall et al. 1971),
in this case antibodies directed towards BDNF. In sandwich ELISA primary antibody
is applied a second time creating an antibody-protein-antibody complex (Maiolini et
al. 1978). The major advantage of a sandwich ELISA is the ability to use crude or
impure samples and still selectively bind any antigen that may be present. Without the
first layer of "capture" antibody, any proteins in the sample may competitively adsorb
to the plate surface, lowering the quantity of antigen immobilized. In the detection
step, an enzymatic substrate is added that reacts with the HRP-conjugated antibody,
creating a colorimetric reaction. The limitation of ELISA lies in the specificity of the

primary antibody.
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DNA genotyping of BDNF

Real-time polymerase chain reaction (PCR) is a technique that is used to amplify and
quantify a specific part of a given DNA molecule by using specific oligonucleotide
probes (Fregeau & Fourney 1993). With this technique it is possible to determine
whether or not a specific sequence or polymorphism is present in the DNA. The
BDNF genotyping was performed using a TagMan 5’-exonuclease allelic
discrimination assay (Applied Biosystems, Foster City, California) and a multiplex
real-time PCR machine. The assay allows genotyping of the two possible variants at
the single-nucleotide polymorphism (SNP) site in a target template sequence, and
recognises the Val/Val, Val/Met and Met/Met phenotypes by using a unique pair of

fluorescent dye detectors. The actual quantity of target sequence is not determined.

In vitro and in vivo models

Adult organotypic cultures

Adult organotypic hippocampal cultures were prepared from 20-30 day-old Sprague
Dawley rat pups (Xiang et al. 2000). The pups were decapitated and the brains quickly
taken out under sterile conditions. Neuronal damage is minimized by rapid isolation
and prolonged chilling of the brain. The hippocampi were dissected and cut
transversely into 400 um-thick slices. Intact and undamaged slices were cultured on

membrane inserts at 5% CO7 atmosphere at 32°C. The first week of culturing is

critical, and to inhibit slice degeneration the slices are cultured in a high potassium
medium during the two first days. Within the first seven days the cell death and
changes in protein levels that occurs initially in the cultures stabilize (Xiang et al.
2000; Finley et al. 2004) and they can be used experimentally.

The advantages of using adult organotypic cultures are that the slice cultures
retain the connective organization found in situ that is reached after adult
developmental maturation and they can be subjected to prolonged manipulations.
Further, since the cultures are isolated from the serotonergic projections from raphe

nuclei, 5-HT, receptor changes unrelated to alterations in 5-HT levels can be
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assessed. The disadvantage is that this is an in vitro system where the hippocampus is

isolated from the normally present synaptic connections with other brain areas.

The use of adult organotypic hippocampal cultures is relatively new (Xiang et al.
2000; Wilhelmi et al. 2002), but already several studies have made use of this strong
and valuable in vitro model e.g. (Finley et al. 2004; Leutgeb et al. 2005; Leutgeb et al.
2003).

Transgenic mice models

Mutant mice with altered GR expression

In accordance with the recommendations of the Banbury conference (1997) all mice
used were F1 hybrids from two commonly used inbred strains, C57BL/6N and FVB/N
(Ridder et al. 2005). GR +/- mice were generated by homologous recombination in
embryonic stem cells (Tronche et al. 1999), and YGR mice that carry two additional
copies of the GR were generated by a transgenic approach using a yeast artificial
chromosome (Reichardt et al. 2000).

Several other mice strains with altered GR expression of function have been
generated; mice with point mutations of GR (Reichardt et al. 1998), brain-specific GR
knock-outs (Tronche et al. 1999) and a GR antisense models (Pepin et al. 1992). The
advantage of using the GR+/- mice to the other mice models is that in these mice, the
decreased GR expression may mimic the situation of patients with affective disorder
more accurately than complete GR knock-out. Furthermore, in the GR+/- and YGR
mice the regulatory principles governing the normal gene are maintained (Tronche et

al. 1999; Reichardt et al. 2000).

BDNF +/- mice

BDNF heterozygote and wild-type mice were from a breeding colony originating from
heterozygote mice from Jax strain B6.129S4-Bdnf™%/J, as described in (Nygren et
al. 2006). The mice are generated by deleting a part of exon 5 of the gene replaced by
a neomycin cassette (Ernfors et al. 1994), leading to a 50 percent reduction of BDNF

expression. Homozygote knock-out mice generated with this procedure do not survive

25



until adulthood. Mice with total BDNF depletion that do survive can be generated by a
conditional knock-out approach (Chan et al. 2006) and give the advantage of studying
the effects BDNF depletion separately from the developmental effects of BDNF. In
the BDNF +/- mice we have used, developmental compensatory mechanisms to the

reduced BDNF levels can not be discriminated to those that arise in maturation and

aging.

TrkB full length (TrkB TK) overexpressive mice

Mice overexpressing the full-length form of rat TrkB receptor under the Thyl.2
promoter have been previously described (Koponen et al. 2004b). Briefly, transgenic
mice generated by pronucleus injection of purified TrkB.TK+-Flag ¢cDNA Thyl.2
construct into hybrid embryos from CD2F1 females mated with CD2F1 males.
Transgenic male founders were mated with CD2F1 females to create a stable
heterozygous mice line. Transgenic male mice were mated with CD2F1 female mice
to produce both transgenic and wild-type control mice from the same litters.

To our knowledge this is the only mouse model with an overexpression of TrkB.

Clinical studies

Registers and cohort

By cross comparison between the Danish civil registration system, the Danish
Psychiatric Central Research Register and the Danish Twin Registry, 408 high risk
and low risk twins were identified. Of the 408 invited, 271 wished to participate.
Subsequently, 37 twins were excluded according to the exclusion criteria, resulting in
234 participants. Whole blood was collected from 206 subjects. The final cohort of
206 participants, 122 women and 84 men, were divided into four groups according to
risk of affective disorder. Additionally, a fifth group was defined as participants with

another first generation family history of affective disorder or schizophrenia (n= 14).
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In- and exclusion criteria

The inclusion criterium for high risk twins was having a monozygotic (MZ) or a
dizygotic (DZ) co-twin with a diagnosis of affective disorder (co-twin history of
affective disorder). The inclusion criterium for low risk twins was no family history of
affective disorder among the MZ or DZ co-twin or other severe psychiatric illness
among other first- degree relatives.

Exclusion criteria included a personal history of severe to moderate depression,
earlier medical treatment for an affective episode, severe organic brain disease or

schizophrenia.

Participants and non-participants

Participants (n= 206) Non-participants (n=131)
Women (%) 59.2 66.7
Age 443 +£13.3 472 +13.0
Zygosity mono (%) 31.0 333
Education years 128+3.2 124+3.2

Table 1. Characteristics of participants and non-participants (mean = SD).

Table 1 reflects the characteristics of participants and non-participants. These two
groups are very similar in sex and zygosity distribution, and education years. The sex
distribution reflects the known prevalence of affective disorder for each sex (Kendler
et al. 2006). Also the distribution of zygosity for monozygotic twins lays around one
third, which is the normal distribution for twins. The only variable that discriminated
the two groups is that the non-participants are slightly older (p< 0.05) than the

participants.

Assessment of life events and neuroticism

Participants were asked about life events in the year prior to the interview (recent life
events) and life events in their lifetime before that, using a Danish version of the
questionnaire used in the studies of Kendler and colleagues (Kendler et al. 1995). Nine

personal events (events that happened to the participants) were assessed. I addition, 22

27



network events were assessed i.e. events that occurred primarily to, or in interaction
with, an individual in the participant’s social network.

Personality dimensions were assessed using the EPQ, Danish version. The EPQ
comprises 101 items intended to measure a broad dimension of neuroticism,

extroversion and psychotism (Eysenck 1975).
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Results and Discussion

Increased GR signaling increases 5-HT,a receptor levels (Paper I)

To study the effects of altered glucocorticoid signalling on 5-HT,4 receptor levels in
the hippocampus, mice models over- and under-expressing GR were used. Mice
under-expressing GR (GR+/-) display a depression-like phenotype upon stress, while
GR over-expressing mice (YGR) are stress resistant and do not reveal depression-like
features (Ridder et al. 2005). Protein analysis on hippocampal tissue homogenate
revealed that GR+/- mice had significantly decreased 5-HT;4 receptor levels (Figure
4a). YGR mice on the other hand showed increased 5-HT,a receptor levels (Figure
4b). Our results indicate that an increased vulnerability to depressive-like behaviour is
associated with reduced 5-HT,a receptor levels. This corroborates earlier findings
where depressed patients display reduced hippocampal 5-HT, receptor binding
(Sheline et al. 2004; Mintun et al. 2004; Rosel et al. 2004; Rosel et al. 2000). Our
results on altered hippocampal 5-HT,a receptor levels in mice with reduced GR
expression contrast, however, an earlier animal study where hippocampal 5-HT»a
receptor binding was increased (Farisse et al. 2000), but are in line with a another
showing decreased hippocampal 5-HT,s receptor mRNA levels (Cyr et al. 2001).
Differences between animal studies may be due to strain differences or differences in

the generation of the animal models used.
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Figure 4. Hippocampal 5-HT»4 receptor expression in mice under- and overexpressing GR.
(a) Mice underexpressing GR (GR +/-) show significantly reduced hippocampal 5-HT,x
receptor protein levels. (b) In contrast, mice over expressing GR (YGR) show significantly

increased 5-HT,4 receptor levels. Scale bars represent mean + SEM, * p< 0.05, *** p<0.001.

To verify that a long-term activation of GR by corticosterone directly relates to 5-
HT,a receptor changes, adult organotypic hippocampal cultures were subjected to
different concentrations of corticosterone, with or without specific blockers of GR and
MR. Hippocampal slice cultures exposed to corticosterone for one day did not display
any changes in 5-HT4 receptor levels. After seven days exposure on the other hand,
application of corticosterone lead to a significant increase in 5-HT»a receptor levels.
The increase was blocked by the addition of the specific GR and MR blockers,
mifepristone and spironolactone, respectively (Figure 5). Both GR+/- and YGR mice
have no changes in basal corticosterone levels (Ridder et al. 2005). We therefore show
both in cultures and in transgenic mice with an incorporated additional copy of the GR
gene that increased GR signalling up-regulates hippocampal 5-HT;a receptor levels.
Conversely, in GR+/- mice with decreased GR levels the opposite effect is seen on
hippocampal 5-HT,s receptor levels. Furthermore, increased GR agonism, as a
regulatory mechanism for 5-HT,a receptor levels, is in line with what has been
suggested before (Garlow & Ciaranello 1995).

The alterations in 5-HT,s receptor levels seen in the different slice culture
experimental set ups were not due to changes in cell death. Further, since hippocampal
slice cultures are entirely denervated from serotonergic projections we can conclude
that the corticosterone-induced changes in 5-HT,4 receptor levels occur independently
of changes in 5-HT levels (Gartside et al. 2003). In addition, it has been consistently
shown that mice genetically modified to express GR differently have normal baseline
extracellular and total 5-HT and 5-HIAA levels (Farisse et al. 1999; Linthorst et al.
2000; Schulte-Herbruggen et al. 2006).

In conclusion, increased GR expression is associated with increased
hippocampal 5-HT, receptor levels, and decreased GR expression yields decreased

hippocampal 5-HT,x receptor levels. Furthermore, the corticosterone-induced increase

30



in 5-HT,a receptor levels appears after chronic exposure, is independent of 5-HT

levels and is blocked by specific GR and MR antagonists.
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Figure 5. 5-HT,, receptor protein expression in adult organotypic cultures exposed to

corticosterone (CORT) with and without the addition of mifepristone (Mife) or spironolactone

(Spirono). Scale bars represent mean + SEM.

5-HT,a receptor levels are associated with BDNF and TrkB levels

(Paper I1)

To study whether BDNF and TrkB has a regulatory effect on 5-HT,4 receptor levels,
adult hippocampal organotypic cultures exposed to different concentrations of BDNF,
BDNF heterozygous mice (BDNF +/-) and mice over-expressing the TrkB full length
(TrkB TK) receptor form were used.

When hippocampal slice cultures were exposed to BDNF in a chronic paradigm (5-7
days), 5-HT,4 receptor protein levels were decreased (Figure 6). No changes in 5-
HT, receptor levels were seen after a 1-3-day paradigm. In addition, the alterations in
5-HT;a receptor levels in the cultures were not accompanied by increased cell death or
synaptic degeneration.

The role of BDNF in inducing 5-HT, receptor changes was corroborated in BDNF +/-

mice, which showed increased levels of this receptor in the hippocampus.
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Figure 6. A seven-day (b), and not one-day (a), exposure to BDNF (600 ng/ml) in the
hippocampal slice cultures lead to a decrease in 5-HT,4 receptor levels (* p< 0.05). Scale bars

represent mean £ SEM.

We suggest that the changes in 5-HT,, receptor levels may be related to TrkB levels
since TrkB TK mice displayed increased 5-HT,a receptor levels in the hippocampus
and frontal cortex (Figure 7). This is supported by the finding that the increase in 5-
HT;,4 receptor levels in BDNF +/- mice was accompanied by a tendency to increased
TrkB levels. In addition, a decrease in TrkB levels was observed in organotypic
cultures exposed to the same concentration of BDNF that induces reduced 5-HT;a
receptor levels. Chronic, but not acute, BDNF exposure decreases TrkB levels (Frank
et al. 1997), as well as 5-HT;a receptor levels. Our results thus suggest that the level of
TrkB and not BDNF may regulate 5-HT,4 receptor levels (Table 2). Further, TrkB TK
mice show no changes in BDNF mRNA or protein levels (Koponen et al. 2004a;
Koponen et al. 2004b). However, whether or not TrkB directly regulates 5-HTa

receptor levels needs to be investigated in further studies.
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Our result on the increased hippocampal 5-HT;4 receptor levels in BDNF +/- mice are
in apparent contrast to earlier studies (Rios et al. 2006; Chan et al. 2006), where
BDNF conditional knock-out mice displayed decreased 5-HT,a receptor levels in
dorsal raphe nucleus and frontal cortex. In those studies, however, TrkB levels were
not measured and it is likely that TrkB levels are differently altered after total BDNF
depletion. Also, region specific differences in 5-HT»4 receptor regulation by BDNF
may also be present. No information about hippocampal 5-HT,5 or TrkB receptor

levels was presented in the papers of Rios et al. (2006) and Chan et al. (2006).

BDNF TrkB 5-HT,a receptor
Organotypic cultures + BDNF High Low Low
BDNF +/- mice Low High High
TrkB TK mice Unchanged High High

Table 2. Hippocampal BDNF, TrkB and 5-HT,a receptor levels in the organotypic slice

cultures and in two mouse models.

BDNF increases 5-HT synthesis and sprouting (Siuciak et al. 1998; Celada et al.
1996), and increased 5-HT levels lead to 5-HT,a receptor desensitization (Hanley &
Hensler 2002) and down-regulation (Gray & Roth 2001). However, no changes in 5-
HT levels are known to occur in the TrkB TK mice (Koponen et al. 2005; Saarelainen
et al. 2003), and three months old BDNF +/- mice (Lyons et al. 1999). This suggests
that the BDNF-induced changes in 5-HT,a receptor levels are independent of 5-HT
levels. Furthermore, in the adult organotypic hippocampal cultures the 5-HT
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innervation is removed upon dissection, excluding the possibility that presynaptic
serotonin mechanism is involved in the BDNF induced changes.

In conclusion, chronic BDNF exposure decreases hippocampal 5-HT,, receptor
levels. Conversely, a decreased BDNF expression is associated with increased
hippocampal 5-HT»a receptor levels. Furthermore, the BDNF-induced changes in 5-
HT;4 receptor protein levels are independent of 5-HT levels and might be mediated

through alterations in TrkB levels.

Validation of BDNF measurements in blood and the effect of

demographical data (Paper 111)

Although numerous clinical studies have identified changes in serum or blood BDNF
concentrations in patients with neuropsychiatric disorders (Toyooka et al. 2002;
Nakazato et al. 2003; Shimizu et al. 2003; Laske et al. 2007), methodological issues
regarding measurements of BDNF concentration have only been superficially
encountered. Therefore, we felt that a thorough evaluation of storage conditions and of
a commonly used ELISA based assay regarding the reproducibility and accuracy of
blood BDNF measurement was warranted. The relation between serum and whole
blood BDNF levels, inter-subject variability and the effect of demographical data on
whole blood BDNF was also investigated.

We found that the BDNF ELISA assay measures BDNF levels accurately (91.6
+ 3.0 %) and with high reproducibility (Ngeh et al. 2004; Blacksell et al. 2006). The
inter-assay variability was below 10 %, which is considered low in comparison to
other assays (Ngeh et al. 2004; Upreti et al. 2003). Furthermore, intra-subject
variability was modest and did not vary much with the time between blood sampling.
BDNF levels are better assessed in whole blood than in serum, particularly when the
BDNF measurements are not carried out immediately. Storage of whole blood samples
for up to five years at —20°C was not associated with any significant decrease in whole
blood BDNF levels. Also, repeated freezing and thawing did not affect whole blood
BDNF levels significantly. By contrast, long-term storage of serum samples was

associated with significantly lower serum BDNF levels (Figure 8). Already within
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eighth months some serum samples had BDNF levels below the detection limit of the
BDNF ELISA kit. This indicates that when stored in platelets BDNF is protected
against degradation (Pardridge et al. 1994). The weakness of this study on the effect of
storage time on BDNF levels was that is was cross-sectional. A more direct way of
assessing the effect of storage and degradation would be by using a longitudinal study
design.

Storage of whole blood samples in 4°C is not recommended as it is associated with a

decrease in BDNF levels.
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The effect of demographical data on whole blood BDNF levels was also assessed. In a
sample of 206 healthy subjects the effect of age, gender, thrombocyte count and the
BDNF Val66Met functional polymorphism on whole blood BDNF levels was
investigated. We found that female gender (Figure 9) is associated with higher whole
blood BDNF levels than male. This is in line with another study showing increased
plasma BDNF levels in women (Lommatzsch et al. 2005), but contrast two earlier
studies that found no differences in serum BDNF levels between men and women
(Lang et al. 2004; Ziegenhorn et al. 2007). Further, women and not men displayed a
right-shrewd BDNF distribution possibly explained by variations in BDNF levels
during the different stages in the menstrual cycle (Lommatzsch et al. 2005; Scharfman
et al. 2003).

We found no influence of age, thrombocyte count or the BDNF Val66Met
polymorphism on whole blood BDNF levels, which is supported by other studies on
the effect of age (Lommatzsch et al. 2005; Webster et al. 2002b) and genotype (Lee et
al. 2005; Chen et al. 2004) on BDNF levels.
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In conclusion, this study shows that the BDNF ELISA assay measures BDNF
accurately and with high reproducibility. Serum samples should be analysed
immediately, whereas whole blood can safely be stored at —20 °C for at least five
years. Whole blood samples can be thawed up to three times without any impact on
the whole blood BDNF determinations. The intra-individual variation over time in
whole blood BDNF levels is modest. Women display significantly higher whole blood
BDNF levels than men, and display a right-shrewd BDNF distribution. We failed to
identify any association between whole blood BDNF and thrombocyte count, age, or

BDNF Val66Met genotype.

**

Figure 9. Healthy women display
higher whole blood BDNF levels than
healthy men. A normal distribution of
whole blood BDNF levels was found
in men only. ** p<0.01
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Genetic predisposition, female gender and stress decreases whole
blood BDNF levels (Paper 1V)

To assess whether whole blood BDNF levels are decreased in subjects at genetic high
risk of developing depression, whole blood BDNF concentrations in a twin population
including both subjects highly predisposed and protected against affective disorder
was studied. Four different twin risk groups (206 subjects) were included: high risk
monozygotic predisposed twins (co-twin depressed), moderately predisposed dizygotic
twins, moderately protected dizygotic twins (co-twin unaffected), and highly protected
monozygotic twins. Whole blood samples were collected and assessed for BDNF
concentrations, and correlated to risk status, gender, neuroticism, and number of

stressful life events.
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We found that whole blood BDNF levels were similar in healthy twins with or without
a genetic predisposition to depression, indicating that the genetic risk of developing
depression is insufficient to induce changes in whole blood BDNF levels. Also the
number of stressful life events or the degree of neuroticism themselves did not affect
whole blood BDNF levels.

It is well acknowledged today that affective disorders are a result of an
interaction between genetic liability and environmental risk factors (Kendler et al.
1995; Caspi et al. 2003; Farmer et al. 2005). Experiencing three or more events is
associated with a great increase in depression liability, as to experiencing two or less
(Caspi et al. 2003). We found that the combination of female gender, high genetic risk
and high number of recent stressful life events is associated with lower whole blood
BDNF levels. Women highly genetically predisposed to depression that had
experienced three or more recent stressful events had decreased whole blood BDNF
levels compared to high risk women with two or less recent events (Figure 10). This
association was not found in low risk women or in high and low risk men, and
supports the notion that females with genetic predisposition to affective disorders are

particularly vulnerable to depression (Kendler et al. 2007).

“ Figure 10. The combination of high
~ 30- o genetic risk, female gender and three or
£ . .. more recent stressful life events leads to
€] —— . decreased whole blood BDNF levels. High
5 i e risk women with two or less events (0-2)
2 104 oee ':' vs. high risk women with three or more

events (3+), 21.6 £ 7.0 vs. 18.5 £ 4.1
ng/ml, * p< 0.05.

(@)

Recent events

Not only the genetic risk but also a combination of several environmental risk factors
increases depression liability. Subjects with high neuroticism and high level of stress
are at higher risk of developing depression (Kendler et al. 2004). In accordance with
this we found a tendency (p= 0.07) for women with high neuroticism score (score over
five) and three or more recent events displaying decreased whole blood BDNF levels.
By contrast, men with high neuroticism score and more than two recent life stressful

events displayed increased whole blood BDNF levels as compared to low neuroticism
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men with less than three recent stressful life events (Figure 11). This association was
irrespective of their genetic risk. It seems that in men BDNF levels are appropriately
counteracting two risk factors for depression, thereby rendering these at-risk men less

likely to develop depression.

In conclusion, the genetic risk of developing depression itself does not induce
changes in whole blood BDNF levels. In females that are genetically disposed for
depression and subjected to high number of recent stressful life events whole blood
BDNF levels are lower, indicating that BDNF dysregulation may be more important in
women’s vulnerability to depression. Thus low whole blood BDNF levels are a trait
factor for female depression. By contrast, in men BDNF levels seem to appropriately

counteract the risk factors high neuroticism and high number of recent stressful life

events.
401 *

. . Figure 11. Men with high number of
£ 3 ° o:. stressful life events (three or more) and
= 20 °lee, % high neuroticism display increased whole
£ o :

L _‘l.t%;;:_ .:: blood BDNF levels compared to men with
2 1o !2:’::' o® low number of events (two or less) and low
neuroticism. * p< 0.05.
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General discussion

This thesis seeks to identify key changes involved in depression vulnerability. The
focus for the investigation was to study the effects of BDNF and glucocorticoids on
the 5-HT;4 receptor, and further to evaluate the role of BDNF as a state or a trait

marker of depression.

5-HT,a receptor levels and depression vulnerability

In mouse models with altered GR, TrkB and BDNF expression we found differences
in 5-HT,4 receptor levels that seem to be associated with a higher or lower
vulnerability to depression. We found that the YGR and TrkB overexpressing mice
that display reduced depression-like behaviour (Ridder et al. 2005; Koponen et al.
2005; Koponen et al. 2004b), both had increased hippocampal 5-HT;4 receptor levels.
Similarly, GR+/- mice that have a predisposition to depression-like behaviour (Ridder
et al. 2005) display lower hippocampal 5-HT,4 receptor levels, suggesting that low
hippocampal 5-HT»4 receptor levels is a trait marker of depression vulnerability. The
BDNF+/- mice used in our study also had increased hippocampal 5-HT,4 receptor
levels, but data on whether BDNF+/- mice display alterations in anxiety and
depression-like behaviour have been inconsistent, showing both behavioural changes
(Chan et al. 2006) and no changes (Lyons et al. 1999). Our results from the clinical
study (paper IV) point towards low BDNF levels being a trait factor for female
depression, and when taking gender into account female BDNF+/- mice display
depression-like behaviour while male do not (Monteggia et al. 2007). Furthermore,
supportive of low 5-HT,4 receptor levels being an expression of increased depression
vulnerability, another study showed that fetal BDNF depletion is associated with a
pronounced increase in depressive-like behaviour and decreased frontal cortex 5-HT,x
receptor levels (Chan et al. 2006).

In a recent positron emission tomography (PET) study of 83 healthy subjects a
significant correlation between frontolimbic 5-HT,s receptor binding and the
personality trait neuroticism (known to infer a higher risk of developing major
depression) was found (Frokjaer et al. 2007). In that study, a trend for positive

association was also seen for hippocampus (p= 0.07). In a subset of the subjects
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predisposed to affective disorder enrolled in paper IV preliminary data however show
no differences in cortical 5-HT,4 receptor binding, as measured with PET (Frokjaer et
al. In preparation.). Our results indicate that a genetic predisposition to depression is
not firmly associated with a decrease in whole blood BDNF levels, and it is suggested
that the various risk factors for depression (high heritability, gender, stressful life
events), need to be taken into account when evaluating alterations in 5-HT;4 receptor
binding. It is currently unknown if a decrease in whole blood BDNF induce changes in
5-HT,a receptor binding in humans. In fact, a recent study from our laboratory
indicates that in healthy humans cortical 5-HT»4 receptor binding does not correlate
with whole blood BDNF levels, whereas the BDNF Val66Met functional
polymorphism is associated with lower cortical 5-HT,4 receptor binding in healthy
subjects (Marcussen et al. Submitted). This observation suggests that 5-HT,4 receptor
binding in humans may be determined during development. The BDNF Val66Met
polymorphism is associated with decreased hippocampal volume (Pezawas et al. 2004;
Chen et al. 2006), however, in genetic association studies for depression, there is little
consensus as to whether this allele confers increased susceptibility (Strauss et al. 2005;
Strauss et al. 2004; Hong et al. 2003; Schumacher et al. 2005).

Our observations support the idea that when looking at trait markers for depression
vulnerability one has to look not only on a single factor (e.g. genetic) but on the
interaction between several factors (environmental as well as endophenotypes). That is
probably why many studies until now have failed in showing a direct correlation
between specific endophenotypes, genetic or environmental factors and depression.
Furthermore, whether differences in 5-HT;4 receptor levels is a trait marker per se or
the result of an interaction between several factors and one of the main triggering

factors for depression has to be further investigated.

Atypical antipsychotic drugs and antidepressant drugs that act through blocking 5-
HT,4 receptor responses are used to increase the clinical effect of SSRI in treatment-
resistant depressed patients (Shelton et al. 2001; Marek et al. 2003). Furthermore,
chronic antidepressant treatment of rodents leads to a down-regulation of 5-HT,a
receptors although not with the more selective SSRI’s (Gray & Roth 2001). TrkB TK
mice, that display increased 5-HT,n receptor levels, however, also display
antidepressant-like behaviour in the forced swim test (Koponen et al. 2005), and

further, an intact TrkB signalling is required for mediating an antidepressant response
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(Saarelainen et al. 2003). Recently, polymorphisms in the 5-HT,a receptor gene have
been associated with the outcome of antidepressant treatment (McMahon et al. 2006;
Choi et al. 2006). One of these polymorphisms yields intronic variants and the
functional relevance of it is unknown. The other, however, lies close to the promoter
region of the gene (Spurlock et al. 1998) and would therefore affect 5-HT,a receptor
gene transcription (Du et al. 1995), indicating that 5-HT,4 receptor expression levels
are directly related to depression.

A polymorphism in the GR gene, the Bcl 1 SNP, that is associated with
increased HPA axis activity (van Rossum et al. 2002; Brouwer et al. 2006) due to a
decrease in GR receptor functionality and thereby impaired negative feedback
inhibition (van Rossum et al. 2002), has also been coupled to the outcome of
antidepressant treatment. Carriers of the Bcll SNP GR polymorphism respond poorly
to antidepressants (Brouwer et al. 2006). Increase in GR expression and function is
believed to be one of the effects of antidepressant treatment (Pariante et al. 2001; Lai
et al. 2003; Seckl and Fink 1992), and according to our results increased GR signaling
up-regulates 5-HT,a receptor levels. Also lower levels of the GR receptor was
associated with lower 5-HT»a receptor levels, therefore based on this an explanation to
the lower antidepressant response in the carriers of the the Bcl 1 SNP might be low 5-
HT,a receptor levels in this group. It would certainly be interesting to investigate
whether carrying the Bel 1 SNP is associated with lower 5-HT;4 receptor binding.

It seems from the above observations that the 5-HT,a receptor is involved in the
antidepressant effect of SSRIs and makes it very plausible that differences in this
receptor is of importance when considering the main factors involved in depression

vulnerability.

Corticosterone and BDNF as regulatory factors for 5-HT,, receptor levels

In our adult organotypic hippocampal cultures, both corticosterone and BDNF induce
opposing changes in hippocampal 5-HT;a receptor levels. It has been consistently
found that corticosterone alters BDNF expression (Jacobsen & Mork 2006; Nair et al.
2007), indicating that the effect of corticosterone on 5-HT,a receptors might be
mediated through these changes. The corticosterone-induced increase in 5-HTsa
receptor levels was blocked by both GR and MR antagonist, but acute GR blockade
also inhibits the corticosterone-induced changes in BDNF levels (Yang et al. 2004;
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Hansson et al. 2000). The corticosterone-induced changes in 5-HT;4 receptor levels
appear only after a seven-day exposure, and even though there are no studies on the
effects of chronic GR blockade, we can not exclude the possible involvement of
BDNF in the observed changes in 5-HT,s receptor levels in the organotypic
hippocampal slice cultures.

Recent studies on the GR+/- and YGR mice show that both of these mice models
have diurnal changes in BDNF levels (Schulte-Herbruggen et al. 2006; Schulte-
Herbruggen et al. 2007). In the slice culture studies we showed that BDNF induces 5-
HT,4 receptor changes only after a seven day exposure, indicating that the diurnal
fluctuations of BDNF in these mice are not sufficient in inducing the observed
changes in hippocampal 5-HT;4 receptor levels. Therefore, it is highly probable that
the observed effects on 5-HT4 receptor levels in these two mice models are through
altered GR expression and are not secondary to changes in BDNF levels. Furthermore,
other studies have earlier shown that GR signaling might be involved in 5-HTja
receptor regulation (Garlow & Ciaranello 1995; Cyr et al. 2001; Farisse et al. 2000).
Whether GR or BDNF signaling is the most important mechanisms for determining 5-
HT;4 receptor protein expression in the hippocampus needs to be further investigated

though.

Whole blood BDNF as trait marker of depression

As there is no method available of measuring in vivo brain BDNF levels in humans,
studies on BDNF have been done by assessing blood BDNF levels. In addition,
numerous studies have identified changes in blood BDNF levels in different
neuropsychiatric disorders (Toyooka et al. 2002; Shimizu et al. 2003; Azoulay et al.
2005). We assessed whole blood BDNF levels in a cohort of healthy subjects and
found a gender effect. Men display lower levels and seem to be better at regulating
their whole blood BDNF level than women, as show by the large variability of whole
blood BDNF levels in women (paper III) and that only high risk women show
decreased BDNF levels (paper 1V). The gender-specific differences in BDNF levels
may be due to differences in HPA axis regulation (Young 1998; Handa et al. 1994), as
estrogen enhances HPA axis function (Handa et al. 1994) while testosterone seems to

protect against HPA axis hyperactivity (Handa et al. 1994; Rubinow et al. 2005). In
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addition, estrogen seems to be involved in mood regulation and major depression

(Young et al. 2007; Geng et al. 2007; Douma et al. 2005).

Our gender-specific observation is well in line with depressed women showing a
greater reduction in serum BDNF levels than depressed men (Karege et al. 2002a). In
addition, recent genetic studies confirm our finding by linking BDNF to increased
vulnerability to depression (Kaufman et al. 2006; Gatt et al. 2007). Early life stress
renders BDNF levels in rodents when subjected to subsequent late life stress (Faure et
al. 2007; Nair et al. 2007). It may be that the vulnerability to stress, and therefore also
to depression, is displayed in the individual’s ability of regulating their BDNF levels
(Shelton 2007). As BDNF levels are affected throughout the different stages of the
menstrual cycle (Lommatzsch et al. 2005), it is possible that women would be more
sensitive to disturbances in the regulation of BDNF levels and therefore more

vulnerable to developing depression.

One concern when measuring blood BDNF levels is whether blood levels actually
reflect the levels in the brain. Event though brain and blood BDNF levels are similarly
changed by antidepressant treatment (Shimizu et al. 2003; Chen et al. 2001) and in
different disease states (Toyooka et al. 2002; Durany et al. 2001; Laske et al. 2007;
Connor et al. 1997), to our knowledge there is only one animal study directly assessing
the association between blood and brain BDNF levels (Karege et al. 2002b). In order
to understand the significance of the altered blood BDNF levels, the association

between blood and brain BDNF levels in humans needs to be further investigated.
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Conclusions

This thesis was undertaken to investigate the effects of BDNF and glucocorticoids on

5-HT;,s receptor levels and their relationship on depression vulnerability. Taken

together this thesis showed that:

Increased GR agonism increases hippocampal 5-HT,a receptor levels.
Conversely, a decreased GR expression leads to a down-regulation of
hippocampal 5-HT;4 receptor levels. The impact of corticosterone on 5-HT,x
receptor levels takes place independently of 5-HT levels and can be reverted by

both GR and MR blockade.

Chronic BDNF exposure independently of 5-HT levels decreases hippocampal
5-HT,4 receptor levels without affecting cell death. Reduced BDNF expression
on the other hand increases hippocampal 5-HT,4 receptor levels. The BDNF-
induced changes in 5-HT»4 receptor levels might be mediated through changes

in TrkB levels.

The BDNF ELISA assay determines BDNF levels accurately and with high
reproducibility. Long-term storage of serum, and not whole blood, samples in -
20°C is associated with a decrease in BDNF levels. Intra-subject variability in
whole blood BDNF is modest and does not vary with time between blood
sampling. Women display higher whole blood BDNF levels than men, while
whole blood BDNF levels and age, thrombocyte count or BDNF Val66Met

polymorphism are un-associated.

Whole blood BDNF levels were similar in healthy twins with or without a
genetic predisposition to depression. Also the number of stressful life events

and degree of neuroticism themselves and whole blood BDNF levels are un-
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associated. The combination of female gender, high genetic risk and high
number of stressful life events lowered whole blood BDNF levels. In men,
high neuroticism (score over four) and high number of stressful life events lead

to higher whole blood BDNF levels, irrespective of the genetic risk status.

Mice models with altered glucocorticoid or BDNF signalling and of increased and
decreased depression vulnerability showed changed 5-HT»a receptor levels. From this
we can conclude that low hippocampal 5-HT»4 receptor levels may be a trait factor of
depression. There are, however, to date limited number of human studies supportive of
this. The precise etiology and pathophysiology of depression is unknown, and the
diagnosis of depression is purely based on the presence of some core symptoms which
makes is difficult, if not impossible, to replicate in animal models. Currently there is
no available animal model that includes all aspects of depression. Therefore, even
though conducting translational research may be a strength, drawing any firm
conclusions from the results is difficult.

The results from the clinical study show that when taking genes, stress and
gender into account, low BDNF levels were found to be a trait marker of depression.
We therefore conclude that when looking at trait markers for depression vulnerability
one has to look not only on a single factor but on the interaction between several

factors; genetic, as well as environmental.
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Research perspectives

The findings presented in this thesis add to the current literature documenting on
different factors that increase depression vulnerability. The focus of this thesis was on
BDNF, glucocorticoids and 5-HT;a receptor expression. To further study the effect of
BDNF, TrkB and altered GR expression on 5-HT,s receptor levels it would be
interesting to investigate the anatomical and cellular localization of the 5-HT;a
receptor changes with autoradiography, and to expand the study by looking at other
depression-related brain areas. Furthermore, it is highly relevant to elucidate whether
there are any effects on 5-HT,a receptor mRNA levels and on the functional properties
of 5-HT,4 receptors.

Further studies are needed to elucidate the mechanism of the BDNF-induced
changes in 5-HT,a receptor levels. It needs to be confirmed that the changes are
mediated through TrkB and furthermore the intracellular pathways that are activated
could be studied by using specific blockers.

To confirm that the 5-HT, receptor protein levels are mediated through altered
GR expression, independent of corticosterone levels, 5-HT,a receptor levels should be
measured in adrenalectomised GR +/- and YGR mice. It is also important to expand
the results to human studies and to elucidate whether cortisol levels and different GR
polymorphisms may alter 5-HT4 receptor binding as measured with PET.

The involvement of 5-HT,4 receptor levels in anxiety and depression modulation
should be further studied in animal experiments using specific 5-HT,a receptor
antagonist and behavioral assessment models, and in human studies where 5-HT;a
receptor binding is measured in individuals protected and vulnerable to affective
disorder.

In our cohort of individuals genetically vulnerable to depression it would be
interesting to confirm the involvement of GR by investigating the allelic distribution
of different GR polymorphisms. The same could also be done for TrkB
polymorphisms and future potential genes and polymorphisms that may uncover the

genetic mechanism underlying the susceptibility to major depression.
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Abstract

Major depression is associated with both dysregulation of the hypothalamic pituitary
adrenal axis and serotonergic deficiency, not the least of the 5-HT2A serotonin
receptor. However, how these phenomena are linked to each other, and whether a low
5-HT2A receptor level is a state or a trait marker of depression is unknown. In adult
organotypic hippocampal cultures and mice with altered glucocorticoid receptor (GR)
expression we investigated 5S-HT2A receptor protein expression. Adult organotypic
hippocampal cultures were exposed to corticosterone with or without GR antagonist
mifepristone and mineralocorticoid receptor (MR) antagonist spironolactone, and 5-
HT2A receptor levels were quantified by Western blot.

In GR underexpressing mice, hippocampal 5-HT2A receptor levels were decreased by
26.3 £ 1.6 % (p< 0.05) as compared to wild-type mice. Conversely, in overexpressing
GR mice hippocampal 5-HT2A receptor levels were increased by 60.8 + 4.0 % (p=
0.0001) as compared to wild-type mice. Long-term exposure of 3 uM corticosterone to
organotypic hippocampal cultures increased 5-HT2A receptor levels by 91.2 + 28.7 %
(p< 0.05). The corticosterone-induced 5-HT2A receptor up-regulation was blocked by
addition of either spironolactone or mifepristone.

In conclusion, corticosterone-stimulated activation of GR increases hippocampal 5-
HT2A receptor levels directly, and conversely, a decreased GR stimulation is

associated with a decrease in 5-HT2A receptor levels.

Key words: corticosterone, spironolactone, mifepristone, adult organotypic culture,

glucocorticoid receptor transgenic mice.



Introduction

Clinical studies have suggested that depressive episodes are triggered by the combined
effects of a genetic predisposition and exposure to stress (Kendler et al. 1995; Jacobs
et al. 2006). A large proportion of patients with severe depressive episodes display
hyperactivity of the hypothalamic pituitary adrenal (HPA) axis (Weber et al. 2000;
Holsboer-Trachsler et al. 1991; Lesch et al. 1988) which may result from an impaired
feedback regulation due to altered glucocorticoid receptor (GR) (Barden 2004) or
mineralocorticoid receptor (MR) (Heuser et al. 2000; Young et al. 2003) expression or
function. Some studies have also suggested that an imbalance between GR and MR
(Lopez et al. 1998; Young et al. 2003; Holsboer-Trachsler et al. 1991) leads to an
overactive HPA axis. A recent clinical study has provided evidence that two specific
polymorphisms of the GR gene are associated with an increased risk of developing
depression (van Rossum et al. 2006). Also, when exposed to stress, mice with pre-
existing decreased GR function display depressive-like behaviour (Ridder et al. 2005;
Boyle et al. 2005), suggesting that impaired GR signalling may lead to increased

vulnerability to stress-induced depression.

Repeated stress leads to decreased hippocampal serotonin receptor 2A (5-
HT2A) levels (Schiller et al. 2003; Dwivedi et al. 2005). It is currently unclear how
this regulation takes place, but the 5S-HT2A receptor is clearly of importance since it is
specifically implicated in anxiety modulation (Weisstaub et al. 2006), in the treatment
response to antidepressants (McMahon et al. 2006), and depressed patient show lower
hippocampal 5-HT2A receptor binding (Sheline et al. 2004; Rosel et al. 2004; Mintun

et al. 2004; Rosel et al. 2000).



In this study we investigated how changes in glucocorticoid signalling
evoke alterations in 5-HT2A receptor levels in the hippocampus, a key structure for
both emotional behaviour as well as control area of the HPA axis. Mice under-
expressing GR display a depression-like phenotype upon stress, while GR over-
expressing mice are stress resistant and do not reveal depression-like features (Ridder
et al. 2005). In these models we investigated how a genetic predisposition to
depression is accompanied with changes in hippocampal 5-HT2A receptor levels. To
verify that a long-term activation of GR by corticosterone directly relates to 5S-HT2A
receptor levels, adult organotypic hippocampal cultures were subjected to different
concentrations of corticosterone, with or without specific blockers of GR and MR.
Adult organotypic hippocampal cultures are isolated from the serotonergic projections
from raphe nuclei and thus allows for studies of assessment of 5-HT2A receptor
changes unrelated to corticosterone-induced alterations in 5-HT levels. Furthermore,
by using adult organotypic cultures as opposed to using cultures from premature
animals, it is possible to directly correlate the results from the cultures studies with

those from the GR under- and over-expressing mice.

Materials and methods

Mutant mice with altered GR expression

In accordance with the recommendations of the Banbury conference (1997) all mice
used in our experiments were F1 hybrids from two commonly used inbred strains,
C57BL/6N and FVB/N, as described previously (Ridder et al. 2005). This results in a
so-called hybrid vigour that can reduce the impact of genetic alterations compared to a
mixed or inbred genetic background (Wolfer et al. 2002). On the other hand, the

detection of phenotypic alterations or pathologies in mice on a hybrid background



implies that the consequences of the underlying mutations are robust and reliable.
GR™" mice were generated by crossing heterozygous C57BL/6N males (backcrossed
with the mutation for >10 generations) with wild-type FVB/N females. For all
experiments, male GR"" mice and their male wild-type littermates were used. YGR
mice that carry two additional copies of the GR were generated by a transgenic
approach using a yeast artificial chromosome (Reichardt et al. 2000). YGR mice were
also bred as F1 hybrids from C57BL/6N and FVB/N (Ridder et al. 2005). Animals
were supplied with food and water ad libitum and were kept single caged on a 12h:12h
dark-light cycle (lights on at 6:00 in the morning), similarly as for the behavioural and
biochemical studies described elsewhere (Ridder et al. 2005; Schulte-Herbruggen et
al. 2006a). For the experiments described here, five-months-old GR and seven-
months-old YGR male mice were decapitated and the hippocampi dissected out,
frozen on dry ice and stored in —80 °C until further processing. German animal welfare

authorities (Regierungspriasidium Karlsruhe) had approved all animal experiments.

Animals for culture
Sprague Dawley rat pups were purchased from Charles Rives, Germany and housed
under standard conditions. After arrival they were allowed to acclimatise for at least 5

days. The rats were treated in compliance with the European Communities Council

Resolves of 24th November 1986 (86/609/ECC) and the study was approved by

Danish State Research Inspectorate (J No 2002/561-527).

Adult organotypic hippocampal culture
Adult organotypic hippocampal cultures were prepared from 20-30 day-old Sprague

Dawley rat pups (Xiang et al. 2000), as adult organotypic hippocampal cultures from



mouse pups are not established in our laboratory. The pups were decapitated and the
brains quickly taken out under sterile conditions. The hippocampi were dissected in

ice-cold, pre-aerated (95% O2, 5% CO2) Gey's Dissection Buffer (1.5 mM CaCly, 5.0
mM KCI, 0.2 mM KHpPO4, 10 mM MgCly, 0.12 mM MgSO4, 0.12 M NaCl, 27 mM
NaHCO3, 0.7 mM NapHPO4, 32 mM D-glucose, 24 mM HEPES), and cut

transversely into 400 pum-thick slices. Intact and undamaged slices were selected under

microscope and cultured on membrane inserts (Millipore, Bredford, USA) at 5% CO»

atmosphere at 32°C, and in culture medium containing a high concentration of
potassium (50% basal medium Eagle, 25% inactivated horse serum, 25% Earle’s basal
salt solution, 25mM HEPES (pH 7.2), 27 mM D-glucose, | mM L-glutamine, all from
Invitrogen, Denmark). After two days they were cultured in a medium with
physiological concentrations of potassium (50% basal medium Eagle, 25% inactivated
horse serum, 25% home made solution (2.2 mM MgSQO4, 0.96 mM Na,HPO,, 34 mM
NaHCOs3, 57 mM NaCl, 1.8 mM CacCl,), 25mM HEPES (pH 7.2), 27 mM D-glucose,

1 mM L-glutamine).

Exposure of organotypic hippocampal slice cultures

After one week in culture the hippocampal brain slices were exposed to three different
concentrations of corticosterone (0.1, 0.9, 3uM, Sigma Aldrich, St Louise, USA) for
one or seven days. Corticosterone was dissolved in 70% ethanol and diluted in culture
media (50% basal medium Eagle, 10% inactivated horse serum, 40% Homemade
Solution, 25mM HEPES (pH 7.2), 27 mM D-glucose, | mM L-glutamine). Control
cultures and cultures stimulated with corticosterone were subjected to ethanol
concentration below 0.0175%. Addition of corticosterone to the medium every second

day was needed in order to maintain a constant concentration. The corticosterone



concentration in the medium was monitored and measured with ELISA (data not
shown here).

In another experimental set up, cultures were exposed to 3 uM
corticosterone alone or in combination with GR antagonist mifepristone (RU-38486, 1,
3, 6 uM Sigma Aldrich) or MR antagonist spironolactone (1, 3, 6 uM, Sigma Aldrich).
Mifepristone (6 uM) and spironolactone (6 uM) were also added to cultures alone.
Control cultures and cultures stimulated with spironolactone or mifepristone were at
no time subjected to ethanol concentrations over 0.0175%. At the end of each
experimental set up the hippocampal slice cultures were frozen in liquid nitrogen and

kept in -80°C until further processing.

Western blot analysis

Adult organotypic hippocampal slices cultures and hippocampus from mice with
altered GR expression mice were homogenized in ice-cold homogenate buffer
containing a cocktail of protease inhibitors (50 mM Tris-HCI, pH 7.4, 1 mM EDTA,
70 mM 4-(2-aminoethyl) benzenesulfonyl fluoride (AEBSF), 0.05 mM aprotinin, 1
mM leupeptin, 2 mM bestatin, 1 mM pepestatin A, | mM E-64 (Sigma, Saint Louis,
Missouri, USA)), and centrifuged at 13,000 g, 20 minutes, 4 °C. The pellet was
dissolved in 2x SDS sample buffer (125 mM Tris-HCI, pH 6.8, 4% sodium dodecyl
sulphate (SDS), 20% glycerol, 12% 2-mercaptoethanol) and the protein concentration
measured with modified Lowry method (Hartree 1972)(DC Protein Assay, BioRad
Laboratories, Herlev, Denmark). Protein-matched samples were heated for 5 min, 100
°C and run on 6 % SDS-polyacrylamide gel (60 minutes, 150 V, 4 °C). The proteins
were electro blotted (350 mA, 1 h, and 4 °C) on to a nitro-cellulose membrane, and the

membrane was blocked for unspecific binding with 5% bovine serum albumin or 5%



non-fat dry milk (1 h, RT). Incubation with anti-5-HT2A receptor (1:1000, BD
Bioscience, Brondby, Denmark), anti-stress-activated protein kinase/Jun-N-terminal
kinase (SAPK/JNK; 1:2000, Cell Signaling, Danvers, MA, USA), anti phospho-
SAPK/JINK (1:1000) or cleaved caspase-3 (1:1000, Cell Signaling) was conducted
over night at 4 °C. Protein band detection was done by 1 h incubation with horseradish
peroxidase-conjugated secondary antibody (DakoCytomation, Glostrup, Denmark) and
chemiluminescence detection reagent (Amersham Bioscience, Buckinghamshire, UK)
on hyperfilm (Amersham Bioscience, Buckinghamshire, UK). The membrane was
stripped to remove the antibodies (62.5 mM Tris-HCI (pH 6.7), 2% sodium dodecyl
sulphate, 0.7% 2-mercaptoethanol, 30 min, 55 °C) and re-incubated with rabbit anti-f3-
actin (1:5000, Sigma). The optical density of the protein band was quantified with

Scion Image (Scion Corporation, www.scioncorp.com). The 5-HT2A receptor optical

density was expressed as percentage of the corresponding -actin protein band.

Statistics

For group comparison, two-tailed unpaired t-test and one-way ANOVA was used.
Kolmogorov-Smirnov’s normality test was used to investigate normal distribution. In
case of the absence of a normal distribution, the data was In-transformed to
accommodate to a normal distribution or a non-parametric test was used. All data are

presented as means £ SEM. Significance level was set at p< 0.05 (two-sided).

Results

5-HT2A receptor receptor densities in GR transgenic mice
Western blot analysis on hippocampal protein extracts showed a 26.3 = 1.6 %

reduction of 5-HT2A receptor protein content in GR"” mice (Fig. 1a, n=4-5, t=2.527,


http://www.scioncorp.com)/

p=0.039) compared to wild-type littermates. The YGR mice, on the other hand,
demonstrated a 60.8 + 4.0 % increase (Fig. 1b, n=5, t=7.610, p=0.0001) in 5-HT2A

receptor levels in comparison to their wild-type controls.

5-HT2A receptor densities in organotypic hippocampal cultures exposed to
corticosterone

Organotypic hippocampal cultures exposed to corticosterone (0.1, 0.9, or 3 uM) for
one day did not show any changes in 5-HT2A receptor protein content (n= 7-8).
However, after seven days exposure to 3 uM corticosterone, S-HT2A receptor receptor
levels were significantly increased by 91.2 + 28.7 % as compared to the control

condition (Fig. 2, n= 8, t=2.67, p=0.019).

Blockage of GR with mifepristone

In a new series of experiments corticosterone was added to the organotypic cultures
for a period of seven days with or without mifepristone, a commonly used blocker of
GR. Addition of 3 uM corticosterone again led to a significant increase in 5-HT2A
receptor levels (Fig. 3, n= 7-8, t= 0.027, p= 0.027); the increase was blocked by
addition of mifepristone (at all doses, 1, 3 and 6 uM). One-way ANOVA showed a
tendency (p= 0.078) towards 6 uM mifepristone significantly blocking the increase in
5-HT2A receptor levels compared to cultures treated with 3 uM corticosterone. This
tendency is significant when applying a t-test (n= 8, t= 2.473, p= 0.04). Mifepristone
(6 uM) alone did not influence 5-HT2A receptor levels (n=8).

There was no apoptosis in organotypic cultures treated with corticosterone or

mifepristone, as shown by analysis of pSAPK/INK and cleaved caspase -3 (Fig. 4).



Blockage of MR with spironolactone

In a third series of culture experiments we investigated the role of the MR in the 5-
HT2A receptor corticosterone response. As before, addition of 3 pM corticosterone to
the organotypic cultures resulted in the expected increase of 5-HT2A receptor levels
(Fig. 5, n="7, sum of ranks 32, 73, p=0.007). One-way ANOV A showed that addition
of 3 uM spironolactone in combination with 3 uM corticosterone significantly
decreased 5-HT2A receptor levels when compared with the cultures treated with
corticosterone only (Fig. 5, n=7-8, F=3.721, p=0.043). Spironolactone (6 pM) alone
had no effect on 5-HT2A receptor levels (n= 8).

There was no apoptosis in organotypic cultures treated with corticosterone or

spironolactone, as shown by analysis of pSAPK/JNK and cleaved caspase -3.

Discussion

Here we demonstrate that congenital under- or over-expression of GR causes
characteristic alterations of 5-HT2A receptor protein levels in the adult mouse
hippocampus. Specifically, we are the first to show that GR over-expressing YGR
mice display a significant increase in hippocampal 5-HT2A receptor levels, while
GR+/- mice display significantly lower levels. The GR+/- mice display increased
helplessness after a stress exposure (Ridder et al. 2005) and they also have the lowest
hippocampal 5-HT2A receptor levels. Induced helplessness is considered a
manifestation of depressive behaviour in rodents (Henn and Vollmayr 2005). By
contrast, mice over-expressing GR are less helpless in the same stress paradigm
(Ridder et al. 2005) and they also had the highest 5-HT2A receptor levels.

Interestingly, low frontal cortex 5-HT2A receptor binding has in humans been
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associated to the personality trait hopelessness, which is associated with a higher
vulnerability to depression (van Heeringen et al. 2003). Our observations suggest that
low hippocampal 5-HT2A receptor levels potentially constitute an endogenous
manifestation of a vulnerability to depression rather than being a consequence of it.
Future studies must, however, reveal whether decreased hippocampal 5-HT2A

receptor levels are associated with susceptibility to depressive-like behaviour.

Currently, there is some evidence for a genetic component in the involvement of the
HPA-axis in mood disorders. Impaired feedback regulation and mild hypercortisolism
pre-exist in healthy subjects at genetic risk for depression (Holsboer et al. 1995; Zobel
et al. 2004) and polymorphisms of the GR gene (van Rossum et al. 2006; van West et
al. 2006) are associated with a vulnerability to depression. This suggests that an
imbalance in the HPA axis may precede the manifestation of clinical symptoms. In
this study we show that altered corticosterone levels, the net outcome of imbalances in
the HPA axis, have a direct regulatory role on hippocampal 5-HT2A receptor levels.
Also, a positive association between GR expression and 5-HT2A receptor levels
support that it is the total GR signaling that regulates 5-HT2A receptor levels.
Interestingly, carriers of the Blc1 GR polymorphism respond poorly to antidepressants
(Brouwer et al. 2006), and we now suggest that this may be due to lower hippocampal
5-HT2A receptor levels in this group of non-responders. This notion is supported by
the identification of a connection between antidepressant efficacy and 5-HT2A
receptor functionality (Choi et al. 2005; McMahon et al. 2006). In in vivo imaging
studies, cortical 5-HT2A receptor binding has both been reported to be increased
(Bhagwagar et al. 2006) or decreased (Messa et al. 2003) in depression. For

hippocampus, however, there is converging evidence that 5-HT2A receptor binding is
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decreased in depressed subjects (Sheline et al. 2004; Rosel et al. 2004; Mintun et al.

2004; Rosel et al. 2000).

Repeated stress in rats is associated with a decrease in hippocampal 5-HT2A receptor
levels (Dwivedi et al. 2005; Schiller et al. 2003), but it is not known to what degree
such a stress-associated down-regulation of 5-HT2A receptor is mediated through the
HPA axis. We here show both in cultures and in transgenic mice with an incorporated
additional copy of the GR gene, that increased GR and MR signaling up-regulates
hippocampal 5-HT2A receptor levels. Conversely, in GR™ mice with decreased GR
levels the opposite effect is seen on hippocampal 5-HT2A receptor levels. The GR
transgenic mice in our study had normal basal corticosterone concentrations (Ridder et
al. 2005) supporting the notion that the observed effects on 5S-HT2A receptor levels
are related to altered GR levels and not to changes in corticosterone levels. Repeated
stress decreases hippocampal GR mRNA and protein levels (Kim et al. 1999; Dronjak
et al. 2004), and GR levels remain decreased also after normalisation of corticosterone
levels (Sebaai et al. 2002; Paskitti et al. 2000). Based on our results the decreases in
hippocampal 5-HT2A receptor levels after long-term stress in the study of Dwivedi et
al. 2005 might be due to a net decrease in GR transmission. In our hippocampal
culture the increase of 5-HT2A receptor by addition of corticosterone is the result of
long-term occupancy of hippocampal GR. Even though long-term exposure to high
corticosterone levels may have an effect on hippocampal GR levels in our cultures, the
net result of sustained high corticosterone concentrations is an increased GR
signalling. Furthermore, an increased GR and/or MR agonism, as a regulatory
mechanism for 5-HT2A receptor levels, is in line with what has been suggested before

(Garlow and Ciaranello 1995).
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In the mice genetically modified in terms of GR expression, some effect on
the MR density is also likely to occur, at least according to Farisse and co-workers that
observed a 20-30 % decrease in MR density in GR deficient mice (Farisse et al. 2000).
It is known that a balanced activation of GR and MR is important to maintain
homeostasis and to protect against stress-related brain disorders (De Kloet et al. 1998).
Accordingly, the ratio between GR and MR activation may be important for
determining 5-HT2A receptor levels. When activated, GR and MR are translocated
from the cytoplasm to the nucleus where they influence gene transcription (De Kloet et
al. 1998). Heterodimers of GR/MR are suggested to regulate the transcription of the 5-
HT1A gene (Ou et al. 2001). Only after seven days exposure to corticosterone an
increase in hippocampal culture 5-HT2A receptor levels was seen. This supports that
the GR and MR mediated increase in 5-HT2A receptor density takes place at the
transcriptional level. Reduced hippocampal 5-HT2A receptor mRNA expression in the
CA3 and hilus of mice with reduced GR expression has been earlier found (Cyr et al.

2001).

The change in 5-HT2A receptor receptor density in the GR transgenic mice might also
be mediated through changes in serotonin levels. It has been reported that
corticosterone increases extracellular 5-HT (Gartside et al. 2003). It has, however,
been consistently shown that mice genetically modified to express GR differently have
normal baseline extracellular and total 5-HT and 5-HIAA levels (Farisse et al. 1999;
Linthorst et al. 2000; Schulte-Herbruggen et al. 2006a; Schulte-Herbruggen et al.
2006b). Changes in 5-HT and 5-HIAA only seem to occur in mice with altered GR
expression after exposure to stress (Farisse et al. 1999; Linthorst et al. 2000) and

accordingly, corticosterone levels increase above basal levels only when GR modified
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mice are subjected to stress (Ridder et al. 2005). The mice included in our study had
not previously been exposed to any stress paradigm, and when housed under standard
conditions they do not display any changes in corticosterone levels (Ridder et al.
2005). Again, the advantage of the organotypic hippocampal cultures is that it is
entirely denervated from serotonergic projections. Our results point thus to a direct
effect of GR and MR activation in regulating 5-HT2A receptor levels.

In conclusion, an increased GR expression increases hippocampal 5-HT2A receptor
protein levels directly. Conversely, a decreased GR expression leads to a down-
regulation of hippocampal 5-HT2A receptor protein levels. The impact of
corticosterone on 5-HT2A receptor receptor levels takes place independently of 5-HT

levels and can be reverted by both GR and MR blockade.
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Figure legends

Fig. 1 Hippocampal 5-HT2A receptor protein expression in mice under- and

overexpressing GR. (a) Mice underexpressing GR (GR +/-) show significantly reduced

(26.3 £ 1.6 %, * p< 0.05) hippocampal 5-HT2A receptor protein levels. (b) In contrast,
mice over expressing GR (YGR) show significantly increased (60.8 + 4.0 %,

*#% p<0.001) 5-HT2A receptor levels. Scale bars represent mean £ SEM.

Fig. 2 5-HT2A receptor protein expression in adult organotypic hippocampal cultures
exposed to corticosterone. Long-term, and not acute, exposure of high corticosterone

concentrations (3 uM) increase hippocampal 5-HT2A receptor protein levels

(* p< 0.05). Grey bars represent one-day exposure to corticosterone, and black seven-

day exposure. Scale bars represent mean = SEM.
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Fig. 3 5-HT2A receptor protein expression in adult organotypic cultures exposed to
corticosterone with and without the addition of mifepristone. Blockade of GR by
mifepristone inhibits the corticosterone-induced increase in hippocampal 5-HT2A

receptor levels. (CORT; corticosterone, Mife; mifepristerone). Scale bars represent

mean + SEM.

Fig. 4 Analysis of tissue mortality in adult organotypic cultures. (a) Adult hippocampal
slices exposed to corticosterone (3 uM) and mifepristone for seven days do not express
pJNK nor cleaved caspase 3 (b). Neither is there any apoptosis in cultures exposed to
corticosterone and spironolactone (blot not shown here). The blot for JNK displays the
two characteristic protein bands at 54 and 46 kDa. The samples were blottet together
with a positive and negative control for pJNK (c) and cleaved caspase 3 (d),
respectively, consisting of commercially bought cell lysates treated with UV light or

staurosporine (Cell Signaling).

Fig. 5 5-HT2A receptor protein expression in adult organotypic cultures exposed to
corticosterone with and without the addition of spironolactone. Blockade of MR by
spironolactone normalizes hippocampal 5-HT2A receptor levels, and inhibits the

corticoterone-induced increase. (CORT; corticosterone, Spirono; spironolactone).

Scale bars represent mean + SEM.
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Figure 2
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Abstract

Both brain-derived neurotrophic factor (BDNF) and serotonin receptor 2A (5-HT2A)
have been associated with depression. The nature of the interaction between BDNF
and its receptor tropomyosin-related kinase B (TrkB) and 5-HT2A receptor levels is,
however, unknown.

5-HT2A receptor levels were analysed by Western blot in mature hippocampal
organotypic cultures exposed to BDNF (1, 3, 5 and 7 days) and BDNF deficient mice
(BDNF +/-). To elucidate whether S-HT2A receptor levels depend on TrkB levels,
hippocampal and frontal cortex 5-HT2A receptor levels were measured in mice
overexpressing TrkB full length receptor (TrkB TK), and TrkB levels were assessed in
BDNF +/- mice and slice cultures exposed to BDNF.

Seven days exposure to BDNF (600ng/ml) decreased hippocampal 5-HT2A receptor
levels (66 + 3.8%, p< 0.05) without affecting synaptic protein expression or inducing
cell death. Less than seven days exposure did not have any significant effect on 5-
HT2A receptor levels. BDNF+/- mice showed increased 5-HT2A receptor levels in
hippocampus (206 + 43%, p< 0.05). TrkB TK mice had increased hippocampal and
frontal cortex 5-HT2A receptor levels compared to wild-type, 139 + 8.2% and 121 +
7.3% (p< 0.05), respectively. Further, cultures exposed to BDNF (600 ng/ml) for
seven days had decreased TrkB levels (p< 0.05) and BDNF +/- mice showed a
tendency towards increased TrkB levels.

In conclusion, BDNF induces changes in 5-HT2A receptor levels and we suggest that
that these changes are mediated through alterations in TrkB levels. The specificity of

this regulation needs to be further studied.



Keywords: brain-derived neurotrophic factor (BDNF), 5-HT2A, TrkB, mature
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Introduction

Brain-derived neurotrophic factor (BDNF) is a member of the neurotrophin family. It
is widely distributed in the brain with the highest levels in the hippocampus (Yan et al.
1997) and it mediates its neurotrophic effect through binding to a high affinity
receptor, the tyrosine receptor kinase B (TrkB). Through its promotion of
neurogenesis, synaptic plasticity and cell survival (Schinder and Poo 2000; McAllister
et al. 1999; Pencea et al. 2001), BDNF plays an important role in the development and
plasticity of the brain.

Numerous studies implicate BDNF in major depression. Depressed patients display
decreased serum and plasma BDNF levels (Karege et al. 2002; Gonul et al. 2005;
Karege et al. 2005; Lee et al. 2006) and BDNF levels are negatively correlated with
disease severity (Shimizu et al. 2003). Furthermore, brain BDNF levels are increased
in post-mortem patients treated with antidepressant medication (Chen et al. 2001) and
in rats an infusion of BDNF has antidepressant effects (Shirayama et al. 2002).
Exactly how BDNF is involved in the pathophysiology of depression remains
unresolved.

The serotonin receptor 2A (5-HT2A) is involved in both depression and anxiety
modulation as has been well established in human (Sheline et al. 2004; Mintun et al.
2004) and animal studies (Weisstaub et al. 2006; Dwivedi et al. 2005; Trajkovska et
al. 2007). Depressed patient show lower hippocampal 5-HT2A receptor binding
(Sheline et al. 2004; Mintun et al. 2004; Rosel et al. 2004; Rosel et al. 2000) and
animals with disruption of the 5-HT2A receptor display reduced conflict behaviour
(Weisstaub et al. 2006). Similarly, animals genetically engineered to have a hyper- or
hypofunctional hypothalamic-adrenal-pituitary axis with resulting higher or lower

predisposition to depression-like behavior also show differences in hippocampal 5-



HT2A receptor levels (Trajkovska et al. 2007). Identifying the factors behind 5-HT2A
receptor regulation is therefore of importance for understanding the neurobiological
mechanisms preceding depression.

In this study we investigated whether BDNF has a regulatory effect on 5-HT2A
receptor levels. We exposed mature hippocampal organotypic cultures to different
concentrations of BDNF for respectively between one day and one week. Mature
organotypic hippocampal cultures offer the advantages of retaining the connective
organization found in situ that is reached after adult developmental maturation.
Further, since they are isolated from the serotonergic projections from raphe nuclei,
one can assess 5S-HT2A receptor changes unrelated to BDNF-induced alterations in 5-
HT levels. To assess whether the BDNF induced changes in 5-HT2A receptor levels
also applied in vivo we determined 5-HT2A receptor levels in BDNF heterozygous
mice (BDNF+/-). Further, since increased BDNF-TrkB signalling is associated with
antidepressant-like effects (Koponen et al. 2005), we also investigated whether
changes in TrkB receptor levels could be involved in the 5S-HT2A receptor regulation
by BDNF. To determine this we made use of mice overexpressing the TrkB full length
(TrkB TK) receptor form. Changes in TrkB levels in BDNF +/- mice and BDNF

treated organotypic cultures were also analyzed.

Materials and Methods

Animals for culture
Sprague Dawley rat pups were purchased from Charles Rives, Germany and housed
under standard conditions. After arrival they were allowed to acclimatise for at least 5

days. The rats were treated in compliance with the European Communities Council



Resolves of 24th November 1986 (86/609/ECC) and the study was approved by

Danish State Research Inspectorate (J No 2002/561-527).

Mature organotypic hippocampal culture

Mature organotypic hippocampal cultures were prepared from 20-30 day-old Sprague
Dawley rat pups (Xiang et al. 2000). The pups were decapitated and the brains quickly
taken out under sterile conditions. The hippocampi were dissected in ice-cold, pre-

aerated (95% O2, 5% CO7) Gey's Dissection Buffer (1.5 mM CaClyp, 5.0 mM KClI,
0.2 mM KHpPO4, 10 mM MgClp, 0.12 mM MgSO4, 0.12 M NaCl, 27 mM NaHCO3,
0.7 mM NapHPO4, 32 mM D-glucose, 24 mM HEPES), and cut transversely into 400

um-thick slices. Intact and undamaged slices were selected under microscope and

cultured on membrane inserts (Millipore, Bredford, USA) at 5% CO? atmosphere at

32°C, and in culture medium containing a high concentration of potassium (50% basal
medium Eagle, 25% inactivated horse serum, 25% Earle’s basal salt solution, 25mM
HEPES (pH 7.2), 27 mM D-glucose, 1 mM L-glutamine, all from Invitrogen,
Denmark). After two days they were cultured in a medium with physiological
concentrations of potassium (50% basal medium Eagle, 25% inactivated horse serum,
25% home made solution (2.2 mM MgSQO,, 0.96 mM Na,HPO4, 34 mM NaHCOs3, 57
mM NaCl, 1.8 mM CaCl,), 25mM HEPES (pH 7.2), 27 mM D-glucose, 1 mM L-

glutamine).

Exposure of organotypic hippocampal slice cultures
After one week in culture the hippocampal brain slices were exposed to three different
concentrations of BDNF (70, 200, 600 ng/ml, PeproTech, USA) for one or seven days.

In a subsequent hippocampal brain slices were exposed to 600 ng/ml BDNF for 3, 5 or



7 days. To maintain a constant BDNF concentration in the medium, a fresh BDNF and
medium was added to the cultures every day. Stability of BDNF concentration in the
culture media was monitored in a pilot experiment by ELISA (data not shown here)
and these results confirmed that the media had to be changed on a daily basis.

At the end of each experimental set up the hippocampal slice cultures were frozen in
liquid nitrogen and kept at -80°C until further processing. For analysis of TrkB levels
four wells containing 12 hippocampal slices exposed for 7 days to the highest BDNF

concentration were pooled, and kept at -80°C until further processing.

BDNF +/- mice

BDNF heterozygote and wild-type mice were bred from heterozygote mice from Jax
strain B6.129S4-Bdnf™?¢/J, as described in (Nygren et al. 2006). Homozygote knock
out mice do not survive until adulthood. The pups were genotyped as described
previously (Ernfors et al. 1994). The mice were housed with a 12 hr light-dark cycle
and given food and water ad libitum. Animals included in this study were male and
female BDNF+/- and wild-type mice, all at the age of 10-11 weeks. Hippocampus and
frontal cortex was dissected, immediately frozen and stored at -80°C until further

processing.

TrkB overexpressive mice

Mice overexpressing the full-length form of rat trkB receptor under the Thy1.2
promoter have been previously described (Koponen et al. 2004b). Hippocampus and
prefrontal cortical tissues were dissected from 4-5 week-old transgenic mice and wild

type littermates and immediately frozen and stored at -80°C until further processing.



Protein extract preparation

Mature organotypic hippocampal slices cultures and hippocampus or frontal cortex
from mice with altered TrkB and BDNF expression were sonicated in ice-cold
homogenate buffer containing a cocktail of protease inhibitors (50 mM Tris-HCI, pH
7.4, 150 mM NaCl, 1% Triton X-100, 0.1% sodium dodecyl sulphate (SDS), 5 mM
EDTA, 70 mM 4-(2-aminoethyl) benzenesulfonyl fluoride (AEBSF), 0.05 mM
aprotinin, 1 mM leupeptin, 2 mM bestatin, 1 mM pepestatin A, 1 mM E-64 (Sigma,
Saint Louis, Missouri, USA) and the protein concentration measured with modified
Lowry method (Hartree 1972) (DC Protein Assay, BioRad Laboratories, Herlev,

Denmark).

Immunopercipitation of Trk

For analysis of TrkB levels in the organotypic cultures Trk immunoprecipitation was
performed previous to the western blot analysis to increase the amount of detectable
TrkB levels. Protein (180 pg) was incubated on a rotator (15 rpm) overnight at 4°C
with immunopercipitation buffer (67% Triton X-100, 7mM Tris, pH 8.0, 46 mM
NaCl, 16 mM NaF, 0.3% NP-40, 3.3 % glycerol, 2mM Na3;VO,) and pan-Trk antibody
(sc-11, Santa Cruz Biotechnology, Santa Cruz, CA, USA). Protein G-linked Sepharose
beads (Zymed, San Fransisco, CA, USA) were added and the samples re-incubated on
the rotator, followed by centrifugation at 16,100 x g, 3 min, 4°C. The pellet was re-

suspended, washed several times and analyzed by western blot.

Western blot analysis
Protein-matched samples were dissolved in 2x SDS sample buffer (125 mM Tris-HCI,

pH 6.8, 4% SDS, 20% glycerol, 10% 2-mercaptoethano), heated for 5 minutes, 100 °C



and run on 6-8 % SDS-polyacrylamide gel (60 minutes, 150 V, 4 °C). The proteins
were electro blotted (350 mA, 1 h, and 4 °C) on to a nitro-cellulose membrane, and the
membrane was blocked for unspecific binding with 5% bovine serum albumin or 5%
non-fat dry milk (1 h, RT). Incubation with anti-5-HT2A receptor (1:1000, BD
Bioscience, Brondby, Denmark), anti-TrkB (1:2000, BD Bioscience), anti-
Synaptophysine (1:2000, Chemicon, Temecula, LA, USA), anti-Synaptotagmin
(1:1000, BD Bioscience), anti-Syntaxin (1:10 000, Chemicon), anti-stress-activated
protein kinase/Jun-N-terminal kinase (SAPK/JINK; 1:2000, Cell Signalling, Danvers,
MA, USA), anti-cleaved caspease 3 (1:1000, Cell Signalling) or anti-phospho-
SAPK/JINK (1:2000, Cell Signalling) was conducted over night at 4 °C. Protein band
detection was done by 1 hour incubation with horseradish peroxidase-conjugated
secondary antibody (DakoCytomation, Glostrup, Denmark) and chemiluminescence
detection reagent (Amersham Bioscience, Buckinghamshire, UK) on hyperfilm
(Amersham Bioscience, Buckinghamshire, UK). After detection with the primary
antibody, the membrane was stripped (Restore Western blot Stripping Buffer, Pierce
Biotechnology, Rockford, IL, USA) and re-incubated with rabbit anti--actin (1:5000,
Sigma). The optical density of the protein bands was quantified with Scion Image

(Scion Corporation, www.scioncorp.com). The 5-HT2A optical density was expressed

as percentage of the corresponding 3-actin protein band.

Statistics
For group comparison, two-tailed unpaired t-test and one-way ANOVA was used.
Kolmogorov-Smirnov’s normality test was used to investigate normal distribution. In

case of the absence of a normal distribution, the data was logarithmically transformed


http://www.scioncorp.com)/

to accommodate to a normal distribution or a non-parametric test was used. All data

are presented as means = SEM. Significance level was set at p< 0.05 (two-sided).

Results

Decreased 5-HT2A receptor levels in slice cultures exposed to BDNF
Organotypic hippocampal cultures were exposed to BDNF (70, 200 or 600 ng/ml) for
one and seven days. One day of BDNF exposure did not alter 5-HT2A receptor levels
(Fig. 1A, n= 7-8). However, after seven days exposure of BDNF (600ng/ml) 5-HT2A
receptor protein expression was decreased by 65.9 £+ 3.8 % as compared to the control
condition (Fig. 1D, n= 6-7, F=3.556, p= 0.033). To establish when 5-HT2A receptor
changes were detectable, a new set up was established were slice cultures were
subjected to BDNF (600 ng/ml) for three and five days. Three days of BDNF exposure
did not alter 5-HT2A receptor protein content (Fig 1B, n= 7-8), but a five-day of
exposure to 600 mg/ml BDNF, yielded a tendency towards a decrease in 5-HT2A

receptor levels (Fig. 1C, n= 8§, p=0.06).

BDNF does not induce apoptosis nor change synaptic protein levels

To exclude that the observed 5-HT2A receptor changes were the result of BDNF-
mediated changes in synaptic density or to an apoptotic effect of the high BDNF
concentrations, cultures were processed for synaptic protein levels and apoptotic
markers. Seven days of exposure of BDNF (600 ng/ml) did not alter hippocampal slice
culture densities of the synaptic proteins synatophysin (Fig 2A, n= 7-8), syntaxin (Fig.
2B, n= 6-8), or synaptotagmin (Fig. 2C, n= 6). Furthermore, BDNF (70, 200, 600
ng/ml) exposure was not associated with formation of the apoptotic proteins pJNK and

cleaved caspase -3 (Fig. 3, n=8).
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Increased 5-HT2A receptor levels in BDNF +/- mice

Western blot analysis on hippocampal protein extracts showed a 206 + 43 % increase
of 5-HT2A protein content in BDNF +/- mice (Fig. 4A, n= 8-9, t= 2.233, p=0.04)
compared to wild-type littermates. In frontal cortex protein extracts from BDNF +/-

mice there was a tendency to increased 5-HT2A levels (157 + 48 %, Fig. 5B, n= 8-9).

5-HT2A receptor levels in TrkB TK overexpressive mice

In TrkB full length receptor (TrkB TK) overexpressive mice 5S-HT2A receptor levels
were significantly increased in the hippocampus (139 + 8.2 %, Fig 5A, n=8-9, t=
2.898, p=0.011) and frontal cortex (121 + 7.3 %, Fig 5B, n=9, t= 2.362, p=0.031)

compared to wild-type littermates.

TrkB levels in BDNF treated organotypic cultures and BDNF (+/-) heterozygous
mice

To determine TrkB levels in cultures treated with BDNF a new set up was established.
Pooled slice cultures were immunopercipitated prior to TrkB analysis; this was not
needed for TrkB analysis in total brain tissue from the BDNF +/- mice.

Seven days exposure of BDNF (600ng/ml) resulted in a small decrease (14 = 5.1 %) in
total TrkB levels (Fig 6, n= 5, t=2.737, p= 0.05). In hippocampus and frontal cortex of
BDNF +/- mice there was a tendency towards increased TrkB levels, 125.5 £ 13.2 %

and 115.4 + 8.2 %, respectively, compared to their wild-type littermates.

Discussion
We found that one week of exposure to high concentrations of BDNF induces a

decrease in 5-HT2A receptor protein levels in mature organotypic hippocampal
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cultures. This effect of BDNF corroborated in BDNF +/- mice, where increased
hippocampal 5-HT2A receptor levels were found. Further, we show for the first time
that 5-HT2A receptor levels are associated with TrkB levels since TrkB TK mice
display increased 5-HT2A receptor levels in the hippocampus and frontal cortex. In
addition, a decrease in TrkB levels was observed in organotypic cultures exposed to

concentrations of BDNF sufficient to induce a 5-HT2A receptor down-regulation.

Chronic, but not short-term, BDNF (600 ng/ml) exposure decreased 5-HT2A receptor
levels in the mature organotypic cultures. BDNF has acute and long-term effects on
synaptic transmission (Tyler and Pozzo-Miller 2001), synapse number (Pozzo-Miller
et al. 1999) and on the levels of hippocampal synapse proteins (Tartaglia et al. 2001).
Syntaxin, synatophysin and synaptotagmin are markers of total number of synapses
(Tartaglia et al. 2001), and of synaptic activity (Chavis and Westbrook 2001). As the
densities of these proteins do not change after chronic BDNF (600 ng/ml) exposure,
this indicates that the decrease in 5-HT2A receptor levels is not due to synaptic
degeneration. We also excluded that the decrease in 5-HT2A receptor levels was due
to cell death as the highest concentration of BDNF did not induce the formation of
pJNK and cleaved caspase-3.

Previous studies have shown that BDNF increases 5-HT synthesis and sprouting
(Siuciak et al. 1998; Celada et al. 1996), and increased 5-HT levels lead to a
desensitisation and down-regulation of 5-HT2A receptor levels (Gray and Roth 2001).
Serotonin levels are however unchanged in the TrkB TK mice (Koponen et al. 2005;
Saarelainen et al. 2003). In BDNF +/- mice show forebrain 5-HT levels are reduced at
the age of 12-18 months (Lyons et al. 1999), however, the BDNF +/- mice used in our

study were three months old and at this age BDNF +/- mice have normal 5-HT levels
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(Lyons et al. 1999). Furthermore, in the mature organotypic hippocampal cultures

where the 5-HT innervation is absent, a presynaptic serotonergic mechanism cannot
mediate the BDNF-induced changes. This supports the notion that the changes in 5-
HT2A receptor levels we identified in the two different mice models and in the slice

cultures are not caused by changes in 5-HT levels.

For the first time we show that alterations in TrkB levels are associated with similar
changes in 5-HT2A receptor levels. The TrkB TK mice display higher hippocampal
and frontal cortex 5-HT2A receptor levels than wild-type littermates, which suggests
that increased TrkB signalling might increase 5S-HT2A receptor levels. This is further
supported by the observation that the increase in TrkB levels in BDNF +/- mice was
accompanied with increased 5-HT2A receptor levels and that chronic BDNF exposure
in the organotypic cultures simultaneously decreases TrkB and 5-HT2A receptor
levels. In the cultures, a seven-day BDNF exposure decreased 5-HT2A receptor levels,
in accordance with an earlier study where BDNF after chronic exposure decreases
TrkB levels (Frank et al. 1997). These results suggest that the level of TrkB, not
BDNF, regulate 5-HT2A receptor levels. Also, the TrkB TK mice have normal BDNF
mRNA and protein levels (Koponen et al. 2004a; Koponen et al. 2004b).

Our data do, however, contrast to earlier studies (Rios et al. 2006; Chan et al. 2006),
where BDNF conditional knock-out mice displayed decreased 5-HT2A receptor levels
in dorsal raphe nucleus and frontal cortex. But in those studies TrkB levels were not
measured and it is not unlikely that TrkB levels are altered differently after total
BDNF depletion. The BDNF knock down model we used has a 50 percent reduction in
BDNF levels during development, while Rios and co-workers used a mice model

completely depleted of BDNF in development and adulthood (Rios et al. 2006; Chan
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et al. 2006). Another explanation to the discrepancies found might be region specific

differences in 5-HT2A receptor regulation by BDNF.

The TrkB TK mice display reduced anxious behaviour and better stress tolerance
(Koponen et al. 2004b) a behavioural effect potentially attributed to increased 5-HT2A
receptor levels (Weisstaub et al. 2006). Low hippocampal 5-HT2A receptor levels
have been found in major depressed patients (Sheline et al. 2004; Mintun et al. 2004;
Rosel et al. 2004; Rosel et al. 2000), while the 5-HT2A receptor alterations in the
cortex have been found to be both increased (Bhagwagar et al. 2006) and decreased
(Messa et al. 2003). Again, differences in 5-HT2A receptor levels seem to be
associated with the susceptibility to develop depression. Mice with high predisposition
to depression-like behavior also have reduced 5-HT2A receptor levels; whereas mice
with low genetic vulnerability to depression have increased hippocampal 5-HT2A
levels (Trajkovska et al. 2007).

Increased BDNF-TrkB signalling is associated with antidepressant-like effects
(Koponen et al. 2005), and normal TrkB signalling is required for mediating an
antidepressant response (Saarelainen et al. 2003). Here we show that increased TrkB
signalling is accompanied with increased 5-HT2A receptor levels. Recently, a
polymorphism in the 5-HT2A receptor gene has been associated with the outcome of
antidepressant treatment (McMahon et al. 2006), indicating that the increase in 5-
HT2A receptor levels in the TrkB TK mice might be involved in mediating the

antidepressant response.

In conclusion, chronic BDNF exposure decreases hippocampal 5-HT2A receptor

levels. Low BDNF expression on the other hand increases 5-HT2A receptor levels.
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We suggest that the BDNF-induced 5-HT2A receptor changes are mediated through
changes in TrkB levels, although this hypothesis needs to be examined in future

studies.
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Figure legends

Fig. 1. A seven-day (D), and not one- (A), three- (B) and five-day (C) BDNF (600
ng/ml) exposure decreases 5-HT2A receptor levels (65.9 + 3.8 %, p< 0.05) compared

to the control condition.

Fig. 2. Chronic BDNF (600 ng/ml) does not alter protein density of synaptophysine

(A), syntaxin (B) or synaptotagmine (n= 6-8). Scale bars represent mean + SEM.

Fig 3. Mature hippocampal slices exposed to BDNF (70, 200, 600 ng/ml) for seven
days do not express elevated pJNK (A) or cleaved caspase 3 (B). The blot for INK
displays the two characteristic protein bands at 54 and 46 kDa (A). A control blot with
a positive and negative signal for pJNK (C) and cleaved caspase 3 (D), respectively,
from commercially bought cell lysates treated with UV light or staurosporine (Cell

Signalling).
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Fig. 4. The BDNF +/- mice have significantly increased (206 + 44 %, p< 0.05)
hippocampal 5-HT2A receptor protein levels, as measured with Western blot (A). In
protein extracts from frontal cortex there was a tendency towards increased 5-HT2A
receptor levels (157 + 48 %, Fig. 4B, n= 8-9) in BDNF +/- mice. Scale bars represent

mean + SEM.

Fig. 5. Mice overexpressing the TrkB full length (TrkB TK) receptor display increased
5-HT2A receptor levels in the hippocampus (p< 0.05, n= 8-9) compared to wild-type
littermates (WT). Also in frontal cortex TrkB TK mice showed a 121 + 7.3 % increase
in 5-HT2A receptor protein levels (Fig. 5B, n=9, t=2.362, p=0.031). Scale bars

represent mean + SEM.

Fig. 6. Seven day exposure to BDNF (600ng/ml) decreased TrkB levels (p= 0.05).

Scale bars represent mean + SEM.
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Abstract

Although numerous studies have dealt with changes in blood brain-derived neurotrophic factor (BDNF), methodological issues about BDNF
measurements have only been incompletely resolved. We validated BDNF ELISA with respect to accuracy, reproducibility and the effect of storage
and repeated freezing cycles on BDNF concentrations. Additionally, the effect of demographic characteristics in healthy subjects on BDNF was
verified. Whole blood and serum was collected from 206 healthy subjects and a subgroup was genotyped for BDNF Val66Met polymorphism.
The effect of age, gender, BDNF genotype and thrombocyte count on whole blood BDNF was assessed. The BDNF ELISA measurement was
accurate, 91.6 & 3.0%, and showed high reproducibility, whereas inter-assay and intra-subject variations were modest, 8.4 +5.2% and 17.5 £ 14.1%,
respectively. Storage of whole blood samples at 4 °C significantly decreased BDNF concentration, while repeated freezing cycles and storage at
—20 °C was without any effect. Storage at —20 °C of serum, but not whole blood, was associated with a significant decrease in BDNF concentration.
Women had significantly higher whole blood BDNF concentrations than men (18.6 £ 1.3 ng/ml versus 16.5 & 1.4 ng/ml), and showed a right-skewed
BDNF concentration distribution. No association between whole blood BDNF concentrations and thrombocyte count, age, or BDNF genotype was
found. In conclusion, the BDNF ELISA assay determines whole blood BDNF accurately and with high reproducibility. Female gender is associated

with higher whole blood BDNF concentrations whereas age, thrombocyte count and BDNF Val66Met polymorphism were un-associated.

© 2007 Elsevier Inc. All rights reserved.

Keywords: Brain-derived neurotrophic factor (BDNF); Age; Gender; BDNF Val66Met polymorphism; Thrombocyte count; Storage conditions

1. Introduction

Brain-derived neurotrophic factor (BDNF) was characterised
for the first time more than a decade ago [48] and it belongs to
the neurotrophin family that also includes nerve growth fac-
tor (NGF), neurotrophin-3 (NT-3), and neurotrophin-4 (NT-4).
The neurotrophin BDNF is crucially involved in brain develop-
ment, neurogenesis, neural circuit formation, and plasticity [40].
It has an activity dependent release and is transported across
the blood—brain barrier [33]. In the blood, BDNF is stored in
platelets and released upon agonist stimulation by thrombin,
Ca?t, collagen or shear stress [11] and the BDNF concentra-

* Corresponding author. Tel.: +45 3545 6704; fax: +45 3545 6713.
E-mail address: viktorija.trajkovska@nru.dk (V. Trajkovska).

0361-9230/$ — see front matter © 2007 Elsevier Inc. All rights reserved.
doi:10.1016/j.brainresbull.2007.03.009

tion can be measured with a commercially available assay [37].
Other peripheral sources of BDNF include the endothelial cells,
smooth muscle cells, and eosinophils [8,30,38].

The peripheral effects of BDNF are only sparsely known;
but it is believed to be involved in regeneration of neurons dur-
ing nerve injury [31] and affect the immune system [13,39,41].
Animal studies indicate that brain and blood BDNF concen-
trations undergo similar changes during maturation and aging,
suggesting that blood BDNF levels may reflect the BDNF lev-
els in brain [18]. Indeed, rodent studies show a tight correlation
between brain and blood BDNF values [18].

Numerous clinical studies have identified changes in serum
or blood BDNF concentrations in patients with neuropsychi-
atric disorders such as depression [43], schizophrenia [44],
Alzheimer’s disease [21], multiple sclerosis [2], and anorexia
[27]. Furthermore, in Alzheimer’s disease protein and mRNA
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levels of BDNF are changed in the same direction, [12,21,26],
and the same applies to exposure to stress [15,26] and antidepres-
sants [7,26]. Methodological issues regarding measurements
of BDNF concentration have, however, only been superficially
encountered. Measurements of BDNF is highly valuable since
it may be a marker of disease development in Alzheimer’s
disease [35] and it correlates with disease severity in major
depression [43]. The aim of this study is, firstly, to validate a
commonly used ELISA based assay. The reproducibility and
accuracy of blood BDNF measurement as well as the influence
of various storage conditions was assessed. Secondly, the rela-
tion between serum and whole blood BDNF concentrations was
investigated to assess if studies on serum or whole blood are
directly comparable. Thirdly, whole blood BDNF concentra-
tions were investigated in healthy controls and related to gender,
age, and the BDNF Val66Met functional polymorphism.

2. Materials and methods
2.1. Subjects

Two-hundred and six healthy subjects, 122 women and 84 men, with a
mean age of 44.3+13.3 (range 20-70) years were recruited, mainly from
newspaper advertisements. None of the subjects had a history of neuropsy-
chiatric disorders, current alcohol abuse, and they were all drug free. Written
informed consent was obtained according to the declaration of Helsinki II, and
the study was approved by the Ethics Committee of Copenhagen and Fred-
eriksberg [(KF)02-058/99, (KF)12-091/00, (KF)12-113/00, (KF)12-152/01,
(KF)12-029/02, (KF)01-001/02, (KF)01-156/04, (KF)11-061/03].

2.2. Blood samples from subjects

A total of 206 whole blood and 37 serum samples were collected from the
subjects. For serum samples, blood was collected in additive-free containers and
was left to coagulate for at least 1 h. After centrifugation (Eppendorf, Denmark)
at 3300 rpm for 10 min, serum was collected and stored at —20 °C until further
analysis. Whole blood was collected in EDTA containing tubes and immediately
frozen. At the time of examination whole blood was lysed with 3% triton X-
100 (Merck, Germany) and sonication [44]. Disrupted cell membranes were
discarded by centrifuging the samples at 12,000 rpm for 10 min at 4 °C and the
supernatant was aliquoted and kept at —20 °C until further processing.

2.3. Determination of BDNF concentration with ELISA

Lysed blood samples were assessed for BDNF concentrations using a com-
monly used [1,32,49] commercially available two-site sandwich enzyme-linked
immunoabsorbent assay (ELISA) kit (CYT 306, batch number 0511016132,
Chemicon, Temecula, USA). The samples were processed according to the man-
ufacturer’s specifications: the samples and standards were added in duplicate
when serially diluted, and in triplicate when diluted in one single concentra-
tion and added to rabbit anti-human BDNF antibody pre-coated 96-well plates,
and incubated at 4 °C over night. The following day the wells were washed
with buffer and incubated with biotinylated mouse anti-BDNF antibody for 3 h
at room temperature. In order to amplify the signal, streptavidin-horseradish
peroxidase conjugate was added to each well and allowed to incubate for
1h. The addition of 3,3',5,5 -tetramethylebenzidine started the colour reac-
tion. The colour reaction was stopped 15 min later with HCI solution, and the
absorbency was immediately measured at 450 nm (BioRad Laboratories, Her-
lev, Denmark). The concentration of the samples was either calculated from the
standard curve that came with each plate or by averaging six standard curves.
According to the manufacturer, the standard curve is linear in the concentra-
tions range of 7.8-500 pg/ml BDNF and the BDNF ELISA kit has no significant
cross-reactivity to the neurotrophins NGF, NT4/5 or NT3.

Whole blood Serum
\ Serum vs /

[ whole blood

Inter-assay BDNF levels

variability (n=15)

(n=12) Sﬂlorage at -20
C (<5yrs.)
(n=33)

Spiking (n=6)

Reproducibility and
duplicate/triplicate
determinations (n=6)

I
Storage at -20
C(<5yrs)

(n=26)

Storage, repeated
freezing and
thawing (n=4)

Intra-subject
variability
(n=35)

Fig. 1. Chart over the various validations with a commercial ELISA BDNF
assay.

2.4. Validation of the BDNF ELISA assay

For a schematic overview of all methodological experiments see Fig. 1.

2.4.1. Accuracy of assay determined in spiked samples

To assess the accuracy of the BDNF measurement at a known concentration,
BDNF was added to the samples, a procedure commonly referred to as spiking.
Sonicated whole blood samples were spiked by adding 100, 200 or 400 pg/ml
human BDNF (PeproTech, London, UK) and run together with an un-spiked por-
tion of the same sample. The resulting BDNF concentration (%) was compared
in the non-added sample with the spiked sample (n =6).

2.4.2. Internal standards for the BDNF ELISA kit

As an inter-plate/assay control in addition to the standard curves calculated
for each ELISA kit, two standards were every time included among the other
samples. The internal standards consisted of blood samples from two different
subjects with BDNF concentrations in the lower and upper range of the stan-
dard curve. The values of the internal standards were extracted from six BDNF
standard curves obtained from their corresponding plate. Additionally, a com-
mon single BDNF standard curve was determined by averaging the six BDNF
standard curves. The analysis yielding the smallest variation was collected for
further analysis.

Whole blood samples were also run in duplicates and triplicates without
serial dilutions (n=06).

Duplicate determinations of absorbency with a coefficient of variance above
10% were excluded from the comparison studies.

2.4.3. Test—retest variation

To test the reproducibility of the BDNF measurements of the same sample,
samples were measured twice with BDNF ELIS A kits from two different batches
(n=6). The measurements were done at two different time points. Furthermore,
to assess intra-subject variability over time whole blood BDNF concentrations
were measured in two samples taken from the same individuals, at a time intervals
of 0-8 months (mean 1.9 + 1.7, n=35).
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2.4.4. Stability of BDNF on storage, freezing and thawing

Following blood collection (n=4) and lysis, the blood taken from the same
individual was divided into four test tubes that were treated differently. Three of
the tubes were placed at —20 °C, one tube was kept stored at —20 °C, a second
was thawed and refrozen twice and the third sample was exposed to three freeze-
thaw cycles. Between the thawings, the samples were entirely frozen. The fourth
tube was stored at 4 °C for 48 h before being analyzed.

Additionally, in a cross-sectional design whole blood (n=26) and serum
(n=33) samples stored for up to 5 years in —20°C were analyzed for BDNF
concentrations and compared to sample storage time in order to assess possible
degradation.

2.5. Whole blood BDNF ELISA on 206 healthy subjects

In order to make sure that the measurements of BDNF were done under
optimal conditions several precautions were undertaken. Care was taken not to
freeze and thaw the aliquot of the samples more than one time after lysis and
before BDNF analysis, and the samples were all stored at —20 °C. All samples
were processed within 1 week after lysis.

When using the kit-specific standard curve for calculation of BDNF con-
centrations (as recommended by the manufacturer) some variation was found in
BDNF concentrations of the internal standards when different kits were used.
In order to minimize inter-sample variance resulting from experimental varia-
tion, all 206 samples were measured simultaneously and with BDNF ELISA
kits from the same batch. The determinations of the BDNF concentrations in the
samples were done in duplicate. Duplicate determinations of absorbency with a
co-efficient of variance above 10% were excluded from the comparison studies.
Three kits (six plates) were used in this set-up. Each plate had its corresponding
BDNF standard and contained our two internal control standards. A single aver-
age BDNF standard curve was calculated on the basis of all the BDNF standard
curves included in the set-up. Since this approach yielded the smallest inter-
assay variation (see internal standards and repeated measurement in the result
section), the sample concentration was determined from this averaged standard
curve.

2.6. DNA genotyping of BDNF

The DNA was extracted from blood samples using the QIAamp DNA Blood
Mini Kit (Qiagen, Inc.). The BDNF genotyping was performed using a Taq-
Man 5'-exonuclease allelic discrimination assay according to the instructions
provided by the manufacturer (Applied Biosystems, Foster City, California).
The multiplex real-time PCR machine used for this analysis was an ABI 7500
(Applied Biosystems, Foster City, California). This analysis recognises the
Val/Val, Val/Met and Met/Met phenotypes. Because of the limited number of
the Met/Met phenotype (n=3), data from these subjects were not included in
the analysis.

2.7. Statistics

For comparison between groups, two-tailed paired and unpaired #-test were
used. D’ Agostino and Pearson omnibus normality test was used to test for the
presence of a normal distribution. In the absence of a normal distribution, data
were either logarithmically transformed to accommodate to a normal distribu-
tion or a non-parametric Mann—Whitney test was applied. Linear regression was
applied on log-transformed data to investigate the effect of age on BDNF con-
centration. Spearman’s correlation analysis was applied for whole blood BDNF
concentration and time between blood sampling, and storage time of serum. All
data are presented as means £ S.D. Significance level was set at p <0.05.

3. Results
3.1. Accuracy and yield of the BDNF assay
The average yield for samples spiked with three different

concentrations of BDNF (100, 200, or 400 pg/ml), was high:
91.6£3.0% (n=06).

3.2. Internal standards and repeated measurements

When the individual standard curves from three kits were
applied, the two internal standard samples BDNF concentra-
tions varied by 34.0 & 20.9%. This was due to a large variation
in the absorbance values of the standard that was applied in
each kit and used to yield the standard curve for each plate. For
comparison, the manufacturer claims an inter-assay variation of
8.5% (at 125 pg/ml). However, when averaged standard curves
were applied, the variability was reduced to 8.4 £5.2% (n=12,
t=3.766, p=0.003). In addition, when internal standards were
used in the repeated measurement the test-retest variability was
reduced from 22.2 +15.5% to 18.6 = 13.3% (n=33, t=3.375,
p=0.002).

Triplicate determinations of whole blood BDNF concen-
tration did not reduce the standard deviation of the measure-
ments significantly as compared to duplicate measurements
(10.9 £2.4ng/ml versus 11.2 +2.5ng/ml, n=6, = 0.99).

3.3. Inter-assay and intra-subject variation

Inter-assay variation between repeated assays was deter-
mined in six samples with two different ELISA kits, measured
on two different days. A paired 7-test showed no significant dif-
ference between the two measurements (11.7 £ 4.6 ng/ml versus
10.9 £ 2.4 ng/ml, n=6).

Intra-subject variation was 12.0 4= 2.6% (n = 35), and the vari-
ability did not differ between women and men, 10.9 £2.9%
and 13.9 +2.3%, respectively. There was no significant corre-
lation between intra-subject variation and time between blood
sampling (Fig. 2, n=35).

3.4. Stability on storage, freezing and thawing

Aliquots stored at 4 °C for 48 h showed a significant decline
in whole blood BDNF concentration of 15.8 +9.3% (Fig. 3,

60

40

Difference in BDNF
concentration (%)
o

. *
=3 . *
-5 *

Time between blood sampling (months)

Fig. 2. Whole blood BDNF concentrations were measured twice in the same
subject. The figure shows the percentual difference between first and second
measurement (in relation to the first whole blood BDNF value) plotted vs. the
time interval between the two blood samplings. Each point thus represents one
individual. Intra-subject variability in terms of percentual difference in whole
blood BDNF concentrations was modest, 12.0 +2.6%, and did not vary with
the time between blood sampling (n=35).
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Fig. 3. Storage at 4 °C for 48 h was associated with a decrease in whole blood
BDNF concentrations. By contrast, up to three freezing and thawing cycles did
not change whole blood BDNF concentrations. f/t: freezing-thawing. Scale bars
represent mean &+ S.D.

n=4,1t=3.441,p=0.04), compared to aliquots stored at —20 °C.
Two or three freezing and thawing cycles did not alter the mea-
sured BDNF concentration in whole blood in a small sample of
four.

In a cross-sectional design, samples stored for up to 5 years
were analyzed for BDNF and the outcome compared to the
sample storage time. There was no sign of decreased BDNF con-
centration in whole blood samples stored at —20 °C for up to 5
years (n=26). For serum samples, however, BDNF concentra-
tions were significantly and negatively associated with storage
duration at —20°C (Fig. 4, n=33, Spearman’s r=—0.3883,
p=0.0256).

3.5. Serum and whole blood BDNF concentrations

When serum samples stored for less than 12 months were
compared to their corresponding whole blood sample, there

n
il

BDNF (ng/ml)
q

(=]
1

T T 1
60 70 80

-10 I I I I I
0 10 20 30 40 50

Storage time (months)

Fig. 4. Storage of serum samples at —20°C is associated with a significant
reduction in serum BDNF concentration. Already after 6—10 months some serum
samples have BDNF concentration below the detection limit of the BDNF ELISA
assay.

was no significant difference in BDNF concentrations (n=15),
129+ 8.0ng/ml versus 12.1 £4.4ng/ml, serum and whole
blood, respectively. The variance in BDNF concentration, how-
ever, was significantly higher for serum than for whole blood
samples (n=15, F=0.28, p=0.02).

3.6. Thrombocyte count and BDNF concentration in whole
blood

Within the reference interval of normal thrombocyte count
(150-400 x 10%/L) there was no significant correlation between
thrombocyte number and whole blood BDNF concentration
(n=19).

3.7. Whole blood BDNF concentrations related to gender

In the 200 healthy volunteers, mean whole blood BDNF
concentration was 17.7 & 1.4 ng/ml. The distribution of whole
blood BDNF values did not conform to a normal distribution
but was right-skewed (n=200, K2=12.4, p=0.002). How-
ever, when separating the sample into women and men, only
the female distribution was right-skewed (n=119, K2=14.9,
p=0.0006). Furthermore, women had higher average whole
blood BDNF concentrations than males, 18.6 & 1.3 ng/ml versus
16.5 + 1.4 ng/ml (Fig. 5, n=200, t=2.794, p=0.0057).

3.8. Whole blood BDNF concentrations related to age

Within the age range studied, no age-related changes in
blood BDNF concentrations was found (Fig. 6, n=200).
Neither when taking gender into account, no age-related
associations were present. The gender effect on BDNF con-
centrations remained, however, significant (n =200, = —2,656,
p=0.009). When dividing into men and women, a weak
association with age (r=0.08, r=2.052, p=0.04) was found
in women only. Further, the linear model was confirmed
when testing for an association in the quadratic term
(p=0.84).
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Fig. 5. Women have higher whole blood BDNF concentrations than men
(18.6 £ 1.3ng/ml vs. 16.5+ 1.4ng/ml, n=200, p=0.0057). A normal distri-
bution of whole blood BDNF concentrations is found in men only.
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Fig. 7. In a sample of 78 healthy subjects we did not identify any influence of
the Val66Met polymorphism on whole blood BDNF concentrations. The two
groups are gender matched.

3.9. Whole blood BDNF concentration and BDNF
Val66Met polymorphism

Seventy-eight of the individuals were genotyped for the
BDNF Val66Met functional polymorphism. Men and women
had similar allele frequencies (1:3). Whole blood BDNF concen-
trations were similar in Val/Val as compared to Val/Met carriers,
12.2 &+ 1.5ng/ml versus 11.6 £ 1.4 ng/ml (Fig. 7, n=78).

4. Discussion

This is the first study to systematically validate the BDNF
ELISA assay with respect to accuracy, yield, inter-assay, and
intra-subject variability. In addition, the stability of BDNF
in samples under various storage conditions and the relation
between serum and whole blood BDNF was assessed. We found
that the BDNF ELISA assay is accurate and highly reproducible
[3,29]. Based on our data we recommend that duplicate deter-
minations are carried out. Further, to ensure stability of the
assay for e.g., comparisons over time we recommend including
at least two internal blood standards. The inter-assay variabil-
ity was below 10%, which is considered low in comparison
to other assays [29,45]. The longitudinal BDNF measurements
in the same subject also showed that on an individual level,

whole blood BDNF concentrations were relatively stable, atleast
within a time period of up to 8 months.

Storage of whole blood samples for up to 5 years at —20 °C
was not associated with any significant decrease in whole blood
BDNF concentration. By contrast, long-term storage of serum
samples was associated with significantly lower serum BDNF
concentrations. In fact, already after 6-10 months storage at
—20°C, 15% of the measured serum BDNF concentrations
were below zero (Fig. 4). This finding suggests that BDNF,
when stored in platelets, is protected from degradation. After
intravenous BDNF injection plasma BDNF is cleared with a
half-life of less than 60 min [19,34]. A small fraction of BDNF
binds to alpha-2-macroglobulin [47] and brain capillaries, and
some is stored in platelets, but the most important cause of the
rapid plasma clearance is degradation [34]. Accordingly, BDNF
is better assessed in whole blood than in serum, particularly
when the BDNF measurements are not carried out immediately.
Most studies [16,23,28] do not, however, contain information
about time lapsed between sampling and analysis and storage
conditions. Based on our data, this may be a critical issue.

For serum samples stored for less than 12 months we found
no significant difference in whole blood versus serum BDNF, but
serum BDNF values had a higher variance. Karege and cowork-
ers have earlier found a serum: blood BDNF ratio of 74% [28],
but it is not stated if this difference is statistically significant,
neither is there any information on the possible confounding
effect of the time elapsed between serum sampling and analysis.

A right-skewed whole blood BDNF concentration distribu-
tion was observed in our sample of 206 healthy subjects; this was
due to a few subjects having very high BDNF concentrations.
This finding corroborates the outcome from another large-scale
study [50] and suggests that transformation of BDNF data may
be needed prior to statistical analysis. The non-normality distri-
bution may eventually remain uncovered in small sample size
studies.

In accordance with a previous study where no correlation
between age and serum or platelet BDNF [24] was found, we
did not identify any age effect on whole blood BDNF con-
centrations. By contrast, one other study identified a weak age
associated decline in serum BDNF in a group of elderly sub-
jects, aged between 70 and 103 years (r=—0.15) [50]. Animal
studies point at serum BDNF concentrations as reflecting brain
BDNF levels well [ 18] and there is no evidence that brain BDNF
concentrations change with aging [46].

In our study of 200 healthy subjects, whole blood BDNF was
higher in women than men, similar to what has been reported
for plasma BDNF in a previous study of 140 subjects [24]. In
contrast, two earlier studies did not reveal any gender effects on
serum BDNF [20,50]. We also found that whole blood BNDF
displayed a right-skewed distribution in women only. This dis-
tribution may be explained by variation in BDNF concentration
during the different stages in the menstrual cycle, as suggested
from rodent [38] and clinical studies [24]. Some might argue
that gender differences in blood BDNF concentrations are due
to differences in BMI since some studies are suggestive of a
positive correlation between body mass index (BMI) and BDNF
[6,10,27]. But this association is most strongly found in studies
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including extreme overweight and underweight subjects. In our
sample, where most subjects were normal-weighted we did not,
however, detect any significant correlation between BMI and
whole blood BDNF (data not shown here).

The BDNF Val66Met polymorphism affects activity-
dependent secretion of BDNF in neuronal cultures [5,9] and is
associated with poorer performance in episodic memory tests
in humans [9,14]. This polymorphism is frequent (19-25%)
in Caucasians and has been reported to be associated with a
decreased hippocampal volume [36]. Here we show that the
BDNF Val66Met genotype is not associated with differences in
whole blood BDNF concentrations. One can hypothesize that
the antibodies in the BDNF ELISA may have a different affin-
ity for Val/Val and Val/Met, but generally epitopes encompass
several amino acids so small differences in the BDNF sequence
would be left undetected by the antibody. Furthermore, there is
no clinical evidence that BDNF Val66Met polymorphism alter
BDNF concentrations. In a post-mortem study of patients with
Alzheimer’s disease brain BDNF protein levels did not differ
between various BDNF genotypes and alleles [22]. The pre-
viously reported effect of the BDNF Val66Met polymorphism
on cognitive performance or hippocampal volume may thus be
explained by the polymorphism having a high impact on brain
development. Alternatively, local activity-dependent secretion
from neurons may be influenced by the BDNF polymorphism
whereas the constitutive secretion and average BDNF concen-
trations in brain and blood are unaffected by the genotype [4].
Interestingly, both major depression [17,42] and Alzheimer’s
disease [21,25] have been associated with both the functional
Val66Met polymorphism and lower BDNF concentrations in
blood, but according to our data there is not any clear association
between the two measures.

In conclusion, this study shows that the BDNF ELISA assay
yields accurate and highly reproducible BDNF measurements.
It is recommended to conduct the analysis in duplicate and to
include at least two internal blood standards. Serum samples
should be analysed immediately, whereas whole blood can safely
be stored at —20 °C for at least 5 years. Whole blood samples
can be thawed up to three times without any impact on the whole
blood BDNF determinations. The intra-individual variation over
time in whole blood BDNF levels is modest. We failed to identify
any association between whole blood BDNF and thrombocyte
count, age, or BDNF Val66Met genotype. Women had signifi-
cantly higher whole blood BDNF concentrations than men and
in addition, showed a right-skewed BDNF concentration distri-
bution.
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Abstract

Background: Depression has been associated with decreased blood BDNF
concentrations; but it is unclear if low blood BDNF levels are a state or a trait marker
of depression.

Methods: We investigated blood BDNF concentrations in a twin population including
both subjects highly predisposed and protected against affective disorder. Four
different twin risk groups were included: high-risk monozygotic predisposed twins
(co-twin depressed), moderately predisposed dizygotic twins, moderately protected
dizygotic twins (co-twin unaffected), and highly protected monozygotic twins. Whole
blood was collected and assessed for BDNF concentrations, and correlated to risk
status, neuroticism, and number of stressful life events.

Results: Between the groups, we found no significant difference in whole blood
BDNF levels. Women at high risk for depression who had experienced three or more
recent stressful events (n= 26) had decreased whole blood BDNF levels compared to
high-risk women with less than three recent stressful events (n=35), 21.6 + 7.0 vs.
18.5 = 4.1 ng/ml, respectively, (p< 0.05). No such association was found in low-risk
women or in men. In men, however, low neuroticism scores and two or less recent
stressful events were associated with decreased whole blood BDNF levels (n= 50, p<
0.05).

Limitations: The cross-sectional design limits the possibility of drawing firm
conclusions on causatility of the findings.

Conclusion: This is the first study to show that blood BDNF may be a trait marker for
depression as BDNF is decreased in females with many recent stressful events who are

genetically predisposed for affective disorder.



Keywords: genetic predisposition; major depression; brain-derived neurotrophic factor

(BDNF); neuroticism; stressful life events; vulnerability.



1. Introduction

Major depression is a serious neuropsychiatric illness that is one of the world’s
greatest public health burdens (World Health Organisation 2001). There is
accumulative evidence that brain-derived neurotrophic factor (BDNF) may be
involved in the pathophysiology of major depression. BDNF belongs to the
neurotrophin family that also includes nerve growth factor (NGF), neurotrophin-3
(NT-3), and neurotrophin-4 (NT-4), and is crucially involved in brain development,
neurogenesis, neural circuit formation and plasticity (Schinder et al., 2000; McAllister
et al., 1999; Pencea et al., 2001).

Experimentally, it has been established that acute and repeated stress reduces brain
BDNF levels in rodents (Gronli et al., 2007; Murakami et al., 2005) and that
intracerebral infusion of BDNF elicits antidepressant-like effects in animal model of
depression (Shirayama et al., 2002). Brain and blood BDNF concentrations undergo
parallel changes during maturation and aging (Karege et al., 2002, b) and blood and
brain BDNF levels at a given time strongly correlate (Karege et al., 2002, b), which
indicates that measurements of blood BDNF levels reflects brain BDNF levels well.
Furthermore, the Val66Met BDNF polymorphism is associated with increased
anxiety-related behaviour in mice (Chen et al., 2006), human liability to mood
disorders (Strauss et al., 2005; Neves-Pereira et al., 2002) and may affect the response
to antidepressant treatment (Choi et al., 2006).

Patients with major depression have decreased serum and plasma BDNF
concentrations (Karege et al., 2002, a; Gonul et al., 2005; Karege et al., 2005; Lee et
al., 2006) that both correlate negatively with the clinical severity of their depression
(Karege et al., 2002, a; Shimizu et al., 2003), and with the depression-related

personality trait neuroticism (Lang et al., 2004). It is yet unclear, however, if low



blood BDNF level is a state or a trait of human depression. Since a high score on
neuroticism is associated with an increased susceptibility to mood disorders (Kendler
et al., 2004; Vinberg et al., 2006), we hypothesized that an increased genetic and
personality profile risk of developing mood disorders would also be associated with
low blood BDNF concentration.

In this study we examined whole blood BDNF levels in twins genetically predisposed
to mood disorder. The primary aim of this study was to assess whether whole blood
BDNF levels are decreased in subjects predisposed to affective disorder, and secondly,
whether whole blood BDNF levels are associated with neuroticism score or the

number of adverse stressful life events in men and women.

2. Method

2.1 The registers

2.1.1 The Danish Civil Registration System

The Danish Civil Registration System assigns a unique personal identification number
for all Danish residents. This number is linked to information about name, address,
date of birth, death, emigration and immigration that all are recorded in the system. All
other Danish registers use the same unique identifier and thus Danish residents can be
tracked in all the public registers through record linkage.

2.1.2 The Danish Psychiatric Central Research Register

The Danish Psychiatric Central Research Register is nationwide, with registration of
all psychiatric admissions and outpatients’ hospital contacts in Denmark for the
country’s 5.3 million inhabitants. From April 1969 to December 1993, diseases were

classified according to the International Classification of Diseases,“8" (ICD-8) (World



Health Organisation 1967) and from January 1994, International Classification of
Diseases, “10™ (ICD-10) (World Health Organisation 2005).

2.1.3 The Danish Twin Registry

The Danish Twin Registry was initiated in 1953 and contains information on 75,000
twin pairs born from 1870 to 2003. The completeness varies with the birth cohort and
is approximately 70 % for the period before and close to 100 % for the period after the
Civil Registration System was established in 1968 (Kyvik et al., 1996; Harvald et al.,

2004).

2.2 The linkage

Through record linkage between the Danish Twin Registry, The Danish Psychiatric
Central Research Register and the Danish Civil registration system, a cohort of “high
risk” twins was identified. This linkage identified 204 twin pairs (same sex, age 22 to
70 years) in which one twin had been treated in a psychiatric hospital setting for an
affective episode (the proband) and one had not been treated for affective disorder, the
High-Risk healthy twin. Further four control-twins (low risk) were identified, without
known personal or co-twin history of hospital contact with affective disorder, and
matched on age, sex and zygosity for each high risk twin.

Probands were identified as twins who on their first admission, in the period between
1968 and 2005, were discharged from a psychiatric hospital with a diagnosis of
depression or recurrent depression (ICD-8-codes 296.09, 296.29, 296.89, 296.99; ICD-
10-codes: F32-33.9) or a first diagnosis of manic/mixed episode or bipolar affective
disorder (ICD-8-codes 296.19, 296.39, ICD-10-codes: F30-31.6, F34.0, F38.00).

Control-twins (low risk) were identified as twins without known personal or co-twin



history of hospital contact with affective disorder, and matched on age, sex and

zygosity for each high-risk twin.

2.3 Inclusion and exclusion criteria for High-Risk twins

Inclusion criteria: having a monozygotic (MZ) or a dizygotic (DZ) co-twin with a
diagnosis of affective disorder (co-twin history of affective disorder) according to
information from the Danish Psychiatric Central Research Register. Exclusion criteria:
a personal history of severe to moderate depression, earlier medical treatment for an

affective episode, severe organic brain disease or schizophrenia.

2.4 Inclusion and exclusion criteria for Low-Risk Twins

Inclusion criteria: no family history of affective disorder among the MZ or DZ co-twin
or other severe psychiatric illness among other first- degree relatives. Exclusion
criteria: same as for high risk persons. The control twins and their co-twins were not
recorded in the Danish Psychiatric Central Research Register with a diagnosis of
mania or depression. However, it is possible that they or their co-twin had received
another diagnosis. If a low risk twin had been admitted to a psychiatric hospital they
were excluded. If they at the end of the interview answered that a first-degree relative
had a history of severe psychiatric illness they were reclassified to the group of twins

with another family history.

2.5 Ethics

The Danish Ministry of Health, The Danish Ethical Committee ((KF)-12-122/99 and
(KF)-01-001/02) and the Data Inspection approved the study. The study was
conducted in accordance with the latest version of the Declaration of Helsinki. All

procedures were carried out with the adequate understanding and written informed



consent of the participants.

2.6 Assessment

During the recruitment period (May 2003 to September 2005) 204 high risk and 204
low risk twins were invited to participate in the study. A total of 408 letters containing
an invitation, informed consent and a return envelope were posted to the twins. A total
of 271 twins agreed to participate; subsequently 37 persons were excluded according
to the mentioned exclusion criteria and blood samples were not collected in another 28
subjects. The 206 participants, 122 women and 84 men, were divided into four groups
according to risk of affective disorder. Additionally, a fifth group was defined as
participants with another first generation family history of affective disorder or
schizophrenia (n= 14). For detailed presentation of the study design, inclusion and
exclusion of subjects see (Christensen et al., 2006).

Participants were rated in a face-to-face interview using semi-structured interviews:
diagnoses were made using Schedules for Clinical Assessment in Neuropsychiatry
(SCAN) version 2.1 (Wing et al., 1990). All persons with a lifetime (current or past)
diagnosis of affective disorder, schizoaffective disorder or schizophrenia according to
SCAN interview were excluded from the study. Self rating of psychopathology was
assessed using Symptom Scale for Depression and Anxiety including assessment of
depressive symptoms using the 21-item Beck Depression Inventory, BDI 21 (Beck et

al., 1961).

2.7 Life events
Participants were asked about life events in the year prior to the interview (recent life

events) and life events in their lifetime before that, using a Danish version of the



questionnaire used in the studies of Kendler and colleagues (Kendler et al., 1995).
Participants were asked about personal and network events. Nine personal events
(events that happened to the participants) were assessed including assault, serious
marital problems, divorce/break-up, job loss, and loss of a confidant, serious illness,
major financial problem, being robbed, and serious legal problems. I addition, 22
network events were assessed i.e. events that occurred primarily to, or in interaction
with, and individual in the participant’s social network. Included were death or severe
illness of the participant’s spouse, child, parent, co-twin, other sibling, other relative or
other individuals close to the participant and serious trouble getting along with the
participant’s parent, child, co-twin, sibling, in-laws, other relatives, neighbour, or
close friend. Recent life events were categorized in five groups (no events, one event,

two events, three events, four or more events).

2.8 Personality measure

Personality dimensions were assessed using the EPQ, Danish version. The EPQ
comprises 101 items intended to measure a broad dimension of neuroticism,
extroversion and psychotism (Eysenck 1975). The Danish version of the EPQ has
shown coefficient alpha values of 0.87 for neuroticism and 0.84 for extraversion

(Mortensen et al., 1996).

2.9 Whole blood samples

A total of 206 whole blood samples were collected from the participants. Whole blood
was collected in EDTA containing tubes and immediately frozen. At the time of
examination whole blood was lysed with 3 % triton X-100 (Merck, Germany) and

sonication (Toyooka et al., 2002). Disrupted cell membranes were discarded by



centrifuging the samples at 12000 rpm for 10 minutes at 4 °C and the supernatant was

aliquoted and kept at -20 °C until further processing.

2.10 Determination of BDNF concentration with ELISA

Lysed blood samples were assessed for BDNF concentrations using a commercially
available two-site sandwich enzyme-linked immunoabsorbent assay (ELISA) kit
(Chemicon, Temecula, USA). The samples were processed as earlier described
(Trajkovska et al., 2007). According to the manufacturer, the BDNF ELISA kit has no

significant cross-reactivity to the neurotrophins NGF, NT4/5 or NT3.

2.11 Whole blood BDNF ELISA

In order to make sure that the measurements of BDNF were done under optimal
conditions several precautions were undertaken (Trajkovska et al., 2007): Care was
taken not to freeze and thaw the aliquot of the samples more than one time after lysis
and before BDNF analysis, and the samples were all stored at -20 "C. All samples were
processed within one week after lysis.

In order to minimize inter-sample variance resulting from experimental variation, all
206 samples were measured simultaneously and with BDNF ELISA kits from the
same batch. The determinations of the BDNF concentrations in the samples were done
in duplicate. Duplicate determinations of absorbancy with a coefficient of variance

above 10 % were excluded from the study resulting in a total of 200 samples.

2.12 Statistical analysis

D’Agostino and Pearson omnibus normality test was used to test for the presence of a

normal distribution. Since whole blood BDNF concentrations did not comply with a

10



normal distribution they were either logarithmically transformed to accommodate to a
normal distribution or the Spearman’s correlation test was used. For comparison
between groups, two-tailed unpaired t-test or analysis of variance (ANOVA) was used.
Linear regression was applied on log-transformed data to investigate the effect of
neuroticism, recent events and life events on BDNF concentration. Univariate analysis
of variance was applied with sex as a covariate when studying the effect of risk,
neuroticism and number of events on BDNF levels. Multivariate analysis was applied
to investigate the influence of sex, genetic risk, age, and 21-item Beck Depression
Inventory (BDI 21) on whole blood BDNF levels. Data was analysed using the
Statistical Package for the Social Sciences (SPSS) and GraphPad. Significance level

was set at p< 0.05 (two-sided). All data are presented as means + SD.

3. Results

3.1 Blood BDNF levels in high-risk and low-risk twins

No difference in whole blood BDNF levels was found between high risk (n= 106) and
low risk (n= 80) twins, 19.5 + 6.4 vs. 18.5 + 5.0 ng/ml. Similarly, when high risk and
low risk twins were separated into monozygotic and dizygotic groups, no differences
in whole blood BDNF levels were identified (Figure 1). As earlier reported
(Trajkovska et al., 2007), female gender is associated with higher whole blood BDNF
levels (n=200, F= 7.854, p= 0.006). Gender also interacted with the association
between group risk and whole blood BDNF (n=200, F=4.554, p= 0.001), while no
association with age and BDI 21 was found. When high risk twins predisposed to
bipolar disorder were excluded (n= 6 monozygotic, n=13 dizygotic) from the data

analysis, similar results were obtained.
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3.2 Whole blood BDNF and life events

Recent events were defined as stressful life events in the year prior to the interview,
while lifetime life events were defined as stressful life events in their lifetime before
that. Twenty nine percent of the subjects had experienced no recent events; 22%
experienced one event; 17% two events; and 32% three or more events. For the
lifetime life events the corresponding numbers were; 18% no life events; 27% one
event; 15% two events; 40% three or more events.

No significant association between whole blood BDNF and recent events (n= 196) or
lifetime life events (n= 192) was identified in the total sample. High risk twins
reported a higher number of recent events than low risk twins, 2.8 + 2.8 vs. 1.4 £ 1.6
(n= 196, Mann Whitney U= 2788, p= 0.0003), but no association between recent
events and whole blood BDNF was found neither in the high nor in low risk (p >
0.05).

Experiencing three or more events is associated with a great increase in depression
liability, as to experiencing two or less (Caspi et al., 2003), therefore the effect of life
events on whole blood BDNF was studied in two groups of two or less and three or
more events. High risk women with three or more recent events (n=26), however, had
lower whole blood BDNF levels than women experiencing 2 or less recent events
(n=35) (Figure 2, t=2.126, p= 0.038) whereas such an association was not present in

low risk women (n= 48) nor in high risk (n=43) and low risk men (n= 29).

3.3 Whole BDNF levels and neuroticism
No association between whole blood BDNF levels and neuroticism in the total sample
(n= 195, p=0.57) was found, nor was there any significant association between whole

blood BDNF and neuroticism in high risk and low risk twins or in men and women,
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respectively. As expected (Vinberg et al., 2006), high risk twins displayed higher
neuroticism scores (n= 181, F=3.275, p=0.023) compared to low risk twins. Further,
a positive association between neuroticism and number of recent events (n= 181, F=
2.317, p=0.01) was found. As high risk twins displayed a mean neuroticism score
around five, the effects of neuroticism and life events on whole blood BDNF levels
were studied in two subgroups of subjects with neuroticism score over and under five.
Men with high scores on neuroticism (scores over five) that have experienced three or
more recent events (n= 14) had significantly higher BDNF levels than men with low
neuroticism (scores under 5) and less than three recent events (n= 36), 20.9 + 5.0
versus 16.5 £ 5.0 ng/ml (t=2.442, p= 0.02). By contrast, women with high scores on
neuroticism and with three or more recent events (n= 23) showed a tendency towards
decreased whole blood BDNF levels compared to low neuroticism scoring women

with two or less recent events (n= 49, p= 0.07).

4. Discussion

This is the first study to investigate BDNF level in healthy first-degree relatives of
patients with affective disorder. Apart from the genetic predisposition we also took
into account two additional factors known to be predictive for development of
affective disorder, namely more than two recent stressful life events (Caspi et al.,
2003) and a high score on the personality trait neuroticism (Kendler et al., 2006;
Kendler et al., 2004, b).

We found that whole blood BDNF levels were similar in healthy twins with or without
a genetic predisposition to depression. When recent stressful life events, however,
were taken into account it was found that women highly genetically predisposed to

depression that had experienced three or more recent stressful events had decreased
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whole blood BDNF levels compared to high risk women with two or less recent
events. The absence of such an association in men and in women genetically protected
against depression supports the notion that females with genetic predisposition to
affective disorders are particularly vulnerable to depression (Kendler et al., 2006, a).
Interestingly, men with high neuroticism (score over four) that had experienced three
or more recent events had higher whole blood BDNF levels than men with low
neuroticism and less than three recent events, irrespective of their genetic makeup. We
interpret this finding such that in men BDNF levels are appropriately counteracting
two risk factors for depression, thereby rendering these at-risk men less likely to

develop depression.

Mood disorder is a highly familial disease; heritability for depression is approximated
to 40% (Sullivan et al., 2000; Levinson 2006). Kendler and colleagues were the first to
describe a study design that identified twins in four categories of risk by crossing
zygosity with family history of affective disorder (Kendler et al., 1995) similar to our
sample. The predisposed twins included in this study show increased self-reported
scores on neuroticism (Vinberg et al., 2006), higher rates of subclinical affective
symptoms (Christensen et al., 2007) and signs of discrete cognitive dysfunction
(Christensen et al., 2006) in comparison to twins at low risk, but no changes in whole
blood BDNF levels. The lack of associations between genetic risk and whole blood
BDNF is likely to be due to a large heterogeneity in the total sample, and that genetic
risk of developing depression is insufficient to induce changes in whole blood BDNF.
It is well acknowledged today that affective disorders are a result of an interaction
between genetic liability and environmental risk factors (Kendler et al., 1995; Caspi et
al., 2003; Farmer et al., 2005), and stressful life events often precipitates the onset of

major depression (Caspi et al., 2003; Williamson et al., 1998). Animal studies have
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shown that stress leads to decreased BDNF levels (Xu et al., 2006; Christensen et al.,
2007), but until now it has been unknown whether stress is associated with decreased
whole blood BDNF in humans. We find that the number of recent events or the
number of life events by themselves do not influence whole blood BDNF levels. The
combination, however of female gender, high genetic risk and high number of recent
stressful life events is associated with lower whole blood BDNF levels. This gender-
specific difference in regulation of whole blood BDNF levels might be caused by
gender differences in hypothalamic-pituitary adrenal (HPA) axis regulation (Young
1998; Handa et al., 1994). Estrogen enhances HPA axis function (Handa et al., 1994),
thereby lowering BDNF levels, while testosterone seems to have a protective effect
against HPA axis hyperactivity (Handa et al., 1994; Rubinow et al., 2005). Gender
differences also exist in major depression. There is evidence that heritability is more
modest in men than in women (Marcus et al., 2005; Bierut et al., 1999). Our gender-
specific observation is well in line with the notion that in major depression women
show a greater reduction in serum BDNF levels than men (Karege et al., 2002, a).
Depletion of forebrain BDNF leads to depression-like behaviour in female mice only
(Monteggia et al., 2007). Furthermore, in an animal model of depression vulnerability,
female rats show increased vulnerability during estrus when estrogen levels are
highest (Sun et al., 2006), and BDNF levels the lowest (Cavus et al., 2003). This
together with our results indicates that BDNF dysregulation may be more important in
women’s vulnerability to depression, thus lower whole blood BDNF levels being a
trait factor. Since we report data from a cross-sectional study we cannot determine

whether low BDNF levels are a predictor of a later affective episode.
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Kendler and co-workers have shown that subjects with high neuroticism and high
stress are at higher risk of developing depression (Kendler et al., 2004). In accordance
with this observation we found a tendency (p= 0.07) for women with high neuroticism
score and three or more recent events displaying decreased whole blood BDNF levels.
By contrast, men with high neuroticism score and more than two recent life stressful
events have increased whole blood BDNF levels as compared to low neuroticism men
with less than three recent stressful life events. Again, men seem to be better at
regulating their whole blood BDNF levels than women.

In contrast to earlier studies where a negative association between serum BDNF and
neuroticism was identified (Lang et al., 2004; Sen et al., 2003) we were unable to
replicate this finding. Even though our high risk twins have increased neuroticism as
compared to the low risk twins (Vinberg et al., 2006), they still had lower neuroticism
scores than subjects included in other studies (Lang et al., 2004; Sen et al., 2003),
possibly because inclusion of subjects with previous depressive episodes favours the
inclusion of subjects with high neuroticism. A negative association between BDNF
and neuroticism is more likely to be revealed in a cohort with a large variance in

neuroticism scores (Maier et al., 1995).

In conclusion, the genetic risk of developing depression does not translate directly into
whole blood BDNF levels. In females that are genetically disposed for depression and
subjected to recent stressful life events whole blood BDNF levels are lower. By
contrast, in men BDNF levels seem to appropriately counteract the risk factors high

neuroticism and high number of recent stressful life events.
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Figure Legends

Fig. 1. Whole blood BDNF levels in monozygotic (MZ) and dizygotic (DZ) twins; MZ

low risk (n=33), DZ low risk (n=47), DZ high risk (n= 77), MZ high risk (n= 29).

Fig. 2. High risk women with three or more recent events (n= 26) have decreased
whole blood BDNF levels as compared with high risk women with two or less recent

events (n=35), 21.6 £ 7.0 vs. 18.5 £ 4.1 ng/ml, * p<0.05.
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