Department of Physiology and Pharmacology

Karolinska Institutet, Stockholm, Sweden

STUDIES ON ANTIDEPRESSANT-
MEDIATED REGULATION OF SIGNAL
TRANSDUCTION

HONGSHI QI
é%“ IN*‘“)»
% gp Karolinska
3 Institutet
4’\’1\10 1%\0

Stockholm 2009






Published by Karolinska Institutet. Printed by US-AB.

© Hongshi Qi, 2009
ISBN 978-91-7409-604-0



To my family with love






ABSTRACT

Depression affects around 16% of the population at some point in their lives and major
depressive disorder is a leading cause of disability worldwide. Depression is caused by an
interaction of genetic and environmental factors, but the molecular and cellular mechanisms
underlying its pathogenesis are not entirely clear. The “monoamine hypothesis” of depression,
which involves imbalances in serotonergic, noradrenergic and possibly dopaminergic functions,
has dominated notions and explanations of the pathophysiology of depression. Most clinically
used antidepressants act by increasing the synaptic levels of these monoamines. While these
treatments are beneficial in many cases, a large population of depressed patients do not respond,
or respond suboptimal, to these current antidepressant treatments.

There is accumulating evidence that depression is associated with impairments of synaptic
plasticity, dendritic arborization and cell proliferation/survival in hippocampus and frontal
cortex and normalization of these processes could lead to antidepressant responses. The
neurochemical mechanisms underlying these functional and structural impairments are poorly
understood, but appear to involve changes in glutamate neurotransmission, neuropeptides,
neurotrophins and intracellular signaling cascades.

The present studies used biochemical and behavioural techniques and found that the atypical
antidepressant, tianeptine, which is a serotonin reuptake enhancer, increased phosphorylation of
the GIuAl subunits of AMPA glutamate receptors both in brain slices and in intact animals.
Antidepressant and stimulatory behavioral responses to tianeptine were attenuated in mice
bearing point mutations at Ser®®'-/Ser®*-GluAl. Acute elevated platform stress, known to
inhibit synaptic plasticity in hippocampal—frontal cortex neurotransmission, was found to
downregulate a putative BDNF/MEK/MAPK signaling cascade in frontal cortex which could
be counteracted by tianeptine, imipramine and the glucocorticoid receptor antagonist
mifepristone.

The serotonin receptors mediating the antidepressant effects of serotonin reuptake inhibitors,
the currently most prescribed class of antidepressants, are not fully understood. Here, it is
reported blockade of 5-HTg receptors with the antagonist SB271046 counteracts the

85 GIuA1l and reduces its

potentiating actions of fluoxetine on cortical phospho-Ser
antidepressant-like behavioral action. Moreover, the 5-HT receptor agonist EMDT mimics
antidepressant-like biochemical and behavioral effects of fluoxetine.

In conclusion, these studies have shown that the atypical antidepressant tianeptine can
potentiate signaling cascades associated with synaptic plasticity and add further evidence that
tianeptine acts as an enhancer of AMPA glutamate transmission. These studies also suggest, for

the first time, a role for 5-HT receptors in mediating antidepressant responses.
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1 INTRODUCTION

1.1 DEPRESSION
Depression is a mental illness which affects around 16% of the population at some
point in their lives and major depressive disorder is a leading cause of disability

worldwide (Belmaker and Agam, 2008).

The clinical symptoms of major depression as outlined in the Diagnostic and
Statistical Manual of Mental Disorders (DSM-IV-TR) are depressed mood most of the
day, nearly every day, as indicated by either subjective report (e.g., feels sad or empty)
or observation made by others (e.g., appears tearful); Markedly diminished interest or
pleasure in all, or almost all, activities most of the day, nearly every day; Significant
weight loss when not dieting or weight gain (e.g., a change of more than 5% of body
weight in a month), or decrease or increase in appetite nearly every day; Insomnia or
hypersomnia nearly every day; Psychomotor agitation or retardation nearly every day;
Fatigue or loss of energy nearly every day; Feelings of worthlessness or excessive or
inappropriate guilt nearly every day; Diminished ability to think or concentrate, or
indecisiveness, nearly every day; Recurrent thoughts of death (not just fear of dying),
recurrent suicidal ideation without a specific plan, or a suicide attempt or a specific plan
for committing suicide. Thus, depression is a disorder with both physical and mental
characteristics that negatively disrupts an individual's ability to function day to day in
social and work environments. According to the DSM-IV, real depression is a

condition of this nature that lasts for more than two weeks.

From a neurobiological standpoint, depression is a complex, heterogeneous disorder,
and the mechanisms underlying its pathogenesis are not that clear and are the subject of
intensive investigation using pharmacological and genetic tools in patients and in

animal models. The “monoamine hypothesis” of depression, which involves



imbalances in serotonergic, noradrenergic and possibly dopaminergic functions, has
dominated notions and explanations of the pathophysiology of depression since the
empirical discovery of the antidepressant properties of monoamine oxidase inhibitors
(MAOQIs) and tricyclics about fifty years ago (Schildkraut, 1965). Although the
monoaminergic neurotransmitters serotonin (5-HT), noradrenaline (NA) and dopamine
(DA) are undoubtedly involved, it is now recognized that monoamine deficits are only
part of the story and are not sufficient on their own to explain the mechanisms of action
of antidepressants. It has, for example, been found that the antidepressant tianeptine
exerts its actions with mechanisms which are clearly challenging the hypothesis of an
immediate stimulatory modulation of monoamine axes for antidepressant actions, since
this compound enhances serotonin reuptake. The efficacy and tolerability of tianeptine
are clearly demonstrated in depressed patients (Kasper and McEwen, 2008). However,
the monoamine hypothesis can obviously not explain these properties and studies on
tianeptine can contribute to our realization of the complexity of the etiology of
depression and to the complexity of central mechanisms triggered by antidepressants.

In extension to the chemical hypothesis of depression, contemporary theories suggest
that major depressive disorders may be associated not only with an imbalance of
neurotransmitters, neuropeptides, neurotrophins and neuromodulators but also with an
impairment of glial function, neuroplasticity and cellular resilience, and that
antidepressant medications act by normalizing thess impairments (Duman et al., 1999;
Manji and Duman, 2001; Mathé et al., 2007; Pittenger and Duman, 2008). The term
neuroplasticity describes the ability of the adult and differentiated brain to adapt
functionally and structurally to internal and external stimuli and is considered today as
a feature of depressive illness. Many aspects of neuroplasticity are regulated by
glutamate, which is the major excitatory neurotransmitter in the brain controlling

synaptic excitability and plasticity in most brain circuits. Glutamatergic mechanisms



play crucial roles in adaptive, neuronal and plasticity perturbed in depressed states
(Bergink et al., 2004; Lowy et al., 1995; Paul and Skolnick, 2003; Sanacora et al.,
2003; Skolnick et al., 2001; Zarate et al., 2003). There is accumulating evidence that
direct modulation of synaptic plasticity, by for example glutamate Alpha-amino-3-
hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptor potentiation or N-
methyl-D-aspartia acid (NMDA) receptor antagonism, has antidepressant actions (Alt
et al., 2006; Zarate et al., 2003). In fact, acute treatment with the non-selective
NMDA receptor antagonist causes a rapid and long-lasting antidepressant response
(Zarate et al., 2003).

Brain regions which exhibit neuroplastic processes include the hippocampus,
amygdala and prefrontal cortex (Duman and Monteggia, 2006), as they are reported to
undergo structural changes in depression (Manji et al., 2003; Sheline, 2003).
Alterations in these brain regions affect emotions, perceptions, memory, and cognitive
function. Functional brain imaging studies also indicate that the regions most
commonly found to be abnormal in major depression are the prefrontal cortex, the
anterior cingulate gyrus and the temporal lobe, including hippocampus (Drevets et al.,
2002; Mayberg et al., 1999). Interestingly, deep brain stimulation of the anterior
cingulate gyrus (region Cg25) reverses immediately the signs of depression in some

previously treatment resistant depressed patients (Mayberg et al., 2005).

1.2 STRESS AND DEPRESSION

Stress has been widely recognized as an important trigger in the expression of various
clinical syndromes, particularly mood and anxiety disorders, like depression. Across
the life span, stressful life events that involve threat, loss, humiliation, or defeat
influence the onset and course of depression (Brown, 1998; Kendler et al., 1999;

Kessler, 1997; Pine, 2002). Stress factors, such as early-life adverse events, have been



shown to interact with a variable background of genetic vulnerability (Caspi and
Moffit, 2006), markedly increasing the risk for development of depression in adult
life (Caspi et al., 2003). Moreover, stress profoundly affects cognitive functions and
hippocampal synaptic plasticity (Kim and Diamond, 2002).

The dysregulation of the hypothalamic-pituitary-adrenal (HPA) axis has been
frequently reported in depressive patients (Holsboer and Barden, 1996; Nemeroff,
1996) pointing towards a new strategy of pharmacotherapy. Dysfunctional
glucocorticoid receptor (GR)-mediated negative feedback regulation of cortisol levels
has been implicated in over-activity of the HPA axis in patients with major
depression (Pariante, 2004). Pharmacological intervention against the negative effects
of stressors on neuroplasticity may turn out to be beneficial for the prevention and
treatment of depression-related states (Agid et al., 2007). Indeed, hypercortisolemia
has provided the rationale for pre-clinical and clinical studies that have indicated that
the GR antagonist mifepristone (RU486) may be used to treat depression (Belanoff et
al., 2001). Indeed, mifepristone is now in phase Il clinical trials for psychotic major
depression (Berton and Nestler, 2006).

Similar regulation of GRs occurs in laboratory animals and patients and recent
evidence has shown that impaired negative feedback on the HPA axis may alter the
function of the prefrontal cortex and the hippocampus (Aihara et al., 2007; Diorio et
al., 1993; McEwen, 2005; Mizoguchi et al., 2003; Sullivan and Gratton, 2002). A
powerful and valid method to study a depression-like phenotype in adult rodents is to
expose them to maternal separation during their early development (e.g. Ryan et al.,
2009). Professor Therese Jay and colleagues measured the hippocampal—Ilimbic
cortex synaptic connectivity in the rat (Rocher et al., 2004) and found that even a
single stress exposure to an elevated platform causes a long-lasting alteration of long

term potentiation (LTP) evoked in the prefrontal cortex by stimulation of the



hippocampal outflow (Cerqueira et al., 2007; Jay et al., 2004; Rocher et al., 2004)
with a severe disruption of working memory and behavioral flexibility when rats
were exposed to stress for a longer period (Cerqueira et al., 2007). The impairment of
prefrontal LTP could be reversed by some antidepressants such as tianeptine and

fluoxetine (Rocher et al., 2004).

1.3 ANTIDEPRESSANTS

An antidepressant is a psychiatric medication used to alleviate mood disorders, such
as major depression and dysthymia. Drugs including the monoamine oxidase
inhibitors (MAOQIs), tricyclic antidepressants (TCASs), tetracyclic antidepressants
(TeCAs), selective serotonin reuptake inhibitors (SSRIs), and serotonin-noradrenaline
reuptake inhibitors (SNRIs) are the most commonly used antidepressants. These
medications are among those most commonly prescribed by psychiatrists and other
physicians, and their effectiveness and adverse effects are the subject of many studies
(Stahl and Felker, 2008; Rapaport, 2007; Preskorn et al., 1988; Barbui et al., 2007;
Stahl et al., 2005; Hirschfeld 1999; Ikenouchi-Sugita A et al., 2007). Most typical
antidepressants have a delayed onset of action (2-6 weeks) and are usually
administered from months to years. Despite the name, antidepressants are often used
to treat other conditions, such as anxiety disorders, obsessive compulsive disorder,
eating disorders, chronic pain, and some hormone-mediated disorders such as
dysmenorrhea.

1.3.1 Types of Antidepressants

Table 1. Types of antidepressants.

Types e.g.
Tricyclic antidepressants (TCAS) imipramine
Monoamine oxidase inhibitors (MAQIs) moclobemide
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Selective serotonin reuptake inhibitors (SSRIs) fluoxetine

Serotonin reuptake enhancer (SSRE) tianeptine
Noradrenaline reuptake inhibitors (NRIs) reboxetine
Serotonin-noradrenaline reuptake inhibitors (SNRIS) venlafaxine

Noradrenergic and specific serotonergic antidepressants (NSSAS) mianserin

Noradrenaline-dopamine reuptake inhibitors (NDRISs) bupropion

1.3.1.1 Tricyclic antidepressants (TCAS)

Tricyclic antidepressants are the oldest class of antidepressant drugs. Tricyclics block
the reuptake of noradrenaline and serotonin. They are used less commonly now due
to the development of more selective and safer drugs. Side effects include increased
heart rate, drowsiness, dry mouth, constipation, urinary retention, blurred vision,
dizziness, confusion, and sexual dysfunction. Toxicity occurs at approximately ten
times normal dosages; these drugs are often lethal in overdoses, as they may cause a
fatal arrhythmia. However, TCAs are still used because of their effectiveness,
especially in severe cases of major depression in hospitalized patients. These include
Tertiary Amine Tricyclic Antidepressants: Amitriptyline, Clomipramine, Doxepin,
Imipramine, Trimipramine; and Secondary Amine Tricyclic Antidepressants:
Desipramine , Nortriptyline, Protriptyline.

1.3.1.2 Monoamine oxidase inhibitor (MAOISs)

Monoamine oxidase inhibitors (MAOIs) may be used if other antidepressant
medications are ineffective. Because there are potentially fatal interactions between
this class of medication and certain foods (particularly those containing tyramine),
red wine, as well as certain drugs, classic MAOIs are rarely prescribed anymore.
MAOIs work by blocking MAO which breaks down the neurotransmitters dopamine,

serotonin, and noradrenaline. MAOIs can be as effective as TCAs, although they can



http://en.wikipedia.org/wiki/Venlafaxine�
http://en.wikipedia.org/wiki/Tricyclic_antidepressant�
http://en.wikipedia.org/wiki/Heart�
http://en.wikipedia.org/wiki/Amitriptyline�
http://en.wikipedia.org/wiki/Clomipramine�
http://en.wikipedia.org/wiki/Doxepin�
http://en.wikipedia.org/wiki/Imipramine�
http://en.wikipedia.org/wiki/Trimipramine�
http://en.wikipedia.org/wiki/Desipramine�
http://en.wikipedia.org/wiki/Nortriptyline�
http://en.wikipedia.org/wiki/Protriptyline�
http://en.wikipedia.org/wiki/Monoamine_oxidase_inhibitor�
http://en.wikipedia.org/wiki/Tyramine�

have a higher incidence of dangerous side effects (as a result of inhibition of
cytochrome P450 in the liver). A new generation of MAOIs has been introduced;
moclobemide, known as a reversible inhibitor of monoamine oxidase A (RIMA), acts
in a more short-lived and selective manner and does not require a special diet. One of
the side effects is weight gain and could be extreme. These include: Isocarboxazid,
Moclobemide, Phenelzine, Selegiline, Tranylcypromine.

1.3.1.3 Selective serotonin reuptake inhibitors (SSRIs)

Selective serotonin reuptake inhibitors (SSRIs) are a family of antidepressants which
are currently the most prescribed drug treatment against depression. SSRIs are said to
work by preventing the reuptake of serotonin by the presynaptic neuron, thus
maintaining higher levels of 5-HT in the synapse. This family of drugs includes:
Citalopram, Escitalopram, Fluoxetine, Fluvoxamine, Paroxetine, Sertraline.

These antidepressants typically have fewer adverse effects than the tricyclics or the
MAOIs, although such effects as drowsiness, dry mouth, nervousness, anxiety,
insomnia, decreased appetite, and decreased ability to function sexually may occur.
Some side effects may decrease as a person adjusts to the drug, but other side effects
may be persistent. Though safer than the first generation of antidepressants, SSRIs
may not work on as many patients as previous classes of antidepressants, suggesting
that the role of noradrenaline in depression is still important.
1.3.1.4 Selective serotonin reuptake enhancer (SSRE)

Selective serotonin reuptake enhancers are drugs which enhance the reuptake of the
neurotransmitter serotonin and therefore decrease its synaptic concentrations. The only
known drug on the market of this class is tianeptine (see 1.4.).

1.3.1.5 Noradrenaline reuptake inhibitors (NRIs)

Noradrenaline reuptake inhibitors (NRIs) act by increasing synaptic levels of

noradrenaline. NRIs are thought to have a positive effect on concentration and


http://en.wikipedia.org/wiki/Moclobemide�
http://en.wikipedia.org/wiki/Reversible_inhibitor_of_monoamine_oxidase_A�
http://en.wikipedia.org/wiki/Isocarboxazid�
http://en.wikipedia.org/wiki/Moclobemide�
http://en.wikipedia.org/wiki/Phenelzine�
http://en.wikipedia.org/wiki/Selegiline�
http://en.wikipedia.org/wiki/Tranylcypromine�
http://en.wikipedia.org/wiki/Selective_serotonin_reuptake_inhibitor�
http://en.wikipedia.org/wiki/Citalopram�
http://en.wikipedia.org/wiki/Escitalopram�
http://en.wikipedia.org/wiki/Fluoxetine�
http://en.wikipedia.org/wiki/Fluvoxamine�
http://en.wikipedia.org/wiki/Paroxetine�
http://en.wikipedia.org/wiki/Sertraline�
http://en.wikipedia.org/wiki/Drug�
http://en.wikipedia.org/wiki/Reuptake�
http://en.wikipedia.org/wiki/Neurotransmitter�
http://en.wikipedia.org/wiki/Serotonin�
http://en.wikipedia.org/wiki/Synaptic�
http://en.wikipedia.org/wiki/Tianeptine�
http://en.wikipedia.org/wiki/Norepinephrine_reuptake_inhibitor�

motivation in particular. These include: Atomoxetine, Mazindol, Reboxetine,
Viloxazine.

1.3.1.6 Serotonin-noradrenaline reuptake inhibitors (SNRIs)
Serotonin-noradrenaline reuptake inhibitors (SNRIs) are a newer form of
antidepressants that work on both noradrenaline and 5-HT. They typically have
similar side effects to the SSRIs, though there may be a withdrawal syndrome on
discontinuation that may necessitate dosage tapering. These include: Desvenlafaxine,
Duloxetine, Milnacipram, Venlafaxine.

1.3.1.7 Noradrenergic and specific serotonergic antidepressants (NSSAs)
Noradrenergic and specific serotonergic antidepressant's (NSSAs) form a newer class
of antidepressants which purportedly work to increase noradrenaline and serotonin
neurotransmission by blocking presynaptic alpha-2 adrenergic receptors while at the
same time certain serotonin receptors. Side effects may include drowsiness, increased
appetite, and weight gain (Manev and Uz, 2006). Examples include: Mianserin,
Mirtazapine.

1.3.1.8 Noradrenaline-dopamine reuptake inhibitors (NDRIS)
Noradrenaline-dopamine reuptake inhibitors inhibit the neuronal reuptake of
dopamine and noradrenaline (Stimmel et al., 1997). They are also used for the

treatment of nicotine dependence. These include: Bupropion.

14 TIANEPTINE
Tianeptine (Stablon, Coaxil, Tatinol) is a tricyclic antidepressant, but unlike
conventional tricyclic antidepressants, tianeptine enhances the reuptake of serotonin

(SSRE) instead of inhibiting it, opposite to the action of SSRIs.
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Currently, tianeptine is approved in France under the trade name Stablon; it is also
marketed in a number of other European countries under the trade name Coaxil as
well as in Asia and Latin America as Tatinol.

1.4.1 The action of tianeptine

1.4.1.1 Clinical and Non-clinical antidepressant features

Compelling body of clinical data has demonstrated that the clinical efficacy of
tianeptine in the treatment of depression is at least equivalent to those of selective
serotonin reuptake inhibitors (SSRIs) (Kasper and Olie, 2002; McEwen and Olie,
2005). Tianeptine affords relief of depressive symptoms as the analysis of MADRS
(Montgomery-Asberg Depression Rating Scale) individual items shows that decreased
ability of concentration and inner tension are more rapidly improved in tianeptine-
treated than in fluoxetine-treated patients (Novotny and Faltus, 2003). Tianeptine is
effective in reducing symptoms of depression in mild to moderate-to-severe major
depression, while it alleviates anxious symptoms associated with depression without
the need for concomitant anxiolytic therapy (Brion et al., 1996; Guelfi et al., 1989;
Invernizzi et al., 1994; Lepine et al., 2001; Loo and Deniker, 1988; Ridout and
Hindmarch, 2001; Szadoczky and Furedi, 2002;). The good tolerability of tianeptine is
also established as the antidepressant lacks the sedative (Ridout and Hindmarch, 2001),
autonomic, cardiovascular, and undesirable side effects on attention and memory of
tricyclics (Wagstaff et al., 2001; Wilde and Benfield, 1995) and shows a low propensity
to provoke sexual dysfunction and nausea as compared to SSRIs (Atmaca et al., 2003;
Bonierbale et al., 2003).

There is a number of experimental studies demonstrating robust efficacies of
tianeptine in rodent paradigms of antidepressant properties (Curzon et al., 1992; Kelly
and Leonard, 1994; McEwen and Olie, 2005; Thiebot et al., 1992; Wagstaff et al.,

2001). Further, tianeptine opposes not only the affective, but also the cognitive and



structural changes that characterize depressive states—at least in experimental models

of depression based on chronic stress (McEwen and Olie, 2005; McEwen et al., 2002).

1.4.2 The emerging pharmacological profile of tianeptine

Tianeptine differs from other antidepressants in its pharmacological and neurochemical
properties (Chamba et al., 1991; Kato and Weitsch, 1988). The first indication that
tianeptine possesses a mechanism of action different to that of other classes of
antidepressant was the finding that, upon acute and sustained administration, tianeptine
decreased the extracellular levels of serotonin (5-HT) (Fattaccini et al., 1990; Mennini
et al., 1987). This finding was hypothesized to be the consequence of a 5-HT re-uptake
enhancement. It has been demonstrated that tianeptine also reduced both the number of
transporter sites and their mRNA levels in the dorsal raphe nucleus (Watanabe et al.,
1993). However, any facilitatory influence of tianeptine upon 5-HT re-uptake may be
exerted indirectly rather than directly at 5-HT transporters, for which its affinity is low.
Further, the validity of older data has been contested on the basis of technical
limitations that could not be circumvented at that time (Malagie et al., 2000). More
recent investigations have shown that acute and long-term administration of tianeptine
does not elicit any marked alterations (neither increases nor decreases) in extracellular
levels of 5-HT in corticolimbic structures of conscious rats (Malagie et al., 2000;
Pineyro et al., 1995). From an electrophysiological point of view, sustained
administration of tianeptine did not modify the spontaneous firing rate of serotonergic
neurons in the dorsal raphe, nor did it modify the activity of postsynaptic 5-HT;a
receptors nor the effectiveness of the terminal 5-HT autoreceptor antagonist in
increasing the efficacy of the stimulation of the 5-HT pathway, despite prolonged
treatment (Pineyro et al., 1995). Thus, the role of 5-HT in the mechanism of

antidepressant efficacy of tianeptine is doubtful.
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Tianeptine shows no affinity for the noradrenaline or dopamine transporters or for
several investigated neurotransmitter receptors: aga, das, O2a, 028, O2c, B1, B2, 5-HT1, 5-
HT,, 5-HTs, 5-HT4 5-HTsa, 5-HTe, 5-HT7, D1, Dy, D3, Ds, Ds, NMDA, AMPA,
kainate, benzodiazepine or Gamma-aminobutyric acid (GABA)-B receptors (Kato and
Weitsch, 1988; Svenningsson et al., 2007). Tianeptine does not inhibit MAOa or

MAOD activity in the cortex, hippocampus, and hypothalamus.

1.4.2.1 Neuroplasticity

As described above, stress paradigms have been used as models for depression in
animal studies to investigate the actions of antidepressants on brain structure and
neuroplasticity. In such models, tianeptine opposes the effects of chronic stress on brain
structure and plasticity. For example, tianeptine prevented structural changes and
modified neuronal metabolism and function in the hippocampus (Czeh et al., 2001). In
tree shrews subjected to psychosocial stress, tianeptine reversed the stress-induced
decreases in hippocampal volume, concentrations of cerebral metabolites such as N-
acetyl-aspartate, and proliferation of the granule precursor cells in the dentate gyrus
(Czeh et al., 2001). In an investigation of glucocorticoid induced remodeling of
hippocampal CA3 dendrites, the therapeutic effects of tianeptine administration was
further demonstrated after the shrinkage of dendrites had occurred, since tianeptine
treatment was able to reverse these changes even while glucocorticoid administration

was continuing (Magarinos et al., 1999).

1.5 SIGNAL TRANSDUCTION AND ANTIDEPRESSANTS
Cellular  processes which include cell proliferation, neurogenesis and
neurodegeneration have an important role for the mechanism of antidepressants. These

processes are regulated by neuropeptides and neurotransmitters, of which glutamate via

11



its actions on AMPA and NMDA receptors are particularly important, as well as
intracellular pathways including the Cyclic adenosine monophosphate (CAMP)/Protein
kinise A (PKA), ras/Mitogen-activated protein kinase (MAPK) and Phosphoinositide 3-
kinase (PI-3K) cascades. Moreover, regulation of CREB mediated genes coding for
neurotrophic proteins such as Brain-derived neurotrophic factor (BDNF) appears also
to be involved.

AMPA receptors play a crucial role in regulating glutamate transmission and
plasticity at excitatory synapses. These effects involve alterations in phosphorylation
of the different subunits of the AMPA receptor. Then nomeuclature of AMPA
receptor subunits has recently been raised and GIuR1 subunits are now referred to as
GIuAl subunits (Spedding et al., 2009). It has, for example, been shown that

phosphorylation by PKA at Ser®*

-glutamate receptor subunit 1 (GIuAl) is required
for PKA-mediated potentiation of peak current by homomeric GIuAl channels
(Roche et al., 1996; Collingridge et al., 2009) and membrance insertion of the AMPA
receptor (Man et al., 2007). Phosphorylation of Ser®*!-GluA1 by calcium/talmodulin-
dependent kinase Il (CaMKII) or protein kinase C (PKC) potentiates AMPA currents
in hippocampal neurons (Barria et al., 1997). Fluoxetine and imipramine increases
phospho-Ser**-GluA1 (Du et al., 2007; Svenningsson et al., 2002). Recent studies
using allosteric potentiators of AMPA receptors have provided further evidence for
the possible involvement of AMPA receptors in antidepressant actions as it has been
shown that such compounds have robust antidepressant-like actions in two tests of
‘learned helplessness’, the forced-swim test and the tail-suspension test (Alt et al.,
2006). It has also been shown that chronic treatment with an allosteric AMPA
potentiator, LY451646, like fluoxetine and other classical antidepressants, increases

hippocampal neurogenesis (Bai et al., 2003; Santarelli et al., 2003).

The cAMP-CREB (cCAMP response element binding protein) signal transduction
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cascade contributes to the action of antidepressant treatment (ADT). This is supported
by studies demonstrating that drugs that activate the cAMP-CREB cascade, by
inhibition of the cAMP phosphodiesterase type 4 (PDE4), produces an ADT-response
in rodent models and in humans (Fleischhacker et al., 1992; Fujimahi et al., 2000). One
target gene of the CAMP-CREB of this pathway is BDNF. Indeed, expression of
BDNF and its receptor tyrosine kinase receptor B (TrkB) are increased in rat
hippocampus by repeated administration of antidepressant drugs as well as by
electroconvulsive seizure (Nibuya et al., 1995; Russo-Neustadt et al., 2000).
Furthermore, BDNF is increased in postmortem brain of human subjects who had
been treated with antidepressants (Chen et al., 2001). Conversely, downregulation of
BDNF is associated with stress exposure and depression (Karege et al., 2002).
Immobilization stress results in decreased BDNF in the hippocampus, an effect that is
blocked by antidepressant treatment (Nibuya et al., 1995; Smith et al., 1995). There is
also evidence that BDNF can regulate functions relevant to antidepressant-responsive
behavior in rats. Chronic infusion of BDNF into posterior midbrain nuclei results in
effects that are similar to those of antidepressants in forced swim and learned
helplessness models of depression (Siuciak et al., 1997) and administration of BDNF
directly into localized regions of the hippocampus similarly results in antidepressant-
like effects in these behavioral models (Shirayama et al., 2002). This work has
resulted in the neurotrophic hypothesis of depression (Duman et al., 1997), suggesting
that CREB and BDNF are necessary, as well as sufficient for an ADT-response.
However, more recent studies have demonstrated that BDNF in the mesolimbic
dopamine system produces pro-depressive effects in behavioral models,
demonstrating region-specific actions of this neurotrophic factor (Berton et al., 2006;

Eisch et al., 2003). A major revision on the role of BDNF in depression is needed.
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One of the best-studied BDNF-regulated signaling cascades is activation of the
mitogen-activated protein kinase (MAPK) (also called extracellular signal-regulated
kinase (ERK)) pathway (Huang and Reichardt, 2003). The MAPK pathway is an
intracellular signaling cascade implicated in several forms of learning, memory, and
neuroplasticity (Mazzucchelli and Brambilla, 2000; Rodrigues et al., 2004). MAPK is
activated by BDNF binding of TrkB via the Ras-Raf-MEK cascade, inducing nuclear
translocation and phosphorylation of target transcription factors. As such, MAPK
translates extracellular events, such as neurotransmitter and neurotrophin receptor
binding, into gene transcription, synaptic remodeling, and behavioral events
(Roberson et al., 1999; Sweatt, 2001). For example, BDNF infusion into the dentate
gyrus has ADT-like consequences that can be blocked by inhibiting MAPK
phosphorylation (Shirayama et al., 2002). Acute restraint or swim stress has been
shown to increase p42/44-MAPK phosphorylation in cortex (Meller et al., 2003; Shen
et al., 2004), whereas chronic restraint stress decreased, or had no effect on, p42/44-
MAPK phosphorylation (Lee et al., 2006; Meller et al., 2003). In the hippocampus,
chronic restraint stress and chronic unpredictable and inescapable tail-shock stress
increased the phosphorylation states of p42/44-MAPK (Lee et al., 2006; Yang et al.,
2004). Peripheral injection of MEK inhibitors produces helplessness-like behaviors
and eliminates response to ADTSs in standard assays of inescapable stress (Duman et

al., 2007).
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Fig. 1. Neuroplasticity and cellular resilience in mood disorders. This figure depicts the multiple influences on

neuroplasticity and cellular resilience in mood disorders. Genetic/neurodevelopmental factors, repeated affective

episodes and illness progression might all contribute to the impairments of cellular resilience, volumetric

reductions and cell death/atrophy observed in mood disorders. Stress and depression likely contribute to

impairments of cellular resilience by a variety of mechanisms, including reductions in the levels of BDNF and

increases of cortisol. Neurotrophic factors such as BDNF enhance cell survival by activating two distinct signaling

pathways: the P1-3—kinase pathway, and the MAP-kinase pathway. One of the major mechanisms by which BDNF

promotes cell survival is by increasing the expression of the major cytoprotective protein, Bcl-2. The chronic

administration of a variety of antidepressants increases the expression of BDNF, and its receptor TrkB. BDNF,

brain derived neurotrophic receptor; trkB, tyrosine kinase receptor for BDNF; Raf, MEK, components of the

MAP kinase pathway; CREB, cyclic AMP responsive element binding protein; Rsk-2, Ribosomal S-6 kinase; GR,

glucocorticoid receptor; GSK-3, glucogen synthase kinase. Adapted from Manji HK et al., 2001.
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2 GENERAL AIMS

To examine whether tianeptine regulates glutamate AMPA receptor
phosphorylation in brain slices and in intact animals, by measuring P-Ser®*!- and
P-Ser®®-GluAl.

To examine the functional relevance of AMPA receptor phosphorylation in
behavioural and biochemical responses to chronic treatment with saline or
tianeptine using mice bearing point mutations at both Ser®*.- and Ser®**-GIuAL.
To use hippocampal brain slices and study mechanisms whereby tianeptine
increases phosphorylation of GIuA1 with an emphasis on the role of MEK/MAPK
signaling.

To examine the phosphorylation state of a number of receptors, signaling proteins
and transcription factors in frontal cortex that could be compromised by acute
elevated platform stress.

To examine the effects of the structurally similar, but pharmacologically distinct,
antidepressants, tianeptine and impramine, on stress-induced alterations in the
phosphorylation state of receptors, signaling proteins and transcription factors.

To examine whether blockade of the glucocorticoid receptor through mifepristone
could prevent the stress-induced down-regulation of MEK phosphorylation.

To examine the role of 5-HTg receptors in mediating biochemical and behavioral
actions of fluoxetine indicative of its antidepressive properties. Specifically, we
assessed the ability of the 5-HTg receptor antagonist, SB271046, to modify

fluoxetine-induced phospho-Ser®*

-GluAl1 and antidepressant-like behavioral
effects in mice.

To examine the effects of the 5-HTg receptor agonist 2-ethyl-5-methoxy-N,N-
dimethyltryptamine (EMDT) on PKA-mediated signaling and antidepressant-like

effects in mice.



3 METHODOLOGY

Table 2. Methods used in the present work.

METHODS PAPERS

SDS-PAGE and Western blotting L LIV, v

Studies of intracellular protein phosphorylation (I \YAY}

Pharmacological stimulation of striatal slices I, v

Elevated platform stress model ", v

Tail suspension test I,V

Open field test I,V

In situ hybridization I

Electrophysiological recordings ", v

Pharmacological Treatments

In the various studies adult male mice (C57BL/6 mice) or rats (Sprague-Dawley rats)
were given intraperitoneal injections of saline, tianeptine, imipramine, mifepristone
(RU486), fluoxetine, SB271046 or EMDT. The doses and duration of treatment is
indicated in the individual papers.

Mutant animal models

GluAl mutant mice (on a C57BL/6 background) bearing point mutations at Ser®*!-
/Ser®®-GluAl were used in Paper I. The generation and basal characterization of
these mice have been described elsewhere (Lee et al., 2003).

DARPP-32 knockout and D1 receptor knockout mice (on C57BL/6 background) were
used in Paper V. The generation and basal characterization of these mice have been

described elsewhere (Fienberg et al., 1998; Xu et al., 1994).

Stress protocol and pharmacological treatments.
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The behavioral stress protocol was adapted from Xu et al. (1998) and performed as
previously described (Rocher et al., 2004) in Professor Therese Jay’s laboratory.
Briefly, rats were placed during 30 min on an elevated and unsteady platform
positioned 1 m above the ground. The animals showed behavioral ‘‘freezing’’
(piloerection, immobility for up to 10 min, defecation, urination) while on the
platform. At the end of stress, rats were anaesthetized with sodium pentobarbital on
the platform and immediately after, placed in their home cage until being sacrificed.
Control rats (non-stressed rats) were anaesthetized immediately after transfer from the
animal cage. Body temperature was maintained at 37 °C by a homeothermic warming
blanket. Groups of stressed and non-stressed rats were also put back in their home
cage without being anesthetized. The effect of stress on different phosphorylation
sites in anesthetized vs non-anesthetized rats sacrificed 30 min after the end of the
stress was examined in a first experiment. In all subsequent experiments, all rats were
anesthetized at the end of the stress. In a time course experiment, rats were sacrificed
30, 60, 140 and 180 min after the end of the stress. In a biochemical experiment
measuring effects of antidepressants, tianeptine and imipramine were injected
intraperitoneally just after the end of stress and the rats sacrificed after an additional
30 min.

In vivo whole animal studies to measure protein phosphorylation.

Mice were briefly immobilized in a holder and their skulls exposed to focused
microwave irradiation (4.5-5 kW for 1.4 s) using a small animal microwave
(Muromachi Kikai, Tokyo, Japan). The brain tissue was then rapidily frozen and
stored at -80 °C until analysed.

In vitro brain slice experiments to measure protein phosphorylation.

Striatal slices (300um) were prepared from mice using a Leica Vibratome. The slices

were preincubated in Krebs buffer (126mM NaCl, 2.5mM KCI, 1.2mM NaH,PO,,
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1.3mM MgCl,, 2.4mM CaCl,, 10mM glucose and 26mM NaHCOg, pH 7.4) at 30°C
under constant oxygenation (95%02/5%C02) for 60 min, with a change of buffer
after 30 min. The slices were then treated with different drugs for different time
periods. After drug treatment, the buffer was removed and the slices were rapidly
frozen on dry ice and stored at —80°C until assayed.

Immunoblotting.

Frozen tissue samples from the in vitro and in vivo experiments were sonicated in 1%
SDS and boiled for 10 min. Small aliquots of the homogenate were retained for
protein determination by the bicinchoninic acid protein assay method (Pierce,
Stockholm, Sweden). Equal amounts of protein were processed using 12%
acrylamide gels. Immunoblotting was performed with phosphorylation state-specific
antibodies against Ser®- or Ser’*-GluAl, Ser"®- or Ser®’-NR1, Ser’*®*-NR2B,
Tyr 5. TrkA/B, Sert™?L-MEK, Thri®/Tyr'®-p42MAPK, Thr?%/Tyr?*-p44MAPK,
Thri®/Tyr'®-p38MAPK, Thri®/Tyr*®-ERK5, Thri®/Tyr'®-SAPK, Ser®®*-ELK-1,
Thri%-AKT, Ser*®-AKT, Ser®-GSK3b, Thr*®*-CamKlla, Thr*®*-CamKllb, Ser'*-
CREB, Ser®-ATF-1, Thr**-DARPP-32, Thr”>-DARPP-32 or antibodies that are not
phosphorylation state specific against total BDNF, GIuAl, NR1, NR2B, TrkB, MEK,
ERKS5, SAPK, p38, p42/44-MAPK, ELK-1, AKT, GSK3b, CamKII, CREB, ATF-1,
DARPP-32. Antibody binding was detected by enhanced chemiluminescence and
guantified by densitometry using NIH Image 1.61 software. Data on protein
phosphorylation are expressed as percentage of control.

Statistics.

When two groups were compared, Student’s T-test was used. When more than two
groups were compared, one-way ANOVA was used. When a statistical difference
was found, pairwise comparisons were made with Newman-Keul’s, Duncan or

Dunnett’s tests. Statistical difference was set at p<0.05.
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4 RESULTS

41 PHOSPHORYLATION STUDIES IN GLUA1-PHOSPHOMUTANT MICE
UNDER BASELINE CONDITIONS AND IN RESPONSE TO ACUTE OR
CHRONIC TREATMENT WITH TIANEPTINE (PAPER 1)

4.1.1 Regulation of AMPA receptor phosphorylation in vivo by acute or

chronic treatment with tianeptine

In paper I, we investigated whether tianeptine can regulate the phosphorylation state

of the GIuALl subunit of the AMPA receptor at two different phosphorylation sites

known to affect the functional properties of AMPA receptors, namely Ser®*!-GIuA1, a

PKC / CamKIlI site, and Ser’*-GIluAl1, a PKA site. The results shown in Fig. 2

demonstrate that acute treatment with tianeptine tended to increase GIuAl

831 845

phosphorylation at Ser**" or Ser”™ (Fig. 2A and B). However, following chronic
administration, tianeptine significantly increased phospho-Ser®*:-GIuA1 and
subsequent pairwise analyses showed significant changes in frontal cortex and in the
CA3 region of hippocampus (Fig. 2C). Tianeptine also significantly increased

845

phospho-Ser~-GluAl and subsequent pairwise analyses showed significant changes

in the CAS3 region of hippocampus (Fig. 2D).
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Fig. 2. Regulation of AMPA receptor phosphorylation by tianeptine. The amounts of (A and C) phospho-
Ser®®.-GluR1 and (B and D) phospho-Ser®*>-GIuR1 were measured in the frontal cortex and in the CA3 and CA1
regions of hippocampus from animals treated (A and B) acutely or (C and D) chronically with saline (white bars)

or tianeptine (black bars). Chronic treatment with tianeptine increased phospho-Ser®®!-GIuR1 in both the frontal

845

cortex and the CA3 region of hippocampus and phospho-Ser®-GIuR1 in the CA3 region of hippocampus. Data

are means + SEM for n=8-16 animals. ANOVA followed by Newman—Keul’s test for pairwise comparisons; *P <

0.05 compared with saline-treated animals.

4.1.2 Behavioural effects of saline and tianeptine in wild-type and GIluAl-
phosphomutant mice

As chronic treatment with tianeptine had a significant effect on phosphorylation of

GIuA1l subunits, we studied the behavioural effects of chronic treatments with saline

or tianeptine. It was found that saline-treated phosphomutant GIuA1 mice exhibited

significantly longer latency to enter the centre of the open field (Fig. 3A), results
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which can be interpreted as an anxiety-like phenotype in the phosphomutant GIuAl
mice. This phenotype could not be explained by a general reduction in locomotion as
saline-treated wild-type mice and phosphomutant GIuA1 mice showed similar
locomotor behaviour (Fig. 3B). Immobility in an escapeable stress situation, as
measured in the tail-suspension test, was significantly increased in the saline-treated
phosphomutant GIuA1 mice (Fig. 3C), indicating a depression-like phenotype. Like
the saline-treated phosphomutant GIuUA1l mice, tianeptine-treated phosphomutant
GIluAl mice exhibited an increased latency to enter the centre of the open field (Fig.
3A). The tianeptine-treated wild-type mice showed an increased locomotion in the
open field (Figs. 3B, D and E). The stimulatory effect of tianeptine was significantly
attenuated in the phosphomutant GluA1 mice (Fig. 3B, D and E), demonstrating an
involvement of phosphorylated Ser®®!-/Ser®*-GluA1 residues in mediating this action
of tianeptine. The tianeptine-treated wild-type mice also showed a reduced

immobility in the tail-suspension test compared to the saline-treated mice (Fig. 3C).
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Fig. 3. Behavioural effects of wild-type mice (white bars) and the GluAl-phosphomutant counterparts
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(black bars) treated with saline and following chronic tianeptine treatment. (A and B) In the open-field
experiments, the latency of the mice to enter the centre of the arena (A) and the overall locomotion (B) were
measured manually. (C) In the tail-suspension test, the immobility was scored manually. (D and E) Open-field
locomotion was also studied using an automated procedure in locomotor boxes. GluAl-phosphomutant mice
treated with saline exhibited increased latency to enter the centre of an open field and increased immobility in the
tail-suspension test compared to their wild-type counterparts. Chronic tianeptine treatment increased open-field
locomotion and reduced immobility in wild-type mice, but not in phosphomutant GIuR1 mice. Data are means +
SEM for n=9-12 animals. ANOVA followed by Newman-Keul’s test for pairwise comparisons; *P < 0.05, **P <

0.01 between indicated groups.

4.1.3 Phosphorylation of CREB and CamKII in GluAl-phosphomutant mice
under baseline conditions and in response to tianeptine

We compared the phosphoryation states of CREB and CamKIl in wild-type and

GluAl-phosphomutant mice under baseline conditions. An increased level of P-

Ser'®.CREB, but not of P-Thr’®-CamKII, was found in extracts from frontal cortices

in phosphomutant GIuA1 mice compared to wild-type mice (Fig. 4B and C). There

were no significant effects on phosphorylation of CREB or CamKII in extracts from

hippocampus or striatum from phosphomutant GIuA1 mice.
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Fig. 4. Levels of phosphorylated and total GluR1, CREB and Camkll in wild-type mice (white bars) and
their GluR1-phosphomutant counterparts (black bars). (A) Phospho-Ser®®!-GluR1 and phospho-Ser®*-GluR1
were not detected in the GluR1-phosphomutant mice, but normal levels of total GIuR1 were found (B and C).

133

Increased levels of phospho-Ser~°-CREB, but not total CREB, were found in samples from frontal cortex. No

286

changes in phospho-Thr=**>-CamKII were found. Data are means + SEM for n=6 animals. Unpaired, two tailed,

Student’s t-test; *P < 0.05 compared with wild-type mice.

Following treatment with tianeptine, significant changes between the treatment
groups on P-Ser**-CREB were found in frontal cortex (Fig. 5A), the CA3 region of
hippocampus (Fig. 5C) and the CAL region of hippocampus (Fig. 5E). No significant
changes were found in total CREB levels (Figs. 5B, D and F). Phosphomutant GluAl

mice treated with saline exhibited higher P-Ser**-CREB levels in frontal cortex than
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their wild-type counterparts (Fig. 5A). Chronic tianeptine treatment had no effect on
P-Ser’*.CREB in the frontal cortex in wild-type mice but counteracted the increase
in P-Ser’*-CREB found in the saline-treated phosphomutant GIuA1 mice (Fig. 5A).
Phosphomutant GIuA1 mice treated with saline exhibited lower P-Ser**-CREB levels
in the CA3 region of hippocampus than their wild-type counterparts (Fig. 5C).
Chronic tianeptine treatment decreased P-Ser'**-CREB in the CA3 region of
hippocampus in wild-type, but not phosphomutant GIuAl, mice (Fig. 5C). Chronic

133

tianeptine treatment increased P-Ser°-CREB in the CA1 region in wild-type mice

(Fig. 5E) but not in the phosphomutant GIuA1 mice (Fig. 5E).
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Fig. 5. Levels of phosphorylated and total CREB in wild-type mice (white bars) and their GluR1-
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phosphomutant counterparts (black bars) in response to chronic treatment with saline or tianeptine. The
amounts of (A, C and E) P-Ser®**-CREB and (B, D and F) total CREB were measured in (A and B) the frontal

cortex and (C and D) the CA3 and (E and F) the CA1 regions of hippocampus. In saline-treated phosphomutant

133_

GIuAl mice, higher levels of P-Ser~>*-CREB were found in frontal cortex but lower levels in the CA3 region of

133

hippocampus. Treatment with tianeptine decreased P-Ser*-CREB in the CA3 region of hippocampus and

133

increased P-Ser~°-CREB in the CA1 region in wild-type mice but not in phosphomutant GIuA1 mice. Data are

means = SEM for n=7-10 animals per group. One-way ANOVA followed by Newman—Keul’s test for pairwise

comparisons; *P < 0.05 between indicated groups.

42 TIANEPTINE INCREASES PHOSPHORYLATION OF AMPA
RECEPTORS AND POTENTIATES MAPK SIGNALLING IN
HIPPOCAMPAL SLICES (PAPER I1)

4.2.1 Effects of tianeptine on phosphorylation at Ser®*:-GluAl, Ser®”-GluA1,

Ser®®-NR1 and Ser®’-NR1 in hippocampal brain slices

In agreement with previous data found in whole animals (Svenningsson et al., 2007;

Qi et al., 2009), we found that tianeptine caused a rapid and significant increase in the

phosphorylation of Ser®*- and Ser®*-GIuA1l (Fig. 6A). Meanwhile, tianeptine had no

effects on the phosphorylation state of the other major ionotropic glutamate receptor,
the NMDA receptor, at the Ser®®- and Ser®”’-NR1 residues (Fig. 6B). Tianeptine had
no effects on the levels of total GIUAL or NR1 at any of the timepoints studied (Figs

6A and B).
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Fig. 6. Time-course study on the effects of tianeptine on P-GIuA1 and P-NR1. (A) Immunoblots against P-Ser®!-

GluAL, P-Ser®®-GluAl and total GIuAlL and (B) P-Ser®™®-NR1, P-Ser®’-NR1 and total NR1 in control slices and in
hippocampal slices treated with tianeptine (50 uM) for 2, 5, 20, 60 and 180 mins. Histograms show the
quantifications of P-Ser®*-GIuAl, P-Ser*®-GluAl, total GIuAl, P-Ser®-NR1, P-Ser®’-NR1 and total NR1 levels,
respectively. Data were normalized to total levels for each of these proteins. *P < 0.05, **P < 0.01 vs control; one-

way ANOVA followed by Dunnett’s test.

4.2.2 Effects of tianeptine on phosphorylation at Ser®*"??1-MEK, Thr*®/Tyr®-
p42MAPK, ThrX%Tyr?®-pa4MAPK, Thr?®®-CamKI1I and Ser***-CREB in
hippocampal brain slices

In accordance with the data we previously found in whole rats (Qi et al., 2009),

tianeptine caused rapid and significant increases in the phosphorylation of Ser?*"?2L.

MEK and Thr'®/Tyr'®-p42MAPK (Figs. 7A and C). We also found a delayed

decrease of Thr®/Tyr*®-p44MAPK after 180 mins (Fig. 7B).
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Fig. 7. Time-course study on the effects of tianeptine on P-MEK and P-p42/44MAPK. (A) Immunoblots
against P-Ser?"?2'.MEK, and total MEK, (B) P-p42MAPK and total p42MAPK and (C) P-p44MAPK and total
p44MAPK in control hippocampal slices and in slices treated with tianeptine (50 uM) for 2, 5, 20, 60 and 180
mins. Histograms show the quantifications of P-Ser?"?2'-MEK, total MEK, P-p42MAPK, total p42MAPK, P-
p44MAPK and total p4A4MAPK levels, respectively. Data were normalized to total levels for each of these

proteins. *P < 0.05 versus control; one-way ANOVA followed by Dunnett’s test.

In addition to GIuAl subunits and MEK/MAPK signaling, CamKIIl and CREB are

known to modulate synaptic plasticity. We found that tianeptine caused a no
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significant increase in the phosphorylation of Thr*>-CamKIlI neither at the alpha or
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beta subunits (Fig. 8A). A more delayed regulation of CREB by tianeptine was found
as this compound caused a significant decrease in phosphorylation of Ser'**-CREB
after 20 mins (Fig. 8B). This regulation of CREB is consistent with the fact that

CREB is a transcription factor that regulates long-term effects on synaptic plasticity.

Fig. 8. Time-course study on the effects of tianeptine on P-CamKIIl and P-CREB. (A) Immunoblots against P-
Thr’®-CamKII alpha, P-Thr?®-CamKII beta and total CamKII and (B) P-Ser***-CREB and total CREB in control
hippocampal slices and in slices treated with tianeptine (50 uM) for 2, 5, 20, 60 and 180 mins. Histograms show the
quantifications of P-Thr?®-CamKII alpha, P-Thr®-CamKII beta, total CamKIl, P-Ser'®*-CREB and total CREB
levels, respectively. Data were normalized to total levels for each of these proteins. *P < 0.05 versus control; one-way

ANOVA followed by Dunnett’s test.
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4.2.3 Effects of the MEK inhibitor, PD184161, and subsequent treatment of
tianeptine on the phosphorylation state of Thr'®3/Tyr'®*-p42MAPK in
hippocampal brain slices

As expected, treatment with the MEK inhibitor, PD184161, caused a reduction in the

basal phosphorylation state of Thr'®/Tyr'®-p42MAPK (Fig. 9) and Thr?%/Tyr?-

p44MAPK (data not shown). Moreover, the ability of tianeptine to increase

phosphorylation at Thr'®/Tyr'®-p42MAPK was abolished (Fig. 9).

Fig. 9. Effects of MEK inhibition on basal and tianeptine-
induced regulation of P-p42MAPK. Immunoblots and
histograms showing P-p42MAPK and total p42MAPK in
control hippocampal slices and in slices treated with
PD184161 (10 uM) and/or tianeptine (50 pM). *P < 0.05,
**P <0.01 vs control; two-way ANOVA followed by

Bonferroni’s test.

4.2.4 Effects of PD184161 and subsequent treatment of tianeptine on the
phosphorylation state of Ser®.-GIuAl, Ser®*®-GluAl, Ser®*®-NR1 and
Ser®”-NR1 in hippocampal brain slices

Treatment with the MEK inhibitor, PD184161, had no effects on the basal

phosphorylation levels of neither Ser®*'-GluA1, Ser®*-GluAl, Ser®®-NR1 nor Ser®’-
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NR1 (Fig. 10). Moreover, PD184161 did not significantly affect the ability of

tianeptine to increase Ser®*:-GluA1 phosphorylation (Fig. 10).

Fig. 10. Effects of MEK inhibition on basal and tianeptine-induced regulation of P-GIuAl and P-NRL.
Immunoblots showing (Left side) P-Ser®®'-GluAl, P-Ser®®-GluAl, total GIuAl and (Right side) P-Ser®-NR1, P-
Ser®-NR1, total NR1 in control hippocampal slices and in slices treated with PD184161 (10 uM) and/or tianeptine

(50 uM). *P < 0.05 vs control; two-way ANOVA followed by Bonferroni’s test.
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43 ANTIDEPRESSANTS REVERSE THE ATTENUATION OF THE
NEUROTROPHIC MEK/MAPK CASCADE IN FRONTAL CORTEX BY
ELEVATED PLATFORM STRESS (PAPER I111)

As described above the behavioural stress protocol used in this thesis was adapted

from Xu et al. (1998) and performed in Professor Therese Jay’s laboratory. Rats were

placed on an elevated and unsteady platform (21 x 20 cm?, 1 m above ground level)
for 30 min (Fig. 11). The animal showed behavioural ‘freezing’ — i.e. piloerection,
immobility for up to 10 min, defecation and sometimes urination — while on the
platform. At the end of stress, rats were anaesthetized (sodium pentobarbital) on the
platform. This was done so that animals could be placed in a stereotaxic frame and
electrophysiological recordings could be made. LTP was induced within 180 min
after the end of stress. Control nonstressed rats were anaesthetized immediately after

transfer from the animal house.

Acute Stress
(Platform, 30 min)

Fig. 11. lllustration of the acute stress protocol and schematic representation of the direct hippocampal
projection to the PFC in rats. Glutamatergic neurons of the CAl/subicular region in the ventral hippocampus

project directly to the prelimbic area (PrL) of the PFC. Sb, subiculum.
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4.3.1 Influence of pentobarbital anesthesia on stress-induced changes in
protein phosphorylation
Since the electrophysiological experiments were performed in anesthetized rats, and
we wanted to compare our biochemical data with the electrophysiological data, we
investigated whether pentobarbital anesthesia would influence stress-induced
alterations in protein phosphorylation in rats sacrificed 30 min after stress.
Reductions of Ser’*"?'-MEK and Ser***-GIuN2B were found in both anesthetized
and non-anesthetized rats (Fig. 12). There were also reductions in the levels of
Thri®Tyr'®-pa2MAPK, Thr?%/Tyr®®-p4dMAPK and Thr?®®-CamKIIb in the non-
anesthetized, and with trends at least for Thr'®3/Tyr'®>-p42MAPK and Thr?%/Tyr?%-

p44MAPK, to be reduced also in anesthetized rats (Fig. 12).
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Fig. 12. Immunoblots and histograms showing the regulation of multiple phosphorylation pathways after 30
min in anesthetized (right) and non-anesthetized (left) rats after control conditions (white bars) or elevated
platform stress (black bars). Upper immunoblots illustrates the phosphorylated form of the protein, whereas
lower immunoblots illustrate the total protein. The number of animals per group is 5. Unpaired, two-tailed,

Student’s T-test. *p < 0.05, compared with corresponding control group.

4.3.2 Regulation of multiple phosphorylation pathways at different timepoints
after elevated platform stress

To identify biochemical alterations induced by elevated platform stress, a time course

experiment was performed. In this experiment, rats were sacrificed 30, 60, 140 or 180

min after the end of exposure to the elevated platform stress.

Thirty minutes after the end of the stress there was a reduction in the
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phosphorylation state of Ser**®*-GluN2B that thereafter returned to control levels (Fig.

13). A total of 140 min after the end of the stress there was a reduction in the levels of

831_ o

P-Tyr***5_TrkA/B. No significant changes in the phosphorylation states of Ser®!- or

Ser®®-GluAl, Ser’®- or Ser®-GIuN1 could be detected at any of the studied

timepoints.

Fig. 13. Immunoblots and histograms showing the phosphorylation state at multiple receptor subunits 30,
60, 140 and 180 min after control conditions (white bars) or elevated platform stress (black bars). Upper
immunoblots illustrates the phosphorylated form of the protein, whereas lower immunoblots illustrate the total
protein. The number of animals per group is 5. Unpaired, two-tailed, Student’s T-test. **p < 0.01, compared with

corresponding control group.

We also studied the phosphorylation state of additional member of the MAPK

signaling family representing other signaling cascades. It was found that elevated
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platform stress reduced Thr**®/Tyr*®®-ERK5 after 140 min, but had no significant
effects on Thri®/Tyr'®2-p38MAPK or Thr'®/Tyr'®*-SAPK (Fig. 14A). In contrast to
the reductions in the phosphorylation of proteins involved in the MAPK signaling
cascade, there was increased phosphorylation levels of Thr*%-AKT 140 and 180 min
after the end of the stress (Fig. 14B). No significant changes of Ser*’*-AKT, Ser®-

GSKa3b or Thr®-CamKIIb were found at any of the studied timepoints (Fig. 14B).
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Fig. 14. (A, B) Immunoblots and histograms showing the phosphorylation state at different members of the
MAPK signaling pathway (A) and CamKIl, GSK-3 and AKT (B) 30, 60,140 and 180 min after control
conditions (white bars) or elevated platform stress (black bars). Upper immunoblots illustrates the
phosphorylated form of the protein, whereas lower immunablots illustrate the total protein. The number of animals
per group is 5. Unpaired, two-tailed, Student’s T-test. *p < 0.05; **p < 0.01, compared with corresponding control
group.

There was an increase Ser™>-ATF-1 140 min after the end of the stress (Fig. 15). No

133

changes in the phosphorylation state of Ser~°-CREB after the elevated platform stress

was found.
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Fig. 15. Immunoblots and histograms showing the phosphorylation state at Ser**-CREB and Ser®-ATF1,
30, 60, 140 and 180 min after control conditions (white bars) or elevated platform stress (black bars). Upper
immunoblots illustrates the phosphorylated form of the protein, whereas lower immunoblots illustrate the total
protein. The number of animals per group is 5. Unpaired, two-tailed, Student’s T-test. ***p < 0.001, compared

with corresponding control group.

4.3.3 Tianeptine but not imipramine reverses stress-induced impairment of
hippocampus—prefrontal cortex (H-PFC) LTP after a 30 min exposure
to the platform stress

As previously reported (Rocher et al., 2004), acute elevated platform stress fully

inhibited LTP in H-PFC synapses, measured after the animals had been anesthetized

(Fig. 16). LTP was impaired for the whole 120 min of recording after high frequency

stimulation (HFS) in stress-saline treated rats compared to control-saline treated rats.

Administration of tianeptine (10 mg/kg i.p.) after the stress (so that the drug could not

modify the stress, but only subsequent changes in plasticity) fully reversed the stress-

induced suppression of LTP when compared to stressed rats injected with saline (Fig.

16). In contrast, administration of imipramine (10 mg/kg i.p.) after the stress did not

reverse the effects of stress on LTP when compared to stress rats injected with saline

(Fig. 16).
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Fig. 16. Tianeptine but not imipramine reverses stress-induced impairment of H-PFC LTP after a 30 min
exposure to the platform stress. A. Hippocampal HFS failed to induce LTP in the PFC of anaesthetized rats
within 180 min following the end of the stress period (black squares, n=6). Tianeptine (10 mg/kg) when
administered 40 min prior to HFS enables LTP in stressed rats (black circles; n=9) which not significantly
different from controls (open squares, n=6). In contrast, imipramine (10 mg/kg) did not reverse the effects of
stress on LTP (gray circles, n=6). Values are meantSEM of the normalized H-PFC post-synaptic response
amplitude. HFS is represented by arrows. B. LTP in saline, imipramine and tianeptine-treated stressed rats
compared to controls is represented during different stages after HFS. Columns represent respectively 30 min
periods of mean +SEM of the normalized fPSP amplitude before, and after HFS. ANOVA: *p < 0.05 and ** p <
0.01 control vs saline treated stressed rats. #p < 0.05 and ##p < 0.01 tianeptine vs saline treated stressed rats. Top
tracings, representative fPSP responses recorded in the medial PFC after stimulation of CAl/subicular region
during pre-HFS, post-HFS and both illustrate the amplitude differences between the experimental groups. Scale

bars: 10 ms (horizontal), 200 mV (vertical).

4.3.4 Regulation of multiple phosphorylation pathways by elevated platform
stress and the antidepressants tianeptine and imipramine

To study how the antidepressants tianeptine and imipramine affected the stress-

induced alterations in protein phosphorylation, these compounds were administered

in a separate group of animals using a similar injection protocol after stress exposure.
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Rats were sacrificed 30 min after the end of the stress. Based on the results previously
obtained in the time course experiment, analyses were limited to a select number of
phosphoproteins.

In agreement with the time course experiment, stress decreased Ser"*°*-GIuN2B
and this reduction was further enhanced by treatment with imipramine (Fig. 17).
Stress had no effect on the phosphorylation states of Ser®- or Ser’*-GluAl.
However, treatment with tianeptine, but not imipramine, increased Ser®*!-GluA1 (Fig.
17). Neither stress nor tianeptine or imipramine had any effects on the
phosphorylation states of Ser®®- and Ser®’-GluN1. Stress had no effect on Tyr*%315.
TrkA/B at this early timepoint, but tianeptine and imipramine increased the
phosphorylation state of TrkA/B in non-stressed animals and tended to cause an

increase also in stressed animals (Fig. 17).

Fig. 17. Immunoblots and histograms showing the effects of tianeptine and imipramine on the

phosphorylation state at multiple receptor subunits 30 min after control conditions (white bars) or elevated
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platform stress (black bars). Upper immunoblots illustrates the phosphorylated form of the protein, whereas
lower immunoblots illustrate the total protein. The number of animals per group is 6. Unpaired, two-tailed,
Student’s T-test. *p < 0.01, compared with corresponding control group; #p < 0.01, compared with saline treated

control or stressed animals.

Treatment with both imipramine and tianeptine increased phosphorylation of
Ser??2L.MEK and counteracted the stress-induced decrease in phosphorylation at
this site (Fig. 18). Both imipramine and tianeptine increased the phosphorylation
states at ThrX%/Tyr’®-p42MAPK and Thr'®*/Tyr'*>-p44MAPK. We also studied the
effects of imipramine and tianeptine on the stress-induced effects on Thr?®/Tyr?%-
ERKS5 and Thri®%/Tyr'®2-p38MAPK. It was found that imipramine, by itself, increased
Thri®/Tyr®®-ERKS, an effect that was not seen in stressed animals. No effect of
tianeptine was found. No significant effects of imipramine or tianeptine on the
phosphorylation state of Thr'®%/Tyr'®?-p38MAPK were found. Moreover, tianeptine

and imipramine had no effects on the phosphorylation states of Thr*®*-CamKlIb.

Fig. 18. Immunoblots and histograms showing the effects of tianeptine and imipramine on the
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phosphorylation state of intracellular signaling proteins 30 min after control conditions (white bars) or
elevated platform stress (black bars). Upper immunoblots illustrates the phosphorylated form of the protein,
whereas lower immunoblots illustrate the total protein. The number of animals per group is 6. Unpaired, two-tailed,
Student’s T-test. *p < 0.05, compared with corresponding control group; #p < 0.05, compared with saline treated

control or stressed animals

Tianeptine and imipramine had no effects on the phosphorylation states of Ser®-

CREB or Ser®™-ATF-1 at the studied timepoint (Fig. 19).

Fig. 19. Immunoblots and histograms showing the effects of tianeptine and imipramine on the
phosphorylation state of Ser'*-CREB and Ser®*-ATF1 30 min after control conditions (white bars) or
elevated platform stress (black bars). Upper immunoblots illustrates the phosphorylated form of the protein,
whereas lower immunoblots illustrate the total protein. The number of animals per group is 6. Unpaired, two-
tailed, Student’s T-test. *p < 0.05, compared with corresponding control group; #p < 0.05, compared with saline

treated control or stressed animals.

4.3.5 Regulation of BDNF by elevated platform stress

Using ELISA and Western blotting, 30 min after elevated platform stress there was a
reduction in BDNF levels throughout frontal cortex (Fig. 20). This effect could be
reversed by both tianeptine and imipramine (Fig. 20). No changes in BDNF were

found 140 and 180 min after stress.
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Fig. 20. Regulation of BDNF by elevated platform stress. Histogram showing the levels of BDNF 30 min after
control conditions (white bars) or elevated platform stress (black bars) using ELISA. Immunoblot and histogram
showing the effects of tianeptine and imipramine on the levels of BDNF. The number of animals per group is 6.
mPFC, medial prefrontal cortex; IPFC, lateral prefrontal cortex. Unpaired, two-tailed, Student’s T-test. *p < 0.05,

compared with corresponding control group.

44 EFFECTS OF MIFEPRISTONE ON PHOSPHO-SER*"#!. AND TOTAL
MEK LEVELS IN THE FRONTAL CORTEX (PAPER 1V)

Professor Therese Jay’s laboratory carried out electrophysiological experiments were
carried in control (i.e. nonstressed rats injected with vehicle) and stressed rats
(injected with vehicle). As previously reported, exposure to acute elevated platform
stress significantly and robustly impaired LTP in the prefrontal cortex for the whole
120 min of recording after HFS. Acute injection of the selective GR antagonist
mifepristone (20 mg/kg, i.p.) at the end of stress prevented impairment of LTP
compared with stressed vehicle-treated animals and led to normal LTP that was not
distinguishable from LTP in the vehicle-treated group.

The exposure of elevated platform stress caused a significant reduction in the
phosphorylation state of Ser®*"?*-MEK when compared with normal littermates (Fig.

21). This reduction was not accompanied by any changes in the total level of MEK.
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There was no change in phosphorylation of any of the other proteins measured
(GIuAl; NR1, NR2B receptors, CamKIl, CREB) (data not shown). Treatment with
mifepristone (20 mg/kg; i.p) counteracted the inhibitory action of stress on the levels

of phospho-MEK (Fig. 21).

Fig. 21. Mifepristone reverses stress-induced decreases
of phospho-Ser?/?'-MEK levels in frontal cortex.
Immunoblots and histogram illustrating that stress reduces
phospho-Ser?™221.MEK levels without affecting total MEK
levels. An acute injection of mifepristone (20 mg/kg)
reverses the stress-mediated reduction in phospho-MEK.
Values are meantSEM from 9-10 animals per group.
#p<0.05 vs mifepristone-treated stressed rats. *p<0.05 vs

nonstressed normal rats.

45 BIOCHEMICAL EVIDENCE FOR ANTIDEPRESSANT-LIKE
EFFECTS OF 5-HT6 RECEPTOR STIMULATION (PAPER V)
451 The b5-HTg receptor antagonist, SB271046, reverses biochemical
antidepressant-like effects of Fluoxetine
In agreement with our previous study (Svenningsson et al., 2002), fluoxetine (20
mg/kg) increased the levels of phospho-Ser®*-GluA1l in the frontal cortex (Fig. 22)
and striatum (data not shown). Treatment with SB271046 (10 mg/kg) alone had no

845

effect on phospho-Ser””-GIuAl in these regions but significantly counteracted

fluoxetine-induced phospho-Ser®”-GluA1 in the frontal cortex (Fig. 22).
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Fig. 22. Regulation by fluoxetine and SB271046 of

%5.GIuR1 in the frontal cortex in intact

phospho-Ser
mice. Top, Immunoblots showing the levels of phospho-
Ser®*-GIuR1 and total GIuR1 in the frontal cortex 30 min
after intraperitoneal administration of saline, fluoxetine
(20mg/kg), SB271046 (10 mg/kg), or SB271046 (10 mg/kg)
together with fluoxetine (20 mg/kg) in mice. Bottom, The
histogram shows the quantification of phospho-Ser®*-
GluR1 in the frontal cortex after the indicated treatments.
Data represent means +SEM for five to six mice per group.
*p<0.05 compared with saline-treated mice; #p<0.05
compared with SB271046 (10mg/kg) plus fluoxetine-

cotreated mice; one-way ANOVA followed by Newman-

Keuls test for pairwise comparisons.

4.5.2 Effects of SB271046 on antidepressant-like effects of Fluoxetine in the tail
suspension test
It is well established that acute treatment with various antidepressant drugs reduces
immobility in the tail suspension test. In agreement with the biochemical data,
SB271046 (1, 5, or 10 mg/kg) had no effect in the tail suspension test when
administered alone. When SB271046 (5 or 10 mg/kg) was given in conjunction with
an antidepressant-like dose of fluoxetine (20 mg/kg), however, there was a partial
reversal of its anti-immobility effect in this test (Fig. 23). It can be concluded from
these studies that specific biochemical and behavioral actions of fluoxetine that are

associated with its antidepressant effects may involve activation of 5-HTg receptors.

45


http://www.jneurosci.org/content/vol27/issue15/images/large/zns0150731540003.jpeg�

Fig. 23. Effects of SB271046 on antidepressant-like effects of fluoxetine in the tail suspension test. Saline,
fluoxetine (20 mg/kg), SB271046 (1,5, or 10 mg/kg), or SB271046 (1,5, or 10mg/kg) combined with fluoxetine
(20 mg/kg), 30 min before the tail-suspension test trial. The trial was conducted for a period of 5 min, during
which the duration of immobility was recorded. Data represent means +SEM for eight mice per group. *p<0.05

compared with saline; #p<0.05 compared with fluoxetine; one-way ANOVA followed by Duncan’s test.

4.5.3 Antidepressant effects of the 5-HT¢ receptor agonist EMDT

We next assessed the ability of the 5-HTjg receptor agonist EMDT to mimic some of
the antidepressant-like biochemical and behavioral effects of fluoxetine. First, we
measured its ability to regulate the phosphorylation state of two PKA
phosphosubstrates, Thr**-DARPP-32 and Ser®”-GIuAl, in striatal slices. EMDT
increased the phosphorylation states of Thr**-DARPP-32 and Ser**-GluA1 in a dose-

dependent manner (Fig. 24).
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Fig. 24. Regulation by EMDT of the phosphorylation states of DARPP-32 and GIuR1 in slices of
neostriatum. Dose-response experiments of in vitro regulation by EMDTof phosphorylation of Thr**-DARPP-32
(A) and Ser845-GIuR1 (B) in striatal slices. Slices were incubated with EMDT (3, 10, 30, and 100puM) for 5 min.
Data represent meanstSEM (n=6 —10). *p<0.05 compared with vehicle; one-way ANOVA followed by Newman-

Keuls test.

To determine whether the effect of EMDT on phospho-Thr**-DARPP-32 and

845

phospho-Ser”™-GIuAl involved D1 receptor activation, we compared the effect of

EMDT (100 #M) on these phosphosubstrates in wild-type and D1 receptor knock-out

mice. As shown in Figure 25, EMDT significantly increased phospho-Thr**-DARPP-

32 and phospho-Ser®*®

-GluAl not only in slices from wild-type mice but also in slices
from D1 receptor knockout mice. It can be concluded that the stimulatory effect of
EMDT on phospho-Thr**-DARPP-32 and phospho-Ser®”-GIuA1l is independent of

D1 receptor activation.
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Fig. 25. Comparison of the regulation by EMDT of the phosphorylation states of DARPP-32 and GIuR1 in
striatal slices from wild-type (WT) and D1 receptor knock-out (D1 KO) mice. In vitro regulation of Thr*-
DARPP-32 (A) and Ser®®-GluR1 (B) phosphorylation by EMDT (L0OpM) in slices of neostriatum from wild-type
and D1 knock-out mice. The amounts of phospho-Thr**-DARPP-32 and phospho-Ser®*-GIuR1 in extracts of
slices were quantified by densitometry. Data represent means +SEM (n=6-12). *p<0.05 compared with wild-type

control; p<0.05 compared with D1 knock-out control; unpaired two-tailed Student’s t test.

We next examined the effect of systemic administration of EMDT on the PKA sites,
phospho-Thr**-DARPP-32 and phospho-Ser®**-GIuALl. It was found that 5 mg/kg of
EMDT increased the phosphorylation states of both Thr**-DARPP-32 and Ser®*-
GluAl in striatal extracts (Fig. 26). No significant alterations of phospho-Thr’-
DARPP-32 or phospho-Ser®-GluAl were found in the same extracts. Treatment
with EMDT also increased phospho-Ser®*-GluAl, but not phospho-Ser®*!-GIluA1, in
the frontal cortex (Fig. 26). These data indicate that the effects of EMDT on
phosphorylation of PKA phosphosubstrates in brain slices can be reproduced by its

systemic administration to intact animals.
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Fig. 26. Regulation by EMDT of the phosphorylation
states of DARPP-32 and GIuR1 in striatal and cortical
extracts from intact mice. Regulation of Thr**- and Thr'®-
DARPP-32 and Ser®- and Ser®-GluR1 phosphorylation in
vivo in the striatum (A-D) and frontal cortex (E, F ) by
EMDT. Mice were injected intraperitoneally with saline or
EMDT (5 mg/kg). Fifteen minutes later, mice were killed by
focused microwave irradiation. Data represent means+SEM
for 5-10 mice per group. *p<0.05 compared with saline-
treated mice; one-way ANOVA followed by Newman—

Keuls test.
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5 GENERAL DISCUSSION

During the past decades, inhibitors of monoamine reuptake have been the standard
phamocological treatment of major depression, but a significant proportion of patients
do not receive clinically meaningful relief from these agents. Among a number of
strategies to overcome these shortcomings some of these approaches circumvent the
aminergic synapse, whilst others remain grounded in monoaminergic theories of
depression and the identification of more specific, receptor subtype-based, treatments.
The work presented in this thesis has added information related to both these
approaches on developing novel antidepressants.

Tianeptine has challenged the monoaminergic hypothesis of depression, as well as
the proposed monoaminergic mechanisms whereby the action of most known
antidepressants is explained. Since it is a serotonin reuptake enhancer, or at least does
not increase monoamine levels, events beyond the monoaminergic regulation are
probably relevant to its clinical antidepressant efficacy. Previous work has shown that
the neurobiological properties of tianeptine involve a critical ability to restore normal
neuroplasticity in circumscribed limbic brain regions and to reverse stress-induced
impairments. In accordance with the findings, we have here provided novel evidence
that tianeptine is likely to potentiate synaptic glutamate transmission by increasing
AMPA receptor phosphorylation (Fig 27). The effects of tianeptine were more
pronounced on Ser831-GluAl, than Ser845-GIuAl where fluoxetine and imipramine
only regulate Ser845-GIluAl, suggesting that fluoxetine, imipramine and tianeptine
increase AMPA receptor phosphorylation via different primary mechanisms (Fig 27).
As phosphorylation of GIuAl subunits is a way of potentiating AMPA receptor
function, these data add further evidence that potentiation of AMPA receptor function

may be implicated in antidepressant actions. Along this line, there are several reports
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showing that allosteric modulators that act at extracellular domains to potentiate
AMPA receptors possess antidepressant properties at least in animal models (Alt et
al., 2006). Tianeptine was also found to potentiate the BDNF/MEK/MAPK signaling

cascade (Fig 27) which is associated with enhanced synaptic plasticity.
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Fig. 27. Schematic summary of data obtained in the current thesis. Tianeptine and fluoxetine have different

LA

effects on serotonin reuptake. However, tianeptine and fluoxetine both increase AMPA receptor phosphorylation
on GIuAl subunits but via different primary mechanisms. Tianeptine causes a robust increase of GIuAl
phosphorylation at both Ser831- and Ser845-GIluAl, whereas fluoxetine only affects the latter site proably by
increased PKA activity and an amplification by means of activation of DARPP-32/PP-1 resulting is less

dephosphorylation of Ser845-GIuAl. In addition of potentiating synaptic glutamate transmission by increasing

AMPA receptor phosphorylation, tianeptine also potentiates the BDNF/MEK/MAPK signaling cascade.
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Interestingly, the stress model developed by Professor Therese Jay engages brain
circuitries which are targeted antidepressant actions by deep brain stimulation
(Mayberg et al., 2005) indicating a high relevance. Using this model tianeptine reversed
stress-induced impairments of this BDNF/MEK/MAPK signalling cascade. Altogether,
these studies have provided strong biochemical evidence that tianeptine enhances
neuronal plasticity processes which may underlie its therapeutic actions. These data
reinforce the idea of developing novel antidepressants based on their ability to enhance
neuronal plasticity in relevant brain circuitries.

Another line of reseach in the depression field is to find more specific drug targets
derived from currently used compounds. Fluoxetine exerts its primary antidepressant
action by inihibiting reuptake of serotonin from the synaptic cleft and thereby
stimulating multiple 5-HT receptors. The distribution of 5-HT6 receptors in the
mouse brain is uniform throughout the cortex and striatum. Here we describe for the
first time that blockade of SHT6 receptors counteracts biochemical and behavioural
effects of fluoxetine. Furthermore, stimulation of 5-HT6 receptors causes
antidepressant-like behavioral and biochemical effects and provide support to the idea
that 5-HT6 receptors may contribute to serotonergic modulation of clinically relevant
psychopharmacological processes. Interestingly, SHT6 receptors also stimulate
AMPA receptor phosphorylation (Fig 27), further reinforcing a role of glutamate

neurotransmission and neuroplasticity in antidepressant-like actions.
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6 CONCLUSIONS

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

1. Treatment with tianeptine increases GIuAl phosphorylation in frontal cortex and
hippocampus in brain slices and in intact animals indicative of enhanced synaptic
plasticity.

2. There is altered behavioural and biochemical responsivity towards tianeptine in
dual-phosphomutant GIuA1 mice showing the role of these subunits in mediating
antidepressant-like actions of tianeptine.

3. Tianeptine potentiates the BDNF/MEK/MAPK signaling cascade in frontal cortex.

4. Acute elevated platform stress downregulates a BDNF/MEK/MAPK signaling
cascade which can be counteracted by the antidepressants tianeptine and
imipramine.

5. Acute stress significantly reduces MEK phosphorylation in frontal cortex and this
effect can be counteracted by the GR antagonist mifepristone.

6. Blockade of the 5-HTg receptor with the antagonist SB271046 counteracts the
stimulatory actions of fluoxetine on cortical phospho-Ser®*-GluA1 and reduces
the antidepressant-like action of fluoxetine in the tail suspension test.

7. 5-HTgreceptor agonist EMDT mimics antidepressant-like biochemical effects of

fluoxetine.

A general conclusion of this thesis is that agents which enhance neuronal plasticity by
stimulating AMPA receptor phosphorylation or BDNF/MEK/MAPK signaling, in
relevant brain regions, including prefrontal cortex and hippocampus, may exert

antidepressant actions.
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