From the Department of Clinical Neuroscience,
Karolinska Institutet, Stockholm, Sweden

5-HT RECEPTOR-MEDIATED MODULATION
OF GLUTAMATE TRANSMISSION IN THE
HIPPOCAMPUS AND PREFRONTAL
CORTEX AND ITS RELATION TO
COGNITION AND DEPRESSION

Tiberiu Loredan Stan

S5 N,
‘&g Karolinska
3 < Institutet

.;k
Wyno 18°

Stockholm 2014



About the cover: The illustration, a 3D rendered fractal, resembles the shape of a
human brain in longitudinal section and depicts the author’s personal interpretation
of brain regions interaction during cognition and memory processing.

All previously published papers were reproduced with permission from the publisher.
Published by Karolinska Institutet.

Printed by Atta45 Tryckeri AB

©Tiberiu Loredan Stan, 2014

ISBN 978-91-7549-672-6



S}('\ Karolinska
5 Institutet

Department of Clinical Neuroscience

5-HT receptor-mediated modulation of glutamate
transmission in the hippocampus and prefrontal cortex
and its relation to cognition and depression

AKADEMISK AVHANDLING

som for avliggande av medicine doktorsexamen vid Karolinska
Institutet offentligen forsvaras i Inghesalen, Tomtebodavigen 18A,

Karolinska Institutet, Solna

Torsdagen den 16-10-2014, klockan 09.00

av

Tiberiu Loredan Stan
MSc

Principal Supervisor:

Prof. Per Svenningsson

Karolinska Institutet

Department of Clinical Neuroscience
Division of Translational Neuropharmacology

Co-supervisor(s):

Assoc. Prof. Oliver Stiedl

Vrije University, Amsterdam
Department of Functional Genomics and
Molecular & Cellular Neurobiology

Prof. Per Andren

Uppsala University

Department of Pharmaceutical Biosciences
Division of Med. Mass Spectrometry

Assoc. Prof. Karima Chergui

Karolinska Institutet

Department of Physiol. and Pharmacology
Division of Molecular Neurophysiology

Dr. Vasco Sousa

Karolinska Institutet

Department of Clinical Neuroscience
Division of Translational Neuropharmacology

Opponent:

Prof. Roberto Andreatini

Federal University of Parana

Department of Pharmacology

Division of Physiology and Pharmacology
of the Central Nervous System

Examination Board:

Assoc. Prof. Kent Jardemark

Karolinska Institutet

Department of Physiol. and Pharmacology
Division of Neuropsychopharmacology

Prof. Lars Oreland

Uppsala University

Department of Neuroscience

Division of Neuropsychopharmacology

Assoc. Prof. André Fisahn
Karolinska Institutet
Department of NVS
Division of Neurogeriatrics

Chairman:

Prof. Johan Lundberg

Karolinska Institutet

Department of Clinical Neuroscience
Center for Psychiatric Research






ABSTRACT

Depression is a multifaceted disease which is marked by cognitive and emotional
memory impairments. It is characterised by an imbalacement of serotonergic and
glutamatergic system in brain areas such as hippocampus and prefontal cortex. Current
antidepressant treatments available on the market and newer candidates need a better
understanding of their mechanism of action, both at behavioral and molecular level.

During my PhD thesis I have tested several hypothesis:

In paper 1 — 5-HT; receptors are involved in emotional memory caused by a
direct or indirect activation of the receptor. This was tested in the passive avoidance
(PA) task where systemic administration of the dual 5-HT;,R/5-HT-R agonist, 8-OH-
DPAT, was combined with 5-HT 4R and 5-HT,R antagonists administration in mice.
Local infusion of 8-OH-DPAT was administered into the dorsal hippocampus in order to
delineate that 5-HT 4R and 5-HT-Rs potentially crosstalk in hippocampal processing
of emotional memory.

In paper II - [urasidone, a second generation antipsychotic, posesses
antidepressive properties, similar to the well studied fluoxetine, a selective serotonin
reuptake inhibitor (SSRI). Chronic effects of lurasidone and fluoxetine were tested
using behavioral approaches, such as novelty induced hyponeophagia (NIH), as well
as immunobloting measurements in hippocampal and prefrontal cortex areas.

In paper III — 5-HT;3R and pll interaction affects the hippocampal
neurotransmission. This was tested using biosensors to measure in vivo glutamate
release with fast analytical sensing technology (FAST). Immunoblotting
measurements were also performed, to determine glutamate receptor phosphorylation.
Moreover, neurochemical events associated with p11-mediated regulation of 5-HTgR
function were tested by a non-invasive methodology, in vivo proton magnetic
resonance spectroscopy (' H-MRS) recordings.

In paper IV — N methyl-D-aspartate receptor (NMDAR) antagonists, ketamine
and Ro25-6981, compunds with rapid antidepressive properties, modulate glutamate
release. This was tested with FAST-subsecond glutamate release mesurements in
hippocampal-prefrontal cortex circuitry.

In conclusion, the work conducted in this thesis has contributed in
understanding the interaction between serotonergic and glutamatergic systems in
hippocampal and prefrontal cortex areas, providing novel insights upon mechanism of
action of different classes of antidepressants reflected both at the behavioral and
molecular level.
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1 INTRODUCTION

1.1 DEPRESSION

Depression, the predominant form of affective or mood disorders (Kessler et
al., 2010), 1s one of the leading causes of disease burden worldwide, with a
great impact on the health status, affecting all genders, ages and backgrounds
(Schlaepfer et al., 2012). Diagnostic criteria for depression include symptoms
such as sadness or low mood, cognitive dysfunctions, loss of interest or
pleasure, disturbed sleep, poor concentration, guilt or low self-worth, disturbed
appetite, poor energy, decreased interest in and enjoyment of sex, physical
agitation or slowing, and thoughts or acts of suicide, according to Diagnostic
and Statistical Manual of Mental Disorders (DSM-IV) (American Psychiatric
Association, 2000). Depression could be triggered by several factors such as
stress, genetic factors, inflammation, seasonal affective disorders (SAD), etc.
(Caspi et al., 2003; Raison et al., 2006; Duman, 2014). Defects in the
serotonergic (5-HT) system, which is involved in emotion, learning and
memory processes, have long been implicated in the pathophysiology of
depressive disorders (Hoyer et al., 2002). Most of the available antidepressants
on the market accomplish their effect by increasing the levels of serotonergic
neurotransmission but, overall, there is a certain delay of the therapeutic onset,
making it difficult to fully delineate their action (Heninger et al., 1996; Barnes
& Sharp, 1999). The pioneering experiments of Heninger et al. (1996) were the
basis of the monoamine theory of depression, referring to the “depletion in the
levels of serotonin, noradrenaline, and/or dopamine in the central nervous
system” (see Figure 1). Apart from the mentioned serotonin (5-HT)
dysfunction in depressed patients (Hoyer et al., 2002), the noradrenergic and
dopaminergic system are also affected, since studies have shown alterations in

-adrenoceptor binding in suicide victims (Zanko & Beigon, 1983) and a lower



dopamine transporter binding in the striatum of depressed patients (Meyer et
al., 2001).

., Attention Vigitance
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Figure 1. Involvement of monoamine neurotransmitters in the modulation of different
symptoms in depression (adapted from Nutt et al., 2007).

However, there is clinical evidence that challenges the monoamine theory,
namely the reported decrease of y-aminobutyric acid (GABA) level in the
cortex (Sanacora et al.,, 2002) or alterations of glutamatergic system of the
depressed patients (Sanacora et al., 2008). Glutamate has been shown to be a
key neurotransmitter in depressive pathology (Trullas & Skolnick, 1990;
Skolnick et al., 2009). Clinical studies have found evidence for glutamatergic
dysfunction using neuroimaging and analyses of plasma, serum, cerebrospinal
fluid and postmortem brain tissue of depressed patients (Sanacora et al., 2011).
Newer treatment with compounds that target the glutamate receptors, such as

ketamine, a nonspecific NMDAR antagonist, after an acute, sub anesthetic



dose, indicate rapid and sustained antidepressive effects in humans (Zarate et

al., 2006).

During my PhD I have been involved in projects focused on 5-HT receptor-
mediated modulation of glutamate transmission in two main brain regions:
hippocampus and prefrontal cortex. I tried to understand more about this
interaction and its implications for cognition and depression. Previous studies
performed in humans have identified that the excitatory neural circuits within
the hippocampal-prefrontal cortical system, which regulate stress-
responsiveness and mood, are over-activated in patients with major depressive
disorder (MDD) (Ressler & Mayberg, 2003). Likewise, studies in rodent
models have shown that different types of chronic stress induce depression-like
changes on behavioral, morphological (eg. synaptogenesis) and signal
transduction parameters (Maeng et al., 2008; Autry et al., 2011; Li et al., 2011;
Miiller et al., 2013; Duman et al., 2012) within the glutamatergic hippocampal-
prefrontal cortical circuitry (Qi et al., 2009; Duman & Li, 2012; Schloesser et
al., 2012).



1.2 HIPPOCAMPAL -PREFRONTAL CORTEX CIRCUITRY
1.2.1 HIPPOCAMPUS

In the mamalian brain, the hippocampus is part of the limbic system and
consists of several anatomical subregions including the entorhinal cortex, Cornu
Ammonis (CA) subfields, CAl, CA2 and CA3, dentate gyrus and subiculum
(O'Mara et al., 2000), with an intrinsic excitatory network between them (Tsien

et al., 1996) (Figure 2).
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Figure 2. Hippocampal-prefrontal cortex circuitry involvement in depression. Hippocampal
network a); CAl-Subiculum projections b); hippocampal synaptic plasticity c); cellular
morphology changes d); hippocampal neurogenesis e¢). mPFC- medial prefrontal cortex;
NMDAR-Nmethyl-D-aspartate receptor; AMPAR-alpha-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid receptor; Glu-glutamate; BDNF- brain-derived neurotrophic factor;
TrkB-TrkB tyrosine kinase or BDNF/NT-3 growth factors receptor; mGluR-metabotropic

glutamate receptor. Printed with permission from the editor. From Schloesser et al., 2012.



In terms of hippocampal cell types, the majority is represented by
glutamatergic pyramidal and granule cells whereas a small fraction includes
GABA- releasing interneurons (Fritschy et al., 1998). The hippocampus receives
serotonergic projections from medial and dorsal raphe nuclei (MRN & DRN)
(Jans et al., 2007; Vertes, 2010). A plethora of electrophysiological and
behavioral studies identified hippocampus as a critical region in forming new
memories (Tsien et al., 1996; Vertes, 2010). In rodents, hippocampal oscillatory
patterns, such as theta (4-12 Hz) (Kramis et al., 1975) and gamma (30-80 Hz)
(Bragin et al., 1995; Wang & Buzsaki, 1996) have been intensively linked with
learning and memory processes. Different serotonin receptors (SHTRs) such 5-
HTiam, 5-HT4 and 5-HT7R are well-represented in the CAl region, indicating
the involvement of the serotonergic system in learning processes (Barnes &
Sharp, 1999; Hoyer et al., 2002; Jans et al., 2007; Roberts & Hedlund, 2012).
Also, the serotonergic projections from MRN & DRN interfere with the
theta/hippocampal EEG, altering memory-processing functions in hippocampus
(Vertes, 2010). Systemic administration of ketamine in mice, at a sub-anaesthetic
dose, produced a decrease in theta and increase in gamma power (Lazarewicz et
al., 2010). These experiments were reproduced in human studies, where
ketamine decreased the amplitude of low-frequency oscillations (delta 1-5 Hz,
theta-alpha 5—12 Hz) and increased the amplitude of gamma oscillations (Hong
et al., 2009). Interestingly, a recent study performed in rodents (Muller et al.,
2013) revealed that acute ketamine treatment regulates the presynaptic release
machinery in the hippocampus by a similar mechanism to chronic antidepressant
treatment (Bonanno et al., 2005; Musazzi et al., 2010). Magnetic resonance
imaging (MRI) studies indicated a reduction in hippocampal volume in
depressed patients and individuals suffering posttraumatic stress disorder

(PTSD) (Zubenko et al., 1990; Gilbertson et al., 2002; Campbell et al., 2004).



Factors such as severe and chronic stress alter the hippocampal formation in

animals (Sapolsky et al., 1990).
1.2.2 SUBICULUM

Pyramidal neurons of the CAl area send direct projections to the subiculum
(O'Mara et al., 2000). This pathway is known to be involved in both short- and
long term plasticity (O'Mara et al., 2000; Behr et al., 2009), whereas exposure to
an acute stressor disrupts this plasticity (MacDougall et al., 2013). Subiculum,
the main output of the hippocampus, sends glutamatergic projections to the
amygdala, nucleus accumbens, hypothalamus and prefrontal cortex, creating
neuroanatomic circuits known to be involved in mood regulation (see Figure 2b).
If dysfunctionality may appear in any of the regions involved in these circuits,
the subject/patient is more prone to develop a mood disorder (Soares & Mann,
1997).

1.2.3 PREFRONTAL CORTEX

Similarly to the hippocampus, the prefrontal cortex (PFC) receives projections
from MRN & DRN (Jans et al., 2007; Vertes, 2010). It has been reported from
postmortem and imaging studies on patients with bipolar disorder (BD), a
decreased neuronal size and altered neuronal and glial cells density in PFC
region (Savitz et al., 2014; Campbell & Macqueen, 2004). Furthermore, analyses
of the PFC from patients with mood disorders have shown increased glutamate

levels and decreased gray matter volume (Savitz et al., 2014; Hashimoto et al.,

2007).



1.3 NEUROTRANSMISSION
1.3.1 Serotonin transmission

The serotonin neurotransmitter system plays major roles in the regulation of
mood, sex, sleep, cognition and endocrine effects (Nichols & Nichols, 2008).
Serotonin (5-hydroxytryptamine; 5-HT) is synthesized from the amino acid,
tryptophan (Figure 3). The highest concentration of 5-HT (aprox. 90%) is found
in the gut (enterochromaffin cells) whereas the rest of 5-HT is found in platelets
and in the CNS (Azmitia & Gannon, 1986). In the brain, the serotonergic
neurons are located in the caudal and rostral raphe nuclei of the brainstem,
thereafter projecting to different brain areas such as the hippocampus, prefrontal
cortex, amygdala, hypothalamus, basal ganglia and cingulate cortex (Jans et al.,
2007). A significant body of data suggests an important role of 5-HT in
hippocampal -dependent learning and memory processes (Ogren et al., 2008).
Rodent studies indicate that changes in 5-HT neurotransmission can facilitate or
impair learning and memory in various hippocampal tasks reflecting actions on
multiple 5-HTRs (Ogren et al., 2008). Changes in serotonergic transmission
implicated in affective disorders appear also to underlie the cognitive

dysfunction observed in psychiatric disorders (Millan et al., 2012).

fryptophan Faromac acid Adenyde
foxyfase acarnonylase ; Gehydronyase ; ;
Tryptophan g Hydroxytryptophand—w—*Seromnm (5-HT) —— shydroxyindolacetic
acid
(SHIAA)

Figure 3. Serotonin (5-HT) synthesis and metabolism.



After its release from the synaptic terminals, 5-HT is cleared from synaptic cleft
by the serotonin reuptake transporters (SERT) and re-packed in vesicles,
whereas the free cytoplasmic 5-HT is inactivated by monoamine oxidase (MAO)

to 5-hydroxyindole-3-acetic acid (5- HIAA) (Figure 4).
1.3.1.1 Serotonin receptors

Serotonin transmission is mediated by fourteen different 5-HT receptor (5-HTR)
subtypes, divided in seven subclasses: 5-HTap, 5-HToac, 5-HT3, 5-HT4, 5-
HTsap 5-HTs and 5-HT; (Hoyer et al., 2002) (Figure 4). They have a diverse
signaling pathway (Nichols & Nichols, 2008) and can be grouped in: a) 5-HTRs
that decrease cAMP formation (5-HT,. and HTs.)); b) 5-HTRs that increase
cAMP formation (5-HT4, 5-HT¢ and 5-HT7); ¢) 5-HTRs that increase inositol
triphosphate (IP3) and diacylglycerol (DAG) formation (5-HT2); d) 5-HTRs
that play a major role in increasing Na™ and Ca®" influx (5-HT3Rs). All the 5-
HTRs are involved in a range of adaptive behaviors (Hoyer et al., 2002).

Tryptoppan Figure 4. Serotonergic synapse and
< GHTP distribution of S5-HTRs (adapted from
SHT .
Nichols

& Nichols, 2008). Following
synthesis from tryptophan and in presence of
action potential, 5-HT is released and
activates the 5-HTRs and synaptic cascades,
leading to conformational changes of G
protein and its subunits. 5-HT is taken up by
SERT into presynaptic site and degraded by
enzymes. 5-HT- serotonin; a-,fB-, y- G-
protein subunits, SERT- serotonin transport;
SHIAA- Shydroxyindoacetic acid; SHTP-
Shydroxytryptophan, MAO- monoamine
oxidase.

Autoreceptor
(5HT1a1824)

Postsynaptic receptor

+ heteromeric G-protein
(SHT yap/eri SHT 3080 SHT 4
S5HT;,,5:5HT5HT))



In the course of my PhD, I was mostly interested in the following 5-HTR
subtypes:

5-HT;a receptors (Paper I & II):

5-HT aRs are widely expressed in CNS, located either presynaptically
(somatodendritic autoreceptors) in raphe, or postsynaptically, in other regions of
the brain (Jans et al., 2007). 5-HT;aRs constitute a therapeutic target for multiple
neuropsychiatric diseases such as anxiety, depression or schizophrenia (Ohno.,
2011). Also, it has been indicated that 5-HT;sR agonist treatment impaired

memory function (Ogren et al., 2008).
5-HT;p receptors (Paper III):

5-HT;gRs are auto- and heteroreceptors and are expressed in different brain
regions such as basal ganglia, striatum and hippocampus, playing a major role in
modulation of emotional memory performance (Eriksson et al., 2008). The
expression levels of 5-HT;gR is decreased in pl1 knock-out (KO) mice, an
animal model of depression (Svenningsson et al., 2006). Positron emission
tomography (PET) studies performed in ventral striatal/ventral pallidal areas of
the patients with MDD exhibit a reduced binding potential for 5-HT;gR
(Murrough et al., 2011), indicating the importance of 5-HTgR in depression.

5-HT;a receptors (Paper II):

5-HT,aRs are mostly localized at the postsynaptic site, on dendritic shafts and in
dendritic spines (Miner et al., 2003). 5-HT,4Rs are also found on the presynaptic
site suggesting that 5S-HT,aRs can modulate excitatory neurotransmission (Jakab
& Goldman-Rakic, 1998). A small fraction of 5-HT»aRs is expressed in glial
processes (Miner et al., 2003). 5-HT,aRs are widely localized, including



prefrontal cortex (Miner et al., 2003). 5-HT»aRs undergo down-regulation in

response to either agonist or antagonist treatment (Gray & Roth, 2001).
5-HT4 receptors (Paper I11):

The 5-HT4R was cloned in 1995 (Gerald et al., 1995) and is expressed both
peripherally and centrally (Nichols & Nichols, 2008). In humans, 5-HT4Rs are
expressed in cortex, hippocampus, basal ganglia and substantia nigra
(Bonaventure et al., 2000). Electrophysiological studies performed in the CA1
region of the hippocampus, indicated that activation of 5-HT4Rs do not influence
long term potentiation (LTP) but only long term depression (LTD) (Kemp &
Manahan-Vaughan, 2005). 5-HT4Rs modulate the release of various
neurotransmitters and play a major role in learning and memory (Chapin et al.,
2002).

5-HT; receptors (Paper I & II):

The 5-HT7Rs are the newest addition to the 5-HTRs family and several groups
(Bard et al., 1993; Shen et al., 1993; Lovenberg et at., 1993; Plassat et al., 1993;
Ruat et al., 1993) reported in parallel the cloning of the human, rat and mouse 5-
HT7 receptor. 5-HT7Rs are widely expressed in the brain, including limbic
system, thalamus, hypothalamus and cortical areas (Vanhoenacker et al., 2000;
Neumaier et al., 2001). 5-HT7Rs modulate hippocampus-dependent learning
performance (Roberts & Hedlund, 2012), are involved in circadian rhythmicity
and thermoregulation (Middlemiss et al., 2002). In particular, sleep studies in
rats with SHT7R antagonist, SB269970, indicated a reduction of paradoxical
phase, as similar to the effect after a treatment with selective serotonin reuptake

inhibitors (SSRIs) in clinical trials (Hagan et al., 2000).
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1.3.2 Glutamatergic transmission

L-Glutamate (Glu), the major excitatory neurotransmitter in the mammalian
central nervous system (CNS), is synthesized from glutamine in the presynaptic

compartment (Figure 5).

H,0 NH,* H,0 co,

Glutamate » GABA

Glutamine = *

glutamate synthase

ADP +P; NH,* +ATP

y

Figure 5. Conversion of Glutamate and GABA from Glutamine. H,O- water; CO,- carbon
dioxide; NH,'- ammonium cation; P; phosphate; ADP- adenosine diphosphate; ATP- adenosine
triphosphate; GABA- gamma-amino butyric acid.

Upon arrival of an action potential at the presynaptic site, Glu vesicles, located in
terminal buttons, fusion in the presence of Ca®". This mechanism leads to
changes in conformation of the SNARE (soluble N-ethylmaleimide-sensitive
factor attachment protein receptor) complex (Siidhof & Rothman, 2009) and
leads to a fast release of Glu and activation of glutamate receptors located on the
postsynaptic site (Figure 6). Glu also activates the presynaptic NMDAR, a
mechanism that causes reinforcement of Ca** dependent Glu release (McGuiness
et al., 2010). From synaptic cleft, Glu in excess is taken up by surrounding glial
cells, with high-affinity transporters. The activity of the glial transporters, such
as the excitatory amino acid transporter 1/2 (EAAT1/2), help in prevention of
Glu toxicity (Danbolt, 2001). In the glial cells, Glu is converted to glutamine
(GlIn).
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Figure 6. The glutamatergic tripartite synapse (adapted from Popoli et al., 2011).

Following synthesis from glutamine and in presence of action potential, glutamate is released
and activates the NMDAR, AMPAR and postsynaptic cascades. From the synaptic cleft,
glutamate uptake occurs through EAAT1/2 dependent-transport into glial cells, converted into
glutamine and furthermore converted back to glutamate, in the presynaptic site. Glu-
glutamate; Ca>" - calcium ion; NMDAR-N-methyl-D-aspartate receptor; AMPAR- a-amino-
3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor; EAA1/2- excitatory amino acid
transporters 1/2.

1.3.2.1 Glutamate receptors

Glu acts on two major classes of synaptic receptors: ionotropic and metabotropic
glutamate receptors. The ionotropic glutamate receptors include: AMPAR
(alpha-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor),
NMDAR and kainate receptors. The metabotropic glutamate receptors (mGIuRs)
are part of the G-protein coupled receptor family. NMDAR receptors
(NMDARs) and AMPAR receptors (AMPARs) are directly involved in two
forms of synaptic plasticity, LTP and LTD. Both physiological processes have
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been thoroughly characterized in the hippocampus (Bliss & Lomo, 1973; Lomo,
2003; Bliss & Collingridge, 2013).

My current PhD thesis consisted mostly in biochemical measurements and
behavior readouts from animals experiments. Therefore, it was vital to
understand how different classes of antidepressants exert their function and
regulate the molecular mechanism of synaptic transmission, such as subunit
composition of NMDAR and AMPAR, additional synaptic proteins and

intracellular signaling pathways.
1.3.2.1.1 NMDA receptors (NMDARSs)

NMDARSs are heterotetrametric ion channels and include three subtypes: NR1
(with 8 subunits), NR2 (with subunits- A, B, C, D) and NR3 (with 2 subunits- A
and B) (Ogden & Traynelis, 2011) (Figure 7). In order to be functional, the
NMDARs contain a mandatory NR1 subunit (Monyer et al., 1992; Ogden &
Traynelis, 2011). Normally, Mg*" blocks NMDAR due to binding at the channel
pore (Paoletti & Neyton, 2007). The activation of NMDARs requires the
simultaneous presence of Glu and glicine (Lerma et al., 1990). The NR2 subunits
form the binding sites for Glu whereas the NR1 and NR3 form the binding sites
for glycine (Furukawa et al., 2005). NMDAR activation triggers a cascade of

biochemical processes (Bliss & Lomo, 1973).
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Figure 7. NMDAR subunit composition and the binding sites for agonists and antagonists.

Printed with permission from the editor. From Paoletti & Neyton, 2007

In rodents, the NMDAR are located in different brain regions, including
entorhinal cortex, hippocampus and prefrontal cortex (Sjostrom et al., 2003;
McGuinness et al., 2010; Rossi et al., 2012). NMDARs are expressed
postsynaptically, in pyramidal cells (with the NR2A and NR2B subunits
(Skolnick et al., 2009), GABA interneurons (Bagley & Moghaddam, 1997) and
astrocytes (Krebs et al., 2003). NMDARs are also located at the presynaptic site
(preNMDARs), as autoreceptors (McGuinness et al., 2010; Rossi et al., 2012;
Buchanan et al, 2012). It is known that axonal compartments contain
preNMDARs (McGuinness et al., 2010; Rossi et al.,, 2012; Buchanan et al,,
2012) and CA1l-subicular axonal projections possess the preNMDAR-containing
NR1 and NR2B subunits (Behr et al., 2009). In rodent brain, subicular pyramidal

cells posses a particular feature, similar to humans, namely that the cells are
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classified as bursting spiking (BS) and regular-spiking (RS) cells (Behr et al.,
2009). The BS cells are in a greater number than the RS cells and require
presynaptic Ca”” influx but not an increase of postsynaptic Ca>" for induction of
LTP, suggesting that LTP is induced via activation of presynaptic NMDAR
(Behr et al., 2009). This aspect is very important in respect to synaptic
neurotransmission, since it provides a rapid control over the action potential-
driven, Ca’"-dependent, glutamate release (Sjostrom et al., 2003; Chamberlain et
al., 2008; McGuinness et al., 2010). The CAl and subicular cells possess
another particular feature: immunohistochemical experiments performed in
rodents indicated the expression NR2B subunits only at the neuronal cells,
whereas, in a normal brain, astrocytes do not express it (Krebs et al., 2003).
However, factors such as ischemia in vivo and anoxia in vitro trigger the
expression of NMDAR-containing NR2B subunit in astrocytes (Krebs et al.,
2003). Pharmacological studies have focused in developing compounds that
target the Glu-blinding sites, ion-channel pore or alosteric site of the N-terminal
domain (NTDs) (Figure 7). Over the past decades, new compounds that
specifically target the NR2 subunits have been developed (the affinity ranking
typically NR2A > NR2B > NR2C > NR2D) (Paoletti & Neyton, 2007). These
studies indicate that NMDARSs play a major role in the etiology of depression
(Ogden & Traynelis, 2011). In mice, genetic inactivation of NMDAR-NR2A
subunit leads to an anxiolytic and antidepressant-like effect, as measured by
performance in the forced-swim test and tail suspension test (Boyce-Rustay &
Holmes, 2006). Animal studies with ketamine (a non-selective NMDAR
antagonist) and Ro025-6981 (a selective NMDAR NR2B-subunit antagonist)
have shown that their fast-acting antidepressant effects involve the activation of
the mammalian target of rapamycin (mTOR) signaling, as well as other

pathways and proteins: mitogen activated protein kinase (MAPK), protein kinase
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B (PKB), activity-regulated cytoskeletal-associated protein (Arc), post synaptic
proteins, such as post synaptic density 95 (PSD-95) and GluR1 (Li et al., 2010).
Both in vivo and in vitro experiments with D-(-)-2-amino-5-phosphonopentanoic
acid (APV), an NMDAR selective antagonist, highlighted the involvement of
this class of glutamate receptors in emotional memory (Stiedl et al., 2000) and
dendritic arborization (Rocha & Sur, 1995; McAllister et al., 1996). Clinical
trials performed in depressed patients challenged with a single intravenous
ketamine injection, at a subanesthetic dose, showed a rapid and sustained

antidepressant effect (Zarate et al., 2006).

1.3.2.1.2 AMPA receptors (AMPARs)

AMPARs are heterotetrametric ion channels and mediate the fast synaptic
transmission in the CNS (Traynelis et al., 2010). AMPAR include four GluR
subunits (GluR1-GluR4) which are distributed, in a functional AMPAR, as
dimers of GluR2 and as dimers from GluR1, GluR3, or GluR4 (Traynelis et al.,
2010). At rest, the majority of AMPARs at hippocampal synapses contain a
higher ratio of GluR1/2 heteromer rather than GluR2/3 heteromer or GluR1
homomers (Lu et al., 2009). The GluR2 subunit regulates the permeability of
AMPARSs to Ca **, whereas the GIuR2 inclusion or GluR2 genetic deletion alters
the transmission at the synaptic level (Lu et al., 2009). The AMPARSs function is
regulated by antidepressants: acute and chronic treatment with fluoxetine, leads
to increase in AMPAR phosphorylation (Svennigsson et al., 2002). The
NMDARSs regulate AMPA trafficking by either promoting AMPAR-containing
GluR1 subunit insertion onto synapses (Hayashi et al.,, 2000) or removal of

AMPAR-containing GluR1 and GluR2 subunits from the synapses (Beattie et
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al., 2000). GluR1 double phosphomutant mice exibit an altered anxious and

depressive-like behaviour (Kiselycznyk et al., 2013).

1.3.3 GABA transmission (Paper III)

GABA is the main inhibitor neurotransmitter in the brain. GABA regulates the
activity of glutamatergic synapses and plays a major role in the generation of
gamma oscillations and learning and memory processes (Buzsdki & Wang,
2012). It is worth noting that glutamine is the precursor for both Glu and GABA
(Figure 5). In clinical trials, proton magnetic resonance spectroscopy ('H-MRS)
investigations have linked the cognitive impairments of schizophrenia with
decreased GABAergic concentration in visual cortex (Yoon et al., 2010). Other
studies have indicated that treatment with SSRIs in depressed patients lead to an

increase of GABA levels in the occipital cortex area (Sanacora et al., 2002).

1.3.4 Synaptic proteins (Paper 1I & III)
1.3.4.1 P11 (Paper II)

P11 (S100A10, annexin II light chain) is an adapter protein which, at the cellular
level regulates 5-HT;gR functions and recruits both 5-HT;gR and 5-HT4R to the
cell surface (Svenningsson et al., 2006; Svenningsson et al., 2007; Warner-
Schmidt et al., 2009; Svenningsson et al., 2013). Reduced levels of pl1 have
been found both in postmortem human brain tissue from depressed individuals
and suicide victims (Svenningsson et al., 2006; Anisman et al., 2008; Alexander
et al., 2010), and in a rodent model of depression (Svenningsson et al., 2006).
P11 knock-out (KO) mice exhibit a depressive-like phenotype and have reduced

responsiveness to 5-HTgR agonists and antidepressants (Svenningsson et al.,
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2006; Egeland et al., 2010). Chronic treatment with imipramine, a tryciclic
antidepressant (TCA) and electroconvulsive therapy increased p11 protein level
in cortex (Svenningsson et al., 2006). Recently, clinical trials in patients with
MDD have indicated that chronic treatment with citalopram, an antidepressant
from SSRI family, has been associated with decreased pll levels in white

blood cells (Svenningsson et al., 2014).

1.3.4.2 Post Synaptic Densisty 95 (PSD-95) (Paper I1I)

PSD-95 protein is a member of membrane-associated guanylate
kinase (MAGUK) scaffolding protein family and is involved in the regulation of
glutamatergic signaling at the postsynaptic site (Zhang et al., 2013), by
interacting with NMDAR and downstream signaling proteins (Aoki et al., 2001).
As previously mentioned, PSD-95 is also an indirect target of fast-acting
antidepressants (the non-selective NMDAR antagonist, ketamine, and Ro25-
6981 (Li et al., 2010). PSD-95 plays a critical role by mediating the actions of
hallucinogens and atypical antipsychotic drugs which target the 5-HT>4R and 5-
HT,cR (Zhang et al., 2013).
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1.4.AIMS

Based on the need to develop novel and effective therapies for depression,
studies were undertaken to identify pharmacological targets of improved
antidepressive medication.

Paper 1
(1) to examine the role of 5-HT7Rs in emotional memory using direct or indirect

activation of the receptor by combining systemic administration of the dual 5-
HT;AR/5-HT;R agonist 8-OH-DPAT, together with 5-HT ;4R and 5-HT;R
antagonists

(2) to assess the involvement of hippocampal processing in emotional memory by
local infusion of the 5-HT;AR/5-HT7R agonists into the dorsal hippocampus of
mice

Paper 11
(1)to investigate and compare the antidepressive properties of chronically

administered lurasidone and fluoxetine

(2) to measure protein expression differences in the hippocampus and prefrontal
cortex, associated with antidepressive effects of lurasidone and fluoxetine

Paper 111
(1)to investigate the mechanism(s) whereby 5-HT;gRs and pll regulate

hippocampal neurotransmission

(2) to study neurochemical events associated with pl1-mediated regulation of 5-
HT;gR function

Paper 1V
(1) to investigate how local application of the NMDARs antagonists ketamine or

R025-6981 affect tonic and evoked glutamate release in different brain regions
relevant to depression

(2)to investigate if, in a time-course of 2 hours following acute systemic

administration of ketamine, tonic and evoked glutamate release would be
affected in the subiculum
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2 MATERIALS AND METHODS

Various methodological approaches have been used in the current thesis, as they
are enumerated below, with a full description in the corresponding papers.
Additional methods that have been only used by the collaborators and not by the
author of the thesis are described in detail in the corresponding paper.
Pharmacological compounds (agonists and antagonists) used in the current thesis

have been listed below (Table 1).

2.1 MOUSE MODELS

2.1.1 C57BL/6J mice (I, I1, 1V)

2.1.2 S100A10 knockout (P11 KO) mice (III)

2.2 PHARMACOLOGICAL TREATMENTS

2.2.1 Acute and repeated systemic administration (I-1V)
2.2.2 Chronic antidepressant drug administration (II)
2.2.3 Local brain infusion (I, III, IV)

2.3 BEHAVIORAL METHODS

2.3.1 Passive Avoidance Test (I)

2.3.2 Novelty Induced Hypophagia (II)

2.3.3 Open Field (IT)

2.3.4 Nest Building Test (II)

2.4 BRAIN NEUROCHEMICAL MEASUREMENTS

2.4.1 Magnetic Resonance Spectroscopy (I1I)
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2.4.2 Fast Analytical Sensing Technology (FAST) (IIT & IV)
2.5 STEREOTACTIC APPLICATIONS

2.5.1 Chronic Cannulae Implantation (I)

2.5.2 Intrahippocampal drug injection (I, IIL, I'V)

2.5.3 Methylene Blue intracranial infusion (I, IIL, IV)

2.5.4 Enzyme-based Micro-Electrode Array (III & IV)

2.6 HISTOLOGY

2.6.1 Nuclear Fast Red Counterstaining (I, III, IV).

2.7 BIOCHEMICAL TECHNIQUES

2.7.1 Immunoblotting (II, III)

Table 1. Agonists and antagonists used in the present work

NAME MODE OF ACTION
8-OH-DPAT 5-HT aAR/5-HT7R agonist
NAD-299 HT;sR antagonist
SB269970 5-HT5R antagonist
CP-94253 5-HT;gR agonist
D,, 5-HT;a, 5-HT7R antagonist; 5-HT;sR partial
Lurasidone agonist
Fluoxetine selective serotonin reuptake inhibitor (SSRI)
Ketamine non-selective NMDAR antagonist
R025-6981 selective NMDAR-NR2B-subunit antagonist
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3 RESULTS

In this section are indicated main findings from Paper I-IV.

3.1. In vivo 5-HT1ARs and 5-HT-;Rs interaction in the modulation of

emotional memory function (Paper I)

We have found that pretraining (15 minutes before training) injections with 8-
OH-DPAT, a dual 5-HT;sR/5-HT7R agonist, significantly affected training
latencies both at 0.3mg/kg and 1 mg/kg (Figure 1a) in the passive avoidance
(PA) test. Sytemic administration of 8-OH-DPAT, together with blocking the 5-
HT; R activity by NAD-299, lead to a marked facilitation of PA retention due
to the 5-HT7R stimulation (Figure 1b).
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Figure 1. Effects of pharmacological manipulation by the dual 5-HT,,R/5-HT-R agonist
8-OH-DPAT combined with selective 5-HT;4R (NAD-299) and 5-HT;R (SB269970)
antagonists on PA performance. Step-through latency at training after pre-training treatment
(a). PA retention performance assessed by step-through latency performed 24 h after training
(b). Drugs or vehicles were injected 30 min before training (NAD-299 s.c. and/or SB269970
i.p.) and 15 min before training (8§-OH-DPAT s.c.). Data represent means +S.E.M; numbers
refer to systemic drug dosages in mg/kg; n = 8-13 mice/group and 59 controls. *p < 0.05; **p
< 0.01; ***p < 0.001 vs. corresponding vehicle control group (white bar); ###p < 0.001
between indicated treatments. Statistical analysis included one way ANOVA or, in cases of
pairwise comparison of two groups, by unpaired t-test. In cases of significant overall effect on
the ANOVA, Neuman-Keuls was used for post-hoc analysis.
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Furthermore, to assess the involvement of hippocampal processing in emotional
memory, 8-OH-DPAT was locally infused into dorsal hippocampus of mice. 8-
OH-DPAT impaired the PA performance similar to the effects of systemic
administration (Figure 2a). Intrahippocampal administration of 8-OH-DPAT,
together with blocking the 5-HT;aR activity by NAD-299, lead to a marked
facilitation of PA retention due to the 5-HT-R stimulation (Figure 2b).
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Figure 2. Effects of intrahippocampal infusion of the dual 5S-HT,,R/5-HT,R agonist
8-OH-DPAT co-administered with selective 5-HT;,R and 5-HT;R antagonist on PA
performance. Step-through latency at training after pre-training treatment (a). PA retention
was determined by step-through latency 24 h after training (b). Drugs were injected 30 min
before training (NAD-299 s.c. and/or SB269970 i.p.) and intrahippocampal infusions of 8-OH-
DPAT or aCSF occurred 15 min before training. Data represent means + S.E.M; numbers refer
to systemic drug dosages in mg/kg or total dose of drug in mg/mouse infused into both dorsal
hippocampi; n = 11-25 mice/group and 76 controls. *p < 0.05; ***p < 0.001 vs. corresponding
vehicle control group (white bar); ###p < 0.001 between indicated treatments. Statistical
analysis included one way ANOVA or, in cases of pairwise comparison of two groups, by
unpaired t-test. In cases of significant overall effect on the ANOVA, Neuman-Keuls was used
for post-hoc analysis.
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3.2 Effects of chronic treatment with lurasidone and fluoxetine
in mice (Paper II)

3.2.1 Lurasidone and fluoxetine decrease the latency to feed in the NIH
test

We found that lurasidone, at both doses (3mg/kg and 10mg/kg) and fluoxetine
(20mg/kg) were able to decrease latency to feed in the novelty-induced

hyponeophagia (NIH) test, a behavioral paradigm sensitive to chronic

antidepressive treatment (Figure 3):
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Figure 3. Chronic lurasidone and fluoxetine decrease the latency to feed in the novelty-
induced hyponeophagia test. Graph showing home versus novel cage difference in the latency
to consume milk reward. Chronic treatment with both 3mg/kg and 10mg/kg lurasidone as well as
fluoxetine significantly decreased the latency to feed in the NIH test. The data are presented as
mean values £ S.E.M. from 6-9 animals. *p<0.05; **p<0.01; ***p<0.001, Two-way repeated
measures ANOVA followed by Fisher’s LSD test, versus vehicle group. Legend: Veh:
vehicle/control group (Methyl cellulose 0.5%) 10ml/kg; Lur3 - lurasidone (3mg/kg); (Lurl0) -
lurasidone (10mg/kg); F20 -fluoxetine (20mg/kg). All treatments were administered per os (p.o.).
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3.2.2 Lurasidone and fluoxetine decrease total NMDAR subunit levels

Protein expression differences in hippocampus and prefrontal cortex, associated
with antidepressive effects of lurasidone and fluoxetine were measured by
Western blot (WB). Lurasidone and fluoxetine shared the ability to decrease the
NRI1 and NR2A subunit levels in hippocampus (Figure 4A), with similar effects
on NR2A and NR2B subunits in prefrontal cortex (Figure 4B). In addition,
fluoxetine decreased the NR1 subunit levels in prefrontal cortex (Figure 4B).
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Figure 4: Chronic lurasidone and fluoxetine decrease the total NMDA receptor subunit
levels 10mg/kg lurasidone and 20mg/kg fluoxetine decreased the levels of NMDA receptor
subunits in hippocampus (A) and prefrontal cortex (B). The data are normalized by B-actin and
presented as mean percentage of vehicle control = S.E.M from 7-9 animals. *p<0.05; **p<0.01;
*#%p<0.001, One-way ANOVA followed by Fisher’s LSD test, versus vehicle group. NMDAR
subunits: T-NR2A, T-NR2B, T-NR1; AMPAR subunit: T-GluR1. Legend: Veh: vehicle/control
group (Methyl cellulose 0.5%) 10ml/kg; Lur3 - lurasidone (3mg/kg); (LurlO) - lurasidone
(10mg/kg); F20 -fluoxetine (20mg/kg).
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3.2.3 Lurasidone and fluoxetine modulate NMDAR phosphorylation

Fluoxetine increased the P-Ser®®

-NRI1 in hippocampus and prefrontal cortex
(Figure 5 A, B). Both compounds decreased the P-Ser'*"-NR2B in prefrontal
cortex (Figure 5B). Also, fluoxetine increased the P-Ser®’-NR1 in prefrontal

cortex (Figure 5B).
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Figure 5: Chronic lurasidone and fluoxetine modulate the phosphorylation state of
NMDAR subunits. Fluoxetine (20mg/kg) exerts post-translational modification on the
phosporylation states of NMDAR subunits in hippocampus (A). Lurasidone (10mg/kg) and
fluoxetine (20mg/kg) affects NMDAR phosphorylation in prefrontal cortex B). NMDAR
phosphorylation states: P-Ser’”-NR2B, P-Ser'*>-NR2B, P-Ser*®-NR1, P-Ser®’-NRI. The
data are normalized by B-actin and presented as mean percentage of vehicle control + S.E.M
from 7-9 animals. *p<0.05; **p<0.01, ***p<0.001, One-way ANOVA followed by Fisher’s
LSD test, versus vehicle group. Legend: Veh: vehicle/control group (Methyl cellulose 0.5%)
10ml/kg; Lur3 - lurasidone (3mg/kg); (Lurl0) - lurasidone (10mg/kg); F20 -fluoxetine
(20mg/kg).

26



3.2.4 Lurasidone and fluoxetine decrease PSD-95 levels

Moreover, lurasidone and fluoxetine shared the ability to decrease the PSD-95
levels both in hippocampus (Figure 6A) and prefrontal cortex (Figure 6B).
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Figure 6: Chronic lurasidone and fluoxetine decrease synaptic protein levels Lurasidone
(10mg/kg) and fluoxetine (20mg/kg) decreased the PSD-95 levels both in hippocampus (A) and
prefrontal cortex (B). Lurasidone and fluoxetine did not affect the P-Thr**® -CamKII-a/p levels in
hippocampus (C) and prefrontal cortex (D). syn I: synapsin [; PSD-95: post synaptic density 95.
The data are normalized by B-actin (see methods) and presented as mean percentage of vehicle
control £ S.E.M from 7-9 animals. *p<0.05; **p<0.01, ***p<0.001, One-way ANOVA followed
by Fisher’s LSD test, versus vehicle group. Legend: Veh: vehicle/control group (Methyl cellulose
0.5%) 10ml/kg; Lur3 - lurasidone (3mg/kg); (Lurl0) - lurasidone (10mg/kg); F20 - fluoxetine

(20mg/kg).
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3.3 HTsRs and p11 regulate hippocampal neurotransmission (Paper III)
3.3.1 5-HTgR agonist, CP-94253, increase presynaptic release of Glu in
hippocampus of p11KO mice

Using in vivo amperometric recordings with fast analytical sensing technology
(FAST), we found that 5-HT;gR agonist, CP-94253, increased presynaptic
glutamate release both in dentate gyrus and CA1 regions in pl11KO mice (Figure
7a). The FAST is able to record, in real-time, sub-second potassium chloride

(KCI) depolarization- evoked Glu release (Figure 7b).
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Figure 7. Increased presynaptic hippocampal glutamate neurotransmission by 5-HT;gR
stimulation in p11KO mice. Glutamate-oxidase enzyme based MEA recordings of potassium-
evoked glutamate release amplitudes in hippocampal CA1 and DG subregions of anesthetized
mice (a). Real-time in vivo amperometric responses of reproducible glutamate dynamics
recorded at 2Hz, with glutamate recording sites (corresponding to responses in red and black)
and sentinel or reference sites (corresponding to responses in blue and green) (b). Event
markers indicated by arrows mark depolarization-induced responses evoked by 120mM KCl
with and without co-administration of 10 mM of CP94253 (b), with 60 s between each local
application of KCI. For glutamate release amplitudes in the DG, an interaction was found
between CP94253 and genotype (a). In the CA1, CP94253 resulted in a higher KCl-evoked
glutamate release amplitude in P11KO mice compared to baseline depolarization-evoked
release of glutamate in P11KO mice (a). Data are presented as means +s.e.m. (a) 3-5
reproducible peaks with n=10-14 (DG) and 8-10 (CA1) recordings per group. CAl: cornu
ammonis 1 of hippocampus, DG: dentate gyrus of hippocampus, CP: CP94253 (5-HT1BR
agonist), G: genotype, P11KO: pl11 knock-out mice, WT: wild type mice, K: KCL (potassium
chloride, 120mM), MEA: microelectrode array. *p<0.05; **p<0.01 between indicated
treatments, Two-way ANOVA followed by Newman-Keuls test.
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3.3.2 CP-94253 increases phosphorylation at P-Ser®"GluR1 and P-Ser**-
GluR1 in the hippocampus of p11KO mice

The effects of 5-HT;gR agonist, CP-94253, upon postsynaptic glutamatergic
neurotransmission in the hippocampus of pl1 KO mice were investigated by
WB measurements. CP-94253 did not produce significant changes in total
AMPAR and NMDAR levels (Figure 8c), but increased the phosphorylation of
AMPAR, in particular the Ser®' and Ser®® of the GluR1 subunit (Figure 8d).
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Figure 8. Increased postsynaptic hippocampal glutamate neurotransmission by 5-HT;zR
stimulation in p11KO mice. Histograms quantifying total protein levels and phosphorylated form
of the protein normalized to the total level of the protein (c—d) in the hippocampus. Representative
western blots are shown above each histogram. Genotype-dependent effects were found for

81 of the GluR1 subunit and increased phosphorylation at Ser**-GluR1 by

phosphorylation at Ser
CP94253 in pl11KO mice (d). n=5-6 per group. Data are presented as means+S.E.M; V: vehicle
(saline), CP: CP94253 (5-HT,gR agonist), G: genotype, P11KO: pl1 knock-out mice, WT: wild
type mice, *p<0.05; **p<0.01 between indicated treatments, Two-way ANOVA followed by

Newman-Keuls test.
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3.3.3 Decreased GABA and GIn upon (‘H-MRS) measures in hippocampus

of p11KO mice

Upon in vivo proton magnetic resonance spectroscopy (‘H-MRS) measurements
of neurochemical events, it was found that in the hippocampus of p11KO mice
there is a decrease in GABA and Gln level (Figure 9d).

Figure 9. Reduced hippocampal inhibitory transmitters detected by in vivo proton

magnetic resonance spectroscopy (1H-MRS).
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Representative MRI (magnetic resonance image)
featuring coronal, axial and sagittal slices through a
mouse brain (a). Placement of the voxel, the volume
of interest (VOI) sized 3.0x1.8x1.8 mm’, for
spectroscopy in the hippocampus 1H-MR spectra
acquired from the voxel centered in the hippocampus
of WT (b) and p11KO mouse (c). Mean
neurochemical concentration in WT (white bars) and
p11KO mice (filled bars) (d). Relative concentrations
of glutamine and GABA were reduced in the
hippocampus of p1 1KO mice when compared to WT
mice. PI1KO (n=8). NAA+NAAG:N-
AcetylaspartatetN-Acetylaspartatylglutamate,
Glu:Glutamate,Gln: Glutamine,GABA;gamma-
amino butyric acid,
GPC+PCh:GlyceroPhosphocholinetPhosphocholine,
WT: wild type mice, P11KO: p11 knock-out mice.
Data are presented as means+S.E.M for WT (n=7);
*p<0.05 between indicated groups, Student’s t test.
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3.4 Effects of NMDARs antagonists, ketamine and Ro025-6981, upon
glutamate release in hippocampal prefrontal cortex circutry (Paper IV)
3.4.1 Local application of ketamine or Ro025-6981 decreases the evoked

glutamate release in subiculum

Local application of either ketamine or Ro25-6981 (100uM) altered the evoked
glutamate release in the hippocampal-prefrontal cortical circuitry, in particular

subiculum (Figure 10c, ), with no effect on tonic level of glutamate (Figure 10d,

f).
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Figure 10. Evoked and tonic glutamate release after local application of ketamine and
Ro025-6981. Representative glutamate peaks from the subiculum (a). Photomicrograph showing
histological verification of the MEA recording site by local methylene blue injection in a 50-um
coronal brain section of the subiculum (indicated on the right hemisphere), after counterstaining
with Nuclear Fast Red (b). The depolarizing solution (70mM KCl) was pressure-cjected (1) in the
absence (vehicle) or presence of ketamine or Ro25-6981 (100 uM) for 1-s duration with 1-min
interval between each application. The evoked glutamate (c, €) and the tonic levels (d, f) are
depicted per studied region. Note that local application of ketamine caused a significant decrease
in presynaptic glutamate release in the subiculum and prelimbic area of the prefrontal cortex (c),
whereas local application of Ro25-6981 caused a significant decrease in the subiculum and
dentate gyrus (e). Tonic extracellular glutamate levels did not change after local application of
either ketamine (d) or Ro25-6981 () in any of the regions analyzed. Data represent mean+S.E.M
from five glutamate peaks from 8—14 animals. *p<0.05; **p<0.01, paired Student’s t-test versus
vehicle within region. CAl: cornu ammonis 1, DG: dentate gyrus, SUB: subiculum, PreL:
prelimbic region of the prefrontal cortex, IL: infralimbic region of the prefrontal cortex.
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3.4.2 Acute, systemic, subanesthetic dose of ketamine decreases the evoked
Glu release in subiculum

We have also found that, an acute, systemic administration of ketamine, at an
antidepressant-like dose (10mg/kg), led to a decrease in evoked glutamate

release (Figure 11a) but not in tonic Glu levels in subiculum (Figure 11b).
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Figure 11. Evoked and tonic glutamate release in the subiculum after subanesthetic
injection of ketamine. The depolarizing solution (70mM KCI) was pressure ejected for 1-s
duration with 1-min interval between each application. The evoked glutamate (a) and the tonic
levels (b) are depicted as a percentage of control before the intraperitoneal (i.p.) injection of either
S-ketamine (15 mg kg— 1) or saline. Note that the subanesthetic dose of S-ketamine caused a
significant decrease in presynaptic glutamate release in the subiculum 120 min after the
administration but not after 30 min (a). Tonic extracellular glutamate levels did not significantly
change at any time post injection. Data represent mean +S.E.M from five glutamate peaks from
six to nine animals. *p<0.05, unpaired Student’s t-test versus vehicle within region.
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4 GENERAL DISCUSSION

In paper I, by using systemic and intrahippocampal administration, we
have shown PA impairment by hippocampal 8-OH-DPAT in mice. The PA
facilitation was due to activation of 5-HT;R through 8-OH-DPAT and
blockade of 5-HT ;4R by NAD-299; this effect was blocked by the 5-HT-7R
antagonist, SB269970. These results indicate the crosstalk between 5-HT sRs
and 5-HT7Rs, in particular modulation of PA retention in this hippocampus-

dependent memory task.

In paper II, by using behavioral and biochemical approaches, we have
investigated and confirmed the antidepressant properties of lurasidone and
fluoxetine. Lurasidone exerts its effects upon D,, 5-HT,a and 5-HT;, as a
receptor antagonist, and upon 5-HT) 4, as a receptor agonist (Huang et al., 2014).
Lurasidone has been recently approved for treatment of bipolar depression by the
food and drug administration (FDA). Clinical trials indicated that lurasidone
alleviated both positive and negative symptoms of schizophrenia (Meltzer et al.,
2011). As previously studied, the homozigous SERT knockout (SERT™) rats
show an anxious and depressive-like behavior when tested in paradigms such as
the forced swim test and sucrose consumption (Olivier et al., 2008). In this
particular rat model of depression, lurasidone restored the neurotrophin deficits
in prefrontal cortex region (Luoni et al.,, 2012). We have shown that chronic
lurasidone and fluoxetine treatment shares not only similarities upon effects in
the NIH (test sensitive to chronic antidepressants exposure in mice, eg. Dulawa
et al., 2004), but also at molecular levels. Both compounds decreased the
NMDAR expression, in particular, the NR1, NR2A and NR2B-subunits in

hippocampus and prefrontal cortex.
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In line with these results, in paper IV we have demonstrated that in the
subiculum, local administration of either ketamine or Ro25-6981 decreases the
depolarization-evoked Glu release. Moreover, we have shown that an acute,
systemic administration of ketamine, at subanesthetic and antidepressive dose,
decreases the evoked Glu-release in the subiculum, after 2h of administration.
Based on previous studies (Behr et al., 2009; McGuiness et al., 2010; Buchanan
et al., 2012) and our data, we hypothesized that this effect is upon preNMDAR
blocking. Both acute ketamine treatment (sub anaesthetic dose) (Muller et al.,
2013) and chronic antidepressant treatment with three classic antidepressants-
SSRI, tricyclic antidepressant and norepinephrine reuptake inhibitor, regulates
the presynaptic release machinery in the hippocampus (Bonanno et al., 2005).
Ketamine has a rapid and sustained antidepressive effect on clinical and pre-
clinical trials (Zarate et al., 2006; Maeng et al., 2008; Li et al., 2010; Autry et al.,
2011; Duman & Aghajanian., 2012; Muller et al., 2013).

In paper II, fluoxetine enhanced the expression of P-Ser*”-NR1, both in
hippocampus and prefrontal cortex, and of P-Ser®”’-NR1 in prefrontal cortex.
The phosphorylation of NR1 subunits at Ser®™® (PKC site) and at Ser™’ (cyclic
AMP-dependent protein kinase, PKA site) are involved in enhancement of
synaptic efficacy (Gao et al., 2005). Moreover, it has been indicated that
impairment of P-Ser”’-NRI leads to glutamatergic alterations that can
contribute to behavioral deficits in psychiatric disorders (Li et al., 2009).
Importantly, recent studies indicate that fluoxetine selectively blocks the
NMDAR-containing NR2B subunit (Vizi et al., 2013).

Furthermore, in paper II lurasidone and fluoxetine decreased PSD-95
levels in hippocampus and prefrontal cortex. PSD-95 interacts with NMDAR
and downstream signaling proteins (Aoki et al., 2001) and is associated with the

regulation of glutamatergic signaling at the postsynaptic site (Zhang et al., 2013).
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A single dose of either ketamine or Ro25-6981 increases the PSD-95 levels in
PFC, which was shown to be accompanied by behavioral antidepressive effects
(Li et al., 2010). On the other hand, chronic treatment with desipramine, a TCA
compund, at daily dose of 15 mg/kg for three weeks, reduced PSD-95 levels in
rat hippocampus (Martinez-Turrillas et al., 2005). Postmortem studies from
depressed patients reported that PSD-95 levels are either increased in amygdala
(Karolewicz et al., 2009) or decreased in the PFC, together with NR2A and
NR2B subunit levels (Feyissa et al.,, 2009). It has been indicated that these
differences in postmortem studies might have appeared due to experimental
techniques and also subject’s characteristics (medication exposure) (Feyissa et
al., 2009). Preclinical studies performed with PSD-95 constitutive knockout
(KO) mouse indicated an increased stress reactivity in elevated plus maze test
and anxiety-related responses in stress induced hypothermia test (Feyder et al.,
2010). However, the PSD-95 KO mice show an antidepressive-like phenotype in
the forced swim-test (Kiselycznyk et al., 2012).

Thus, together with these previous findings linking decreased NMDARs
function with antidepressive phenotype, our observations that both chronic
fluoxetine and lurasidone are able to downregulate NMDAR subunits, modulate
their phosphorylation, and decrease PSD-95 levels, indicate that lurasidone

shares common antidepressant mechanisms with the classical antidepressants.

In paper III, stimulation of 5-HT;gR by CP-94253 regulated
neurotransmission in the hippocampus of pl1KO mice, a mouse model with
genetic predisposition for depressive-like symptoms (Svenningsson et al., 2006).
Similar to paper IV, we employed FAST methodology and found increased Glu

release in hippocampus of pl1KO mice, upon stimulation of 5-HTgRs. It has
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been previously shown that acute and chronic treatment with fluoxetine
increase AMPAR phosphorylation (Svennigsson et al., 2002).

Postsynaptic measurements in hippocampus of pl11KO mice revealed that CP-
94253 increases AMPAR- GluR1 subunit phosporylation at Ser™' and Ser**.

In line with increased excitability in p1 KO mice upon 5-HT;gR stimulation,
'H-MRS recordings showed decreased hippocampal levels of inhibitory
neurotransmitter, GABA, in pl1KO mice. Our data are in line with clinical
studies: decreased GABA concentrations have been linked with depression in
humans (Sanacora et al., 2008), whereas treatment with SSRIs increase GABA

levels (Sanacora et al., 2002).

In summary, the work performed in this thesis provided novel insights
upon the interaction between serotonergic and glutamatergic systems in

hippocampal and prefrontal cortex areas.

Four compunds with antidepressive-like properties, lurasidone, fluoxetine,
ketamine and Ro26-6981 were able to downregulate/block NMDA receptors, in
particular, the NR2 subunits.

It could be thus, suggested that NMDARs remain a valid target in

developing innovative antidepressant compounds.
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5 CONCLUSIONS

From the data presented in this thesis the following conclusions can be drawn:

e 5-HT;, and 5-HT5 receptors interacted in the modulation of hippocampal
emotional learning.

e Chronic treatment with lurasidone or fluoxetine reduced anxiety-like
behaviour in the NIH test. This antidepressive effect was followed by a
decreassed NMDAR expression, in particular NR1, NR2A and NR2B-
subunit levels in the hippocampus and prefrontal cortex. Moreover, both
compunds modulated NMDAR phosphorylation and decreased PSD-95

levels in the studied regions.

e 5-HT;gR agonist, CP-94253, increased hippocampal neurotransmission
of p11KO mice.

e Pl11KO mice shown a decreased GABAergic inhibition in the
hippocampus as compared with controls.

e Local intervention with the non-selective NMDAR antagonist, ketamine,
or with selective  NMDAR NR2B-subunit antagonist, R025-6981,
reduced Glu evoked release in subiculum, with no significant effects over
tonic glutamate levels in the studied regions. Moreover, an acute,
systemic, subanesthetic and antidepressive-like dose of ketamine,
decreased depolarization-evoked, but not the tonic glutamate release in

subiculum.
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6 POTENTIAL FURTHER STUDIES

The results of this thesis provided new insights into the interrelation of
serotonergic and glutamatergic system in depression in general, and
antidepressant medication in particular. Although studies presented here were
primary focused on hippocampal-prefrontal cortex areas, further studies are
needed; for example, to investigate regions associated with hippocampal-

prefrontal cortex circuitry or/and afflicted by depression.
In brief, a few immediate points can be suggested:
e Continue to investigate NMDA receptor subunit-specific antagonist.

e Exploit FAST capabilities and perform in vivo experiments in freely

moving mice.

e Combine FAST experiments with simple exploratory test or paradigms

sensitive to depression.

e Perform longitudinal studies upon chronic antidepressant treatment
combined with 'H-MRS measurements. These measurements are non-
invasive, could be region-specific oriented and could follow the

treatment efficacy over time.

e Perform western-blot measurements upon acute/chronic antidepressant
treatment and investigate other signaling pathways.

38



7 ACKNOWLEDGEMENTS

Many people contributed directly or indirectly for the completion of this thesis.

I would like to express my gratitude for all their help, support and
encouragement during these years, in particular to:

Per Svenningsson, main supervisor, for accepting me as PhD student in his
experienced group and giving me the opportunity to work in very challenging
projects. Thank you very much for your guidance. I became a scientist working
with you.

Oliver Stiedl, co-supervisor, for the fruitful collaboration and time working back
in Amsterdam. I admire your passion and dedication for microsurgery and
electrophysiology!

Karima Chergui, co-supervisor, for sharing your knowledge with me. I have
always appreciated the project-related discussions with you.

Per Andren, Thank you. Even though our interactions during the PhD studies
were few, I have always enjoyed seminars and afterward discussion we had
together in Uppsala.

Vasco Sousa, for being my co-supervisor, but also a good friend, colleague,
thesis proof-reader ;) Thank you for everything, man!

Therese Eriksson, my co-author, for all the good time and knowledge you shared

with me during the FAST experience! I am very grateful for our collaboration.

The Personnel from the Clinical Neuroscience department, in particular to Bob
Harris, Eva Holmgaard, Ylva Hultman and Elin Johannsson. Thank you for

always being available to discuss and helping out with administrative work.

My colleagues in the Svenningsson group, for good moments inside and outside
lab: Nicky, Xiaoqun, Marcela, Ellen, Holly, Agneta, Yunting”Andy”, Tianyi,
Cyril, Martin P, Lovisa, Peter, Therese F, Jake, Federica F and Andrea.

39



In particular, I would like to thank to Alexandra, my co-author: I really enjoyed
working with you side-by-side! Good luck on these last steps and look forward
to open the Julmust bottle! Special thanks also to Kalle ,,Carlito“for picking me
up from the train station on my first day I arrived in the lab ;) Your constant
optimism made the days in the ,,cubical* great! Also, to Niko & Sandra, for your
friendship and making a special moment for my “first-time first-author paper”.

Former members of the Svenningsson lab: Niclas, Dorian, Ebba, Saurav, Martin
E, Andreas “two thumbs up”, Kristina, Maria and Carly. It was a pleasure to

know you all!

“[talian squadra azzurra”: Benedetta, Luigi, Maria-Vittoria, Nathalie, Paola,
Silvia, Federica M and Sara: Grazie mille! Siete nel mio cuore!

Persons involved in the “BrainTrain” consortium, in particular to Evelyn, for
keeping it smooth and always helping us out ;)

“BrainTrain” organizers: Matthijs Verhage, Peter Heutink, Piero Carninci,
Patrizia Rizzu, Guus Smit, Helena Danielson, Heidi de Wit, Angus Silver,
Thomas Kuner, Rhiannon Meredith, Claudia Bagni, Uwe Maskos, Christian
Gutzen, Eckhardt Gundelfinger and scientists from DZNE Magdeburg including,
Constanze Seidenbecher, Alexander Dityatev and Renato Frischknecht. Thank
you for the amazing and professional work you done!

Linda Kostrencic, for keeping us away from the typhoon during the course at
RIKEN;)

All the friends that I made during “BrainTrain”: Torben, Min, Ashu, Christian,
Juan Carlos, Dave, Giorgio, Sylvia, Lotzi, Suriya, Julia K., Julia D., Cornelis,
Nikhil, Ioannis and Nicholas. It was a pleasure to know you all!

Romanian researchers from Faculty of Biology, Maria-Luiza Flonta, Florentina
Pluteanu, Ioan Cristurean and Paula Anastasiu, for guiding my first steps in

Science.

40



My Romanian friend in Sweden, Flavia, for all good food and being close to my
family.

Artak and Meline, for their friendship. We had such a great time in Fogdevreten-

I will always remember the barbeques and delicious Armenian food!

Aureli¢ and Folker. I feel very glad and lucky that I had the chance to meet you.
You made life in Stockholm more pleasant :) Thank you for the dinners, birthday
parties, cinema nights and all good time together!

Marcela & Martijn, my sister-in-law and brother-in-law ;) You always welcomed
me in your house when I need it for my short research stays in the Netherlands
and encouraged me all these years. I had my best holidays with you and I feel
very lucky to have you both.

Léon and José. I have only good memories when I think at you. Your kindness

overwhelms me. I am very happy that we are family. Hartelijk bedankt!

My sister, Diana and parents. Thank you all for your good thoughts and support
during these years.

My beloved wife, Ramona, for being patient, loving me so much and sharing her

life with me! Pupicei dulci

41



8 REFERENCES:

Alexander B, Warner-Schmidt J, Eriksson T, Tamminga C, Arango-Lievano M, Ghose S et al.
Reversal of depressed behaviors in mice by pl1 gene therapy in the nucleus accumbens. Sci
Transl Med 2010; 2:54-76.

Anisman H, Du L, Palkovits M, Faludi G, Kovacs GG, Szontagh-Kishazi P et al. Serotonin
receptor subtype and pl1l mRNA expression in stress-relevant brain regions of suicide and
control subjects.) Psychiatry Neurosci 2008; 33:131-141.

Aoki C, Miko I, Oviedo H, Mikeladze-Dvali T, Alexandre L, Sweeney N, Bredt DS. Electron
microscopic immunocytochemical detection of PSD-95, PSD-93, SAP-102, and SAP-97 at
postsynaptic, presynaptic, and nonsynaptic sites of adult and neonatal rat visual cortex. Synapse
2001; 40 (4):239-57.

Autry AE, Adachi M, Nosyreva E, Na ES, Los MF, Cheng PF, et al. NMDA receptor blockade at
rest triggers rapid behavioural antidepressant responses. Nature 2011; 475 (7354):91-5.

Azmitia EC, Gannon PJ. Primate serotonergic system: A review of human and animal studies and
areport on Macaca fascicularis. Advances in Neurology 1986; 43:407-468.

Bagley J, Moghaddam B. Temporal dynamics of glutamate efflux in the prefrontal cortex and in
the hippocampus following repeated stress: effects of pretreatment with saline or diazepam.
Neuroscience 1997; 77 (1):65-73.

Bard JA, Zgombick J, Adham N, Vaysse P, Branchek TA, Weinshank RL. Cloning of a novel
human serotonin receptor (5-HT7) positively linked to adenylate cyclase. J Biol Chem 1993; 268
(31):23422-6.

Barria A, Malinow R. NMDAR subunit composition controls synaptic plasticity by regulating
binding to CaMKII. Neuron 2005; 48 (2):289-301

Barnes NM, Sharp T. A review of central 5-HT receptors and their function. Neuropharmacology
1999; 38:1083-1152.

Beattie EC, Carroll RC, Yu X, Morishita W, Yasuda H, von Zastrow M, Malenka RC. Regulation
of AMPA receptor endocytosis by a signaling mechanism shared with LTD. Nat Neurosci 2000;
3 (12):1291-300.

Behr J, Wozny C, Fidzinski P, Schmitz D. Synaptic plasticity in the subiculum. Prog Neurobiol
2009; 89 (4):334-42.

42



Bliss TVP, Lomo T. Long-lasting potentiation of synaptic transmission in the dentate area of the
anaesthetized rabbit following stimulation of the perforant path. J Physiol Lond 1973; 232
(2):331-356.

Bliss TVP, Collingridge GL. Expression of NMDA receptor-dependent LTP in the hippocampus:
bridging the divide. Mol Brain 2013; 6:5.

Bonaventure P, Hall H, Gommeren W, Cras P, Langlois X, Jurzak M, Leysen JE. Mapping of
serotonin 5-HT(4) receptor mRNA and ligand binding sites in the post-mortem human brain.
Synapse 2000; 36(1):35-46.

Bonanno G, Giambelli R, Raiteri L, Tiraboschi E, Zappettini S, Musazzi L, et al. Chronic
antidepressants reduce depolarization-evoked glutamate release and protein interactions favoring
formation of SNARE complex in hippocampus. J Neurosci 2005; 25 (13):3270-9.

Boyce-Rustay JM, Holmes A. Genetic inactivation of the NMDA receptor NR2A subunit has
anxiolytic- and antidepressant-like effects in mice. Neuropsychopharmacology 2006; 31
(11):2405-14.

Bragin A, Jand G, Nadasdy Z, Hetke J, Wise K, Buzsaki G. Gamma (40-100 hz) oscillation in
the hippocampus of the behaving rat. J Neurosci 1995; 15:47-60.

Buchanan KA, Blackman AV, Moreau AW, Elgar D, Costa RP, Lalanne T, et al. Target specific
expression of presynaptic NMDA receptors in neocortical microcircuits. Neuron 2012; 75
(3):451-66.

Buzséaki G, Xiao-Jing Wang XJ. Mechanisms of Gamma Oscillations. Annu Rev Neurosci 2012,
35:203-225.

Campbell S, Macqueen G. The role of the hippocampus in the pathophysiology of major
depression. J Psychiatry Neurosci 2004; (6):417-26.

Campbell S, Marriott M, Nahmias C, MacQueen GM. Lower hippocampal volume in patients
suffering from depression: a meta-analysis. Am J Psychiatry 2004; 161 (4):598-607

Caspi A, Sugden K, Moffitt TE, Taylor A, Craig IW, Harrington H, McClay J, Mill J, Martin J,
Braithwaite A, Poulton R. Influence of life stress on depression: moderation by a polymorphism
in the 5-HTT gene. Science 2003; 301 (5631):386-9.

Chamberlain SE, Yang J, Jones RS. The role of NMDA receptor subtypes in short-term plasticity
in the rat entorhinal cortex. Neural Plast 2008; 872456.

Danbolt NC. Glutamate uptake. Progr Neurobiol 2001; 65:1-105.

43



Diagnostic and Statistical Manual of Mental Disorders, 4th edn, American Psychiatric
Association APA (2000).

Duman RS, Li N. A neurotrophic hypothesis of depression: role of synaptogenesis in the actions
of NMDA receptor antagonists. Philos Trans R Soc Lond B Biol Sci 2012; 367 (1601):2475-84.

Duman RS, Aghajanian GK. Synaptic dysfunction in depression: potential therapeutic targets.
Science 2012; 338 (6103):68-72.

Duman RS. Neurobiology of stress, depression, and rapid acting antidepressants: remodeling
synaptic connections. Depress Anxiety 2014; 31 (4):291-6.

Egeland M, Warner-Schmidt J, Greengard P, Svenningsson P. Neurogenic effects of fluoxetine
are attenuated in p11 (S100A10) knockout mice. Biol Psychiatry 2010; 67: 1048—1056.

Feyder M, Karlsson RM, Mathur P, Lyman M, Bock R, Momenan R, Munasinghe J, Scattoni
ML, Thne J, Camp M, Graybeal C, Strathdee D, Begg A, Alvarez VA, Kirsch P, Rietschel M,
Cichon S, Walter H, Meyer-Lindenberg A, Grant SG, Holmes A. Association of mouse Dig4
(PSD-95) gene deletion and human DLG4 gene variation with phenotypes relevant to autism
spectrum disorders and Williams' syndrome. Am J Psychiatry 2010; 167 (12):1508-17.

Fritschy JM, Weinmann O, Wenzel A, Benke D. Synapse-specific localization of NMDA and
GABA(A) receptor subunits revealed by antigen-retrieval immunohistochemistry. J Comp Neurol
1998; 390:194-210.

Furukawa H, Singh SK, Mancusso R, and Gouaux E. Subunit arrangement and function in
NMDA receptors. Nature 2005; 438:185-192.

Gerald C, Adham N, Kao HT, Olsen MA, Laz TM, Schechter LE, Bard JA, Vaysse PJ, Hartig
PR, Branchek TA, et al. The 5-HT4 receptor: molecular cloning and pharmacological
characterization of two splice variants. EMBO J 1995; 14 (12):2806-15.

Gilbertson MW, Shenton ME, Ciszewski A, Kasai K, Lasko NB, Orr SP, et al. Smaller
hippocampal volume predicts pathologic vulnerability to psychological trauma. Nat Neurosci
2002; 5:1242-7.

Gray JA, Roth BL. Paradoxical trafficking and regulation of 5-HT,4 receptors by agonists and
antagonists. Brain Res Bull 2001; 56 (5): 441-451.

Hagan JJ, Price GW, Jeffrey P, Deeks NJ, Stean T, Piper D, Smith MI, Upton N, Medhurst
AD, Middlemiss DN et al.: Characterization of SB-269970-A, a selective 5-HT7 receptor
antagonist. Br J Pharmacol 2000; 130:539-548.

44



Hashimoto K, Sawa A, Iyo M. Increased levels of glutamate in brains from patients with mood
disorders. Biol Psychiatry 2007; 62:1310-1316.

Hayashi Y, Shi SH, Esteban JA, Piccini A, Poncer JC, Malinow R. Driving AMPA receptors into
synapses by LTP and CaMKII: requirement for GluR1 and PDZ domain interaction. Science
2000; 287 (5461):2262-7.

Heninger GR, Delgado PL, Charney DS. The revised monoamine theory of depression:
amodulatory role for monoamines, based on new findings from monoamine depletion
experiments in humans. Pharmacopsychiatry 1996; 29 (1):2-11.

Hong L, Summerfelt A, Buchanan R, O’Donnell P, Thaker G, Weiler M, Lahti A. Gamma and
delta neural oscillations and association with clinical symptoms under subanesthetic ketamine.
Neuropsychopharmacology 2009; 35:632—64.

Hoyer D, Hannon, JP, Martin GR, Molecular, pharmacological and functional diversity of 5-HT
receptors. Pharmacol Biochem Behav 2002; 71:533-554.

Jakab RL, Goldman-Rakic PS. 5-Hydroxytryptamine2A serotonin receptors in the primate
cerebral cortex: Possible site of action of hallucinogenic and antipsychotic drugs in pyramidal cell
apical dendrites. Proc Natl Acad Sci 1998; 95:735-740.

Jans LA, Riedel WJ, Markus CR, Blokland A. Serotonergic vulnerability and depression:
assumptions, experimental evidence and implications. Mol Psychiatry 2006; 12: 522543,

Karolewicz B, Szebeni K, Gilmore T, Maciag D, Stockmeier CA, Ordway GA. Elevated levels of
NR2A and PSD-95 in the lateral amygdala in depression. Int J Neuropsychopharmacol 12 (2):
143-53.

Kemp A, Manahan-Vaughan D. The S5-hydroxytryptamine4 receptor exhibits frequency-
dependent properties in synaptic plasticity and behavioural metaplasticity in the hippocampal
CAl region in vivo. Cereb Cortex 2005; 15 (7):1037-43.

Kessler RC, Birnbaum HG, Shahly V, Bromet E, Hwang I, McLaughlin KA, et al. Age
differences in the prevalence and co-morbidity of DSM-IV major depressive episodes: results
from the WHO World Mental Health Survey Initiative. Depression and Anxiety 2010; 27
(4):351-64.

Kiselycznyk C, Zhang X, Huganir RL, Holmes A, Svenningsson P. Reduced phosphorylation of
GluR1 subunits relates to anxiety-like behaviours in mice. Int J Neuropsychopharmacol 2013; 16
(4):919-24.

45



Kiselycznyk C, Nakazawa K, Mishina M, Sprengel R, Grant S, Huganir R, Delpire E,
Svenningsson P, Holmes A (2012). Role of medial prefrontal cortex and glutamate receptor
subtypes in the  antidepressant-like  effect of a  GIuN2B antagonist.
[Manuscript].http://hdl.handle.net/10616/41030.

Kramis R, Vanderwolf CH, Bland B.H. Two types of hippocampal rhythmical slow activity in
both the rabbit and the rat: relations to behavior and effects of atropine, diethyl ether, urethane,
and pentobarbital. Exp Neurol 1975; 49: 58-85.

Krebs C, Fernandes HB, Sheldon C, Raymond LA, Baimbridge KG. Functional NMDA Receptor
Subtype 2B Is Expressed in Astrocytes after Ischemia In Vivo and Anoxia In Vitro. J Neurosci
2003; 23 (8):3364-72.

Lazarewicz M, Ehrlichman R, Maxwell C, Gandal M, Finkel L, Siegel S. Ketamine modulates
theta and gamma oscillations. J Cogn Neurosci 2010; 22:1452—1464.

Lerma J, Zukin RS, and Bennett MV. Glycine decreases desensitization of N-methyl-D-aspartate
(NMDA) receptors expressed in Xenopus oocytes and is required for NMDA responses. Proc
Natl Acad Sci 1990; 87:2354-2358.

Li N, Lee B, Liu RJ, Banasr M, Dwyer JM, Iwata M, et al. mTOR-dependent synapse formation
underlies the rapid antidepressant effects of NMDA antagonists. Science 2010; 329 (5994):959-
64.

Lomo T. Philos. The discovery of long-term potentiation. Trans R Soc London Ser B 2003; 358,
617.

Lovenberg TW, Baron BM, de Lecea L, Miller JD, Prosser RA, Rea MA, Foye PE, Racke M,
Slone AL, Siegel BW, et al. A novel adenylyl cyclase-activating serotonin receptor (5-HT7)
implicated in the regulation of mammalian circadian rhythms. Neuron 1993; 11 (3):449-58.

Lu W, Shi Y, Jackson AC, Bjorgan K, During MJ, Sprengel R, Seeburg PH, and Nicoll R A.
Subunit composition of synaptic AMPA receptors revealed by a single-cell genetic approach.
Neuron 2009; 62:254-268.

Luoni A, Hulsken S, Cazzaniga G, Racagni G, Homberg JR, Riva MA. Behavioural and
neuroplastic properties of chronic lurasidone treatment in serotonin transporter knockout rats. Int
J Neuropsychopharmacol 2012; 20:1-12.

MacDougall MJ, Howland JG. Acute stress and hippocampal output: exploring dorsal CA1 and
subicular synaptic plasticity simultaneously in anesthetized rats. Physiol Rep 2013; 1 (2).

46



Maeng S, Zarate CA, Jr., Du J, Schloesser RJ, McCammon J, Chen G, et al. Cellular mechanisms
underlying the antidepressant effects of ketamine: role of alpha-amino-3-hydroxy-5-
methylisoxazole-4-propionic acid receptors. Biol Psychiatry 2008; 63 (4):349-52.

Martinez-Turrillas R, Del Rio J, Frechilla D. Sequential changes in BDNF mRNA expression and
synaptic levels of AMPA receptor subunits in rat hippocampus after chronic antidepressant
treatment. Neuropharmacology 2005; 49 (8):1178-88.

McGuinness L, Taylor C, Taylor RD, Yau C, Langenhan T, Hart ML, et al. Presynaptic
NMDARSs in the hippocampus facilitate transmitter release at theta frequency. Neuron 2010; 68
(6):1109-27.

Meyer JH, Kruger S, Wilson AA, Christensen BK, Goulding VS, Schaffer A, et al. Lower
dopamine transporter binding potential in striatum during depression. Neuroreport 2001; 12:
4121-5.

Middlemiss DN, _Price GW, Watson JM. Serotonergic targets in depression. Curr Opin
Pharmacol 2002; 2 (1):18-22.

Miner LA, Backstrom JR, Sanders-Bush E, Sesack SR. Ultrastructural localization of
serotonin2A receptors in the middle layers of the rat prelimbic prefrontal cortex. Neuroscience
2003; 116 (1): 107-17.

Millan MJ, Agid Y, Briine M, Bullmore ET, Carter CS, Clayton NS et al. Cognitive dysfunction
in psychiatric disorders: characteristics, causes and the quest for improved therapy. Nat Rev Drug
Discov 2012; 11:141-168.

Monyer H, Sprengel R, Schoepfer R, Herb A, Higuchi M, Lomeli H, Burnashev N, Sakmann B,
and SeeburgPH. Heteromeric NMDA receptors: molecular andfunctional distinction of subtypes.
Science 1992; 256:1217-1221.

Murrough JW, Henry S, Hu J, Gallezot JD, Planeta-Wilson B, Neumaier JF et al. Reduced
ventral striatal/ventral pallidal serotoninlB receptor binding potential in major depressive
disorder. Psychopharmacology (Berl) 2011; 213:547-553.

Muller HK, Wegener G, Liebenberg N, Zarate CA, Jr., Popoli M, Elfving B. Ketamine regulates
the presynaptic release machinery in the hippocampus. J Psychiatr Res 2013; 47 (7):892-9.

Musazzi L, Milanese M, Farisello P, Zappettini S, Tardito D, Barbiero VS, et al. Acute stress
increases depolarization-evoked glutamate release in the rat prefrontal/frontal cortex: the
dampening action of antidepressants. PloS One 2010; 5 (1) 8566.

47



Nichols DE, Nichols CD. Serotonin receptors. Chem Rev 2008; 108: 1614-1641.

Nutt D, Demyttenaere K, Janka Z, Aarre T, Bourin M, Canonico PL, Carrasco JL, Stahl S. The
other face of depression reduced positive affect: the role of catecholamines in causation and cure.
J Psychopharmacol 2007; 21(5):461-71.

Ogden KK, Traynelis SF. New advances in NMDA receptor pharmacology. Trends Pharmacol
Sci 2011; 32 (12):726-33.

Ohno Y. Therapeutic role of 5-HT1A receptors in the treatment of schizophrenia and Parkinson’s
disease. CNS Neurosci Ther 2011; 17:58-65.

O'Mara SM, Commins S, Anderson M. Synaptic plasticity in the hippocampal area CAl-
subiculum projection: Implications for theories of memory. Hippocampus 2000; 10 (4):447-56.

Olivier JD, Van Der Hart MG, Van Swelm RP, Dederen PJ, Homberg JR, Cremers T, et al. A
study in male and female 5-HT transporter knockout rats: an animal model for anxiety and
depression disorders. Neuroscience 2008; 152 :573-84.

Ogren SO, Eriksson TM, Elvander-Tottie E, D’Addario C, Ekstrom JC, Svenningsson P, Meister
B, Kehr J, Stiedl O, The role of 5-HT1A receptors in learning and memory. Behav Brain Res
2008; 195 :54-77.

Paoletti P, Neyton J. NMDA receptor subunits: function and pharmacology Curr Opin
Pharmacol 2007; 7 (1):39-47

Popoli M, Yan Z, McEwen BS, Sanacora G. The stressed synapse: the impact of stress and
glucocorticoids on glutamate transmission. Nat Rev Neurosci 2011; 13 (1):22-37.

Plassat JL, Amlaiky N, Hen R. Molecular cloning of a mammalian serotonin receptor that
activates adenylate cyclase. Mol Phamacol 1993; 44 (2):229-36.

Qi H, Mailliet F, Spedding M, Rocher C, Zhang X, Delagrange P, et al. Antidepressants reverse
the attenuation of the neurotrophic MEK/MAPK cascade in frontal cortex by elevated platform
stress; reversal of effects on LTP is associated with GluR1 phosphorylation. Neuropharmacology
2009; 56 (1):37-46.

Ressler KJ, Mayberg HS. Targeting abnormal neural circuits in mood and anxiety disorders: from
the laboratory to the clinic. Nat Neurosci 2007; 10 (9):1116-24.

Rocha M, Sur M. Rapid acquisition of dendritic spines by visual thalamic neurons after blockade
of N methyl-D-aspartate receptors. Proc Natl Acad Sci 1995; 92:8026.

48



Rossi B, Ogden D, Llano I, Tan YP, Marty A, Collin T. Current and calcium responses to local
activation of axonal NMDA receptors in developing cerebellar molecular layer interneurons. PloS
One 2012; 7 (6)39983.

Ruat M Traiffort E, Leurs R, Tardivel-Lacombe J, Diaz J, Arrang JM, Schwartz JC. Molecular
cloning, characterization, and localization of a high-affinity serotonin receptor (5-HT7) activating
cAMP formation. Proc Natl Acad Sci U S 4 1993; 90 (18):8547-51.

Sanacora G, Mason GF, Rothman DL, Krystal JH. Increased occipital cortex GABA
concentrations in depressed patients after therapy with selective serotonin reuptake inhibitors. Am
J Psychiatry 2002; 159 (4):663-5.

Sanacora G, Zarate CA, Krystal JH, Manji HK.Targeting the glutamatergic system to develop
novel, improved therapeutics for mood disorders. Nat Rev Drug Discov 2008; 7(5):426-37.

Sapolsky RM, Uno H, Rebert CS, Finch CE. Hippocampal damage associated with prolonged
glucocorticoid exposure in primates. J Neurosci 1990; 10:2897-2902.

Savitz JB, Price JL, Drevets WC. Neuropathological and neuromorphometric abnormalities in
bipolar disorder: view from the medial prefrontal cortical network. Neurosci Biobehav Rev
2014; 42:132-47.

Schlaepfer TE, Agren H, Monteleone P, Gasto C, Pitchot W, Rouillon F, et al. The hidden third:
improving outcome in treatment-resistant depression. Psychopharmacology 2012; 26 (5):587-
602.

Schloesser RJ, Martinowich K, Manji HK. Mood-stabilizing drugs: mechanisms of action. Trends
Neurosci 2012; 35 (1):36-46.

Shen Y, Monsma FJ Jr, Metcalf MA, Jose PA, Hamblin MW, Sibley DR. Molecular cloning and
expression of a S-hydroxytryptamine7 serotonin receptor subtype. J Biol Chem 1993; 268
(24):18200-4.

Sjostrom PJ, Turrigiano GG, Nelson SB. Neocortical LTD via Coincident Activation of
Presynaptic NMDA and Cannabinoid Receptors. Neuron 2003; 39 (4):641-54.

Skolnick P, Popik P, Trullas R. Glutamate-based antidepressants: 20 years on. Trends Pharmacol
Sci 2009; 30 (11):563-9.

Soares J C, Mann JJ. The anatomy of mood disorders—treview of structural neuroimaging
studies. Biol Psychiatry 1997; 41 (1): 86—106.

49



Stiedl O, Birkenfeld K, Palve M, Spiess J. Impairment of conditioned contextual fear of
C57BL/6J mice by intracerebral injections of the NMDA receptor antagonist APV. Behav Brain
Res 2000; 116 (2):157-68.

Svenningsson P, Tzavara ET, Witkin JM, Fienberg AA, et al. Involvement of striatal and
extrastriatal DARPP-32 in biochemical and behavioral effects of fluoxetine (Prozac). Proc Natl
Acad Sci USA 2002; 99:3182-3187.

Svenningsson P, Chergui K, Rachleff I, Flajolet M, Zhang X, El Yacoubi M et al. Alterations in
5-HT1BR function by p11 in depression-like states. Science 2006; 311: 77-80.

Svenningsson P, Bateup H, Qi H, Takamiya K, et al. Involvement of AMPA receptor
phosphorylation in antidepressant actions with special reference to tianeptine. Eur J Neurosci
2007; 26:3509-3517.

Svenningsson P, Kim Y, Warner-Schmidt J, Oh YS, Greengard P. p11 and its role in depression
and therapeutic responses to antidepressants. Nat Rev Neurosci 2013; 14 (10):673-80.

Svenningsson P, Berg L, Matthews D, Ionescu DF, Richards EM, Niciu MJ, Malinger A, Toups
M, Manji H, Trivedi MH, Zarate CA Jr, Greengard P. Preliminary evidence that early reduction
in pll levels in natural killer cells and monocytes predicts the likelihood of antidepressant
response to chronic citalopram. Mol Psychiatry 2014. doi: 10.1038/mp.2014.13. [Epub ahead of
print].

Stidhof T, Rothman JE. Membrane Fusion: Grappling with SNARE and SM Proteins. Science
2009; 323 (5913):474-477.

Traynelis SF, Wollmuth LP, McBain CJ, Menniti FS, Vance KM, Ogden KK, Hansen KB, Yuan
H, Myers SJ and Dingledine R. Glutamate receptor ion channels: structure, regulation, and
function. Pharmacol Rev 2010; 62 (405—496).

Trullas R, Skolnick P. Functional antagonists at the NMDA receptor complex exhibit
antidepressant actions. Eur J Pharmacol 1990; 185 (1):1-10.

Tsien JZ, Huerta PA, Tonegawa S. 1996b. The essential role of hippocampal CA1 NMDA
receptor-dependant synaptic plasticity in spatial memory. Cell 87:1327-38.

Vanhoenacker RP, Haegeman G, Leysen JE: 5-HT7 receptors: current knowledge and future
prospects. Trends Pharmacol Sci 2000; 21:70-77.

Vertes RP. Serotonergic Regulation of Rhythmical Activity of the Brain, Concentrating on the
Hippocampus.CHAPTER 2.9 — Handbook of Behavioral Neuroscience 2010; 21:277-292.

50



Wang X, Buzsaki G. Gamma oscillation by synaptic inhibition in a hippocampal interneuronal
network model. J Neurosci 1996; 16:6402—6413.

Warner-Schmidt JL, Flajolet M, Maller A, Chen EY, Qi H, Svenningsson P et al. Role of p11 in
cellular and behavioral effects of 5-HT4 receptor stimulation. J Neurosci 2009; 29: 1937-1946.

Yoon JH, Maddock RJ, Rokem A, Silver MA, Minzenberg MJ, Ragland JD, Carter CS. GABA
concentration is reduced in visual cortex in schizophrenia and correlates with orientation-specific
surround suppression. J Neurosci 2010; 30 (10):3777-81.

Zarate CA Jr, Singh JB, Carlson PJ, Brutsche NE, Ameli R, Luckenbaugh DA, Charney DS,
Manji HK. A randomized trial of an N-methyl-d-aspartate antagonist in treatment-resistant major
depression. Arch Gen Psychiatry 2006; 63:856—-864.

Zanko M, Beigon A. Increased f3-adrenergic receptor binding in human frontal cortex of suicide
victims. Program and Abstracts of the 13th Annual Meeting of the Society for Neuroscience.
1983. Boston, MA, abstr 210.5.

Zhang J, Lewis SM, Kuhlman B, Lee AL. Supertertiary structure of the MAGUK core from
PSD-95. Structure 20133 21 (3):402-13.

Zubenko GS, Sullivan P, Nelson JP, Belle SH, Huff J, Wolf GL. Brain imaging abnormalities in
mental disorders of late life. Arch Neurol 1990; 47:1107-11.

51



