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2  Abstract

Neural plasticity disturbance seems to play a crucial role in the pathophysiology of
psychiatric disorders, for example in major depression. [onotropic glutamatergic receptors
such as NMDA and AMPA receptors convey fast synaptic transmission in the central
nervous system, and regulate synaptic plasticity. The GluAl subunit of AMPA receptor
has central role in synaptic plasticity; moreover the elevation of phosphorylated AMPA
receptor level was implicated in the antidepressant effect of various drugs. In my PhD
thesis I investigated the effect of an atypical antidepressant, called Tianeptine, on synaptic
function and GluA1 phosphorylation using in vitro murine hippocampal slice and in vivo
rat single-unit electrophysiology experiments. Tianeptine increased AMPA receptor-
mediated responses by a postsynaptic mechanism in vitro. The postsynaptic mechanism by
which Tianeptine could exert its effect is the rapid phosphorylation of Ser 831 and Ser 845
amino acids of GluAl subunit. Furthermore AMPA receptor phosphorylation alters
channel properties and trafficking. Cellular plasticity requires the precise timing of action
potentials within a few milliseconds, therefore it is important to understand how
phosphorylation governs these events. Tianeptine was used for inducing GluAl
phosphorylation, which resulted in enhanced AMPA-evoked spiking. Similarly-enhanced
responses were evoked by strong AMPA stimulation with matched firing rates. Significant
differences were observed in the spike trains after Tianeptine application compared to
strong AMPA stimulation. Although peristimulus time histograms (PSTH) did not show
dramatic distinctions between the two groups, interspike interval (ISI) distributions and ISI
temporal evolutions were significantly different, suggesting that neuronal output may
differ when new inputs are activated compared to increasing the gain of previously
activated receptors. Furthermore, I also show that NMDA-evoked spike trains have
different patterns compared to AMPA-evoked ones. Tianeptine modulates synaptic NMDA
and AMPA receptor ratio by activating several signaling cascades associated with synaptic
plasticity, enhances glutamate neurotransmission via AMPA receptor phosphorylation,
which mechanisms may have important role in plasticity and temporal coding. Our results
suggest that the altered information coding may contribute to the development of

depression.
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3  Osszefoglalas

Egyre tobb bizonyiték utal arra, hogy a pszichiatriai megbetegedések, mint példaul a
depresszio, kialakuldsdnak hatterében a kozponti idegrendszer plaszticitasanak zavara all.
Az idegsejtek gyors szinaptikus jelatvitelében résztvevo ionotrop glutamaterg receptorok a
szinaptikus plaszticitast szabalyzasaért is felelosek. Szamos antidepresszans jotékony
hatasat az AMPA receptorok foszforilacidjan keresztiil fejtheti ki, rdadasul ezen receptorok
GluAl alegysége kitiintetett szereppel bir a szinaptikus plaszticitdsban. PhD disszertaciom
alapjat egy atipusos antidepresszans, a Tianeptin, GluAl alegység foszforilacidjara és ezen
keresztiil a szinaptikus mitkodésre gyakorolt hatdsanak vizsgalata képezi. Kisérleteinket in
vitro egér hippocampus szelet MEA ¢€s in vivo patkany extracellularis egy-sejt elvezetés
modszerekkel végeztiik. In vitro eredményeink Tianeptin kezelést kovetben az AMPA
receptor kozvetitett valaszok posztszinaptikus uton torténd megndvekedését igazoltak, ami
a GluAl alegység szerin 831 és 845 aminosavak gyors foszforilacidjanak volt kdszonhetd.
Ezen feliil a GluA1 foszforilacid képes befolyasolni az ioncsatorna vezetési tulajdonsagait
illetve a szinaptikus membranba torténd kihelyezddés mértékét. Az idegsejtek plaszticitasa
az akcios potencidlok pontos idozitését feltételezi, emiatt érdemes megvizsgalni a
foszforilacio id6beli kodolasra gyakorolt hatdsait is. In vivo kisérleteinkben Tianeptin i.p.
beadas segitségével idéztiik eld a GluAl alegység foszforilaciojat, ami megnovekedett
AMPA kivaltott valaszokat eredményezett. Hasonloan nagy AMPA vélaszok hozhatéak
létre er6s AMPA ingerléssel is, azonban jelentds eltérések figyelhetdek meg a Tianeptin
kezelt és az er6s AMPA ingerléssel kivaltott akcios potencial sorozatok kozott. Habar a
peristimulus id6 hisztogram (PSTH) nem mutat drasztikus kiilonbségeket, az akcids
potencialok kozott eltelt 1d6 (ISI) eloszlasa és azok iddbeli kifejlodése (ISI temporal
evolution) jelentdsen eltéronek adodott. Eredményeink szerint az akcids potencial sorozat
kimenetek kiilonbozdéek lehetnek, ha 0 receptorok vannak aktivalva, illetve ha a korabban
aktivalt receptorok vezetését foszforilacié utjan megndveljiik. Tovabba az NMDA ingerlés
is kiilonb6z6 akcids potencidl sorozatokat eredményez, mint az AMPA ingerlés.
Osszességében a Tianeptin képes az NMDA és AMPA receptorok miikddési aranyat a
szinapszisban megvaltoztatni, megnoéveli a glutamat neurotranszmissziét az AMPA
receptor foszforilacidja révén, mely folyamatoknak fontos szerepe lehet az iddbeli
kodolasban ¢és a plaszticitasban, illetve ezen folyamatok megvaltozasa a depresszid

kialakulasaban is szerepet jatszhat.
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5 Introduction

Mood disorders are among the most prevalent forms of mental illnesses, mostly
because they are chronic, often recurrent, potentially life threatening due to the risk for
suicide (Bostwick and Pankratz, 2000, Sartorius, 2001). Nowadays the best characterised
and most researched mood disorder is major depressive disorder, because very high, in
numbers approximately 20-30 %, is the probability, that somebody once trough his life
experience some specific symptoms of the disease (Berton and Nestler, 2006). According
to the most recent data there is 32.4 percent of the 12-month prevalence rate for any mental
disorders or substance disorders like alcoholism or drug abuse (Kessler et al., 2005a,
Kessler et al,, 2005b), and interestingly the probability of major depressive disorder
incidence is very high, approximately 20-30%. It means that almost every third person is
affected by depression in a given year. Three to five percent of the whole population
suffers from such serious depression that severely disturbs the quality of life and working
ability according to the estimation of the World Health Organization (WHO) (Waraich et
al., 2004, Moussavi et al., 2007). It is evaluated by WHO that major depressive disorder
will be the second leader of incapacity reasons for 2020 (Murray and Lopez, 1997). Even
so nowadays the concerned countries spend less than 1 % of the budget on appropriate
treatment of depression (Thomas and Morris, 2003). From now on, I will refer to major

depressive disorder as depression in my thesis.

The notion depression and depressed mood do not correspond to the same mental
state. While depressed mood is a short and normally occurring state of mind, until then
depression is referred to one permanent, mostly recurrent, serious disease, which has many
distinctive forms. In the case of depression the feeling of sadness is much more intensive,
the patients experience it very vigorously, painfully. Some of them describe this feeling,
that it is far worse, than any physical pain, and would be better simply to die, than bear it.
In the course of time overcomes the sense of uselessness and guilt, patients become unable
to experience pleasure and to express their feelings. Moreover in the course of time the
concentration ability dramatically decreases, thinking and locomotion slows down, mimics
of sick people become impoverished. The expression “depression” means gloom,
dejectedness. Already at 1550 B.C. an antique Egyptian record, called Ebers papyrus,
mentioned the disease, although depression as a clinical term introduced in psychology

since 1905 (Okasha, 1999).
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It is widely believed, that the more various are our emotions, and the many ways
we can express them, the healthier is our psyche. The mood can fluctuate normally in any
directions between depressed mood and exuberant happiness, but normally excursions are
not so pronounced. In diseased state pathologically depressed mood called the classical
depression, and the unduly overwhelming happiness called mania. Depression usually
connected with anxiety, aggression, poor self-esteem, physiological stress and decrease in
sexual arousal (Hammen et al., 1992, Brown, 1993, Kessler et al., 1996, Kennedy and

Rizvi, 2009, Margari et al., 2012).

The disease is inheritable having a very high prevalence (40-50%), but the genes
underlie this risk have not been fully identified yet. Similarly, the environmental factors,
the remaining 50-60%, have not been defined precisely so far, and it is suggested that
emotional stress, early childhood traumas, other physical illnesses, and viral infection
might be involved (Fava and Kendler, 2000, Capuron and Dantzer, 2003, Caspi et al.,
2003, Levinson, 2006, Irwin and Miller, 2007).

Depressive disorder is usually diagnosed in the clinic according to the Diagnostic
and Statistical Manual of Mental Disorders IV™" (DSM-IV) or the International Statistical
Classification of Diseases and Related Health Problems 10" (ICD-10) guidebooks. The
aetiology of the disease is less known (Kessing, 2007), hence the proper classification of
the disease subtypes is not solved on the basis of pathological and molecular abnormalities,
and it is not based on objective diagnostic tests such as serum chemistry, organ imaging, or
biopsy examinations. Both of the classification systems set up the diagnosis on the basis of
the duration of clinical symptoms, and leave out of consideration the cause and method of
symptom development, which may be very important in treatment design (Wittchen et al.,
2001, Andrews et al., 2008). Accordingly, depression should not be viewed as a single
disease, but a heterogeneous syndrome may comprise numerous diseases of distinct causes

and pathophysiologies.

5.1 Symptoms of depression

Depression significantly affects all aspect of life, including personal relationships,
sleeping and eating habits and general health. From major depressive disorder suffering
persons usually exhibit a very low mood, and an inability to experience pleasure
(anhedonia), therefore persistently dominated by sad, anxious or “empty” feelings. They

lose of interest in such activities or hobbies, which once induced pleasure, for example
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sexual behaviour. Depressed people suffer from thoughts and feelings of worthlessness,
inappropriate guilt or regret, helplessness, hopelessness, self-hatred and pessimism. In
addition depressed people are characteristically more irritable and restless, and their family
and friends may notice that the depressive person's behaviour is either agitated or lethargic.
In severe cases, diseased people may have symptoms of psychosis, which includes
unpleasant delusions and less commonly hallucinations (Gerber et al., 1992, Baker, 1996,

Cassano and Fava, 2002, Serby and Yu, 2003).

A depressed person may report multiple physical symptoms such as fatigue,
decreased energy, persistent aches or pains, especially headaches, cramps, or digestive
problems that do not ease even with treatment. Especially difficult to identify the illness in
the case of masked depression because of the various physical symptoms. Depression and
pain often co-occur, because approximately 65% of depressed patients suffer from one or
more pain symptoms. Insomnia, early-morning wakefulness, or excessive sleeping
(hypersomnia) very often accompanies the disease. Appetite often decreases, with results
in weight loss, although increased appetite or overeating and weight gain also occur

occasionally (Gerber et al., 1992, Nestler et al., 2002, Bair et al., 2003).

Major depression frequently co-occurs with other psychiatric problems such as
anxiety, alcohol and drug abuse, attention deficit hyperactivity disorder (ADHD),
posttraumatic stress disorder (PTSD), which complicating the diagnosis and treatment
(Grant, 1995, Hirschfeld, 2001). The National Comorbidity Survey of the United States of
America (USA) from 1990-92 reported that 51% of those with major depression also
suffers from chronic anxiety (Kessler et al., 1996, Kessler et al., 2008). These co-occurring
illnesses may precede, cause, and/or be a consequence of depression, therefore these
symptoms may have a major impact on the progression of the disease. These
accompanying symptoms can delay recovery, increase risk of relapse, cause greater
disability and can contribute to suicide thoughts or in more serious cases suicide attempts
(Brown et al., 2001, Moussavi et al., 2007). Other symptoms of depression include
concentration difficulty, poor remembering, memory impairment, inability of making
decisions, withdrawal from social situations and activities. Older depressed people may
have cognitive symptoms of recent onset, such as forgetfulness, and a more noticeable

slowing of movements (Baker, 1996, Serby and Yu, 2003, Margari et al., 2012).

Tianeptine and GluA1 phosphorylation



Introduction -11-

5.2 Hypotheses about the pathophysiology of depression

5.2.1 Monoamine hypothesis

The monoamine hypothesis was postulated in the 1960’s. The crucial point of this
hypothesis is the malfunctioning monoamine system within the central nervous system,
consequently the serotonin, dopamine, and noradrenalin transmission disturbance. The
basis of this proposal makes up from the mechanism of action of early antidepressants that
increase the levels of one or more of the monoamines in the synaptic cleft (Bunney and
Davis, 1965, Coppen and Doogan, 1988, Nestler et al., 2002, Nutt, 2008). The monoamine
systems play crucial role in almost every symptoms of depression, because numerous part
of the brain such as hypothalamus, amygdala, hippocampus, cortex, basal ganglia, and
brainstem are densely innervated by monoamine systems. It is believed that monoamines
regulate or fine tune the function of the major neurotransmitter systems, and decreased
monoamine level in the brain may cause the abnormal release of other neurotransmitters.
Especially the disturbance of serotonergic system is associated with depression, therefore
numerous antidepressants were developed, which can increase the serotonin level in
synaptic cleft, such as selective serotonin reuptake inhibitors (SSRIs) (Goodnick and
Goldstein, 1998, Berton and Nestler, 2006). Widely used SSRIs in the clinic include

fluoxetine, fluvoxamine, paroxetine, sertraline and citalopram.

There is an other important drug group, which can also exert its effect on
monoamine neurotransmitters called monoamine oxidase inhibitors (MAOI). Monoamine
oxidases (MAO) are a family of enzymes that catalyze the oxidative deamination of
monoamines, leading to the inactivation of monoamine neurotransmitters. While SSRIs
decrease the reuptake of mostly serotonin, MAOIs can block MAO enzymes; therefore
increasing the half-life of all monoamine neurotransmitters in the synaptic cleft. There are
irreversible or reversible forms of MAOIs, nowadays the former is hardly used in clinical
treatment, because of the numerous side effects involving the so called cheese reaction
(Brown et al., 1989, Finberg and Gillman, 2011). Irreversible MAOIs can drastically
inhibit hepatic MAO enzymes, hence can block tyramine clearance, therefore the level of
tyramine can dramatically increase in the blood. Increased amount of tyramine can cause
hypertensive reaction or hyperserotonemia in some patients. Because the fermented
substances, especially aged cheeses, contain tyramine in high level, this side effect of
irreversible MAOIs was named as cheese reaction. The most prominent representatives of

irreversible MAOI are fenelzin, tranilcipromin, and there is one reversible inhibitor of
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monoamine oxidase (RIMA) used in the clinical practice, called moklobemid (Thase,

2012).

An other major group of antidepressants are the tricyclic antidepressants, which
were named by the 3 ring that build up their basic structure, can exert their effects most
probably by the inhibition of noradrenaline reuptake (Manji et al., 2001, Nestler et al.,
2002, Morilak and Frazer, 2004). Formerly the most frequently prescribed tricyclic
antidepressants were imipramin, amitriptilin, clomipramin, although these drugs have also
serious side effects, such as weight gain, sedation, dizziness, and decrease in blood
pressure (Roose et al., 1989). Moreover, tricyclic antidepressants are not advised to be
combined with other antidepressants. Novel compounds such as nortriptilin, dezipramin
have faster onsets and fewer side effects. Nevertheless, tricyclic antidepressants are not
prescribed in large number nowadays; SSRIs are used more preferably because of the even

less side effects (Berton and Nestler, 2006).

In spite of the clinical and preclinical observations that supported the monoamine
hypothesis, it became more clear, that monoamine deficiency could not explain all aspects
of the pathology of depression (Krishnan and Nestler, 2008). Recent findings have
revealed multiple limitations of this hypothesis. Serotonin can be generated from the
tryptophan amino acid by the tryptophan hydroxylase and amino acid decarboxilase
enzymes. Therefore it was believed, that tryptophan dietary can reduce the symptoms of
depression. However tryptophan rich diet cannot reduce the degree of depression.
Moreover treatment of healthy people with pharmacological agents that cause the depletion
of monoamines does not affect the mood regardless of reduction in the concentration of
centrally available monoamines. Nevertheless there is an other interesting discrepancy in
the monoamine hypothesis. Although MAOIs and SSRIs can exert its effect on
neurotransmitters within hours, while the development of mood enhancing effect requires
weeks of treatment. Hence it was suggested, that the monoaminergic system is not the
underlying cause, but rather the consequence of the faulty alteration of other

neurotransmitter systems, such as glutamatergic system.

5.2.2 Glutamatergic hypothesis
Being the main component of excitatory chemical transmission at chemical
synapses, glutamate binds to both pre- and postsynaptic glutamate receptors, such as

ionotropic N-methyl-D-aspartic acid (NMDA), 2-amino-3-(3-hydroxy-5-methyl-isoxazol-
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4-yl)propanoic acid (AMPA) and kainate receptors, and metabotropic glutamate receptors.
Under chronic stress or high glucocorticoid level the extracellular glutamate level can
dramatically increase in the brain, especially in the hippocampus (Lowy et al., 1993,
Moghaddam et al., 1994, Lowy et al., 1995, Venero and Borrell, 1999). The pathologically
high glutamate level leads to a vicious cycle known as excitotoxicity: NMDA receptor
overactivation which subsequently leads to massive intracellular Ca*" level increment,
hence massive reactive oxygen species (ROS) accumulation. These processes result in
dendritic spine loss, lead to dendrite shrinkage, and may start apoptosis in the long run.
Chronic stress also reduces neurogenesis in the hippocampus (Lemaire et al., 2000, Van
Bokhoven et al., 2011, Danzer, 2012). The increased glutamatergic activity can decrease
noradrenergic locus coeruleus activity, hence causing a decline in the noradrenaline release
that may have deleterious effect on serotonin and dopamine neurotransmitter systems
(Andras, 2008). Under normal conditions the glutamate scavenging mechanism of glial
cells is enhanced by the elevated expression of glutamate transporter (GLT-1 or EAAT-2),
however this compensatory mechanism could be also easily saturated. The extreme high
glutamate level can stimulate synaptic and extrasynaptic receptors that can further
exacerbate depression by the reduction of synaptic plasticity and neuronal survival.
Chronic stress can modify AMPA and NMDA receptor subunit ratio, which may also lead

to more serious depression in the long run (Andras, 2008).

It was described, that NMDA antagonists, such as ketamine, in animal models can
exert antidepressant-like effects. Group I metabotropic glutamate receptor (mGluR1 and
mGluRS5) antagonists, as well as positive modulators of AMPA receptors have also
antidepressant-like activity (Paul and Skolnick, 2003). AMPA receptor activation leads to
the enhancement of brain-derived neurotrophic factor (BDNF) expression, and subsequent
neurogenesis in the hippocampus (Duman, 2004, Duman and Monteggia, 2006). AMPA
receptor agonists have beneficial effect in the forced swim and tail suspension tests,
behavioural assays used for assessing the level of depression in rodents; moreover the
onset of antidepressant effect arises with shorter latency than in the case of SSRIs. The
focus of my dissertation, Tianeptine, an atypical antidepressant can also act on the
glutamatergic system: we (Szegedi et al., 2011) have described that Tianeptine enhances
the phosphorylation level of AMPA receptor GluAl subunit by activating Ca*" /
calmodulin-dependent protein kinase type II (CaMKII) and protein kinase type A (PKA)
via the pathways of p38, p42/44 mitogen-activated protein kinase (MAPK) and c-Jun N-
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terminal kinase (JNK). Increasing the gain of the AMPA receptor by phosphorylation
seems to prevent symptoms associated with depression (Kole et al., 2002, Svenningsson et

al., 2007, Qi et al., 2009, Szegedi et al., 2011, Barkoczi et al., 2012).

5.2.3 Neurogenesis or neurotrophic hypothesis

A series of Magnetic resonance imaging (MRI) data have provided support for the
hypothesis that major depressive disorder may have neurodegenerative components
(Drevets, 2000, 2001). MRI experiments revealed that the volume of cortex and white
matter of depressive patients decreased in the frontal lobe, and in the hippocampus. In
contrast, hypertrophy and volume increment is observable in the amygdaloid region.
Sheline et al. (Sheline et al., 1999, Sheline et al., 2003) have shown that the depressive
episode length and number correlate with the degree of atrophy, although MacQueen and
his team (MacQueen et al., 2003) established that after the first depression episode atrophy
is mostly not detectable. Recent neurobiological results demonstrate that depression,
especially major depressive disorder are characterised by glial cell loss, neuron dendrite
shrinkage, decreased expression of synapse-related genes, loss of synapses and/or
impairments in neuroplasticity, which in the long run can trigger volume loss of the brain
especially in the frontal cortex and in the hippocampus (Rajkowska et al., 1999, Manji et
al., 2003, McEwen and Olie, 2005, Kang et al., 2012). Decline of cognitive functions is a
main symptom of major depression which consist of deficits in attention, concentration and
explicit memory, which may be the consequence of hippocampal volume loss (Drevets,
2001). The length of major depressive period and the level of hippocampus-dependent
cognitive performance showed significant inverse correlation. Most researchers believe
that volume loss is not the root cause of depression, but the consequence of the illness,
which can further strengthen depressive symptoms. According to Conrad and colleagues
(Conrad et al., 1999) dendritic shrinkage observed in depression is not a form of permanent
hippocampal damage, but a type of a special structural plasticity, which could be an

adaptation to chronic stress.

It was described that chronic stress can reduce the BDNF level in hippocampus,
which could be compensated by different antidepressant treatment (Chen et al., 2001,
Duman, 2004, Li et al., 2010, Zhang et al., 2010, Masi and Brovedani, 2011, Deuschle et
al., 2012, Li et al., 2012, Tamaji et al., 2012). Formerly it was believed that BDNF regulate
only neural growth and differentiation during development, but recent studies

demonstrated that BNDF is a potent regulator of plasticity and survival of adult neuronal
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and glial cells (Goldman, 1998, Cunha et al., 2010, Bath et al., 2012, Gray et al., 2012).
Therefore deficiency in the BDNF level can contribute to hippocampal cell death and
volume loss during the development of depression. Increased BDNF level can enhance
long-term potentiation (LTP) and other forms of synaptic plasticity in the hippocampus,
hence decrease the cognitive symptoms of depression. This hypothesis can explain the
delayed beneficial responses to antidepressant treatments, because BDNF expression and
accumulation to an effective concentration is a time consuming process. Currently no such

compound is available, that can directly increase BDNF level.

5.2.4 Alteration of information processing hypothesis

The most recent theory of the underlying cause of depression does not put forward
the imbalance in neurotransmitter systems, but it rather emphasizes perturbations in
information processing, which can leads to the depressive symptoms (Delgado, 2000). The
disease develops, if external stimuli cannot evoke proper responses. Accordingly effective
antidepressants can restore adequate responses and communication between the affected
brain parts, hence promote mood amelioration. The malfunctioning intracellular signalling
cascades are the crucial points of this hypothesis (Czeh et al., 2001, D'Sa and Duman,
2002, Santarelli et al., 2003).

5.3 Tianeptine, an atypical antidepressant

The molecular structure of Tianeptine resembles to the tricyclic antidepressants
(Figure 1.), but its mechanism of action, although not fully understood yet, is clearly
different from those. Atypical antidepressants are clinically effective, but the exact
mechanism of action has been yet unknown (Berton and Nestler, 2006). Antoine Deslandes
and Michael Spedding synthesized Tianeptine first in 1981. Tianeptine is produced as a
racemate compound; interestingly the L-isomer form is therapeutically more effective. It
was believed that Tianeptine is an activator of monoamine reuptake, especially serotonin,
therefore it was defined as a selective serotonin reuptake enhancer (SSRE) (Mennini et al.,
1987, Fattaccini et al., 1990). This proposal was based on one preclinical experiment,
where Tianeptine and fluoxetine, an SSRE and SSRI respectively, coadministration had
cancellative effects on serotonin reuptake. Recently other groups failed to repeat this
finding, and reported no effect of the compound on serotonin level (Watanabe et al., 1993,
Pineyro et al., 1995, McEwen and Olie, 2005). Tianeptine has a robust antidepressant and

anxiolytic activity, moreover more recent results revealed anticonvulsant and analgesic
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properties, but sedative, anticholinergic and cardiovascular adverse effects were not
reported to dominate. Because of the relative lack of adverse side effects Tianeptine can be
used in the elderly and in patients sensitive to certain side-effects. Although Tianeptine
cannot bind to and cannot alter the state of most neurotransmitter receptors, such as a2, 1
adrenergic, 5-HT1, 5-HT2 serotonergic, benzodiazepine and GABA-B receptors, cannot
change MAO-A and MAO-B activity and has no effect on serotonin and noradrenaline
reuptake, it can exert remarkable antidepressant activity (Kato and Weitsch, 1988,
Watanabe et al., 1993, Pineyro et al., 1995). It was described that Tianeptine can decrease
activity of glial glutamate transporter type 1 form a (GLT-1a), hence it can increase the

extracellular glutamate level (McEwen and Chattarji, 2004, Reagan et al., 2004).

Tianeptine Amitriptyline Nortri]}h line Fluoxetine Moclobemide

c " EJ

NMe, NHMe @ H
COOH :

NMe,
R Me NHMe NMe2
|
Me

Imipramine Desipramine Clomipramine Citalopram

Figure 1. Molecular structure of the following antidepressants:

Atypical antidepressant: Tianeptine (Stablon)

Tricyclic antidepressants: Amitriptyline (Elavil), Nortriptyline (Aventyl, Pamelor),
Imipramine (Tofranil), Desipramine (Norpamin), Clomipramine (Anafranil)

SSRIs: Fluoxetine (Prozac), Citalopram (Celexa, Cipramil)

RIMA: Moclobemide (Manerix, Aurorix)

Tianeptine can prevent structural changes induced by stress and can modify

neuronal metabolism and functioning in the hippocampus. Tianeptine is able to counteract
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neuronal loss, abnormal synaptic plasticity and dendritic atrophy (McEwen and Olie, 2005,
Spedding and Lestage, 2005). Accordingly Tianeptine can reverse the stress-induced
decrease in hippocampal volume, can induce granule cell proliferation in the dentate gyrus,
can decrease the degree of cell death and can normalise the concentrations of cerebral
metabolites such as N-acetyl-aspartate (Czeh et al., 2001, Lucassen et al., 2001). The
glucocorticoid and stress-induced shrinkage of dendrites of hippocampal Cornu Ammonis
region 3 (CA3) pyramidal cells can also be reversed by Tianeptine treatment (Magarinos et
al., 1999). Lucassen and coworkers (Lucassen et al., 2004) have shown that Tianeptine
may have putative cytoprotective effects in chronically stressed animals. Cognitive
deficits, such as an impairment of attention, memory and problem solving, have often been
reported in patients with depressive disorders (Zihl et al., 1998). Morris and coworkers
(Morris et al., 2001) found that Tianeptine can enhance memory retention in the Water
maze of rats with medial septum lesions. Neuroplasticity is also enhanced by Tianeptine,
as was shown by a series of electrophysiological experiments. Learning and memory
processes are heavily dependent on cellular forms of various neuroplasticity, and a number
of studies investigated the relationship between stress and LTP, a prominent form of
neuroplasticity. The group of Rocher (Rocher et al., 2004) have shown that severe acute
platform stress in rats causes a long-lasting inhibition of LTP. After stress exposure,
Tianeptine overcomes the block of hippocampal LTP induction in inescapable stress
(Shakesby et al., 2002). Tianeptine rapidly reverses the inhibitory effects of stress on LTP
at hippocampal-prefrontal synapses (Rocher et al., 2004). It was shown that chronic stress
significantly elevates excitatory postsynaptic currents (EPSCs) in the CA3 of
hippocampus, which can be prevented by Tianeptine treatment (Kole et al., 2002). The
complex and atypical mode of action of Tianeptine may be the amelioration of
neuroplasticity, hence increasing neurogenesis and inhibiting apoptosis (Czeh et al., 2001,
Lucassen et al., 2004). Tianeptine may promote neuroplasticity by increasing the
expression of BDNF and other nerve growth factors in the hippocampus (Alfonso et al.,

2006).

5.4 Tianeptine and AMPA receptors

The action mechanism of Tianeptine involves the regulation of glutamatergic
transmission (McEwen et al., 2010). In contrast to other antidepressants like Imipramine,
Tianeptine may counteract the plasticity impairment caused by acute stress (Shakesby et

al., 2002), a phenomenon which is associated with impaired BDNF/MEK/MAPK
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signalling cascade and AMPA receptor phosphorylation (Qi et al., 2009). A growing body
of data suggest that the direct modulation of synaptic plasticity, by for example AMPA
receptor potentiation, may overcome depressive symptoms in animal models (Alt et al.,
2006). We and others have described that Tianeptine can enhance the phosphorylation state
of AMPA receptors in mice (Svenningsson et al., 2007) and in rats (Qi et al., 2009,
Szegedi et al., 2011). It is believed that not only AMPA receptor trafficking and synthesis
but AMPA receptor phosphorylation can contribute to synaptic plasticity modulation,

hence regulation of memory and learning (Malinow and Malenka, 2002).

AMPA receptors are ionotropic transmembrane glutamate receptors that mediate
fast synaptic transmission in central nervous system. They can be activated by an artificial
glutamate analogue called AMPA, from which the receptors name was derived. The
receptor family has four subunits namely GluAl, GluA2, GluA3, and GluA4 (or GluR1-4),
which can combine to form tetramers. The GluAl subunit has two important serine (Ser)
amino acids, in the 831 and in the 845 position. The 831 serine (Ser 831) can be
specifically phosphorylated by protein kinase C (PKC) and CaMKII (Barria et al., 1997,
Mammen et al., 1997), while serine 845 (Ser 845) can be phosphorylated by PKA. We
have shown (Szegedi et al., 2011) that Tianeptine activates three distinct MAPK pathways,
the JNK, p42/44 and p38 MAPK pathways, which eventually lead to enhanced AMPA
receptor function through phosphorylation by CaMKII and PKA at Ser 831 and 845
respectively. GluAl subunit phosphorylation level differently contributes to synaptic
plasticity: phosphorylation of both of the former serine residues correlates with LTP, while
dephosphorylation of these serines leads to long-term depression (LTD) (Lee et al., 2000).
Mutant mice lacking the GluAl subunit show impairments of LTP initial component at
Cornu Ammonis region 1 (CAl) area of hippocampus (Riehle et al., 1997, Hoffman et al.,
2002, Malinow and Malenka, 2002, Jensen et al., 2003), moreover these animals have
robust deficit in spatial working memory (Riehle et al., 1997, Schmitt et al., 2003, Schmitt
et al., 2004). Experiments with mice have mutant GluA1 phosphorylation sites revealed
that AMPA receptor phosphorylation mediates certain explorative and antidepressant-like

actions of Tianeptine (Svenningsson et al., 2007).

Emerging evidence shows that as a rapid and short-term mechanism, dynamic
protein phosphorylation directly modulates the electrophysiological properties of nerve
cells, as well as the trafficking/clustering and synthesis of AMPA receptors. Therefore, it is

important to investigate the differences between neuronal responses evoked either by
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stimulation of new inputs or by stimulation of already used but phosphorylated excitatory
inputs. Not only the firing rate, but the temporal relationship of spikes referred to as spike
timing-dependent plasticity (STDP) is also critical for information transfer (Gray and
Singer, 1989, Buzsaki and Chrobak, 1995, Hopfield, 1995, Vaadia et al., 1995, Riehle et

al., 1997), therefore the effect of phosphorylation on spike timing is also crucial.

In my PhD thesis, I chose to investigate the effect of Tianeptine on AMPA
receptors. I set out to show the AMPA receptor potentiation after intraperitoneal (i.p.)
administration of the drug. Moreover, I took advantage of the fact that Tianeptine induces
GluAl phosphorylation at PKA site (Ser 845) and CaMKII site (Ser 831) sites. I was
interested in the effect of GluAl phosphorylation on the spiking pattern of CAl cells.
More specifically, I aimed to investigate whether neuronal output differs when new inputs
are activated compared to increasing the gain of previously activated inputs. To this end I
have analyzed the spike distribution of NMDA- and AMPA-evoked spiking trains by

mathematical means.
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6 Aims

This thesis aims to investigate the mechanism of action of Tianeptine, an atypical
antidepressant. Although Tianeptine is clinically effective, its mode of action is still

unknown.
I focused on the following questions:

1. What is the rapid effect of Tianeptine measured with electrophysiology on
hippocampal slices?

2. Which synaptic receptor is affected by Tianeptine?

3. How Tianeptine or GluAl phosphorylation alters the timing of neuronal activity in

the CA1?

To answer these questions we used in vitro Microelectrode array (MEA) murine

hippocampal slice and in vivo rat extracellular single-unit recording experiments.
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7 Materials and Methods

7.1 Invitro MEA experiments

7.1.1 Hippocampal slice electrophysiology

Three-month old male CFLP mice (Animal Breeding Facility at University of
Szeged) were used for MEA experiments. The animals were rapidly decapitated, and the
head were submerged into ice-cold water. After 1 minute, the hippocampus was taken out,
and 350 um thick transverse hippocampal slices were prepared using a Mcllwain tissue
chopper (Campden Instruments, Loughborough, UK). Slices were incubated in standard
artificial cerebrospinal fluid (ACSF) at room temperature for 60 min, which was constantly
gassed with 95% O; and 5% CO,. ACSF contained the following compounds: 130 mM
NacCl, 3.5 mM KCl, 2 mM CacCl,, 2 mM MgCl,, 0.96 mM NaH,POj4, 24 mM NaHCOs3, and
10 mM D-glucose. Individual slices were transferred to a three-dimensional microelectrode
array (3D-MEA) chip. 3D-MEA chips enable improved and more reliable
electrophysiological experimentation due to the tip-shaped microelectrodes whereby
signals can be recorded from the inner layers of brain slices. One 3D-MEA chip consists of
60 tip-shaped and 60 pm high electrodes in 8x8 grid shape spaced by 100 pm (Ayanda
Biosystems, S.A., Lausanne, Switzerland). The hippocampus slice on chip was
continuously perfused with oxygenated ACSF (1.5 ml/min at 34 °C) during the whole
recording session. Data were recorded by a standard, commercially available MEA setup
(Multi Channel Systems [MCS] GmbH, Reutlingen, Germany). The Schaffer-collateral
was stimulated by injecting a biphasic current waveform (-100/+100 ps) through one
selected electrode at 0.033 Hz, while remaining electrodes recorded field excitatory
postsynaptic potentials (fEPSPs). Care was taken to choose the stimulating electrode in the
same region from one slice to the other. The fEPSPs from the stratum pyramidale and
stratum radiatum of CAl were taken into consideration for analysis, and peak-to-peak
amplitudes of fEPSPs were examined. After a 30 min incubation period, the threshold and
the maximum of stimulation intensity for evoked responses was determined. For evoking
responses throughout the recording, 30% of the maximal stimulation intensity was used.
Statistical evaluations were made by using two-way ANOVA with post hoc Tukey’s test.

Asterisks denote significant differences at P < 0.05 level.
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7.1.2 Stimulation protocol

Following a stable 30-min control sequence, input/output (I/O) curve was recorded,
which means that the stimulus intensity was continuously increased from 0 to 120 pA with
10 pA steps. I/O curve is a measure of the sensitivity, excitability of slices. After I/O curve
recording, we recorded paired-pulse facilitation (PPF). Paired-pulse protocol consisted of
two stimulation pulses injected with interstimulus intervals of 50 ms with 0.033 Hz. PPF is
generally used for assessing the function of the presynapse. Three data points were
obtained at every stimulation intensity of the I/O curve and at every interstimulus interval
of the paired-pulse protocol. For the investigation of neural plasticity, a correlate of
learning and memory, LTP protocol was used. LTP was induced using a theta-burst
stimulation (TBS) pattern applied at the maximum stimulation intensity. TBS comprised
four trains administered at 20 s intervals with 10 bursts given at 5 Hz per train and four

pulses given at 100 Hz per burst.

7.2  In vivo single-unit electrophysiology experiments

7.2.1 Animal preparation and surgery

Extracellular single-unit recordings were taken in chloral-hydrate anesthetized (4
g/kg initial dose i.p., supplemental doses as required) male Wistar rats (Animal Breeding
Facility at University of Szeged) weighing between 300-350 g. The head of the animal
was mounted in a stereotaxic frame, the skull was opened above the hippocampus (a-p: —
3.8 mm from bregma; lat: +2 mm either side from the midline sulcus sagittalis), and the
dura mater was carefully removed. The opening was filled with 5% agarose gel to prevent

desiccation and oedema formation.

7.2.2 In vivo microiontophoresis and extracellular single-unit
electrophysiology

Single-unit activity was extracellularly recorded by means of a low impedance (< 1
MQ) carbon-fiber containing multibarrel microelectrode from the hippocampus between
the depths of 2 to 3 mm, and drugs were delivered from the surrounding outer barrels. The
action potentials were amplified with an ExAmp-20KB extracellular amplifier (Kation
Scientific, Minneapolis, MN) and monitored with an oscilloscope. Filter bandpass
frequencies were set 300 to 8000 Hz that allowed only action potential recording. The
amplified signals were sampled and digitalized at 50 kHz frequency towards the most

accurate spike shape definition.
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In the first few in vivo experiments, where we measured the overall effect of
Tianeptine on cell firing, the spikes were sorted using the SciWorks software package
(DataWave, Berthoud, CO). In the latter experiments, where we analysed the spike train
dynamics, spikes were sorted using the Spike2 software package (Cambridge Electronic
Design [CED], Cambridge, UK). Iontophoretic drug delivery was performed by
iontophoretic pumps (Minion-16 and BAB-350, Kation Scientific, Minneapolis, MN)
which were controlled by a personal computer connected to Micro1401-3 data acquisition

unit (CED, Cambridge, UK).

The surrounding barrels affixed to the recording electrode were used for the
iontophoretic ejection of the following drugs: 100 mM NMDA Na' salt in 100 mM NaCl
(pH=8) or 10 mM AMPA (pH=8). NMDA was ejected at negative iontophoretic current
ranging from 5 to 100 nA every minute for 5 sec. AMPA was ejected every 90 sec at
negative iontophoretic current ranging from 2 to 100 nA. A retaining current of opposite
direction ranging 2—-21 nA was used between the receptor agonist ejections to prevent the
leakage of agonists. Tianeptine was administered i.p. as a single bolus injection at a dose of

20 mg/kg.

7.3 Data analysis

7.3.1 Stimulus time histogram (STH) analysis

Statistical evaluations were performed by using the total number of spikes evoked
during each epoch of excitation by iontophoretic application of agonists. The background
neuronal discharge was calculated by averaging a 15 sec period of ongoing activity
preceding each epoch of excitation, and this value was subtracted from all evoked
responses. The total spike number during each epoch of excitation was calculated and
expressed as a percentage of the mean (+ standard error of mean [SEM]), and compared
statistically with the data obtained after drug application by using one-way analysis of
variance (ANOVA, with the Bonferroni test for post hoc analysis), unless otherwise stated.

The P < 0.05 was considered significant in all cases. The control level was taken as 100%.

7.3.2 PSTH and ISI probability

In the case of peristimulus time histogram (PSTH) the number of evoked spikes per
100 ms was calculated during each epoch of excitation by iontophoretic application of
NMDA or AMPA. These numbers were averaged within the same groups. In the case of

interspike interval (ISI) spike trains were characterized by their ISI series, therefore spike
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timing was converted into digital data at 30 ps resolution. First we compared the
distribution of intervals for each pair of spike trains, assuming the measured intervals to be
samples of mutually independent random variables. This allowed the use of Kolmogorov-
Smirnov tests, which compare every characteristic of the underlying probability
distributions, thus requiring no further assumptions. We then charted the maximal
confidence intervals of agreement between the pairs. Data were pooled and means + SEM
of percentage values were calculated. PSTH and ISI probability profiles were evaluated by
using one-way repeated measures ANOVA with post hoc Tukey’s test and ANOVA with
post hoc Dunnett’s test, respectively. A P value of < 0.05 was considered as significant
difference in all cases. Figure 2 demonstrates the schema of in vivo data analysis for PSTH

and ISI probability.

7.3.3 ISI temporal evolution

In order to investigate the temporal evolution of spiking activity, the time course of
the spiking activities were normalized, so that the first spike was taken as time 0, while the
last spike of the train was taken as 1. ISIs were plotted against this normalized spike time.
To fit smooth curves to the spike trains, first we transformed them by taking their negative
logarithms, which corresponds to a spiking intensity value. To compare the actual
dynamics of the spike trains, we noted that ISI logarithms fit convincingly to quadratic
polynomials, i.e. the ISI series itself was fitted with the dilated Gaussian exp(a *
(x —a0)? + ¢) equation using a standard linear model. From this, we produced basic
statistics of the coefficients for each group of spike trains using ANOVA with post hoc
Dunnett’s test. Asterisks denote significant differences at P < 0.05 level. Figure 2

illustrates the schema of in vivo data analysis for ISI temporal evolution.

7.4 Animal care and handling

The animals were kept and the experiments were conducted in conformity with the
Council Directive 86/609/EEC, the Hungarian Act of Animal Care and Experimentation

(1998, XXVIII) and local regulations for the care and use of animals for research.
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Figure 2. Schema of in vivo data analysis for PSTH, ISI probability and ISI
temporal evolution:

After recording, action potentials were stored digitally, sorted and clustered offline. Inset
shows the principal component plots of the spikes, probably belonging to two different
cells. For ISI probability and ISI temporal evolution analysis the exact time of action
potentials were determined at 30 ps bin resolution in Spike2. A Perl script was written
which calculated the degree of global similarity of every spike trains using the
Kolmogorov-Smirnov test, and generated a worksheet with colour-coded rates of
similarity where green indicates similarity and deep blue the difference. Within groups
spike trains did not differ, while distinct groups showed differences. To further examine
the differences, ISI probability and ISI temporal evolution calculations were made.
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8 Results

8.1 Invitro MEA experiments

8.1.1 Tianeptine increases fEPSP amplitude in a dose-dependent manner

Murine hippocampal slices were continuously perfused with ACSF, and evoked
fEPSPs were analyzed. After 20 min control level registration 100 uM Tianeptine was
introduced into the ACSF, which rapidly increased the peak-to-peak amplitude of evoked
fEPSPs (189 + 14%, after 60 min, n =8 slices; P < 0.05; Figure 3A). 10 uM Tianeptine
could also increase significantly the fEPSP amplitudes within 60 min (129 + 5%, after 60
min, n =6 slices; P < 0.05; Figure 3A), although it was not so pronounced. In untreated
control slices the excitability increased only to 104 + 1.7% (after 60 min, n = 4 slices; data
not shown). An inactive derivative of Tianeptine, EGIS-13217-1 had no effect on the
fEPSP amplitudes (97 + 2%, after 60 min, n = 5 slices, Figure 3A). Although the tricyclic
antidepressant Imipramine also did not influence fEPSP amplitudes measured after 60 min,
(103 £ 3%, after 60 min, n = 4 slices, Figure 3A), it caused a transient excitation which
peaked at =40 min (110 £ 1.4%).

We also recorded I/O curves before and 60 min after 100 uM Tianeptine wash in
for assessing the rise of excitability. The I/O curves showed a clear enhancement of evoked
responses (Figure 3B). Using two-way ANOVA with post hoc Tukey’s test, significant
differences were detected at different stimulation intensities: at 40 pA (383 + 93 vs. 624 +
61 pVv, P =0.048), at 50 pA (475 £ 150 vs. 840 = 80 uV, P = 0.05) and at 60 pA (585 +
185 vs. 1030 £ 90 puV, P =0.048).

Tianeptine and GluA1 phosphorylation



Results -27 -

300, —— 10 uM Tianeptine
——100uM Tianeptine |z|

— 250 ——100uM EGIS 132171
X 1 ——100uM Imipramine
(<] ) —
=]
2 200
g _
£
T 150
o i
& | _J\/\
& 4 I
100 nesstenemnd U o ]

Drug application

50 , , : ' l . |
-20 0 20 40 60
Time (min)
15004 —— Before wash-in (control) E
—— After wash-in (Tianeptine100 uM)
s *
>
=
o 1000 - *
E .
= *
(S
©
o 500 P‘ %
7
o
¢ _
0 . : . | . .
0 20 40 60

Stimulation intensity (pA)

Figure 3. Tianeptine enhances the excitability of murine hippocampal slices:

Panel A shows that Tianeptine enhances fEPSP amplitude in a dose-dependent manner.
100 uM Tianeptine robustly increased the fEPSP amplitude immediately after drug wash
in. An inactive derivative, EGIS 13217-1 and a tricyclic antidepressant Imipramine had
no effect on fEPSP amplitude. Insets show representative fEPSPs before (black) and after
(red) drug application (upper 100 uM Tianeptine, lower 100 uM Imipramine). Panel B
shows I/O curves before and after 100 uM Tianeptine application. Tianeptine-treated
slices had larger fEPSP amplitude values, they were more sensitive to the same
stimulation intensity. Insets show representative set of evoked field potentials. Inset
calibrations are 500 uV and 10 ms. * P <0.05, ANOVA post hoc Tukey’s test

8.1.2 The fEPSP amplitude enhancement is not of presynaptic origin
There are two possibilities by which Tianeptine can develop its fEPSP increasing
effect. First, it may act on the presynaptic site, where Tianeptine may increase somehow

the vesicle release probability. Second, it may have postsynaptic effects, which can
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contribute to the fEPSP amplitude enhancement. In order to address whether Tianeptine
acts on the presynapse, PPF (interstimulus interval 50 ms) was recorded before and 60 min
after Tianeptine administration. The ratio of the 2™ and 1** fEPSP is usually larger than 1
in the CALl (facilitation), because the second stimulus evokes a larger fEPSP. If the second
stimulating impulse closely follows a prior one (within a few ms), the increased residual
Ca®" level in the presynapse may lead to increased vesicle release probability, hence higher
activation in postsynaptic cell and larger amplitude of the second fEPSP. If Tianeptine

exerts its effect at the presynaptic compartment, PPF change is expected.

There was no change in the ratio of 2"Y/1%' fEPSP amplitude before (1.45 + 0.13)
and after Tianeptine administration (1.43 £+ 0.04; n = 6 slices; Figure 4), showing that

Tianeptine likely has a postsynaptic site of action. Similar results were reported in the CA3

by Kole et al. (Kole et al., 2002).
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Figure 4. PPF results of MEA experiments:

There was no difference between the ratios of 2"/1* fEPSP amplitude before and after
Tianeptine administration, which means that Tianeptine does not have any presynaptic
effect. Inset curves show exemplar field potentials, where interstimulus interval is 50 ms.
Calibrations are 500 uV and 25 ms.

8.1.3 The effect of Tianeptine on NMDA and AMPA receptors

Tianeptine enhanced fEPSP amplitudes postsynaptically most probably by the
modulation of postsynaptic excitatory ionotropic receptors. In order to reveal which
receptor is affected by Tianeptine, specific receptor antagonists were used. We focused on
AMPA and NMDA receptors above all, and used their specific blockers 7-nitro-2,3-dioxo-
1,4- dihydroquinoxaline-6-carbonitrile (CNQX), and [5R,10S]-[+]-5-methyl-10,11-
dihydro-5H-dibenzo[a,d]cyclohepten-5,10-imine (MK-801) respectively. Application of 50
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uM of the AMPA receptor antagonist CNQX caused a rapid and dramatic decrease in the
amplitude of evoked fEPSPs (around 20%; n = 7 slices; Figure 5A). The remaining evoked
responses were considered as NMDA receptor-mediated field potentials, because the
perfusion of the NMDA receptor antagonist MK-801 completely blocked the evoked
fEPSPs. 100 uM Tianeptine wash in did not affect isolated NMDA receptor-mediated
fEPSPs, indicating that Tianeptine cannot modify NMDA receptor function in the CAl of
hippocampal slices (Figure 5A). It is known that NMDA receptors are blocked by high
Mg*" level, therefore NMDA receptor-mediated responses should not be isolated in slices
perfused by normal ACSF. However we have followed the protocol of the Lynch and Gall
group (Kramar et al., 2003, Bernard-Trifilo et al., 2005), where the authors have used
similar experimental setup than ours (extracellular fEPSP recordings from CA1). The
authors have shown that it is indeed possible to isolate NMDA receptor-mediated fEPSPs
using normal ACSF (containing 2.5 mM Mg2+) and CNQX. Similar to our findings (Figure
5A), they could also block the residual fEPSP with MK-801, strongly suggesting that the
residual fEPSPs were NMDA receptor-mediated.

Next, we focused on AMPA receptors by using the non-competitive NMDA
receptor antagonist MK-801 in 50 uM concentration. MK-801 alone had no significant
effect on the amplitudes of evoked fEPSPs, however applying of CNQX completely
diminished the evoked responses. These results showed that upon MK-801 application the
fEPSPs are mostly AMPA receptor-mediated (n = 4 slices). The AMPA receptor-mediated
fEPSPs, isolated by the MK-801 wash in, significantly increased after 100 uM Tianeptine
administration (163 + 4.5% after 60 min administration, n = 4 slices; P < 0.05; Figure 5B),
which indicates the effect of Tianeptine on AMPA receptors. Moreover, in order to test the
effectiveness of the NMDA receptor antagonist, TBS was applied for inducing LTP after
the 60 min Tianeptine administration period. There is NMDA receptor-dependent LTP in
the CAl region of the hippocampus, hence LTP impairment was expected after MK-801
treatment. Indeed, after TBS the amplitudes of fEPSPs remained at the pre-LTP level. The
absence of LTP clearly demonstrated the blockade of NMDA receptors by MK-801
(Figure 5B).
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Figure 5. The fEPSP enhancement depended on the AMPA receptors:

Panel A: When AMPA receptors were blocked by CNQX, fEPSP amplitude decreased
rapidly and reached a plateau level. Thereafter 100 uM Tianeptine did not increase
fEPSP amplitude. Applying NMDA receptor blocker MK-801 totally abolished remained
evoked responses. Panel B: Blocking NMDA receptors with MK-801 prior to drug
application, 100 pM Tianeptine wash in dramatically enhanced AMPA-dependent fEPSP
amplitude. NMDA-dependent LTP could not be evoked by TBS, which shows the
blockade of NMDA receptors. Applying CNQX completely abolished field potentials.
Results demonstrates that Tianeptine alters AMPA receptor functioning.

8.2 In vivo single-unit experiments

8.2.1 The effect of i.p. Tianeptine on NMDA- and AMPA-evoked neuronal
firing
Based on the in vitro electrophysiology results, we aimed to investigate the effects

of i.p. administered Tianeptine on NMDA- and AMPA-evoked neuronal firing in vivo. We
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recorded single-unit activity from the CA1l region of the dorsal hippocampus of chloral-
hydrate anesthetized rats. Spike trains were regularly evoked by applying either NMDA or
AMPA, agonist of the same receptors, by the help of microiontophoresis in the very close

vicinity of the recorded neuron.

In the case of NMDA, spike trains were evoked every minute while using AMPA,
spike trains were evoked every 1.5 minutes. Such long interstimulus intervals allow the
depletion of agonists from the vicinity of cells by reuptake or degradation; hence the
consecutive stimulations can be taken into consideration as independent spike trains. We
set at least 5-10 minutes long control spiking level before applying Tianeptine 1.p. with no
more than 15% difference in the spiking rate. After Tianeptine application we recorded the
evoked responses for further 1 hour. The colour-coded peristimulus time histogram
(ccPSTH) with 100 ms bin resolution shows evoked responses arranged in line vertically
from top to bottom. The colours denote the amount of binned action potentials from cold

blue to warm red.

First, we focused on NMDA-evoked single-unit firing, therefore we registered
STHs containing NMDA ejections. Figure 6 consist of three panels (A-C) in order STH,
ccPSTH with 100 ms bin, and one averaged peristimulus time histogram (aPSTH), which
shows a representative recording of the effect of i.p. applied Tianeptine on NMDA-evoked
neuronal activity. Evoked neuronal firing rate remained at the pre-Tianeptine level within
the time frame of the recording (35—45 min), indicating that Tianeptine did not affect
NMDA -evoked neuronal responses (108 + 12%; n = 6 cells).

The ccPSTH (Panel B) and the average of the firing rate of five successive trials
before and 30 minute after i.p. Tianeptine application (Panel C) shows that the 5 sec
NMDA ¢jection (starting point marked with cyan dashed vertical line at zero sec) evoked

firing rate did not change over time.

Accordingly the representative enlarged spike train insets, the evoked responses
incorporate approximately the same amount of action potentials before and after
Tianeptine administration and the spike train dynamics are similar. Spontaneous firing

activity did not change after Tianeptine application.
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Figure 6. NMDA-evoked neuronal firing
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Figure 6. Representative recording of one hippocampal single-unit activity evoked
by NMDA:

Panel A shows a STH, where the red arrow indicates Tianeptine administration. Two
representative spike trains before and after Tianeptine treatment are enlarged, scale bars
are 100 uV and 5 sec. Panel B represents a ccPSTH in which cyan dashed vertical line
denotes NMDA ejections, and red horizontal line denotes Tianeptine administration.
Panel C is an aPSTH, where black curve is the averaged amount of action potentials of
five spike trains before Tianeptine, red curve shows the same after Tianeptine treatment.
Cyan dashed vertical line at zero second represents the starting point of NMDA ejections.
The evoked responses remained unaltered after Tianeptine i.p. application, Tianeptine
had no effect on NMDA-evoked firing.

Next, we investigated the effect of i.p. administered Tianeptine on AMPA-evoked
neuronal firing. Figure 7 shows one representative AMPA-evoked recording. It is
conspicuous that i.p. physiological saline injection only slightly increased evoked firing
rate, however, following i.p. Tianeptine application the amplitude of evoked responses
increased significantly. The representative enlarged spike trains denote the same increment
in the number of action potentials after Tianeptine treatment. I.p. Tianeptine administration
massively enhanced AMPA-elicited firing activity within 10 min, and this effect remained
within the time frame of the recordings. The average of the Tianeptine-induced effect on
AMPA responses was calculated as the evoked responses of each recordings 30 minute
after i.p. administration (196 + 32%; n = 6 cells from 6 rats; P < 0.05). Figure 8 shows the
enhancing effect of Tianeptine on AMPA-evoked firings compared to NMDA-evoked

firings.
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Figure 7. AMPA-evoked neuronal firing
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Figure 7. Representative recording illustrating AMPA-evoked neuronal firing
before and after i.p. physiological saline and Tianeptine application:

Panel A: Lp. saline injection (green arrow) only slightly increased the amplitude of
AMPA-evoked firing activity. In contrast, Tianeptine administration (red arrow) caused
long-lasting increment of AMPA-evoked single-unit activity. Exemplar spike trains are
shown before and after Tianeptine application, scale bars are 100 uV and 5 sec. Panel B:
In the ccPSTH more vivid colours close to red are visible after Tianeptine administration.
Cyan dashed vertical line denotes AMPA ejections. Panel C: In the aPSTH containing
graph the amplitude of the red curve is significantly higher, which means that Tianeptine
increased AMPA-evoked firing rate.
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Figure 8. Summary of the effect of Tianeptine on NMDA- and AMPA-evoked
responses in vivo:

NMDA-evoked responses remained at control level, but AMPA responses significantly
increased after Tianeptine 1.p. administration. Values are expressed in the percentage of
control level. * P <0.05, ANOVA, with post hoc Bonferroni test

8.2.2 The effect of i.p. Tianeptine on the ISIs of NMDA- and AMPA-evoked
neuronal activity

We have shown that Tianeptine elevates the phosphorylation level of AMPA
receptor subunit GluAl at Ser 831 and Ser 845 (Svenningsson et al., 2007, Qi et al., 2009,
Szegedi et al., 2011). We prompted to investigate the effects of these phosphorylation
events on the AMPA-evoked spike trains in vivo. We hypothesized that Tianeptine not
only enhance the AMPA-evoked firing activity, but also leads to alteration of the spiking
pattern and dynamics, compared to similarly-enhanced AMPA spike trains evoked by

stronger AMPA stimulation. To address this point, we recorded spike trains evoked by
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weak and strong AMPA stimulation and compared to weak AMPA-evoked spike trains
recorded before and after i.p. Tianeptine application. Furthermore, we compared those with
NMDA-evoked spiking activity, in which Tianeptine had no effect. Ejection currents were

unaltered before and after Tianeptine within an experiment.

A total of 310 spike trains from 31 single-units recorded from 21 rats were
analyzed. The autocorrelogram of all units were calculated, and only units with less than
0.5% of spike intervals within the first 1 ms refractory period were included in the present
analysis. We used spike trains for analysis only from units having high signal-to-noise
ratios (= 5-fold than noise level). These units were considered as putative pyramidal cells,

based on their wider spike shapes (mean width >400 ps).

The schema of the experimental setup is illustrated on Figure 9 which shows the 3
different stimulation protocols. Spike trains were evoked by either ejecting AMPA or

NMDA, using weak or strong ejection currents.
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Figure 9. Schema of the different
excitation protocols:

Neurons were stimulated by ejecting
agonist (NMDA or AMPA) using
weak (A) or strong (B) current,
leading to low or high receptor
stimulation intensity, respectively.
Alternatively, the recorded cell was
activated by weak AMPA stimulation
following Tianeptine treatment, which
resulted in  AMPA  receptor
phosphorylation and increased AMPA
receptor gain (C). The firing rate in
case of C was similar to B. Part D
consists of figure legend.

In the case of Tianeptine treatment the AMPA ejection was invariably weak along
the whole registration before and after i.p. Tianeptine injection. Moreover Figure 10 A and
B show two enlarged representative spike trains recorded before and after Tianeptine
application using weak AMPA excitation, and additionally superimposed spike shapes

with corresponding autocorrelograms.
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Figure 10. Representative AMPA-evoked spike trains with the appropriate spike
shapes and spike autocorrelograms:

Panel A shows a spike train evoked by weak AMPA stimulation, while panel B
illustrates weak AMPA-evoked spikes after Tianeptine application from the same
registration. Spike shapes were unaltered throughout the recording session. Green line
represents the 5 sec AMPA ejection. Scale bars are 50 puV and 1 sec in the case of spike
trains and 0.1 ms at the superimposed spikes. Tianeptine treatment enhanced AMPA-
evoked spike trains.

The level of weak excitation (ejection current) was set between 3 and 4 spike/100
ms, labeled with the following names: ‘weak AMPA’, ‘weak NMDA’, and ‘AMPA before
Tianeptine’, whereas strong excitation was set between 6 and 8 spike/100 ms, denominated
as ‘strong AMPA’ and ‘strong NMDA’. Tianeptine i.p. application resulted in an
enhancement of weak AMPA-evoked spiking activity, which reached 7-9 spike/100 ms 30
min after drug administration, such high as in the case of strong AMPA excitation, where
Tianeptine treatment was otherwise absent. This group is referred as ‘AMPA after
Tianeptine’. Accordingly enhanced AMPA sensitivity was induced by a bolus of i.p.
Tianeptine administration (20 mg/kg). Five such spike trains were analyzed from every

recording in the case of weak and strong ejections, and before and after Tianeptine

treatment.

8.2.3 aPSTH
First, we calculated the PSTHs of every spike trains, and averaged them per groups.
The mean PSTH of weak/strong AMPA/NMDA stimulation and AMPA stimulation before

and after Tianeptine are plotted in Figure 11 A and B. We compared the maximal values of
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different groups, and for this purpose a one-way repeated measures ANOVA with post hoc
Tukey’s test was used. We hypothesized that there should be no difference between the
weak AMPA stimulation and before Tianeptine PSTH data, because the number of evoked
spikes are in the same order of magnitude in both groups (the stimulation intensity was
comparable). Indeed, there is no significant difference between weak AMPA, weak

NMDA and AMPA before Tianeptine PSTHs (number of spike trains; n=60, 50 and 45,

respectively).
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Figure 11. aPSTH of registered spike trains:

Panel A: There was no significant difference between the maxima of aPSTH curves of
weak AMPA, AMPA before Tianeptine and weak NMDA groups. Panel B: Similarly,
maxima of strong AMPA, AMPA after Tianeptine and strong NMDA also did not differ
from each other. The effect of i. p. Tianeptine application is not manifested in the PSTH
profile; although strong AMPA-evoked PSTH tend to decay faster than others.

Similarly, we found no difference between strong AMPA and AMPA after
Tianeptine PSTHs (n=60 and 45), suggesting that the change in the AMPA-gain level after
Tianeptine treatment is not manifested in the PSTH profile. In contrast, strong AMPA
PSTH tended to decay faster than strong NMDA-evoked spike trains (n=50 and 60; P <

0.05) due to the distinct receptor kinetics.

8.2.4 ISI probability
The resolution of the PSTH was chosen to be 100 ms. Although this bin value is
good for finding overall global differences in the action potential trains, it is too large to

detect small dissimilarities in the different action potential distribution or dynamics within
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a spike train. ISI analysis was used for analyzing the changes in firing-pattern of different
units. We have used a bin value of 30 us for determining the exact time of action

potentials.

Figure 12 shows ISI probability scatter plot correlations, where ISI probability
values of two different spike trains are correlated. The dots represent the ISI probability
values of a spike train in queue in the function of ISI probability values of an another spike
train, so the first probability value of ISI was paired with the other’s first probability value,
and so on. The red line denotes an ideal case of total correspondence, and the blue line
shows the actual fitted line. If the spike trains contain the same ISI probability values, the
blue and the red line are in cover, so there is no significant difference between the ISI

probabilities of spike trains.

The blue regression line runs significantly higher in the case of before — after
Tianeptine comparison than red line that indicates differences in ISI values. Tianeptine
could change the ISI probability distribution of the spike trains. Contrarily, when we
compared the weak AMPA before Tianeptine and weak AMPA excitations, the two
regression lines are in cover marked with blue/red dashed line, which shows that there is
no difference between the spike trains of the two groups. Before Tianeptine treatment the
spike trains had the same ISI probability distribution than spike trains evoked by weak
AMPA stimulation. Interestingly the regression lines of strong AMPA and AMPA after
Tianeptine ISI probability scatter plot also runs differently, therefore ISI distribution of

these evoked spike trains also includes dissimilarity in spite of similar firing rates.
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Figure 12. ISI probability scatter plot correlations:

Red line represents the total correspondence; blue line denotes the actual regression line.
In the case of weak / strong AMPA (A) and AMPA before / after Tianeptine (B) the
evoked responses having different magnitudes that shift the blue regression line under the
red line. In contrast, in the weak AMPA and AMPA before Tianeptine (C) comparison
the lines are in cover denoted with blue-red dashed line, because of evoked responses are
very similar. Interestingly, the blue fitted line of the spike trains evoked by strong AMPA
and AMPA after Tianeptine (D) runs appreciably different from the red correlation line in
spite of the similar firing rate, which refers to dissimilarity in ISI distributions.

Subsequently, we analyzed the distribution of ISIs in the evoked spike trains and
we plotted the averaged ISI probability curves (Figure 13). Significant difference was not
found in the ISI probability profile of weak AMPA and before Tianeptine groups (n=60
and 45, respectively), where two probability peaks were seen at around 3-6 ms and 19-21
ms. Weak NMDA-evoked activity resulted in a different ISI probability pattern, also
displaying two local maxima at 3-4 ms and 30-31 ms (n=50), but the second maximum
occurs at significantly longer ISI values, although this maximum is not so pronounced. The
second maxima of ISI probability curves are marked with a gray rectangle at Figure 13

panel A. Bar chart inset shows the ISI values of second maxima. The second maximum
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peak of weak NMDA ejection takes place significantly later (P < 0.05) compared to second
maximum of weak AMPA- and AMPA before Tianeptine-evoked responses. Increasing
the stimulation strength by applying larger ejection currents resulted in a prominent peak in
the ISI probability distribution, showed in Figure 13 panel B suggesting that the spiking
activity became more ordered at stronger stimulation. Moreover, in the case of weak
AMPA after Tianeptine this more pronounced peak is also present in ISI probability. Spike
trains of averaged ISI probability curves presented on Figure 13 panel B consisted of more
action potentials and shorter ISIs than weak excitations because of higher sensitivity or the

higher amount of agonist ejection.

Significant differences were observed between weak AMPA/NMDA (n=60 and 50)
and strong AMPA/NMDA, respectively (P < 0.05). Furthermore, there was a significant
difference between the strong AMPA and AMPA after Tianeptine groups, suggesting that
the increase in AMPA sensitivity has an impact on ISI probability (Figure 13.B). The
maximum probability for AMPA after Tianeptine was seen at 5-7 ms (n=45). Also, there
was difference between strong AMPA- and NMDA-evoked activity: the maximum
probability was seen at 10-13 ms for strong AMPA, and 6-8 ms for strong NMDA (n=60
and 50; P < 0.05). In Figure 13.B bar chart inset shows the ISI values belonging to

maximal probability.
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Figure 13. The averaged ISI probability profiles of different stimulation protocols:

Panel A: ISI probability distributions of weak excitation-evoked spike trains. Inset shows
the ISI values for the second probability peak (marked with a grey rectangle), where there
is no observable difference between weak AMPA and AMPA before Tianeptine groups.
Panel B: ISI probability distributions of strong excitation-evoked and Tianeptine-treated
spike trains. Inset shows the ISI values for the maximal probabilities. Note the difference
between the maxima of strong AMPA and AMPA after Tianeptine groups. Colours in the
insets correspond to the colours in the main figure. * P < 0.05, ANOVA with post hoc
Dunnett’s test

8.2.5 Temporal evolution of spike trains

Next we analyzed the temporal evolution of spiking activity within spike trains. We
focused on the ISI values, and the time frame of the spike trains were set between 0 and 1,
where the first ISI value stands at zero and the last takes up 1 on the x scale. The ISI values

follow each other in the order of its appearance. After the instantaneous frequency (1/ISI)
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data were counted, a parabola was fitted onto the 1/ISI values of spike trains with the

dilated Gaussian exp(a * (x — a0)? + c) equation using a standard linear model.

Figure 14 panel A shows the averaged parabolas of different stimulation protocols.
The obtained coefficients are describable by biological terms, namely the maximal
instantaneous frequency exactly provides the position with highest intensity within the
spike train (coefficient a), while coefficient ¢ corresponds to the dynamism of the change
in intensity. We note that the most pronounced difference lies in the time at which maximal
intensity is attained (coefficient a0), which occurs significantly (P < 0.05) earlier after
application of Tianeptine (0.346+0.013) than on the otherwise excited cells. The values of
a0 coefficients are in order 0.472+0.003 for strong NMDA, 0.408+0.009 for strong AMPA,
0.479+0.014 for weak NMDA and 0.449+0.008 for weak AMPA, respectively. We also
detected significant difference between weak AMPA and strong AMPA (P < 0.05) as well
as strong AMPA and strong NMDA (P < 0.05). Figure 14 panel B is a representative bar
chart that denote the time values at which maximal intensity of averaged parabolas is
attained (coefficient a0). In the case of weak AMPA after Tianeptine coefficient a0 is the

smallest, because of this evoked spike trains consist of shorter ISIs hence faster dynamics.
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Figure 14. Averaged ISI temporal evolution of evoked spike trains:

Panel A: The instantaneous frequency (1/ISI) data were counted, and a parabola was
fitted onto the 1/ISI values of spike trains with the dilated Gaussian equation. The panel
shows the averaged ISI temporal evolution curves. The most pronounced difference lies
in the time at which maximal intensity is reached, which occurs significantly earlier after
application of Tianeptine compared to the other groups. Panel B: The bar chart
represents the time belonging to maximal intensity values of differently excited cells.
Notice that Tianeptine treatment significantly reduced the time requires for the reach of
maximal intensity. * P <0.05, ANOVA, post hoc Dunnett’s test
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9 Discussion

Better understanding of the pathophysiology of depression can lead to development
of therapeutically more effective medications. The prevailing view of monoaminergic
dysfunction has recently been challenged by the research of Tianeptine mechanisms of
action. This widely used atypical antidepressant, sold in 80 countries, has been shown to
leave the brain serotonin level unaltered (Pineyro et al., 1995, Malagie et al., 2000) in
freely moving rats applied either chronically or acutely. Although it was patented as a
SSRE (Mennini et al., 1987, Kato and Weitsch, 1988, Mocaer et al., 1988, Fattaccini et al.,
1990, Whitton et al., 1991), recent data question this mode of action (Della et al., 2012).
Instead, Tianeptine is proposed to be a neuroplasticity enhancer, representing a novel
antidepressant pathway (Fuchs et al., 2002, McEwen et al., 2010, Szegedi et al., 2011). The
exact underlying molecular mechanisms, however, remain to be determined. The available
literature data about the effects of Tianeptine are limited. We and others (Svenningsson et
al., 2007, Qi et al., 2009, Szegedi et al., 2011) showed that Tianeptine may be the only
known antidepressant that can enhance phosphorylation at both Ser 831 and Ser 845 of
GluA1l subunit of AMPA receptors. Accordingly, Tianeptine could enhance the amplitude
of fEPSPs in murine hippocampal slices, which was blocked by different kinase inhibitors.
These results pinpoint the posttranslatory modification of AMPA receptors as a highly
possible target of Tianeptine. Indeed, enhancing AMPA receptor function by LY392098, a
positive AMPA receptor modulator proved to have antidepressant activity in a battery of
behavioral tests, which could be prevented by AMPA receptor antagonists (Li et al., 2001).
In contrast, the antidepressant action of Imipramine, a classic tricyclic antidepressant was
not sensitive to AMPA receptor antagonists (Li et al., 2001). Svenningsson et al.
(Svenningsson et al., 2007) described that in double phospho mutant GluA1 mice in which
Ser 831 and Ser 845 of AMPA GluAl subunit were replaced by alanine amino acid which
cannot be phosphorylated, Tianeptine could not develop any antidepressant effect. These
data strongly suggest that Tianeptine can exert its effect via AMPA receptor potentiation,
in contrast to Imipramine and fluoxetine. Kole et al. (Kole et al., 2002) reported that
Tianeptine enhances AMPA receptor-mediated EPSPs in the CA3 of hippocampus via
intracellular kinase cascades. The level of phosphoserines of GluAl can rapidly increase
after Tianeptine application, the phosphorylated Ser 831 reached its maximum level within

2 minutes, the phosphorylated Ser 845 within 5 minutes. The level of GluAl in foto
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remained unaltered by Tianeptine application. Moreover the experiments demonstrated no
alteration in the level of phosphorylation of NA1, an NMDA receptor subunit showing a
selectivity of Tianeptine towards AMPA receptors. The dual phosphorylation of AMPA
receptor GluAl is crucial in the action of Tianeptine on synaptic plasticity. Imipramine
elevates only the phosphorylation level of PKA site (Ser 845) without altering the
phosphorylation level of the CaMKII site (Ser 831), resulting in a transient fEPSP
potentiation. Similarly, a citrus flavonoid, called nobiletin, which also causes a rise in the
PKA site (Ser 845), but not in the CaMKII site (Ser 831) induces only transient
potentiation lasting for about 50 min (Matsuzaki et al., 2008). Although the
phosphorylation of GluA1l induced by Tianeptine is temporary, as shown in the Western-
blot images, it leads to a long-term excitation measured in electrophysiology (Szegedi et

al., 2011). The possible reason for this is discussed below:

The phosphorylation of the PKA site (Ser 845) of GluAl can govern insertion of
AMPA receptors into the neuronal membrane, while the phosphorylation of the CaMKII
site (Ser 831) regulates AMPA transportation into synapses from extrasynaptic membrane
areas (Hayashi et al., 2000, Lee et al., 2000). Therefore increased presence of GluAl in
synapses and more sensitive phosphorylated AMPA receptors can lead to stronger AMPA
responses. If potentiating AMPA responses is antidepressant per se, then the opposite must
be true in cases where pathological “feeling high” conditions should be medicated. Indeed,
antimanic agents, like lithium and valproate, attenuate GluAl phosphorylation, hence
decrease the amount of AMPA receptors in synaptic membranes (Angst et al., 1978, Du et
al., 2004). It was described, that Tianeptine can not only prevent but also can reverse both
stress- and corticosterone-induced dendritic remodeling of hippocampal neurons
(Magarinos et al., 1999, Czeh et al.,, 2001). The effect of Tianeptine may be region
selective, because Bobula and Hess (Bobula and Hess, 2008) reported NMDA and AMPA
receptor-mediated fEPSP decrement in the prefrontal cortex after chronic Tianeptine

treatment in contrast with our results in hippocampus.

Nevertheless Tianeptine may have other effects as well, including other
neurotransmitter systems. Others demonstrated dopaminergic transmission enhancement
by a yet unknown mechanism (Invernizzi et al., 1992). Dopamine can induce the
phosphorylation of GluAl of AMPA receptors and certain NMDA receptor subunits in
vitro (Sarantis et al., 2009) and in vivo (Sarantis et al., 2012). We, however, have found

that a single bolus of Tianeptine injection did not enhance NMDA receptor-mediated
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responses and did not induce NA1 phosphorylation, suggesting that under our experimental
conditions enhancement of dopaminergic transmission is not likely contribute to the
findings reported here. Instead, we propose that the observed effects of Tianeptine are due
to improving neuroplasticity by mainly increasing GluAl phosphorylation (McEwen et al.,

2010).

9.1 GluAl phosphorylation alters the pattern of spiking

Being a key component in the mammalian excitatory synapses, AMPA receptor
phosphorylation has remarkable influence on basic synaptic transmission and plasticity.
There are numerous papers that report on the effects of GluA1 subunit phosphorylation on
the single channel properties. For example, the phosphorylation at the PKA site (Ser 845)
is able to increase the channel opening probability (Banke et al., 2000) and the peak
amplitude of the ion current (Roche et al., 1996). Nevertheless phosphorylation at the
PKC/CaMKII site (Ser 831) can enhance single channel conductance (Derkach, 2003,
Kristensen et al., 2011). In addition, as discussed above, GluA1 phosphorylation promotes
AMPA receptor trafficking into the postsynapse. It is noteworthy that Tianeptine can
increase the phosphorylation level of GIluAl at both the PKA and CaMKII sites
(Svenningsson et al., 2007, Qi et al., 2009, Szegedi et al., 2011). Although, as was shown
previously, 10 mg/kg Tianeptine induces a transient increase in the GluA1 phosphorylation
state, we have used 20 mg/kg Tianeptine which may cause a more prolonged elevation of

GluAl phosphorylation.

It 1s widely accepted that neuronal discharge rates, averaged over several hundred
milliseconds to several seconds, reflect the properties of cellular input, with more intense
incoming stimuli resulting in enhanced firing rates. However, increasing the excitatory
drive arriving onto a neuron may be achieved by either increasing the strength of excitation
via the activation of new inputs, or, alternatively, by modifying the excitatory inputs
already in use, mainly through phosphorylation and subsequent elevation of the number of
synaptic receptors. Precise timing of spiking activity of pre- and postsynaptic neurons in
the millisecond range is required for modulating synaptic strength, a phenomenon referred
to as STDP. Moreover, the temporal relationship of spikes is also critical for information
transfer (Gray and Singer, 1989, Buzsaki and Chrobak, 1995, Hopfield, 1995, Vaadia et
al., 1995, Riehle et al., 1997).
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Here we investigated the impact of enhanced AMPA sensitivity on the AMPA-
evoked spiking pattern of CA1 neurons and we compare NMDA- and AMPA-evoked spike
trains. Using frequency of spike discharge as an indicator of somatic depolarization, we
showed that similar levels of excitation can be achieved by either raising AMPA
sensitivity, or increasing the concentration of the agonist. Despite the similar firing rates,
the ISI distributions are significantly different among the two groups, showing that
neuronal output may differ when new inputs are activated compared to increasing the gain

of previously activated inputs.

Besides AMPA receptors, NMDA receptors are also critical components of the
excitatory postsynapse and information is transferred by activation of both receptor types
(Daw et al., 1993, Rivadulla et al., 2001). The relative contribution of these two receptors
will affect the postsynaptic transmission and temporal summation, properties which may
have important consequences in circuit function. Here we have investigated whether there
is a difference in NMDA- or AMPA-evoked spiking patterns of CA1 neurons. We applied
stimuli with similar strengths for either AMPA or NMDA receptors, and compared the
temporal patterns of evoked spike trains. AMPA receptors are regarded as rapid activating
and rapid desensitizing channels (Colquhoun et al., 1992, Hestrin, 1992), whereas NMDA
receptors have a much slower kinetic (McBain and Mayer, 1994). Indeed, we found shorter
latency of spiking initiation for AMPA-evoked spike trains (Figure 14), however, ISI
values increased quicker compared to NMDA-induced activity. This was more evident
when we applied strong stimulation, and may be due to the faster desensitization of single
AMPA receptors (Colquhoun et al., 1992) compared to NMDA receptors (Kussius et al.,
2009). Strong NMDA activation could maintain a fast firing activation, therefore ISIs were
kept at lower values for a more prolonged time. Increasing the concentration of
AMPA/NMDA or increasing the gain of previously activated inputs by Tianeptine
application may also trigger the activation of local inhibitory circuits, which may have an
impact on the ISI profile. Keeping this in mind, it is possible, that different inhibitory
circuits were activated after applying strong AMPA than AMPA after Tianeptine, which
could have differently modified ISI distribution. Indeed, results show that the ISI profile
and the time at max intensity was shifted to the left both at strong AMPA and AMPA after
Tianeptine compared to weak AMPA. It is noteworthy, however, that spike trains after
Tianeptine application had quicker onsets and more shifted-to-the left ISI distribution, that

the strong AMPA group suggesting either reduced inhibition, or enhanced gain. The
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former scenario is less likely, because Tianeptine was shown to leave the concentration and
affinity of GABA-A and GABA-B receptors unaffected (Kato and Weitsch, 1988,
McEwen et al., 2010). The ratio of the contribution of these receptor subtypes to
postsynaptic transmission may underlie specific aspects of synaptic plasticity. For
example, the early phase of LTP is thought to selectively enhance AMPA currents and
alter the NMDA-to-AMPA ratio (Kauer et al., 1988, Liao et al., 1995, Lu et al., 2001, Watt
et al., 2004), and during homeostatic synaptic plasticity AMPA and NMDA currents are
scaled up and down proportionally (Watt et al., 2000). It is noteworthy, that the peaks of
ISI probability for strong AMPA (118 ms) and NMDA (53 ms) stimulation correspond to
theta (8-9 Hz) and low-gamma (18-19 Hz) activity, respectively, suggesting that different

receptors may be involved in different oscillatory patterns.

Increasing the gain of the cellular input could be achieved by either activating
novel receptors (by increasing the amount of NMDA/AMPA), or alternatively, by
enhancing the function of already activated inputs. Tianeptine may increase AMPA gain in
two overlapping ways: either by enhancing the phosphorylation level of GluAl, as was
shown by (Svenningsson et al., 2007, Qi et al., 2009, Szegedi et al., 2011), or prompting
new AMPA receptor complexes to be trafficked into the synaptic membrane (Zhang et al.,
2012). Both ways could lead to increased AMPA sensitivity, in turn to increased firing rate

elicited by activating the previously active inputs (weak AMPA stimulation).

We found that after Tianeptine treatment, AMPA-evoked spiking with higher
probability of small ISIs compared to strong AMPA stimulation in vivo. This may be due
to the altered inactivation kinetics of AMPA receptors. The temporal evolution of spiking
dynamics (Figure 14) shows that the relative location of the maximum intensity of
discharge activity within a spike train is altered (Figure 14 B) in the AMPA after
Tianeptine scenario, suggesting that higher AMPA gain leads to a more sustained rapid
discharge activity. In line with this, Banke et al. (Banke et al., 2000) have shown that
phosphorylation of GluAl at the PKA site (Ser 845) does not affect the rate of recovery
from desensitization. Similar results were obtained for the CaMKII site (Derkach et al.,
1999), thus phosphorylation of both sites, or alternatively higher AMPA receptor surface

concentration may be responsible for the observed effect.

Both the rate and timing of spiking activity may be important for information

coding. Numerous studies have shown that the binned spike counts (rate) encode
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information (O'Keefe and Dostrovsky, 1971, Wilson and McNaughton, 1993), a
phenomenon first described by Hubel and Wiesel (Hubel and Wiesel, 1962). They
discovered, that the orientation of a bar light corresponding with the measured number of
spikes in the cat’s visual cortex, therefore they called this phenomenon as orientation
tuning. According to the temporal coding hypothesis (Singer, 1993), however, neurons
encode information by the exact timing of spikes (O'Keefe and Recce, 1993, Hopfield,
1995, Skaggs et al., 1996). This was first noticed by (Optican and Richmond, 1987). They
observed variations in spike rate over time which can carry information that is not

obtainable from the spike count alone.

Recent reports indicate that the information about the position is coded by both the
rate and timing of place-cell activity (Harris et al., 2002, Mehta et al., 2002). In the
hippocampus, various physiological states, like sleep (Hagewoud et al., 2010) and learning
(Uslaner et al., 2009) can alter GluA1 phosphorylation, and in turn surface AMPA receptor
expression, implying that this phenomenon is dynamically regulated and may have
important functions in encoding and processing of memory traces. Recently, experience
was shown to be a major factor for transforming a rate code into a more reliable temporal
code (Mehta et al., 2002), which, in light of our results, suggests the involvement of

physiological GluA1 phosphorylation.

Taken together, our findings further support the role of the dynamic modulation of
NMDA/AMPA receptor ratio and GluAl phosphorylation in synaptic plasticity, learning
and memory. The effect of Tianeptine on neuroplasticity and rate- and temporal coding and
the contribution of these effects to antidepressant activity is yet unknown. Our results show
that antidepressant treatment induces not only biochemical changes, but also alter the
information coding. These studies might contribute to a better understanding of the effect

of antidepressants and subsequently depression.
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10 Conclusions

The main conclusions of this dissertation are:

1.

Tianeptine selectively enhances the phosphorylation level of GluAl at Ser 845
(PKA site), and Ser 831 (CaMKII site).

Elevated GluAl phosphorylation level increases AMPA receptor-mediated
responses in the CA1 both in vitro and in vivo.

Enhanced GluAl phosphorylation level alters the firing properties and activity
patterns of individual CA1 neurons, which may be important in the antidepressant
effect of Tianeptine.

Although PSTH do not show dramatic changes within spike trains, ISI probability
distribution reveals shorter ISIs, and ISI temporal evolution represents faster spike
trains after Tianeptine administration in vivo. These changes may restore the
impaired STDP seen in major depressive disorder and may contribute to the

antidepressant effect of Tianeptine.
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AMPA and NMDA receptors convey fast synaptic transmission in the CNS. Their relative contribution to synaptic output
and phosphorylation state regulate synaptic plasticity. The AMPA receptor subunit GluAl is central in synaptic plasticity.
Phosphorylation of GluAl regulates channel properties and trafficking. The firing rate averaged over several hundred ms is
used to monitor cellular input. However, plasticity requires the timing of spiking within a few ms; therefore, it is important
to understand how phosphorylation governs these events. Here, we investigate whether the GluA1l phosphorylation (p-GluAl)
alters the spiking patterns of CA1 cells in vivo. The antidepressant Tianeptine was used for inducing p-GluAl, which resulted in
enhanced AMPA-evoked spiking. By comparing the spiking patterns of AMPA-evoked activity with matched firing rates, we show
that the spike-trains after Tianeptine application show characteristic features, distinguishing from spike-trains triggered by strong
AMPA stimulation. The interspike-interval distributions are different between the two groups, suggesting that neuronal output
may differ when new inputs are activated compared to increasing the gain of previously activated receptors. Furthermore, we also
show that NMDA evokes spiking with different patterns to AMPA spike-trains. These results support the role of the modulation

of NMDAR/AMPAR ratio and p-GluAl in plasticity and temporal coding.

1. Introduction

Alpha-amino-3-hydroxyl-5-methyl-4-isoxazole-propionate

(AMPA) and N-methyl-D-aspartic acid (NMDA) type
ionotropic glutamate receptors mediate fast neuronal ex-
citatory transmission and play key roles in various forms
of hippocampal synaptic plasticity. AMPARs comprise four
subunits—GluAl, GluA2, GluA3, and GluA4 (or GluR1-
4)—that combine to form tetramers. GluAl is critical in
several forms of hippocampal synaptic plasticity, correlates
of learning, and memory. Mutant mice lacking the GluAl
subunit display impairments of the initial component of
long-term potentiation (LTP) at CAl in the hippocampus
[1-4]. Moreover, these animals exhibit a robust spatial deficit

in working memory [5-7]. Emerging evidence shows that
as a rapid and short-term mechanism, dynamic protein
phosphorylation directly modulates the electrophysiological
properties of cells, as well as the trafficking/clustering and
synthesis of AMPA receptors. The phosphorylation state
of GluAl has been demonstrated to be actively involved in
regulating synaptic plasticity and, consequently, learning
and memory processes. Phosphorylation of serine 831 and
dephosphorylation of serine 845 are differentially involved
in the modulation of LTP and LTD, respectively. The former
serine is specifically phosphorylated by protein kinase C
(PKC) and Ca?*/calmodulin-dependent protein kinase II
(CaMKII) [8, 9], whereas the latter serine is specifically
phosphorylated by protein kinase A (PKA).



It is widely accepted that neuronal discharge rates, aver-
aged over several hundred milliseconds to several seconds,
reflect the properties of cellular input, with more intense
incoming stimuli resulting in enhanced firing rates. However,
increasing the excitatory drive arriving onto a neuron may
be achieved by either increasing the strength of excitation via
the activation of new inputs or, alternatively, by modifying
the excitatory inputs already in use, mainly through phos-
phorylation. In this paper, we test the hypothesis that these
two scenarios may result in different spiking patterns. Precise
timing of spiking activity of pre- and postsynaptic neurons
in the millisecond range is required for modulating synaptic
strength, a phenomenon referred to as spike timing synaptic
plasticity. Moreover, the temporal relationship of spikes is
also critical for information transfer [5, 10—13]. It is therefore
crucial to understand the physiological mechanisms that can
generate precise spike-timing in vivo.

Tianeptine, an antidepressant with distinct pharmacol-
ogy to the tricyclic antidepressant agents, has been shown
to increase the phosphorylation level of GluAl on both
the CaMKII and PKA site, which in turn renders the cell
more sensitive to AMPA [14]. We have shown previously
that intraperitoneal tianeptine administration results in an
increased AMPA-evoked spiking rate in vivo [15]. Here,
we investigate the impact of enhanced AMPA sensitivity
on the AMPA-evoked spiking pattern of CAl neurons, and
we compare NMDA and AMPA-evoked spike trains. Using
frequency of spike discharge as an indicator of somatic
depolarization, we show that similar levels of excitation can
be achieved by either raising AMPA sensitivity or increasing
the concentration of the agonist. Despite the similar firing
rates, the interspike interval distributions are significantly
different among the two groups, showing that neuronal
output may differ when new inputs are activated compared
to increasing the gain of previously activated inputs.

2. Experimental Procedures

2.1. Animal Care and Handling. The animals were kept, and
the experiments were conducted in conformity with Council
Directive 86/609/EEC, the Hungarian Act of Animal Care
and Experimentation (1998, XXVIII), and local regulations
for the care and use of animals for research.

2.2. In Vivo Microiontophoresis and Single-Unit Electrophys-
iology. Extracellular single-unit recordings were taken in
chloral-hydrate-anesthetized (4 g/kg initial dose, i.p., supple-
mental doses as required) male Wistar rats weighing between
300 and 350¢g. The head of the animal was mounted in a
stereotaxic frame, the skull was opened above the hippocam-
pus (a-p: —3.8 mm from bregma; lat: £2 mm either side from
the midline), and the dura mater was carefully removed.

2.3. Extracellular Recordings and Iontophoresis. Single-unit
activity was extracellularly recorded by means of a low
impedance (<1 MQ) 7um carbon fiber-containing micro-
electrode from the hippocampus between the depths of 2
to 3mm, and drugs were delivered from the surrounding
outer barrels. The action potentials were amplified with an
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ExAmp-20KB extracellular amplifier (Kation Scientific, Min-
neapolis, MN) and monitored with an oscilloscope. Filter
bandpass frequencies were 300 to 8000 Hz. The amplified
signals were sampled and digitalized at 50 kHz frequency.
Spikes were sorted using the Spike2 software package (CED,
Cambridge, UK). Iontophoretic drug delivery was performed
by iontophoretic pumps (Minion-16 and BAB-350, Kation
Scientific). A multibarrel electrode affixed to the recording
electrode was used for the iontophoretic ejection of the
following drugs: 100 mM NMDA Na™ salt in 100 mM NaCl
(pH = 8) or 10mM AMPA (pH = 8). NMDA was ejected
at negative iontophoretic current ranging from 5 to 100 nA
every minute for 5sec. AMPA was ejected every 90 sec at
negative iontophoretic current ranging from 2 to 100 nA. A
retaining current of opposite direction between 2 and 21 nA
was used. Tianeptine was administered as a single bolus
intraperitoneal injection at a dose of 20 mg/kg.

2.4. Data Analysis. Spike timing was converted into numer-
ical data at 30 ps resolution. Spike trains were characterized
by their interspike interval (ISI) series and compared. First,
we compared the distribution of intervals for each pair of
spike trains, assuming the measured intervals to be samples
of mutually independent random variables. This allowed
the use of Kolmogorov-Smirnov tests, which compare every
characteristic of the underlying probability distributions,
thus requiring no further assumptions. We then charted
the maximal confidence intervals of agreement between the
pairs. Data were pooled, and means + SEM of percentage val-
ues were calculated. PSTH and ISI probability profiles were
evaluated by using ANOVA with post hoc Dunnett’s test. A P
value of <0.05 was considered as significant difference in all
cases.

In order to investigate the temporal evolution of spiking
activity, the time course of the spiking activities was normal-
ized, so that the first spike was taken as time 0, while the last
spike of the train was taken as 1. ISIs were plotted against this
normalized time. To fit smooth curves to the spike trains, first
we transformed them by taking their negative logarithms,
which corresponds to a spiking intensity value. To compare
the actual dynamics of the spike trains, we noted that ISI
logarithms fit convincingly to quadratic polynomials, that
is, the ISI series itself was fitted with the dilated Gaussian
exp(a * (x — a0)* +¢) equation using a standard linear. From
this, we produced basic statistics of the coefficients for each
group of spike trains.

3. Results

Tianeptine has been shown to increase the phosphorylation
level of AMPA receptor subunit GluAl at Ser 831 and
Ser 845 [14, 16]. This effect results in increased AMPA-
evoked spiking activity in vivo after intraperitoneal (i.p.)
tianeptine application. We hypothesized that this effect
also leads to alternation of the spiking pattern evoked
by AMPA. To address this point, we have recorded spike
trains evoked by weak and strong AMPA stimulation and
compared the data to AMPA-evoked spike trains recorded
before and after i.p. tianeptine application. Furthermore,
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we compared those with NMDA-evoked spiking activity.
Ejection currents were unaltered before and after tianeptine
within an experiment. The outline of the experimental setup
is indicated in Figure 1. A total of 310 spike trains from 31
single neurons recorded from 21 rats were analyzed. The
autocorrelogram of all units were calculated, and only units
with less than 0.5% of spike intervals within a 1 ms refractory
period were included in the present analysis. We used spike
trains only from units having high signal-to-noise ratios (=5-
fold noise level). These units were considered as putative
pyramidal cells, based on their wider spike shapes (mean
width, >400 ys). Figures 1(e) and 1(f) show a representa-
tive unit recorded before and after tianeptine application
using AMPA excitation. Spike trains were evoked by either
ejecting AMPA or NMDA, using weak or strong ejection
currents. For representative recordings (see Supplementary
Figures 1-3 in available online at doi: 10.1155/2012/286215).
The level of weak excitation (ejection current) was set
between 3 and 4 spike/100 ms, whereas strong excitation
was set between 6 and 8 spike/100 ms. Intraperitoneal
tianeptine application resulted in an enhancement of AMPA-
evoked spiking activity, which reached 7-9 spike/100ms,
30min after drug administration. Five such spike trains
were analyzed from every recording. This group will be
referred to as “AMPA after tianeptine.” Accordingly enhanced
AMPA sensitivity was induced by a bolus of intraperitoneal
tianeptine administration (20 mg/kg, described elsewhere).

First, we compared the mean poststimulus time his-
togram (PSTH) of weak-strong AMPA/NMDA stimula-
tion and AMPA stimulation before and after tianeptine
(Figures 2(a) and 2(b)). A one-way repeated measure analysis
of variance (ANOVA) with post hoc Tukey’s test was used
for this purpose. We hypothesized that there should be no
difference between the weak AMPA stimulation and before
tianeptine PSTH data, because no phosphorylation occurred,
and the number of evoked spikes is in the same order of
magnitude in both groups (the stimulation intensity was
comparable). Indeed, there was no difference between weak
AMPA, weak NMDA, and AMPA before tianeptine PSTHs
(number of spike trains; n = 60, 50 and 45, resp.). Similarly,
we found no difference between strong AMPA and AMPA
after tianeptine PSTHs (n = 60 and 45), suggesting that the
change in the AMPA gain level is not manifested in the PSTH
profile. In contrast, strong AMPA PSTH tended to decay
faster than strong NMDA-evoked spike trains (n = 50 and
60; P < 0.05).

Next, we analyzed the distribution of interspike intervals
(ISI) in the evoked spike trains (Figure 2). No significant
difference was found in the ISI probability profile of weak
AMPA and before tianeptine groups (n = 60 and 45).
Two probability peaks were seen at around 3-6 ms and 19—
21 ms. Weak NMDA-evoked activity resulted in a different
ISI probability pattern, also displaying two local maxima (at
3-4 ms and 30-31 ms), although the latter is smaller (marked
with a gray rectangle at Figure 2(c); n = 50 and 60; P < 0.05
compared to weak AMPA and before tianeptine).

Increasing the stimulation strength by applying larger
ejection currents resulted in a prominent peak in the ISI
probability distribution, suggesting that the spiking activity

became more ordered at stronger stimulation. Significant
differences were observed between weak AMPA/NMDA
(n = 60 and 50) and strong AMPA/NMDA, respectively
(P < 0.05). Furthermore, there was a significant difference
between the “strong AMPA” and “AMPA after tianeptine”
groups, suggesting that the increase in AMPA sensitivity has
an impact on ISI probability (Figure 2(d)). The maximum
probability for AMPA after tianeptine was seen at 5-7 ms
(n = 45). Also, there was difference between strong AMPA
and NMDA-evoked activity: the maximum probability was
seen at 10—13 ms for strong AMPA, and 6-8 ms for strong
NMDA (n = 60 and 50; P < 0.05).

3.1. Temporal Evolution of Spike Trains. Next we analyzed
the temporal pattern of spiking activity. First, we focused
on the temporal evolution of ISIs. A parabola was fitted
onto the instantaneous frequency (1/ISI) data (Figure 3(a)).
The obtained coefficients are describable by biological terms,
namely, the maximal instantaneous frequency exactly pro-
vides the position with highest intensity within the spike
train (a), while ¢ corresponds to the dynamism of the change
in intensity. We note that the most pronounced difference
lies in the time at which maximal intensity is attained (a0),
which occurs significantly (P < 0.05) earlier after application
of tianeptine (0.346 + 0.013) than on the otherwise excited
cells (0.472+0.003 for strong NMDA, 0.408+0.009 for strong
AMPA, 0.479 + 0.014 for weak NMDA, and 0.449 + 0.008 for
weak AMPA, resp.). We also detected significant difference
between weak AMPA and strong AMPA (P < 0.05) as well as
strong AMPA and strong NMDA (P < 0.05).

4. Discussion

AMPA and NMDA receptors (AMPAR and NMDAR, resp.)
are the main contributors to excitatory synaptic function,
and information is transferred by activation of both receptor
types [17, 18]. The relative contribution of these two recep-
tors will affect the postsynaptic transmission and temporal
summation, properties which may have important con-
sequences in circuit function. However, posttranslational
modifications can alter single-channel properties and post-
synaptic function without affecting the ratio of expressed
channels. Here, we have investigated whether there is a
difference in NMDA or AMPA-evoked spiking patterns of
CA1 neurons. We also addressed whether there is a difference
in AMPA-evoked firing activity between increasing the gain
of previously activated inputs and activating new inputs. By
using somatic discharge as an indirect measure of depoten-
tiation, we applied stimuli with similar strengths for either
AMPA or NMDA receptors and compared the temporal
patterns of evoked spike trains.

AMPA receptors are regarded as rapid activating and
rapid desensitizing channels [19, 20], whereas NMDARs
have a much slower kinetic [21]. Indeed, we found shorter
latency of spiking initiation for AMPA-evoked spike trains
(Figure 3(a)) however, ISI values increased quicker com-
pared to NMDA-induced activity. This was more evident
when we applied strong stimulation and may be due to
the faster desensitization of single-AMPA receptors [19]
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FIGURE 1: Schematic outline of the experiment. CA1 cells were excited by a small (a) or large (b) dose of excitatory compound (AMPA or
NMDA). In a second set of experiments, AMPA receptor phosphorylation (GluAl subunit), which might lead to increased AMPA receptor
surface expression and subsequent rise in AMPA-evoked firing rate, was induced by an intraperitoneal tianeptine injection (c). Strong
excitations triggered larger firing rates than weak excitations (d). Representative spike trains, superimposed spikes, and autocorrelograms
of the same unit before (e) and 15 min after tianeptine injection (f). Red line marks the ejection event. Scale bars are 50 4V and 1 sec and

0.1 ms.

compared to NMDARs [22]. Strong NMDA activation could
maintain a fast firing activation; therefore, ISIs were kept
at lower values for a more prolonged time. Increasing the
concentration of AMPA/NMDA or increasing the gain of
previously activated inputs by tianeptine application may
also trigger the activation of local inhibitory circuits, which
may have an impact on the ISI profile. Keeping this in mind,
it is possible that different inhibitory circuits were activated
after applying stronger AMPA than AMPA after tianeptine,
which could have differently modified ISI distribution.
Indeed, results show that the ISI profile and the time at
max intensity was shifted to the left both at strong AMPA
and AMPA after tianeptine compared to weak AMPA. It
is noteworthy, however, that spike trains after tianeptine
application had quicker onsets and more shifted-to-the-left
ISI distribution, that the strong AMPA group suggesting
either reduced inhibition, or enhanced gain. The former
scenario is less likely, because tianeptine was shown to leave
the concentration and affinity of GABA-A and GABA-B
receptors unaffected [23, 24]. The ratio of the contribution
of these receptor subtypes to postsynaptic transmission may

underlie specific aspects of synaptic plasticity. For example,
the early phase of long-term potentiation (LTP) is thought
to selectively enhance AMPA currents and alter the NMDA-
to-AMPA ratio [25-28], and during homeostatic synaptic
plasticity, AMPA and NMDA currents are scaled up and
down proportionally [29]. It is noteworthy that the peaks
of ISI probability for strong AMPA (118 ms) and NMDA
(53 ms) stimulation correspond to theta- (8-9 Hz) and low-
gamma (18-19Hz) activity, respectively, suggesting that
different receptors may be involved in different oscillatory
patterns.

Increasing the gain of the cellular input could be achieved
by either activating novel receptors (by increasing the
amount of NMDA/AMPA), or alternatively, by enhancing the
function of already activated inputs. Tianeptine may increase
AMPA gain in two overlapping ways: either by enhancing
the phosphorylation level of GluAl, as was shown by [14—
16], or prompting new AMPA receptor complexes to be
trafficked into the synaptic membrane. Both ways could
lead to increased AMPA sensitivity, in turn to increased
firing rate elicited by activating the previously active inputs
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Figure 2: PSTH and ISI probability profiles of different spike trains. There is no difference between the PSTHs of spike trains evoked by
weak excitation (a); in contrast, strong AMPA-evoked spiking activity decayed faster than strong NMDA or AMPA after tianeptine spike
trains (b). ISI probability distributions of weak excitation evoked spike trains (c). Inset shows the ISI values for the second probability peak
(marked with a grey rectangle). ISI probability distributions of strong excitation evoked spike trains (d). Inset shows the ISI values for the
maximal probabilities. Note the difference between strong AMPA and AMPA after tianeptine. Colors in the insets correspond to the colors

in the main figure. Asterisks denote significant differences at P < 0.05.

(weak AMPA stimulation). Here, we examined the relative
contribution of the modified channel properties versus
activation of new inputs to the enhanced synaptic strength.
There is considerable evidence that GluA1l phosphorylation
alters the single-channel properties of the AMPA receptor
complex. By using patch clamp techniques, it was shown
that phosphorylation of the GluA1 subunit increases AMPAR
complex efficiency. Phosphorylation at the PKA site (serine
845) is known to increase the channel opening probability

[30] and the peak amplitude of the current [31], while phos-
phorylation at the PKC/CaMKII site (serine 831) increases
the single-channel conductance [32]. Moreover, GluAl
phosphorylation may induce the expression of novel AMPA
receptors into the synapse, resulting in higher AMPAR
concentration on the cellular surface [33, 34].

In order to induce GluAl phosphorylation, we applied
tianeptine, an antidepressant, which, although transiently,
was shown to enhance the phosphorylation level of GluA1 at
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both the PKA and CaMKII sites [14, 16]. We, however, have
used a higher tianeptine concentration (20 mg/kg instead of
10 mg/kg), which may induce a more long-lasting increase of
p-GluAl. In keeping with this, we found that after tianeptine
treatment, AMPA-evoked spiking with higher probability of
small ISIs was compared to strong AMPA stimulation in
vivo. This may be due to the altered inactivation kinetics
of AMPARs. The temporal evolution of spiking dynamics
(Figure 3) shows that the relative location of the maximum
intensity of discharge activity within a spike train is altered
(Figure 3(b)) in the AMPA after tianeptine scenario, sug-
gesting that higher AMPA gain leads to a more sustained
rapid discharge activity. In line with this, Banke et al. [30]
have shown that phosphorylation of GluAl at the PKA site
does not affect the rate of recovery from desensitization.
Similar results were obtained for the CaMK-II site [35], thus
phosphorylation of both sites or alternatively higher AMPAR
surface concentration may be responsible for the observed
effect.

Tianeptine may have other mechanisms of action as well.
Although originally it was thought to be a selective serotonin
reuptake enhancer, recent studies demonstrated that acute
and chronic application of tianeptine does not modify the
extracellular concentration of serotonin in freely moving
rats [36, 37]. Other data suggest that tianeptine enhances
dopaminergic transmission by a yet unknown mechanism
[38]. The effects of dopamine in the hippocampus include
phosphorylation of GluA1 and certain NMDAR subunits in

vitro [39] and in vivo [40]. We, however, have found that a
single bolus of tianeptine injection did not enhance NMDA
receptor-mediated responses [15], suggesting that under our
experimental conditions, enhancing dopaminergic transmis-
sion are not likely to contribute to the findings reported here.
Instead, we propose that the observed effects of tianeptine are
due to improving neuroplasticity by mainly increasing GluA1
phosphorylation [24].

Both the rate and timing of spiking activity may be
important for information coding. Numerous studies have
shown that the binned spike counts (rate) encode informa-
tion [41, 42]. According to the temporal coding hypothesis
[43], however, neurons encode information by the exact
timing of spikes [12, 44, 45]. Recent reports indicate that the
information about the position is coded by both the rate and
timing of place-cell activity [46, 47]. In the hippocampus,
various physiological states, like sleep [48], and learning
[49] can alter GluAl phosphorylation, and in turn surface
AMPAR expression, implying that this phenomenon is
dynamically regulated and may have important functions
in encoding and processing of memory traces. Recently,
experience was shown to be a major factor for transforming
a rate code into a more reliable temporal code [47], which, in
light of our result, suggests the involvement of physiological
GluAl phosphorylation.

Taken together, our findings further support the role
of the dynamic modulation of NMDAR/AMPAR ratio and
GluAl phosphorylation in synaptic plasticity, learning, and
memory.
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Impairments of cellular plasticity appear to underlie the pathophysiology of major depression. Recently,
elevated levels of phosphorylated AMPA receptor were implicated in the antidepressant effect of various
drugs. Here, we investigated the effects of an antidepressant, Tianeptine, on synaptic function and GluA1
phosphorylation using murine hippocampal slices and in vivo single-unit recordings. Tianeptine, but not
imipramine, increased AMPA receptor-mediated neuronal responses both in vitro and in vivo, in a stauro-
sporine-sensitive manner. Paired-pulse ratio was unaltered by Tianeptine, suggesting a postsynaptic site
of action. Tianeptine, 10 uM, enhanced the GluAl-dependent initial phase of LTP, whereas 100 pM
impaired the latter phases, indicating a critical role of GluA1 subunit phosphorylation in the excitation.
Tianeptine rapidly increased the phosphorylation level of Ser®3'-GluA1 and Ser®*>-GluA1. Using H-89 and
KN-93, we show that the activation of both PKA and CaMKII is critical in the effect of Tianeptine on AMPA
responses. Moreover, the phosphorylation states of Ser?!”/?21-MEK and Thr'83/Tyr'8°-p42MAPK were
increased by Tianeptine and specific kinase blockers of the MAPK pathways (PD 98095, SB 203580 and
SP600125) prevented the effects of Tianeptine. Overall these data suggest that Tianeptine potentiates
several signaling cascades associated with synaptic plasticity and provide further evidence that a major
mechanism of action for Tianeptine is to act as an enhancer of glutamate neurotransmission via AMPA
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receptors.
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1. Introduction

A common form of treatment of major depression, the most
common form of disease burden in Western countries (Mathers
and Loncar, 2006), is to target the imbalance of monoamine neuro-
transmission (Coppen and Doogan, 1988). Most antidepressants
alter the availability of serotonin, noradrenalin and other biogenic
amines in the brain; however, this effect is unlikely to be the sole
cause of the antidepressant action, but rather initiates cellular
adaptations that ultimately lead to an antidepressant action
(Berton and Nestler, 2006; Coyle and Duman, 2003; Manji et al.,
2001). There is now considerable evidence that the glutamatergic
system may play a central role in depressive disorders. Glutamate,
the major excitatory neurotransmitter in the CNS, regulates synap-
tic plasticity, mainly via three major classes of ionotropic receptors,
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BAYGEN Institute, Kézép fasor 41, Szeged H-6726, Hungary.
E-mail address: szegediv@baygen.hu (V. Szegedi).

0197-0186/$ - see front matter © 2011 Elsevier B.V. All rights reserved.
doi:10.1016/j.neuint.2011.10.008

including o-amino-3-hydroxyl-5-methyl-4-isoxazole-propionate
(AMPA), kainate, and N-methyl-p-aspartic acid (NMDA) receptors.
AMPA receptors are the predominant mediator of the ionotropic re-
sponse to synaptically released glutamate in the brain; the channel
is composed of a tetrameric combination of glutamate receptor Al
(GluA1), GluA2, GluA3, and GluA4 subunits. Modification of the
AMPA receptor subunits by phosphorylation is critical in mediating
synaptic plasticity and neuronal network responses (Malinow and
Malenka, 2002). The phosphorylation state of GluA1 subunits is in
direct correlation with synaptic efficiency: naive synapses have
mainly GluA1 phosphorylated at Ser®#° by protein kinase A (PKA),
while potentiation induces GluA1 phosphorylation at Ser®3! by cal-
cium/calmodulin-dependent kinase II (CaMKII) (Lee et al., 2000).
A growing body of data suggests that the direct modulation of
synaptic plasticity, by for example AMPA receptor potentiation,
may overcome depressive symptoms in animal models (Alt et al.,
2006). A clinically effective antidepressant Tianeptine (Stablon®),
a compound with distinct pharmacology to the tricyclic antide-
pressant agents, shows no affinity for neurotransmitter receptors
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and does not inhibit the uptake of serotonin or noradrenaline in
the central nervous system (Kato and Weitsch, 1988; Svenningsson
et al., 2007). Tianeptine is able to counteract neuronal loss, abnor-
mal synaptic plasticity and dendritic atrophy (McEwen and Olie,
2005; Spedding and Lestage, 2005). The mechanism of action of
Tianeptine involves the regulation of glutamatergic transmission
(McEwen et al., 2010). Using whole animals, we have previously
found that Tianeptine increases the phosphorylation level of GluA1
subunit in the AMPA receptor complex in mice (Svenningsson
et al., 2007) and rats (Qi et al., 2009), implicating that this effect
is involved in the antidepressant activity. Using mice having muta-
tions in GluA1 phosphorylation sites, we found that AMPA receptor
phosphorylation mediates certain explorative and antidepressant-
like actions of Tianeptine (Svenningsson et al., 2007). In contrast to
other antidepressants like imipramine, Tianeptine is also unique in
that it may counteract the plasticity impairment caused by acute
stress (Shakesby et al., 2002), a phenomenon which is associated
with impaired BDNF/MEK/MAPK signaling cascade and AMPA
receptor phosphorylation (Qi et al., 2009).

In the present study we investigated the pathways involved in
the AMPA receptor modifying action of Tianeptine. Preclinical
and clinical evidence suggests that hippocampus may be relevant
in research on the cellular mechanisms of antidepressants, because
of its integrative function during the stress response, an important
constituent of the depressive syndrome (McEwen, 2000; Sheline,
1996). Therefore, we used murine hippocampal slices for electro-
physiological and subsequent biochemical experiments, and
anaesthetized rats for recording hippocampal single-unit activity.
It was found that Tianeptine activates three distinct mitogen-acti-
vated protein kinase (MAPK) pathways, the c-Jun N-terminal ki-
nase (JNK), p42/44 and p38 MAPK pathways, which eventually
lead to enhanced AMPA receptor function through phosphoryla-
tion by Ca?*/calmodulin-dependent protein kinase II (CaMKII)
and protein kinase A (PKA).

2. Materials and methods
2.1. Animal care and handling

The animals were kept and the experiments were conducted in
conformity with Council Directive 86/609/EEC, the Hungarian Act
of Animal Care and Experimentation (1998, XXVIII) and local regu-
lations for the care and use of animals for research at Karolinska
Institutet (N283/06).

2.2. Hippocampal slice electrophysiology

Using standard procedures, 350 pum thick transverse hippocam-
pal slices were prepared from the brain of 3 months old mice (CFLP,
Animal Breeding Facility, University of Szeged) using a Mcllwain
tissue chopper (Campden Instruments, Loughborough, UK). Slices
were incubated in standard artificial cerebrospinal fluid (ACSF) at
ambient temperature for 60 min, which was constantly gassed
with 95% 0,-5% CO,. ACSF contained (mM): NaCl, 130; KCl, 3.5;
CaCly, 2; MgCl,, 2; NaH,PO,4, 0.96; NaHCO3, 24; p-glucose, 10 (pH
7.4). Individual slices were transferred to a 3D-MEA chip with 60
tip-shaped and 60-pm-high electrodes spaced by 100 pm (Ayanda
Biosystems, S.A., Lausanne, Switzerland). The slice was continu-
ously perfused with oxygenated ACSF (1.5 ml/min at 34 °C) during
the whole recording session. Data were recorded by a standard,
commercially available MEA setup (Multi Channel Systems MCS
GmbH, Reutlingen, Germany). The Schaffer-collateral was stimu-
lated by injecting a biphasic current waveform (—100/+100 ps)
through one selected electrode at 0.033 Hz. Care was taken to
choose the stimulating electrode in the same region from one slice

to the other. The peak-to-peak amplitudes of fEPSPs at the stratum
pyramidale and stratum radiatum of CA1 were analyzed. After a
30 min incubation period, the threshold and the maximum of stim-
ulation intensity for evoked responses was determined. For evok-
ing responses, 30% of the maximal stimulation intensity was used.

2.2.1. Stimulation protocol

Following a stable 30-min control sequence, the stimulus inten-
sity was continuously increased from 0 to 120 pA with 10 pA steps
(Input/Output curve). Paired-pulse protocol consisted of two stim-
ulation pulses injected with interstimulus intervals of 50 ms with
0.033 Hz. Three data points were obtained at every stimulation
intensity/interstimulus intervals at the Input/Output curve and
paired-pulse protocol. LTP was induced using a theta-burst stimu-
lation (TBS) pattern applied at the maximum stimulation intensity.
TBS comprised four trains administered at 20 s intervals with 10
bursts given at 5 Hz per train and four pulses given at 100 Hz per
burst. LTD was induced with low-frequency stimulation: 3 Hz for
5 min at maximum intensity.

2.3. In vivo microiontophoresis and single unit electrophysiology

Extracellular single-unit recordings were made in chloral-hy-
drate anesthetized (4 g/kg initial dose, i.p., supplemental doses as
required) male Wistar rats weighing between 250 and 330 g. The
head of the animal was mounted in a stereotaxic frame, the skull
was opened above the hippocampus (a-p: —3.8 mm from bregma;
lat: +2 mm either side from the midline), and the dura mater was
carefully removed. Extracellular recordings and iontophoresis: sin-
gle unit activity was extracellularly recorded by means of a low
impedance (<1 MQ) 7 pum carbon fiber-containing microelectrode
from the hippocampus between the depths of 2-4 mm, and drugs
were delivered from the surrounding outer barrels. The action
potentials were amplified by ExXAmp-20 KB extracellular amplifier
(Kation Scientific, Minneapolis, MN) and monitored with an oscil-
loscope. Filter bandpass frequencies were 300-8000 Hz. The
amplified signals were sampled and digitalized at 50 kHz fre-
quency. Spikes were sorted using the SciWorks software package
(DataWave, Berthoud, CO). The number of action potentials per
second was counted by the computer and peristimulus time histo-
grams were calculated and displayed in line. lontophoretic drug
delivery and collection of experimental data were performed by
a multifunction instrument control and data acquisition board (Na-
tional Instruments PCI-1200) installed in a personal computer pro-
grammed in LabVIEW 6, and by iontophoretic pumps (Minion-16
and BAB-350, Kation Scientific). A multibarrel electrode affixed to
the recording electrode was used for the iontophoretic ejection of
the following drugs: 100 mM NMDA Na in 100 mM NaCl (pH 8)
or 10 mM AMPA (pH8). NMDA was ejected at negative iontopho-
retic current ranging from 2 to 100 nA every minute for 5 s. AMPA
was ejected every 90 s at negative iontophoretic current ranging
from 2 to 100 nA. Retaining current of opposite direction between
2 and 21 nA was used. Tianeptine was administered as a single bo-
lus intraperitoneal injection at a dose of 20 mg/kg.

2.4. In vitro brain slice experiments to measure protein
phosphorylation

Adult male C57BL/6 wild-type mice were decapitated. Their
brains were rapidly removed, hippocampi dissected out and placed
in ice-cold, oxygenated (95% O, + 5% CO,) artificial cerebrospinal
fluid containing (in mM): 126 NaCl, 2.5 KCI, 1.2 NaH,PO,4, 1.3
MgCl,, 2.4 CaCl,, 10 glucose and 26 NaHCOs, pH 7.4. Coronal slices
(300 wm thick) were prepared using a Leica vibratome (Leica, Ger-
many). The slices were preincubated in ACSF buffer at 30 °C under
constant oxygenation for 60 min, with a change of buffer after
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Fig. 1. Tianeptine potentiates AMPA receptors. Tianeptine enhanced fEPSP amplitude in a concentration-dependent way (A). The inactive derivate, EGIS-13217-1 and
imipramine had no effect. Insets show representative fEPSPs recorded before and 60 min after 100 pM Tianeptine (upper) and imipramine (lower) application. Input/Output
curves recorded before and 60 after 100 uM Tianeptine (B). Representative fEPSPs are shown in the insets, before (black) and after 100 uM Tianeptine administration (red).
CNQX isolated NMDA responses were not potentiated (C), however, MK-801 isolated AMPA responses were increased by 100 uM Tianeptine (D). Applying theta-burst
stimulation (TBS) did not induce LTP. Calibrations are 500 pV and 10 ms. Paired-pulse facilitation was unaltered by 100 uM Tianeptine (E). Representative traces are shown at
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30 min. In a time-course experiment, the slices were treated with
Tianeptine (50 uM) for 2, 5, 20, 60, 180 min. In the dose-response
experiment, the slices were treated with Tianeptine (10, 50,
100 uM) for 2 or 5 min. After drug treatments, the buffer was re-
moved and the slices were rapidly frozen on dry ice and stored
at —80 °C until assayed.

2.4.1. Immunoblotting

Frozen tissue samples from the in vitro experiments were soni-
cated in 1% SDS and boiled for 10 min. The protein concentration
in each sample was thereafter determined with a BCA-based kit
(Pierce, Stockholm, Sweden). Each sample (25 pg) was re-suspended
in sample buffer and separated by SDS-PAGE using a 12% running
gel and transferred to a PVDF transfer membrane (Sigma, Stockholm,

Sweden). The membranes were incubated for 1 h at room tempera-
ture with 5% (w/v) dry milk in TBS-Tween20. Immunoblotting was
performed with phosphorylation state-specific antibodies against
Ser®31_GluA1 (UBI, Hauppauge, NY, USA), Ser®>-GluA1l (UBI),
SerS96-NA1 (UBI), Ser®*’-NA1 (UBI), Ser?'”/221-MEK (Cell Signaling,
Piscataway, NJ, USA), Thr'®3/Tyr'®>-p42MAPK (Cell Signaling),
Thr?°?/Tyr?%4-p44MAPK (Cell Signaling), Thr?®6-CaMKII alpha
(UBI), and Thr?86-CaMKII beta (UBI). Immunoblotting was also car-
ried out with antibodies that are not phosphorylation-state-specific
against total GluA1 (UBI), NA1 (UBI), MEK (Cell Signaling), p42/44-
MAPK (Cell Signaling), CaMKII (UBI) in 5% dry milk dissolved in
TBS-Tween20. Membranes were washed three times with
TBS-Tween20 and incubated with secondary HRP anti-rabbit anti-
body for 1 h at room temperature. At the end of the incubation,
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membranes were washed six times with TBS-Tween20 and the ECLreagents (Perkin-Elmer). The autoradiograms were scanned and
immunoreactive bands were detected by chemiluminescence using quantified with the NIH Image 1.63 software. The levels of
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phosphorylated proteins were normalized to total (phosphorylated
and non-phosphorylated) levels.

2.5. Data analysis

For in vivo recordings, statistical evaluations were performed by
using the total number of spikes evoked during each epoch of exci-
tation by iontophoretic application of NMDA. The background
neuronal discharge was calculated by averaging a 15-s period of
ongoing activity preceding each epoch of excitation, and this value
was subtracted from all evoked responses. The total spike number
during each epoch of excitation was calculated and expressed as a
percentage of the mean (+SEM), and compared statistically with
the data obtained after drug application by using one-way analysis
of variance (ANOVA, with the Bonferroni test for post hoc analysis),
unless otherwise stated. A P value of less than 0.05 was considered
significant in all cases. For the Western blot studies, the data from
the time course experiment was analyzed with one-way ANOVA
followed by Dunnett’s test.

3. Results
3.1. Electrophysiology

3.1.1. Tianeptine increases fEPSP amplitude in a dose-dependent
manner

Murine hippocampal slices were continuously perfused with
ACSF, and evoked fEPSPs were analyzed. Introducing 100 pM

Tianeptine into the perfused ACSF rapidly increased the peak-to-
peak amplitude of evoked fEPSPs (189 + 14%, after 60 min, n=8
slices; P < 0.05; Fig. 1A). The I/O curves taken before and 60 min
after Tianeptine administration showed a clear enhancement of
evoked responses (Fig. 1B). Using two-way ANOVA with post hoc
Tukey’s test, significant differences were detected at stimulation
intensities of 40 pA (383 £93 vs. 624 +61 nV, P=0.048), 50 pA
(475+150 vs. 840+ 80V, P=0.05) and 60 pA (585+ 185 wvs.
1030+ 90 1V, P=0.048). Tianeptine, 10 uM, also significantly en-
hanced the amplitude of fEPSPs (129 +5%, after 60 min, n=6
slices; P < 0.05; Fig. 1A). In control slices the excitability increased
only to 104 £ 1.7% (after 60 min, n =4 slices; data not shown). An
inactive derivative of Tianeptine, EGIS-13217-1 had no effect on
the fEPSPs (97 £ 2%, after 60 min, n =5 slices, Fig. 1A). Although
imipramine, a tricyclic antidepressant was also without any effect
after 60 min, (103 * 3%, after 60 min, n = 4 slices, Fig. 1A), it caused
a transient excitation which peaked at ~40 min (110 + 1.4%).

3.1.2. The increase in evoked responses is not of presynaptic origin

The enhancement of evoked responses could be due to presyn-
aptic increase in vesicle release rate, and/or to postsynaptic effect.
In order to address whether Tianeptine acts on the presynapse, we
recorded paired pulse stimulations (interstimulus interval 50 ms)
before and 60 min after administration. There was no change in
the ratio of 2nd/1st fEPSP amplitude before (1.45 £ 0.13) and after
Tianeptine administration (1.43 + 0.04; n = 6 slices; Fig. 1E), show-
ing that Tianeptine likely has a postsynaptic site of action. Similar
results were reported in the CA3 by Kole et al. (2002).
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3.1.3. The effect of Tianeptine on NMDA and AMPA receptors
Tianeptine enhances fEPSPs most probably via the modulation of
postsynaptic excitatory ionotropic receptors, thus next we asked
which receptor is affected by Tianeptine. We focused on NMDA
and AMPA receptors by using specific antagonists. Application of
50 uM of the AMPA receptor antagonist CNQX (6-cyano-7-nitro-
quixaline-2,3-dione) caused a rapid and dramatic reduction in the
amplitude of evoked fEPSPs (around 20%; n=7 slices; Fig. 1C).
The remaining evoked responses were considered to be NMDA
receptor-mediated, because perfusion of an antagonist of the
NMDA receptor completely blocked this fEPSP. Applying 100 uM

Tianeptine did not affect isolated NMDA receptor mediated fEPSPs,
indicating that Tianeptine does not modify NMDA receptor function
in the CA1 (Fig. 1C).

Next we investigated the effects of Tianeptine on isolated AMPA
responses. We applied the non-competitive NMDA receptor antag-
onists MK-801 ((+)-5-methyl-10,11-dihydro-5H-dibenzo[a,d]cyclo
hepten-5,10-imine maleate) in a concentration of 50 pM. Perfusion
of the drug onto slices had no significant effect on the amplitudes of
evoked fEPSPs. However, applying CNQX completely diminished
the evoked responses showing that upon MK-801 application, the
fEPSPs are AMPA receptor mediated (n=4 slices). We applied
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100 pM Tianeptine, which significantly increased the amplitude of
the isolated AMPA receptor mediated fEPSPs (163 +4.5% after
60 min administration, n=4 slices; P < 0.05; Fig. 1D) indicating
that Tianeptine enhances AMPA receptor mediated responses.
Moreover, in order to test the effect of the NMDA receptor antago-
nist, we applied theta-burst stimulation (TBS) for inducing LTP after
the 60 min Tianeptine administration period. Long-term potentia-
tion in the CA1 region of the hippocampus was shown to be NMDA
receptor dependent, thus we expected to detect impairment in LTP.

Indeed, after TBS the amplitudes of fEPSPs remained at the pre-LTP
level, even the first phase of LTP was impaired, clearly showing the
blockade of NMDA receptors (Fig. 1D).

3.1.4. The effect of intraperitoneal Tianeptine on NMDA and AMPA
evoked neuronal firing

Based on the in vitro electrophysiology results, we aimed to
investigate the effects of i.p. administered Tianeptine on NMDA
and AMPA evoked neuronal firing in vivo. We recorded single-unit
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activity from the dorsal CA1. Spike trains were evoked by applying
either NMDA or AMPA by means of microiontophoresis in the very
close vicinity of the recorded neuron.

First, we focused on NMDA evoked neuronal firing. Tianeptine
was administered following at least five successive NMDA ejection
epochs which triggered firing activity with no more than 15%

difference in the spiking rate. Evoked neuronal firing rate remained
at the pre-Tianeptine level within the time frame of the recording
(35-45 min), indicating that Tianeptine did not affect NMDA
evoked neuronal responses (108 £ 12%; n =6 cells from five rats;
Fig. 21I1I). Panel A of Fig. 21 shows a representative peristimulus his-
togram of the effect of i.p. applied Tianeptine on NMDA evoked
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one-way ANOVA followed by Dunnett’s test.

neuronal activity. The color coded peri-event time histogram with
100 ms bin (Panel B) and the average of the firing rate of five suc-
cessive trials before and 30 min after i.p. Tianeptine application
shows that the 5-s NMDA-ejection (marked with red line) evoked
firing rate did not change over time. Spontaneous firing activity
was not changed due to Tianeptine application.

Next, we investigated the effect of i.p. administered Tianeptine
on AMPA evoked neuronal firing. Intraperitoneal Tianeptine
administration massively enhanced AMPA elicited firing activity
within 10 min, and this effect remained within the time frame of
the recordings. The average of the Tianeptine induced effect on
AMPA-responses was calculated as the evoked responses of each
recordings 30 min after i.p. administration (196 + 32%; n=6 cells
from 6 rats; P <0.05; Fig. 2III). Intraperitoneal saline injection
slightly increased evoked firing rate, however, following i.p.
Tianeptine application evoked responses increased significantly
(see Fig. 2II for a representative recording). Besides enhancing
evoked firing activity, Tianeptine did not change the kinetics of
the evoked spike trains, as the evoked responses returned to the
basal activity in about 10 s following AMPA ejection both before
and after Tianeptine (Fig. 2II Panel C).

3.1.5. The effects of Tianeptine on long-term synaptic plasticity

Modulating AMPA receptor function has been shown to be cen-
tral in synaptic plasticity, thus if Tianeptine positively modulate
AMPA receptors, then this may have an effect on long-term synap-
tic plasticity. Therefore we investigated the effects of Tianeptine on
LTP and depotentiation of synaptic efficiency using murine hippo-
campal slices.

Following a 60 min Tianeptine administration period, the
stimulation intensity was reduced to evoke fEPSPs similar to
the pre-administration level, and LTP was evoked by theta-burst

stimulation. Tianeptine,10 uM, enhanced the initial phase of LTP
(first 10 min; 213 + 21%, n= 11 slices; P < 0.05; Fig. 3A) compared
to control slices (181 + 16%, n = 9 slices). Employing two-way ANO-
VA with post hoc Tukey’s test showed that LTP after Tianeptine is sig-
nificantly larger until 13 min after TBS (P < 0.05). On the other hand,
90 min after TBS, the magnitude of potentiation was similar in
Tianeptine treated (163 + 6%) and control slices (161 + 8%). In con-
trast, treating the slices with 100 M Tianeptine did not alter the ini-
tial phase of LTP, but it resulted in an impairment of the latter phase
of potentiation (129 £ 9%, n =6 slices, vs. 157 £ 12%, n =4 slices;
P < 0.05; Fig. 3B).

Long-term depression (LTD) is another form of persistent syn-
aptic plasticity, where evoked fEPSPs remained depressed upon
low frequency stimulation (LFS). There was a trend that Tianeptine
enhances LTD: the rate of LTD 30 min after LFS was 82.5 + 10%
25 min after LFS in the control slices (n=4 slices), while in the
100 uM Tianeptine treated slices LTD was 73 £ 11% (n =6 slices;
Fig. 3C). This difference was not significant, although the first
6 min of LTD were significantly enhanced by Tianeptine (44 + 3%
vs. 63 £ 6% for 6 min after LFS; two-way ANOVA with post hoc Tu-
key’s test; P < 0.05).

If Tianeptine does not have any effect on NMDA receptors, than
it will not affect a form of plasticity that is dependent on NMDA
receptors. In order to address this point, we used a stimulation pro-
tocol, which evokes an NMDA receptor dependent short-term
potentiation (Debanne et al., 2006; Dozmorov et al., 2004; Schulz
and Fitzgibbons, 1997; Volianskis and Jensen, 2003). Before
Tianeptine administration (control condition), this stimulation
protocol evoked a transient fEPSP potentiation, which diminished
within 30 min. The maximum fEPSP amplitude was 136 +3%
(n=4 slices; Fig. 3D). Following a 60 min administration period
of 10 uM Tianeptine, the level of potentiation did not differ from
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that of the control condition (maximum fEPSP amplitude
130+ 2.5%; n=4 slices; Fig. 3D). Tianeptine also did not affect
the kinetics of the short-term potentiation; the fEPSP amplitude re-
turned to 100% within 30 min. Taken together, these results sug-
gest that Tianeptine exerts its fEPSP potentiating effect by
selectively enhancing AMPA receptor function.

3.1.6. Tianeptine potentiates AMPA receptor via several kinases
Tianeptine was shown to increase the phosphorylation level of

GluA1 subunit, which, in turn, enhances AMPA receptor function.

In order to characterize the involvement of kinases in this phenom-

enon, first we perfused a broad spectrum kinase blocker, stauro-
sporine (10 uM) for 20 min before 100 uM Tianeptine
administration. Staurosporine administration slightly increased
the amplitude of fEPSPs (109 + 0.8% after 20 min, n = 5 slices). How-
ever, it significantly reduced the fEPSP enhancement induced by
100 uM Tianeptine perfusion (127 + 8% after 60 min, n=>5 slices;
P < 0.05, one-way ANOVA followed by Dunnett’s test; Fig. 4A and
C), suggesting that activation of kinases mediate the AMPA receptor
potentiating effect of Tianeptine.

Tianeptine has been shown to increase the level of p-Ser
GluA1, at the phosphorylation site of CaMKII (Svenningsson et al.,

831_
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2007). Thus, we investigated whether blocking CaMKIl would
prevent the effect of Tianeptine. Perfusing the CaMKII inhibitor
KN-93 (5 uM) for 20 min did not change the amplitude of fEPSPs
(101 £ 3%, n =5 slices), however, it prevented the 100 pM Tianep-
tine induced increase in fEPSPs (102 +19%, n=>5 slices; Fig. 4A

and C), suggesting that Tianeptine activates CaMKII which phos-
phorylates GluA1.

Tianeptine was also shown to increase the phosphorylation le-
vel of GluA1 at the protein kinase A site, Ser®4°. Therefore we tested
a kinase blocker known to block PKA, against Tianeptine. Applying
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H-89 in 10 uM did not affect the evoked fEPSPs (104 +2%, n=4
slices), but it counteracted Tianeptine induced fEPSP enhancement
(118 + 3%; Fig. 4A and C).

In order to decide whether Tianeptine acts directly on CaMKII
and on PKA or on an upstream enzyme, we investigated the possi-
ble involvement of the MAPK-MAPKK pathway in the effect of
Tianeptine. We perfused the MAPKK (MEK) inhibitor PD 98095
(2’-Amino-3’-methoxyflavone, 50 iM) onto the slices, which had
no effect on the basal synaptic transmission (104+1.1%, n=4
slices). Applying 100 uM Tianeptine for 60 min did not induce
any change the evoked fEPSPs (103.8 + 0.7%, n =4 slices; Fig. 4B
and D) showing that MAPKK is involved in the effect of Tianeptine.

Next we investigated the role of an upstream kinase of MAPK by
using SB 203580, a p38 MAPK inhibitor. Applying SB 203580 (4-(4-
fluorophenyl)-2-(4-methylsulfinylphenyl)-5-(4-pyridyl)1H-imid-
azole, 5 uM) for 20 min did not alter the amplitude of fEPSPs
(97.5 + 4%, n = 4 slices). Perfusing 100 pM Tianeptine only slightly
increased evoked fEPSPs (115 +2%, n=4 slices; Fig. 4B and D),
clearly showing the involvement of p38 MAPK-MEK pathway in
the action of Tianeptine.

The stress-activated MAPK pathways comprise of two distinct
pathways, p38 MAPK and c-Jun N-terminal kinase (JNK) cascade.
Therefore we tested an inhibitor of JNK against Tianeptine. Perfus-
ing SP600125 (anthra[1-9cd]pyrazol-6(2H)-one, 10 uM), did not
alter fEPSPs, but it prevented the effect of 100 uM Tianeptine
(111 £ 8%, n =4 slices; Fig. 4B and D).

Src kinases are shown to phosphorylate specific subunits of the
NMDA receptor complex, but have no effect on AMPA receptor
function (e.g. (Lin et al.,, 2003; Qiu et al., 2006; Uhasz et al.,
2010). If Tianeptine enhanced AMPA receptor function but did
not modify NMDA receptors, then inhibiting Src kinases will not
have any effect on Tianeptine induced enhancement of fEPSPs. In-
deed, perfusing PP2 (4-amino-5-(4-chlorophenyl)-7-(t-butyl)pyr-
azolo[3,4-d]pyrimidine, 10 pM), an inhibitor known to block Src
kinases for 20 min, then applying 100 M Tianeptine enhanced
fEPSPs to a magnitude (174 + 4%, n = 4 slices; Fig. 4B and D), which
did not differ significantly from the effect of Tianeptine alone.

Applying kinase inhibitors alone for 60 min did not change the
level of fEPSPs (Fig. 4E and F).

3.2. Western blot studies

3.2.1. Effects of Tianeptine on phosphorylation at Ser’3!-GluA1, Ser®*-
GluA1, Ser®®°-NA1 and Ser®%8-NA1 in hippocampal brain slices

In agreement with previous data found in whole animals (Qi
et al., 2009; Svenningsson et al., 2007), we found in a time-course
experiment that Tianeptine caused a rapid and significant increase
in the phosphorylation of Ser®3!'-GluA1 (179 + 35% at 2 min, n= 15
slices) and Ser®¥-GluA1 (164+17% at 5min, n=19 slices)
(Fig. 5A). Meanwhile, Tianeptine had no effects on the phosphory-
lation state of the other major ionotropic glutamate receptor, the
NMDA receptor, at the Ser®%®- and Ser®®’-NA1 residues (Fig. 5B).
Tianeptine had no effects on the levels of total GIuR1 or NA1 at
any of the timepoints studied (Fig. 5A and B). In the dose-response
experiment, Tianeptine significantly increased the phosphoryla-
tion of Ser®3'-GluAl (162+20% at 50 uM, n=8 slices and
162 +27% at 100 uM, n = 6 slices) (Fig. 6A), but had no effects on
the phosphorylation state of Ser34>-GluA1, Ser®6- and Ser®9’-NA1
residues (Fig. 6B). Tianeptine had no effects on the levels of total
GluR1 or NAT1 at any of the doses studied (Fig. 6A and B).

3.2.2. Effects of Tianeptine on phosphorylation at Ser’'”/??'-MEK,
Thr!®/Tyr'8>-p42MAPK, Thi?%?/Tyr?%4-p44MAPK and Thr?8¢-CaMKII in
hippocampal brain slices

In accordance with the data we previously found in whole rats (Qi
etal., 2009), Tianeptine caused rapid and significant increases in the

phosphorylation of Ser?'”/221-MEK (135 + 15% at 2 min, n = 15 slices
and 129 + 7% at 5 min, n=19 slices) and Thr!®3/Tyr!®>-p42MAPK
(145 £ 19% at 5 min, n =19 slices) (Fig. 7A and B). In the dose-re-
sponse experiment, Tianeptine significantly increased the phos-
phorylation of Ser?!7/?21_MEK (161 + 20% at 10 M, n = 6 slices and
136+ 11% at 50 uM, n=12 slices) and Thr!®3/Tyr'85-p42MAPK
(148 £21% at 50 uM, n = 13 slices) (Fig. 8A and B). In addition to
GluA1 subunits and MEK/MAPK signaling, CaMKII is known to mod-
ulate synaptic plasticity. We found that Tianeptine also caused a sig-
nificantincrease in the phosphorylation of Thr?8¢-CaMKII both at the
alpha (170 £ 16% at 5 min, n=19 slices) and beta (191 + 28% at
5 min, n = 19 slices) subunits (Fig. 9A). In the dose-response exper-
iment, Tianeptine also caused a significant increase in the phosphor-
ylation of Thr?86-CaMKII both at the alpha (172 + 32%at 10 uM,n =6
slices and 153 + 16% at 50 uM, n = 13 slices) and beta (220 + 38% at
50 uM, n =13 slices) subunits (Fig. 9B). Tianeptine had no effects
on the levels of total MEK, p42MAPK or CaMKII at any of the time-
points and doses studied (Figs. 7-9).

4. Discussion

Human imaging studies have shown that the impaired function
of hippocampus in major depressive disorder could be reversed by
antidepressant treatment enhancing excitability and metabolic rate
(McCormick et al., 2007; McKie et al., 2005; Schaefer et al., 2006).
Recently, modulating postsynaptic plasticity and AMPA receptors
are in the focus of antidepressant development. Indeed, classical
antidepressant compounds were found to modulate not only the le-
vel of serotonin, but the phosphorylation state of GluA1 as well, sug-
gesting that this effect is important in the antidepressant action.
Finding medications that work more directly on the therapeutic tar-
get could lead to medications with faster onset, fewer side effects
and a better understanding of the pathophysiology of depression.

A clinically effective antidepressant sold in 80 countries, Tianep-
tine, has a different mode of action than tricyclic compounds.
Tianeptine not only prevents but also reverses both stress- and cor-
ticosterone induced dendritic remodeling of hippocampal neurons
(Watanabe et al., 1992) whereas fluoxetine fails to block such
remodeling (Magarinos et al., 1999). We have shown previously,
that similar to Tianeptine, the classical tricyclic antidepressants,
imipramine and fluoxetine increase the hippocampal level of phos-
pho-Ser®*>-GluA1 (Du et al, 2004; Svenningsson et al., 2002).
Tianeptine, but not imipramine, was also found to increase phos-
phorylation of Ser®3'-GluAl. Collectively, these data show that
Tianeptine may be the only known antidepressant that can enhance
phosphorylation at both GluA1l sites. Thus antagonizing AMPA
receptors was ineffective against the antidepressant action of imip-
ramine, but it prevented the antidepressant action of LY392098, a
positive AMPA receptor modulator, measured 1 h after drug admin-
istration (Li et al., 2001). In addition, Tianeptine failed to produce
antidepressant activity in dual-phosphomutant GluA1l mice in
which Ser®3!- and Ser®#°-GluA1 had been inactivated by alanine
replacements (Svenningsson et al., 2007). Taken together, these
data indicate that in contrast to imipramine and fluoxetine, Tianep-
tine might exert its mood stabilizing effect via rapid AMPA receptor
potentiation. Kole et al. have shown that Tianeptine rapidly en-
hances AMPA receptor mediated EPSPs in the CA3 through the
involvement of kinases (Kole et al., 2002). This is in accord with
our results, which show that Tianeptine, but not imipramine, en-
hances AMPA receptor mediated neuronal responses. This enhance-
ment of evoked responses is probably mediated by GluAl
phosphorylation, as Tianeptine rapidly increased the level of p-
GluA1 subunits. Tianeptine (50 uM) enhanced Ser®3!-GluA1 2 min,
and Ser®#>-GluA1 5 min, after perfusion in hippocampal slices, with-
out altering the phosphorylation state of NA1. The dual phosphory-
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lation effect is critical in AMPA response enhancement, since block-
ing either CaMKII or PKA prevented Tianeptine induced potentia-
tion. The imipramine-induced PKA activation (without CaMKII
activity) resulted in a transient potentiation, similar to the effect
of Tianeptine in the presence of CaMKII inhibitor, showing that
PKA activation alone is not sufficient to induce permanent enhance-
ment of AMPA receptor function. Indeed, increasing GluA1 phos-
phorylation selectively at the PKA site by a citrus flavonoid caused
only a transient, 50-min-long fEPSP enhancement (Matsuzaki
et al., 2008). Tianeptine caused only a transient increase in the level
of p-Ser®31-GluA1 and p-Ser®*>-GluA1, however, the excitation of
AMPAR mediated electrophysiological responses were permanent.
The potentiation of synaptic GluA1 may be a two step process
whereby insertion of GluA1 onto neuronal surface is governed by
phosphorylation of GluA1 on the PKA site and GluA1 transportation
into synapses is regulated by the activation of CaMKII (Hayashi
et al., 2000; Lee et al., 2000). The total GluA1 level was unchanged,
indicating that expression of the subunit was unaltered by Tianep-
tine. Thus, increasing the activity of PKA and CaMKII may result in
enhanced GluA1l synaptic expression and increased AMPA re-
sponses. In support of this hypothesis, antimanic agents like lithium
and valproate, (Angst et al., 1978), attenuate the phosphorylation le-
vel of GluAl, resulting in a decrease of the surface expressed AM-
PARs (Du et al.,, 2004). In contrast to the findings in brain slices,
Tianeptine had no significant effect on the phosphorylation state
of GluA1 subunits in HEK-293 cells stably expressing rat GluA1 flip
receptor (see Supplementary material). These data indicate that
Tianeptine only regulates the phosphorylation state of GluA1 sub-
units when these subunits are expressed in neurons. This effect
may be region selective, because Bobula and Hess reported a de-
crease of NMDA and AMPA receptor mediated fEPSP after chronic
Tianeptine treatment in the prefrontal cortex (Bobula and Hess,
2008).

In contrast to imipramine and fluoxetine, Tianeptine was also
shown to enhance correlates of learning and to prevent stress in-
duced memory impairment (Qi et al., 2009; Shakesby et al., 2002;
Zoladz et al., 2008). The phosphorylation state of GluAT1 is influenced
by different forms of hippocampal long lasting synaptic plasticity.
Long-term potentiation induces phosphorylation of the CaMKII site,
while long-term depression dephosphorylates the PKA site (Lee
etal.,2000). Hippocampal LTP consists of several, partly overlapping
phases involving different molecular pathways. Besides being sensi-
tive to kinase inhibitors (Huber et al., 1995), the initial phase is
dependent on GluA1 function, as genetically modified mice lacking
the GluA1 subunit (Grial~'~ mice) show impairment of the initial
phase of LTP (Romberg et al., 2009). Moreover, an allosteric positive
AMPA receptor modulator was reported to enhance approximately
the first 10 min of LTP in vivo (Bernard et al., 2010), similar to our
results with 10 uM Tianeptine. Altogether, these data indicate that
Tianeptine affects GluA1 subunit function and/or phosphorylation
state. However, high concentration of the drug (100 uM) caused
impairment in the potentiation, suggesting that the phosphoryla-
tion level of GluA1 was saturated by Tianeptine pretreatment, pre-
venting the stabilization of LTP. On the other hand, the same
concentration of Tianeptine enhanced LTD, which could be due to
the more effective dephosphorylation process of the saturated and
more available PKA sites. Enhancing (even saturating) the level of
key phosphorylation sites at the AMPA receptor complex might lead
to improved plasticity (e.g. early phase of LTP and LTD) underlying
better memory performance.

Using specific blockers and biochemical assays, we provided
evidence that the AMPA receptor potentiation by Tianeptine is
modulated by three distinct MAPK pathways: p42/44, JNK and
p38 signaling, which subsequently activates CaMKII and PKA.
Blocking any of these pathways prevents the AMPA receptor
potentiation caused by Tianeptine, suggesting a cooperative and

complex mechanism. Stress is an important precipitating factor
of major depressive state (Caspi et al., 2003; Kessler, 1997), and
is used to induce mood disorder in animal models (Agid et al.,
2007; Anisman and Matheson, 2005; Henn and Vollmayr, 2005;
Rocher et al., 2004; Spedding and Lestage, 2005). Various stressors
modulate p38 MAPK, p42/44 MAPK and JNK signaling pathways
(Lee et al.,, 2006; Meller et al., 2003; Shen et al.,, 2004; Yang
et al., 2004), which mediate the activity of ion channels and iono-
tropic receptors (Adams and Sweatt, 2002). Thus, these pathways,
in turn, may have negative impact on measures of synaptic plastic-
ity (Gerges and Alkadhi, 2004; Qi et al., 2009; Sweatt, 2001). Inter-
fering with the MAPK pathways and with the negative effects of
stressors on synaptic plasticity may be beneficial for the treatment
of depressive mood disorders (Agid et al., 2007). Indeed, various
antidepressants activate MAPK pathways, such as Tianeptine and
imipramine (Peng et al., 2008; Svenningsson et al., 2007), which
were also shown to reverse the decrease of MAPK signaling after
stress (Qi et al., 2009). Furthermore, acute administration of a
blood-brain-barrier permeable MEK inhibitor, PD 184161 caused
depressive-like behavior, and blocked the antidepressant-like ef-
fects of the monoamine-based antidepressants desipramine and
sertraline (Duman et al., 2007), indicating a central role of this
pathway in depressive symptoms. We propose that enhancement
of AMPA receptor mediated transmission by MAPK pathways acti-
vation may be an important antidepressant mechanism.

5. Conclusion

In conclusion, this study extends the previous works by showing
that Tianeptine potentiates several independent signaling cascades
associated with synaptic plasticity and add further evidence that
Tianeptine acts as an enhancer of AMPA receptor transmission.
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Abstract. The aggregated form of amyloid-3 (A3)1—42 has been shown to increase N-methyl-D-aspartic acid (NMDA) evoked
neuronal activity in vivo. Here we further characterized this phenomenon by investigating the role of integrin activation and
downstream Src kinase activity using in vivo electrophysiology and in vitro intracellular Ca2* measurements. Pretreatment of
differentiated SH-SY5Y cells with fibrillar A31_42 markedly enhanced the intracellular calcium increases caused by NMDA
receptor (NMDA-R) stimulation. Function blocking antibody against 51 integrin depressed the facilitatory effects of AB1_42.
Similarly, A31—42 facilitated NMDA-R driven firing of hippocampal neurons in vivo, and this effect was reduced by neutralizing
antibody against 81 integrins. The positive action of AB_42 on NMDA-R dependent responses was also depressed by an
inhibitor known to block Src kinase. These results support the hypothesis that aggregated A1 — 42 is recognized by the 41 subunit
containing integrins and may induce a Src kinase dependent NMDA receptor phosphorylation.

Keywords: Alzheimer’s disease, amyloid-3, calcium influx, integrin, NMDA receptor, single-unit, Src kinase

INTRODUCTION

One pathological hallmark of Alzheimer’s disease
(AD) is the presence of extracellular plaques in the
brain, which are mainly composed of an aggregation
prone peptide, amyloid-g3 (AS3)1—_42 [1]. Considerable
evidence indicates that early AD is a synaptic disease
and AB;_42 has a central role in the synaptotoxicity
leading to cognitive dysfunction [2]. The mild cogni-
tive impairment preceding AD is hypothesized to be
due to synaptic dysfunction most likely caused by ac-
cumulated AS species [3]. Recently, the small molec-
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tion of Applied Research — BAYGEN Institute, Szeged, Derkovits
avenue 2., H-6727, Hungary. Tel.: +36 62 546788; Fax: +36 62
546974; E-mail: szegediv@baygen.hu.

ular weight Ag oligomers have gained much attention
as the most likely causes for neuronal degeneration
in AD [4-6]. However, several papers report on the
harmful effects of fibrillar A3 preparations: they in-
duce neuronal dystrophy [7,8], tau hyperphosphoryla-
tion [9], and neuronal death both in vitro [10,11] and
in vivo [12]. In addition, a recent paper by Minkevi-
ciene and colleagues identified fibrillar A5 species as
the pathogenetic entities causing neuronal hyperexci-
tation [13]. All of these data suggest that not only do
oligomers possess detrimental action, but fibrils may
also induce unfavorable cellular effects.

Ca?* influx through the N-methyl-D-aspartic acid
(NMDA)-type glutamate receptor is postulated to play
a central role in the pathogenesis of AD (e.g. [14]).
Extracellular Aj species were repeatedly shown to en-
hance NMDA receptor function by an unknown path-
way [15-21]. Among several membrane proteins,

ISSN 1387-2877/10/$27.50 © 2010 — 10S Press and the authors. All rights reserved
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AB1_4o binds to integrins [22-24] and activates the
downstream signaling pathway, including focal adhe-
sion protein paxillin and focal adhesion kinase, which
might have a central role in the toxic effect of Aj
species [25-27]. Furthermore, AS-induced synaptic
plasticity impairment could be prevented by integrin
specific antibodies [28] suggesting an early role of
this pathway in AD. Integrins are transmembrane, het-
erodimeric (« and 3 subunit) receptors that mediate
cell-extracellular matrix (ECM) connection [29]. Inte-
grins are involved in the modulation of synaptic plas-
ticity and memory and may affect NMDA receptor effi-
ciency in the adult brain [30,31]. Recently, Wright and
colleagues [32] have shown that AS-induced neurotox-
icity could be prevented by specific integrin-antibodies.

In the present study we investigated the effects of in-
tegrin blocking antibodies and a kinase inhibitor known
to block Src on AgB-induced NMDA receptor poten-
tiation by using an intracellular [Ca®*] assay. Also,
NMDA evoked neuronal firing was recorded by in vi-
vo single-unit activity. In conclusion, blocking of ei-
ther AS-integrin interaction or integrin kinase activa-
tion prevented the excitation and the consequent en-
hancement of the intracellular [Ca?*] level induced by

AB.

MATERIALS AND METHODS
Preparation of A3, _ 4o fibrils

Synthesis of A3, _ 4o Was performed in-house as pre-
viously reported [33]. Protected amino acids and cou-
pling reagents were purchased from Orpegen Phar-
ma (Heidelberg, Germany), while solvents were from
Sigma-Aldrich (St. Louis, Missouri, USA). All chem-
icals were used without additional purification. The
purified AB1_42 was dissolved in MilliQ water to a
concentration of 500 pg/ml (pH of the resulting so-
lution was 4.2), sonicated for 10 min, and incubated
overnight at 37°C to facilitate the formation of fib-
rils. In order to remove the insoluble pre-aggregates of
A[1_ 490, the stock solution was centrifuged at 1000 g
for 1 min. Then the supernatant, which showed only a
slight opacity, was lyophilized to dryness. Prior to the
measurements, the fibrillar A3, _42 was resuspended in
physiological salt solution.

Transmission electron microscopy methodology

Solutions of 10 pl droplets were placed onto carbon-
film coated 400 mesh copper grids (Electron Mi-

croscopy Sciences, Washington DC, USA) and incu-
bated for 2 min. The specimen was fixed with 0.5%
(v/v) glutaraldehyde solution for 1 min, washed 3 times
with MilliQ water, and finally stained with 2% (w/v)
uranyl acetate (by incubating for 2 min). Excess so-
lution was removed by suction with filter paper. Ag-
gregates were studied by a Philips CM 10 transmission
electron microscope (FEI Company, Hillsboro, Ore-
gon, USA) operating at 100 kV. Images were taken by
a Megaview Il Soft Imaging System routinely at mag-
nifications of x46,000, and x 64,000, and analyzed
by an AnalySis® 3.2 software package (Soft Imaging
System GmbH, Minster, Germany).

Cell differentiation

Differentiated SH-SY5Y human neuroblastoma cell
culture was used as previously described [34]. Briefly,
cells were grown for 10 days on 96-well plates, and
differentiation was initiated by the addition of 10 uM
retinoic acid (RA) and 16 nM phorbol ester (TPA) dis-
solved in cell culture medium containing a final con-
centration of 0.5% dimethyl sulfoxide (DMSO). On the
first day, the number of non-differentiated cells in the
wells was 2.5 x 10° cells/ml in suspension. After 10
days of differentiation, the cells were bound as a mono-
layer on the plate, and cell counting resulted in 3 x
10° cells/cm? (corresponding to 6.5 x 10° cells/ml in
suspension). Chemicals were purchased from Sigma-
Aldrich, Budapest. A representative figure (Fig. 2)
shows SH-SY5Y cells before (A) and after (B) differ-
entiation.

Intracellular Ca2* concentration measurement

For intracellular [Ca2t] measurements, the Fluo-4
NW Calcium Assay Kit (Cat. No. F36206 from Invit-
rogen) was used. The kinetics of the change in the
fluorescence intensity was measured with a 96-well
plate specific NOVOstar OPTIMA plate reader (BMG
Labtech). A quick well mode detection form (0.5
s/cycle) was used. The supernatant solution (growth
medium) was removed from adherent SH-SY5Y cells
with a pipette and a new medium (100 pl of the dye
loading Hank’s solution per well), free from phenol
red and differentiating agents such as RA, TPA, and
DMSO, was added rapidly to each well at 37°C. The
cells were incubated for 30 min with a calcium spe-
cific dye Fluo-4 (Invitrogen) at 37°C, and then in-
cubated in ambient temperature for an additional 30
min. The cells were then treated with one of the fol-
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lowing compounds: 10 uM PP2, 20 M PP3 (Cal-
biochem), 20 ug/ml anti-31 integrin antibody, 20 .g/ml
anti-a2 integrin antibody (Chemicon), 50 yM MK-
801, and 1 M thapsigargin (Sigma-Aldrich). Dis-
tilled water was used for diluting the compounds, thus
control wells were treated with the same amount of
distilled water. After 15 min incubation periods, the
cells received 10 pM fibrillar AB1—_42, 10 uM nifedip-
ine (Sigma-Aldrich), 30 M N,N,N’,N’-Tetrakis-(2-
pyridylmethyl)-ethylenediamine  (TPEN, Sigma-
Aldrich), or, for control purposes, distilled water. Be-
fore each assay, the stock solution of AS peptide
(0.5 mM) was freshly prepared in bidistilled water. The
cells were treated with NMDA (1 mM final concentra-
tion) using the built-in liquid micro-pipettor of the plate
reader, at an injection speed of 100 pl/s. The distance
between the cells in well and the end of the pipettor was
consistently 3 mm. The normalized fluorescence in-
tensity (NFI) was calculated via the following formula:
%[(F-Fo)/Fo]. Fo is the initial fluorescence intensity of
the dyes in the measurements before treatments. F is
the amplitude of the fluorescence intensity caused by
the intracellular [Ca2*] rise.

In vivo single-unit recordings and iontophoresis

The previously described method was used [35].
Briefly, the head of chloral hydrate-anesthetized male
Wistar rat weighing 280-330 g was mounted in a stereo-
taxic frame, the skull was opened above the hippocam-
pus (antero-posterior coordinates: —2.8 to —3.8 from
bregma; lateral: 2 mm on either side from the midline),
and the dura mater was carefully removed. The loca-
tion of the electrode was verified by iontophoretic Pon-
tamine Sky Blue ejection (—3 pA for 15 min) followed
by conventional histology. The principles of laboratory
animal care (NIH publication No. 85-23) and the pro-
tocol for animal care was approved and followed by the
Hungarian Health Committee (1998) and the European
Communities Council Directive of 24 November 1986
(86/609/EEC).

Single-unit activity was recorded extracellularly by
means of a low-impedance (< 1 MQ) 7 um car-
bon fiber-containing microelectrode (Kation Scientific,
Minneapolis, MN) [36]. The action potentials were
amplified [37], filtered, and then monitored with an os-
cilloscope. A window discriminator was used for spike
discrimination and peristimulus time histogram con-
struction. The amplified signals were sampled and dig-
italized at 50 kHz. The number of action potentials per
second was counted by the computer and peristimulus
time histograms were calculated, displayed in line and

digitally stored for off-line analysis using the Data\Wave
SciWorks software package. lontophoretic drug deliv-
ery and experimental data collection were performed
by a multifunction instrument control and data acqui-
sition board PCI-1200 (National Instruments, Austin,
Texas, USA) placed in a computer.

The drug barrels of the combined recording/iontoph-
oresis electrode contained one of the following fresh-
ly made solutions: 100 mM NMDA Na salt (pH 8.0,
Sigma), 0.1 mg/ml 4-Amino-5-(4-chlorophenyl)-7-(t-
butyl)pyrazolo[3,4-d]pyrimidine e(InSolution® PP2,
Calbiochem), 0.1 mg/ml 4-Amino-7-phenylpyrazol
pyrimidine (PP3, Calbiochem), 0.1 mg/ml anti-integrin
antibodies (anti-31 integrin, MAB1987Z; anti-a2 inte-
grin, MAB1950Z; pH 9, Chemicon), and 50 M aged
AB1_40 sample (pH 6.4). AB1_42 containing samples
were sonicated (Merck Eurolab 120 W apparatus) for
15 min prior to use. NMDA was ejected with nega-
tive iontophoretic currents ranging from 10 to 100 nA.
Retaining currents in the interval 2-16 nA of opposite
direction were used. AB;_42 was ejected at —380 nA
for 60 sec, while PP2 and PP3 were ejected at +100nA
for 2 min. The anti-integrin antibodies were ejected at
—100 nA for 2 min. Cells were excited by the brief
(5 sec), alternating repetitive ejection of NMDA. The
interval between two excitation epochs was 60 sec.

Data analysis

Statistical evaluation for the Ca2* assay data were
performed by using the sum of NMDA evoked increase
in normalized fluorescence intensity. All data were
compared to fA(; — 42 data using ANOVA with post hoc
Bonferroni. Statistical evaluations for the in vivo results
were performed by using the total number of spikes
evoked during each excitation epoch by iontophoretic
application of NMDA. The background neuronal dis-
charge was calculated by averaging a 15 s period of on-
going activity preceding each excitation epoch, and this
value was subtracted from all evoked responses. The
total spike number during each excitation epoch was
calculated and expressed as a percentage of the mean
(£ SEM), and compared statistically with the data ob-
tained after A3 40 application by using one-way anal-
ysis of variance (ANOVA, with the Bonferroni test for
post hoc analysis). A P value of < 0.05 was considered
significant.

RESULTS
Transmission electron microscopy

As we intended to study the effect of the fibrillar
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Fig. 1. Transmission electron micrograph of the sample used for the experiments. Mature A3;_ 42 fibrils can be observed with a typical average

diameter of 7-10 nm and length of 0.5-2 pm.

AB1_40 on the integrin-mediated NMDA regulation,
we applied a standardized protocol to obtain a proper
population of A3y _ 4o fibrils. Therefore, we conduct-
ed an elongated incubation at a slightly acidic pH at
37°C. The lyophilized peptide contained mature fibrils,
typically with an average diameter of 7-10 nm, and
length of 0.5-2 ym. After lyophilization the peptide
retained its fibrillar structure by forming large bunches
of mature fibrils, as represented in Fig. 1.

Intracellular [Ca2*] measurement

CaZt influx through NMDA receptors are known to
be crucial in AB;_42-mediated physiological effects.
Thus, we investigated the effect of fibrillar AG;_4o
on the Ca2* influx evoked by NMDA-R stimulation.
For this purpose, we loaded differentiated SH-SY5Y
cells with Fluo-4 calcium dye. We first tested if NM-
DA triggers [Ca%*]i increase and if this is enhanced
by fAB1_42. Cells were treated with distilled water
(DW, for control as the treating compounds were di-
luted/dissolved in DW) or fAB;_42 using the built-in
liquid injector. The [Ca?*]i levels were monitored
for 9 min. There was no significant difference in the
basal fluorescence level (before NMDA introduction)
between the treatment groups, suggesting that fAG1_ 42
did not affect intracellular Ca?* concentration. Nine
minutes after DW (control) or fA3;_4o application,
NMDA was ejected into the medium. The fluorescence

intensity quickly increased to 116 + 0.2%, (NMDA
evoked [Ca%*]i (NEC)) and remained at about 117—
118% within the time frame of the measurement in the
control wells. In contrast, fA31_4- treated cells ex-
hibited a markedly increased NMDA evoked [Ca?T]i
(NEC), reaching a maximum of 130.45 + 0.4% (n =
3; P < 0.05; Fig. 3, Panel A). The signal was specific
to NMDA, because injection of the same volume of
DW did not elicit any change in fluorescence (n = 3;
Fig. 3, Panel A). Moreover, cells pretreated with 50 M
MK-801, a noncompetitive NMDA receptor antagonist,
showed only minute changes after NMDA injection (a
maximum of 105 4+ 0.1%; n = 3; Fig. 3, Panel A).

To establish whether inhibiting the integrin-fA31_42
interaction would decrease the NEC potentiating effect
of fAB1_42, cells were pretreated either with function
blocking anti-31 integrin antibody or anti-«2 integrin
antibody for 15 min before fA3:1_42 application. In-
terfering with the 51 integrin pathway significantly de-
creased fA(;_42-induced NEC increase (a maximum
of 116 + 2.3 %; n = 3; P < 0.05; Fig. 3, Panel B)
compared to fAB;_4o-treated wells on the same plate
(130.3 4+ 0.3%; n = 3). In contrast, anti-a2 integrin
antibody treatment had only a minute NEC decreasing
effect (maximum of 125.8 + 1.1%; n = 3; Fig. 3, Panel
B).

We hypothesized that fA3; 42 bound to integrin ac-
tivates the integrin signaling cascade which alters the
phosphorylation state of different NMDA receptor sub-
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Fig. 2. Human-derived neuroblastoma SH-SY5Y cell line imaged using a phase-contrast microscope. Non-differentiated cells (A) and cells after
differentiation (B). Note the long neurites of the differentiated cells. Bar = 20 ym.
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Fig. 3. NMDA evoked intracellular [Ca2t ] increase (NEC) on a population of differentiated SH-SY5Y neuroblastoma cells. Treating compounds
were applied as indicated in the gray rectangles below. NMDA was applied into the medium after 9 min. Fibrillar A3;_42 enhances NEC
compared to control (distilled water treatment, DW, Panel A, B and C). Anti 31-integrin antibody prevented, while anti «2-integrin antibody did
not affect fAB; _42 induced NEC increase (Panel B). Blocking the integrin-linked src tyrosine kinase family with PP2 also prevented fAS1 42
induced NEC enhancement (Panel C). Panel D shows the effect of blocking the intracellular Ca?+ release by thapsigargin on NEC. Fibrillar
A1 42 enhanced NEC compared to control. Chelating the extracellular Ca2t by EGTA prevented NEC. All data points are means of 3 separate
measurements.
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units, leading to an increased sensitivity and enhanced
NEC to NMDA application. We tested this hypothesis
by administering a cell permeable tyrosine kinase fam-
ily inhibitor known to be specific for Src, PP2, 15 min
prior to fA3,_4o treatment. PP2 and fA(3;_4o-treated
cells exhibited significantly less NEC (maximum of
116.8 £+ 1%; n = 3; P < 0.05; Fig. 3, Panel C) than
cells treated with only fA3; _ 42 on the same plate (max-
imum of 130.8 & 0.9%; n = 3). Conversely, pretreat-
ment with PP3, an epidermal growth factor receptor ty-
rosine kinase inhibitor had no impact on the fAG;_4»-
induced NEC increase (maximum of 128 + 0.6%; n =
3; Fig. 3, Panel C).

The increase in [Ca®*]i to NMDA injection can
be due to exclusive Ca?* influx or to evoked Ca?*
release from intracellular stores. Therefore we de-
pleted the endoplasmic reticulum, a major source of
intracellular Ca2*, by applying 1 uM thapsigargin
(Th). This compound was shown to specifically inhib-
it the sarco/endoplasmic reticulum Ca2*-ATPase [38,
39]. Thus, only the NMDA-induced Ca?* influx is
assumed to increase of the fluorescence signal. Cells
treated with Th showed a sluggish, but constant rise in
the fluorescence, probably due to the ongoing deple-
tion of intracellular Ca2*. Ejection of NMDA caused a
steep rise of [Ca2*]i in the control wells, reaching 117
+ 1.3% (n = 3). Cells pretreated with fA3;_45 and
Th showed a significantly larger NEC (120.7 + 1.2%;
n = 3; P < 0.05; Fig. 3, Panel D). The fluorescence
did not decrease over time compared to the wells which
were not treated with Th. This could be due to the
blockage of the Ca?* ATPase, which pumps the cy-
tosolic Ca%* into the endoplasmic reticulum. In order
to check the specificity of NEC in the Th treated cells,
we introduced EGTA, a non-permeable specific Ca2+
chelator for binding the extracellular Ca%*. Cells treat-
ed with fAB1_42, Th, and EGTA exhibited a minimal
NEC (104.2 + 0.5%; n = 3; Fig. 3, Panel C), showing
that after Th treatment, only the influx of extracellular
Ca2?* contribute to NEC.

NMDA receptor activation might induce subsequent
voltage-gated calcium channels (VGCC) activation,
which may participate in the NMDA-induced rise in flu-
orescence. We pretreated the cells with 10 M nifedip-
ine, a specific L-type VGCC blocker for 9 min, then
NMDA was introduced into the medium. The maxi-
mum of NEC was 118 + 0.8 % (n = 3; data not shown),
suggesting that it is NMDA receptor activation, which
predominantly participates in NEC.

The calcium probe Flou-4 is sensitive to intracellu-
lar Zn%+ level, thus we investigated whether NEC has

a Zn?* compound or not. Cells were pretreated by
30 M TPEN, a cell permeable Zn2* chelator with low
affinity for Ca2*, for 9 min before NMDA treatment.
NMDA-induced NEC reached 117.17 & 0.9% (n = 3,
data not shown), which is not different from the con-
trol data, suggesting that the observed NEC is mainly
composed of intracellular Ca2* rises.

In vivo single-unit electrophysiology

In order to investigate the role of the integrin path-
way in the fAS; _4o-induced increase of NMDA recep-
tor sensitivity, an electrophysiological approach was
utilized. Previously, we have described that aggregat-
ed AB;_ 42 enhances NMDA evoked neuronal firing in
the CAL region in vivo (e.g. [18,20,21]. Indeed, af-
ter ejecting fASB1_42, NMDA evoked neuronal firing
increased to a maximum of 248 4+ 21% in 10 record-
ings out of 13 (Fig. 6). Application of the anti-a2 in-
tegrin antibody did not prevent the NMDA triggered
firing increase in 7 out of 8 recordings (maximum of
246 + 25%; n = 7; Fig. 6). Figure 3 shows a repre-
sentative peristimulus histogram of the slowly emerg-
ing fAB1_42 induced NMDA response enhancement,
on which a2-integrin antibody did not have any effect
(Panel A). A3 induced not only an increase in spiking
rate, but it also caused a widening of the evoked spike-
trains. The color coded peri-event time histogram with
100 ms bin (Panel B) and the average of the firing rate
of 5 successive trials before and 30 min after fAS;_ 4
application shows that the responses gradually became
wider and higher, suggesting that the peptide affected
NMDA receptor Kinetics. Interestingly, the onset of
spiking did not change. The red line represents the on-
set of 5 sec NMDA ejection. Interspike interval (ISI)
analysis of evoked spike trains recorded before and 30
min after fA(3;_4o ejection suggest that the recorded
neuron not only fired more spikes in a given time win-
dow (see Fig. 4, Panel A), but it also fired more rapidly
(data not shown). There was a shift to the left in the
ISI histogram, showing that the latency between two
successive spikes decreased: the maximum probability
was 0.064 at 10 ms ISI before A1 _ 42, Which changed
to 0.082 at 7 ms after A1 _4o.

On the contrary, single-units which were pretreated
with anti-31 integrin antibody before fA5; 42 ejection
showed no enhancement of NMDA induced spiking
rate. Evoked responses remained at the control level,
reaching a maximum of 108 + 11% (n = 10; Fig. 6).
The kinetics of NMDA induced spike-trains also did
not change during the time frame of the recordings (see
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Fig. 4. Representative data of the effects of anti-a2 integrin pretreatment on A3 —42 induced enhancement of NMDA-evoked spiking activity.
Peristimulus histogram (Panel A) shows the sluggish, yet significant increase of evoked spiking rate of a CAl neuron after A3;—42 application.
Representative 15 sec long spike trains and the superimposed spikes were recorded at the marked time points (1 and 2 on the histogram). The
color-coded perievent histogram with 100 ms bins (Panel B) displays the widening and increase in amplitude of evoked responses. Panel C shows
the mean spike number/100 ms of 5 successive NMDA evoked spike-trains before and 30 min after A31 42 ejection. Red line denotes the onset
of 5-sec NMDA ejection. Calibrations are 60 pV and 0.8 ms.
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Fig. 5. Representative data of the effects of anti-31 integrin pretreatment on A3 42 induced enhancement of NMDA-evoked spiking activity.
The peristimulus histogram (Panel A) shows the lack of increase of evoked spiking rate of a CA1 neuron after A31—42 application. Representative
15 sec long spike trains and the superimposed spikes were recorded at the marked time points (1 and 2 on the histogram). The color-coded
perievent histogram with 100 ms bins (Panel B) displays the lack of widening and increase in amplitude of evoked responses. Panel C shows the
mean spike number/100 ms of 5 successive NMDA evoked spike-trains before and 30 min after A3;_42 ejection. Red line denotes the onset of
5-sec NMDA ejection. Calibrations are 60 nV and 0.8 ms.
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Fig. 6. Summary of the maxima of NMDA evoked spiking rate. Anti-31 integrin antibody and PP2 pretreatment prevented the excitatory effect
of AB1_42. Compounds used for control purposes (anti-a1 integrin antibody and PP3) were not effective in interfering with A3;_42 induced
effect. *** denotes significant difference compared to fA31—42 data at P < 0.001.

Fig. 5, Panel B and C for a representative recording).
Moreover, the ISI analysis of the evoked spike-trains re-
vealed no significant difference in the pattern of spiking
before (maximum probability was 0.048 at 10 ms) and
30 min after fAG1_42 ejection (maximum probability
was 0.048 at 9 ms).

Next we investigated whether blocking the integrin
activated src kinase family has an effect on fAG;_ 4o
induced excitation. Following a control sequence with
at least 4 successive NMDA evoked spiking trains, PP2
then A3, _ 4o were ejected. Responses reached a max-
imum of 98 + 4% (n = 9; Fig. 6) within 40 min:
the fA(; 4o induced excitation was prevented. Pre-
ejecting of the control EGFR kinase inhibitor PP3 did
not modify the rate of NMDA response enhancement
after fA (3142 ejection in 6 out of 8 recordings (a maxi-
mum of 267 + 31%; n = 6; Fig. 6). These compounds
alone did not modify the NMDA evoked responses
within the time frame of the experiments: ejecting
either anti-integrin antibody had no effect on the re-
sponses (maxima of 108 + 11%; n = 5 for anti 51-
integrin and 98 + 10%; n = 5 for anti «2-integrin
antibody respectively; data not shown). Similarly, nei-
ther tyrosine-kinase inhibitor used affected NMDA re-

sponses (maxima of 94 + 8%; n = 6 for PP2 and 109
=+ 8%; n = 6 for PP3 respectively; data not shown).

DISCUSSION

A widely recognized central event of AD is the ag-
gregation of AS peptides in the brain under which
distinct aggregational structures and forms arise from
small oligomeric assemblies to larger protofibrillar
species [40-43]. The exact pathogenic A3 entity
remains to be identified; however, recently certain
oligomeric A species were proposed to be the initia-
tors of neuronal malfunction and degeneration [44-46].
On the other hand, aggregated A( species have been
repeatedly shown to induce neuronal dysfunction and
death, probably through a different mechanism than
oligomers [47,48]. Recently, Martins and collabora-
tors showed that the direction of the aggregation cycle
could be reversed by membrane lipids [49]. They iden-
tified oligomers being resolubilized from A fibrils up-
on fibril-lipid contact, which they called as “backward”
oligomers. Under the circumstances we used for bi-
ological experiments, it cannot be excluded that these
oligomeric species mediate the observed effects. How-
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Fig. 7. Proposed mechanism of fA(3; _ 42 induced NMDA receptor enhancement. Fibrillar A3 is recognized as an extracellular matrix component
by the 31 subunit containing integrins. Upon binding, the integrin activated molecular cascade is initiating, which involves focal adhesion kinase
(FAK), and subsequent src kinase activation, leading to the phosphorylation of NMDA receptors. Increased phosphorylation of NMDA receptors
results in enhanced Ca2t influx and eventually neuronal death. Overactivation of src kinase may cause tau hyperphosphorylation and reactivation

of cell cycle.

ever, we have found that Ag;_42 oligomers and fib-
rils have divergent effects on neuronal spiking (Juhasz
et al, unpublished results), and, based on these data,
we propose that the biological activity reported here is
most likely due to A3y 4o fibrils.

In the present study we have shown that fA3;_40
may enhance NMDA receptor function as measured by
NMDA evoked Ca?* influx and NMDA triggered fir-
ing rate. Single-unit data shows that the onset of the
facilitation is about 9-11 min; therefore we incubat-
ed the differentiated neuroblastoma cells in fASZ1_4o
for 9 min before evoking Ca?* influx. This temporal
frame suggests that fAG; 42 does not affect NMDA-R
directly, but through an intracellular signaling cascade.
Indeed, blocking the fibrillar AB-integrin interaction
with a specific antibody or inhibiting the downstream
src tyrosine kinase family prevented AS induced ex-
citation. Using differentiated neuroblastoma cells, we
also showed that NMDA induced increase in [Ca2*]i
is also exacerbated by fibrillar A3 and may can be pre-
vented by inhibiting the A3 — 51 integrin subunit in-
teraction or blocking the src kinase family. We have
used an anti-a2 integrin antibody as control, as this
integrin subunit has been shown not to be expressed in
the hippocampus [50]. Indeed, the control antibody did
not prevent the NMDA receptor overexcitation and the
resulting increase in [Ca2*]i induced by fAB1 _4o.

Several integrin subunits have been shown to localize
in the adult hippocampus synapses [51-56], regulat-
ing NMDA receptor function [30,31,57,58], synaptic
plasticity, and learning and memory processes [55,57,

59-62]. Among the various subunits, 51 is expressed
abundantly in the central nervous system (CNS) and
was shown to be involved in the formation of synap-
tic plasticity [60,63]. Integrins recognize the consen-
sus Arg-Gly-Asp (RGD) tripeptide sequence and have
been shown to bind to A3 through the similar Arg-
His-Asp-Ser (RHDS, A34-8) sequence [22,64]. Also,
several papers have demonstrated that CNS cells are
able to bind to aggregated A via an integrin dependent
mechanism (for review, see [65,66]) and this interac-
tion activates downstream tyrosine kinases [67]. Aj-
induced integrin activation also initiates several molec-
ular pathways. Integrin modulates the activity of glyco-
gen synthase kinase-3(3 via integrin-linked kinase [68—
70], which is a key enzyme in the formation of intracel-
lular hyperphosphorylated tau tangles (for a recent re-
view, see [71]), which is a major histological hallmark
of AD. In addition, src family kinase activation per
se may lead to the formation of hyperphosphorylated
tau tangles [72—74]. Furthermore, fibrillar AS-integrin
binding may not only induce tau hyperphosphorylation,
but may reactivate the cell-cycle via an src-kinase fam-
ily dependent pathway, which leads to apoptosis of the
terminally differentiated neuron cells [75]. It should be
noted, however, that cells with multiple chromosome
number have been found in AD brains [76,77] suggest-
ing a terminated cell cycle after the S phase, presum-
ably in the late G, phase [78]. The overexpression of
an src-family kinase, namely fyn kinase also exacer-
bates synapse loss and cognitive impairment in trans-
genic mice modeling of AD [79]. This suggests a di-
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rect involvement of the src kinase family in the fibrillar
Ag-induced pathological processes. In support of this
hypothesis, Shirazi and Wood have demonstrated an
elevated level of fyn kinase in human AD brains [80].

Why does integrin receptor bind to aggregated
AB1_42? Integrins readily bind to extracellular matrix
(ECM) proteins, like collagen, fibronectin, and laminin.
These large proteins form a quasi-fibrillar structure,
which resembles the aggregated A3. This data sup-
ports the hypothesis that fibrillar A3 is recognized as
a fake extracellular matrix, to which CNS cells bind
mainly via integrins [28,32]. In addition, a naturally
globular protein albumin can trigger cell death through
the integrin pathway when converted into the fibrillar
form [68]. Thus, this pathway may represent a uni-
form signaling event activated by 3-sheet rich fibril-
lar proteins. We postulate that aggregated misfolded
proteins, like AB;_42, may either induce an aberrant
activation of the integrin pathway, or disrupt the nor-
mal ECM-integrin binding. This abnormal ECM may
reactivate the cell cycle and thereby cause NMDA re-
ceptor excitation, leading to increased Ca2* influx and
subsequent cell death (Fig. 7). Therefore, interfering
with either the direct fibrillar AgG-integrin binding or
the downstream src kinase activity may be a promising
target for the treatment of A3 associated diseases.

In conclusion, we have shown that fibrillar AG1_42
acts through the (1 subunit containing integrins and
potentiates NMDA receptor function. This pathway
involves the activation of src-tyrosine kinase family,
which presumably leads to the phosphorylation of the
NMDA receptor subunits, causing an increased Ca?*
influx upon activation. Therefore, interfering with this
pathway may have novel therapeutic relevance appli-
cations in neurodegenerative disease.
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