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ABSTRACT

Four years ago, at the beginning of my thesis imurbjgharmacology, the
functional role of the central serotogirreceptor (5-H%sR) remained poorly
investigated. Indeed, in light of the relativelgeat discovery of its presence in
the mammalian brain, as compared to other 5-HTptecg, only few studies
had explored its impact within the central nerveystem. Interestingly, it had
been shown that 5-HiRs, while having no effect at the level of the
nigrostriatal dopaminergic (DA) pathway, affordamit excitatory control on
the activity of the mesoaccumbal DA tract. Thisfatiéntial influence on
subcortical DA brain regions had led to the propdisat 5-HT,zR antagonists
may be a useful tool for improved treatment of ated disorders requiring
an independent modulation of the activity of asimempdA pathways, such as
schizophrenia. However, the effect of 54gR blockade at the level of the
mesocortical DA pathway, which plays a pivotal rmlehe therapeutic benefit
of atypical antipsychotic drugs (APDs), had neveerb studied. In addition,
analysis of the literature revealed that 5,fR blockade suppresses
amphetamine and 3,4-methylenedioxymethamphetamuohezed
neurochemical and behavioral responses, suggedbtnghis receptor may also
be a relevant pharmacological target for treatinggcaddiction. Nevertheless,
its possible implication in the effects induced tycaine, one of the most
worldwide abused drugs, remained unknown.

Thus, the aim of the present thesis was to studyre¢hulatory control exerted
by the 5-HTsR on both basal and cocaine-induced stimulatiobAfactivity,

in order to evaluate its therapeutic relevance ifaproved treatment of
schizophrenia and drug abuse and dependence. Spuipose, we assessed the
effects of potent and selective 5-F R antagonists (RS 127445 and LY
266097) on DA activity, by using biochemical, eteghysiological and

behavioral approaches in rats.
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In a first group of experiments, we found that 5;5RS exert a tonic inhibitory
control on DA outflow in the medial prefrontal cext(mPFC). This finding, by
showing that 5-H7TgRs afford differential controls over the three astteg DA
pathways, indicates that 5-BkR antagonists display an ideal pattern of effects
to restore normal DA function in schizophrenia. éwbngly, 5-HTgR
antagonists were efficient in several behavioratie® aimed at predicting APD
efficacy, and had no effect in a behavioral tadlecing APD propensity to
induce motor side effects. In a second group ofedgrgents performed to
determine the mechanisms underlying the differert@ntrol exerted by 5-
HT.sRs on DA activity, we demonstrated that 5-5H antagonist-induced
opposite effects on DA ouflow in the mPFC and theleus accumbens (NAC)
involve a functional interplay with 5-HIRs expressed in the mPFC. Finally,
we found that 5-HTzR blockade suppresses cocaine-induced hyperlocomoti
This effect, which occurs independently from changé DA outflow in the
NAc and the striatum, where DA activity is tightlglated to cocaine-induced
behavioral responses, likely involves a post-syinapteraction in subcortical
DA brain regions.

To conclude, the work accomplished over the pasitr fgears provides
substantial information with regards to the funcéibrole of 5-HEgRS in the
regulation of the activity of ascending DA pathways addition, while
improving the understanding of the interaction testw DA and 5-HT systems,
the present findings altogether highlight the tperdic potential of 5-HER

antagonists for treating schizophrenia and cocadlugction.
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RESUME

Il'y a quatre ans, lorsque jai commencé ma thés&l@uropharmacologie, le
role fonctionnel du récepteur serotoninergigu®-HT,g) central n’était guere
connu. En effet, compte tenu de la mise en éviddaecgon expression dans le
cerveau relativement récente par rapport aux anféeepteurs a la 5-HT, peu
d’études avaient porté sur son impact au sein dtesye nerveux central. En
particulier, il était établi que les récepteurs B, sans effet au niveau de la
voie dopaminergique (DA) nigrostriée, sont capaldésxercer un contrble
tonique excitateur sur l'activité de la voie DA rméscumbale. Sur la base de
cette régulation différentielle des voies DA souosticales, il avait été proposé
que les antagonistes du récepteur SgHpourraient constituer des outils
pharmacologiques pertinents pour le traitement ghbologies liées a une
dysfonction du systéme DA et requérant une modwuiatidépendante des voies
DA ascendantes, telles que la schizophrénie. Cepénkieffet du blocage des
récepteurs 5-Hzx au niveau de la voie DA mésocorticale, laquellesjan role
pivot dans le bénéfice thérapeutique des antipsigres (APs) atypiques,
n'avait jamais été exploré. De plus, 'analyse aléttérature avait révélé que le
blocage du récepteur 5-BiI réduit les réponses neurochimiques et
comportementales induites par I'amphétamine et la ,4- 3
méthylenedioxyméthamphétamine, suggérant que ceept&a pourrait
également représenter une cible pharmacologigéaeesgante pour le traitement
de l'addiction. Néanmoins, la possible implicatida ce récepteur dans les
effets de la cocaine, I'une des drogues les plas@omées au monde, restait
alors inconnue.

Ainsi, I'objectif de cette thése était d'étudignfluence exercée par le récepteur
5-HT,s sur I'activité DA basale et activée par la cocaafen de mieux évaluer
le potentiel thérapeutique de ce récepteur datraitement de la schizophrénie
et de l'addiction. A cette fin, nous avons étudigé éffets de deux antagonistes
puissants et sélectifs du récepteur 541TRS 127445 et LY 266097) sur
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I'activité DA, en utilisant des approches biochimgg, électrophysiologiques et
comportementales chez le rat.

Un premier groupe d’expériences a mis en évidemogstence d’'un contrble
tonique inhibiteur exercé par le récepteur 5443ur la libération de DA dans le
cortex préfrontal médian (CPFm). Ce résultat, déraoih que les récepteurs 5-
HT,s régulent de maniére différentielle les trois vdes ascendantes, indique
que les antagonistes du récepteur S5gHirésentent un profil d’action idéale
pour restaurer une fonction DA normale chez leseptt schizophrénes. En
accord avec cette proposition, les antagoniste3 &-k révelent efficaces dans
plusieurs modeles classiquement utilisés pour médifficacité des APs, alors
gu’ils n'ont pas d’effet dans une tadche comporteaenprédisant la tendance
des APs a induire des effets secondaires moteurs. second groupe
d'expériences visant a étudier les mécanismes temgsnt le contrdle
différentiel exercé par le récepteur 5-dTsur l'activite DA montre que les
effets opposés induits par les antagonistes &idiir la libération de DA dans
le CPFm et le noyau accumbens (NAc) résultent dintexaction fonctionnelle
avec les récepteurs 5-HhI exprimés dans le CPFm. Enfin, nous avons
également démontré que le blocage du récepteur ,b-Hlupprime
I'hnyperlocomotion provoquée par la cocaine. Ceteteffqui se produit
indépendamment de la libération de DA dans le NAe striatum, ou I'activité
DA est étroitement liee aux effets comportementanduits par la cocaine,
implique une interaction post-synaptique danségsns DA sous-corticales.
En conclusion, le travail accompli au cours destrguannées passées apporte
des informations substantielles quant au role fonoel du récepteur 5-Bf
dans la régulation des voies DA ascendantes. Ere,olénsemble de nos
résultats permet non seulement d’améliorer la cétmgarsion de l'interaction
des systemes DA et 5-HT, mais aussi de metire emtale potentiel
thérapeutique des antagonistes du récepteur ,5-gdur le traitement de la

schizophrénie et de I'addiction a la cocaine.
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Introduction

I. Anatomy of central dopaminergic and serotoner gic systems

Following the first demonstration by Arvid Carlss@awarded with the Nobel
Prize in 2000 for his work in the field) of the stance of catecholamine-
containing neurons in the late 1950s (Carlssdnal, 1958), the possible
immunochemical identification of dopamine (DA) nems in the central
nervous system has permitted the localization amd$exjuent classification of
mesotelencephalic DA cells into 10 distinct grougsonciled into three main
systems (Dahlstrém and Fuxe, 1964; Figure 1):

- the mesencephalic DA system, involving are@sA49 and A10 (areas Al to

A7 being noradrenergic nuclei; Figure 2)

- the diencephalic DA system, involving aread pAA12, A13, Al4 and A15

- the retinal DA tract, involving areas A16 aiil7
The majority of central DA neurons originates ie thesencephalic DA system.
While the substantia nigra pars compacta (SNc, &) the retro-rubral area
(A8) mainly project to the dorsal striatum (caudateleus and putamen), most
of the DA neurons emerging from the ventral tegrakmtrea (VTA, A10)
innervate the olfactory tubercle, the ventral stma (namely the nucleus
accumbens, NAc) and the frontal cortex, therebycatthg the existence of two
sub-systems, the nigrostriatal and the mesocormbat DA tracts (Fallon and
Moore, 1978). This classification is of course mgistic one, considering the
substantial overlap of DA fibers in the mesencepiaA complex (Bjorklund
and Dunnett, 2007). However, on the basis of thestmepresentative DA
projection sites and their distinct functional peages, it is generally considered
that the DA network falls out into three major asdiag pathways: the
nigrostriatal, the mesocortical and the mesoaccumatracts (Tzschentke,
2001; Bjorklund and Dunnett, 2007). In additiony fbe sake of clarity, the
terms “dorsal striatum” and “ventral striatum” aresually replaced by

“striatum” and “NAc”, respectively.
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Figure 1: Distribution of DA neuron cell groups in the adubdent brain. The DA
neurons in the mammalian brain are localized i wiistinctive cell groups, distributed
from the mesencephalon to the olfactory bulb, lastilated schematically, in a sagittal
view, in the adult rat brain. The principal projecs of DA cell groups are illustrated
by arrows. DA, dopaminérawing adapted from Bjérklund and Dunnett, 2007.

The mid-twentieth century has also witnessed theadiery of serotonin (5-HT)
in significant amounts in the central nervous gyst@Amin et al, 1954).
Histochemical fluorescence, radioautography andummoytochemistry studies
led to the classification of 5-HT neurons in 9 tdus designated as B1 to B9,
all present in the brain stem (Azmitia and Segllf8 Jacobs and Azmitia,
1992; Figure 3):

- the nuclei B1 to B4 form the inferior groupeétending pathways)

- the nuclei B5 to B9 form the superior groupc@nding pathways)
The superior group includes the dorsal raphe nadIBRN; the largest nucleus
of this group, containing half of its 5-HT neuron#)e median raphe nucleus,
the caudal linear nucleus and the prosupralemnisaagkeus. In keeping with
the extensive branching of 5-HT neuronal procegsbese structures provide a
widespread innervation of the forebrain (hippocasyplypothalamus, SNc,
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medial mammillary nucleus, lateral septum, thalgnamsygdala, cortex...), via
different fiber tracts, of which the medial forelorabundle is the most
prominent (Azmitia and Segal, 1978).

Interestingly, DA brain regions (SNc, VTA) as wel$ their terminal fields
(striatum, NAc and frontal cortex; see above) aterisively innervated by the
5-HT system (Azmitia and Segal, 1978). This anatampromiscuity of DA
and 5-HT neurons, along with the importance of Dsfemding pathways in
several pathological conditions (see section Hg haised and maintained, over
the past 40 years, the interest of neuroscien@aresers for the potential role
of the fourteen 5-HT receptor subtypes in the rawuh of the DA network
activity.

Figure 2: Distribution of noradrenergic and adrenergic oagr and their major

projections in the rat brain (drawing on the midal plane of the brain). The

noradrenaline system is represented by solid tli@n@nd lines in red, and the
adrenaline system is represented by open triaglddines in green. Al, A2, A4, A5,
and A7 are noradrenergic neurons; C1, C2, and &3adrenergic neurons; LC, locus
coeruleus; SC, subcoeruleus af@eamwing adapted from Kvetnansky et al., 2009.

25



Introduction

Figure 3: Distribution of 5-HT neuron cell groups in theudtdrat brain. A longitudinal

view of rat brain with a schematic representatiérihe localization of the 5-HT cell
bodies in the raphe nuclei and in the brain stemcular formation, and the
corresponding classification into B-groups and tipeajections. CB, cerebellum; mfb,
medial forebrain bundle; CC, corpus callosum; OHaatory bulb; Cpu, caudate
putamen; OC, optic chiasma; GP, globus pallidus;, @Factory tubercle; H,

hypothalamus; Pit, pituitary gland; Hip, hippocainggion; Sc, superior colliculus; Ic,
locus coeruleus; SN, substantia nigra; LS, lateegdtal nucleus; T, thalamus; MM,
medial mammilary nucleufrawing from Waldinger et al., 1998.
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I. Therapeutic relevance of theinteraction between central dopaminergic

and serotonergic systems
A. Schizophrenia

The word "schizophrenia”, introduced for the fitshe in 1911 by a Swiss
psychiatrist, Eugen Bleuler, comes from the Gremits “schizo” (split) and
“phrene” (mind), to describe the fragmented thigkof people suffering from
this neuropsychiatric disorder. Schizophrenia éhinic, severe, and disabling
mental disorder characterized by deficits in thdyglocesses, perceptions, and
emotional responsiveness. The illness occurs ia than 1 percent of the
general population, and is favoured by genetic andronmental factors as
well as specific brain chemistry or substance wsa (Os and Kapur, 2009).
Although the definitions and diagnosis criteria apastantly evolving along the
different versions of the Diagnostic and Statistdanual of Mental Disorders
(DSM; Table 1), three core features emerge in ti@ogy of schizophrenia:
positive (i.e. hallucinations, delusions), negatfiive. social interaction deficits,
blunted affect) and cognitive (i.e. working andereihce memory deficits,
executive function impairments, decreased vigilanggmptoms (Newman-
Tancredi and Kleven, 2011; Meltzer, 2013).

Several hypothesis have been advanced with regardee implication of
specific neurotransmitters, such as DA, glutamatge-dT (Rastoget al, 1981,
Carlsson et al, 1999; Svensson, 2003; Moghaddam and Javitt, ;2012
Halberstadt and Geyer, 2013), in the pathophysyolo§ schizophrenia.
Although there may be a shared responsibility @es# neuronal networks, in
view of their close interactions in the brain (Azimiand Segal, 1978; Carlsson
et al, 2000; Delilleet al, 2013), we will focus our attention on the DA
hypothesis of schizophrenia, which remains onéefrhost prominent theory in
the field. The first clues supporting this hypotikesvere brought by the
discovery that the DA-P receptor (DA-DR) antagonist chlorpromazine

achieves antipsychotic effects in schizophrenidgepg& and that drugs which
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increase DA (such as amphetamine and methylphejidaiovoke and/or
exacerbate psychotic episodes in humans (Detla, 1952; Smith and Davis,
1977; Liebermaret al, 1984, 1987; Kollin®t al, 2001). Today, it is generally
accepted that this multimodal symptomatology result least in part, from an
imbalance in central DA neurotransmission. Spedliffc a DA hyperfunction
of the mesoaccumbal pathway would lead to posgim@mptoms, while a DA
hypofunction of the mesocortical pathway could kesponsible for the
expression of negative and cognitive symptoms (Ssam 2000; Newman-
Tancredi and Kleven, 2011).

The advent of schizophrenia pharmacotherapy coéscidith the ability of
chlorpromazine and haloperidol (another DARD antagonist) to alleviate
positive symptoms. However, these treatments (latsramed “typical’
antipsychotics drugs, APDs) fail to alleviate négatand cognitive symptoms
(Newman-Tancredi and Kleven, 2011). In additioneyttexhibit a marked
propensity to induce extrapyramidal side effec8SE related to their blockade
of DA activity in the nigrostriatal DA ascendingthaay (Shapirat al, 2006).
Thus, the need for treatments with a larger thermapevindow and reduced
EPS risk gave birth to a second generation pharhexapy, the atypical APDs,
of which clozapine is the prototype. These compsurade “selectively
nonselective drugs” (Rotbkt al, 2004; Csermelyet al, 2005; Wonget al,
2010), displaying antagonist properties towards B#eD,R (as this feature
appears fundamental to alleviate positive symptpmagjether with agonist or
antagonist properties towards other pharmacolog@ajets, such as 5-HT,
adrenergic, muscarinic or histaminergic receptddewman-Tancredi and
Kleven, 2011).

Noteworthy, most of atypical APDs target the 5:kH, 5-HT:AR, 5-HT,zR and
the 5-HTLcR, and sometimes interact with the 54RT and the 5-HIR
(Newman-Tancredi and Kleven, 2011). Previous stutli@ave shown that the
atypicality of APDs (low EPS incidence and improvwbédrapeutic effect with
regards to typical APDs) would be related to tHew affinity towards DA-
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D.Rs together with high 5-HER antagonist properties (Newman-Tancredi and
Kleven, 2011). It is also well-established that BrkRs are key targets for the
therapeutic benefit of atypical APDs. Indeed, miltatysis and knock-out
studies have shown that activation of this recestorecessary for the increase
in cortical DA outflow induced by atypical APDs [ikawaet al, 2001; Diaz-
Mataix et al, 2005), an effect which could be related to tladitity to alleviate
the cognitive and negative symptoms of schizoplrerictually, several
findings suggest that the therapeutic benefit gpiaal APDs partly results
from a cooperation between 5-piRs and 5-HT,Rs. As a matter of fact,
administration of a 5-HJ,R antagonist, at a dose which has no effect bif,itse
potentiates 5-HI\R agonist-induced increase in DA outflow in the raéd
prefrontal cortex (MPFC, Ichikaved al., 2001).

That 5-HT receptors could be interesting targetshe improved treatment of
schizophrenia is strengthened by previous findswsporting the involvement
of the 5-HT system in the pathophysiology of schlm@nia. First, in
schizophrenic patients, many 5-HT receptors, a$ asekhe 5-HT transporter
(SERT), tryptophan hydroxylase and monoamine oxdasoteins show
alterations in terms of mRNA or protein levels iffetent brain regions, as well
as specific protein sequences (single nucleotidgnpwphisms; Bennettt al,
1979; Baouet al, 2015). In addition, low cortical 5-HT levels lebeen
associated with positive symptoms (Rasmusseal, 2010). Whether these
alterations are the cause or the consequence @ anbalance in the central
nervous system remains unclear. However, it iswatiny that both the DA
and the 5-HT systems may be involved in both theatiment and the
development of schizophrenia.

It must be borne in mind that it is crucial to deyenew APDs. Indeed,
although it is better tolerated with regards toidgp APDs, the treatment of
schizophrenia with the available atypical APDs iiem associated with
important side effects (as sedation, weight gaim metabolic disturbances),

related to their multitarget properties, in pardeu their affinity for
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histaminergic and muscarinic receptors, as we8-88,cRs (Nasrallah, 2008).

Also, a substantial number of patients fail to mespto this pharmacotherapy,
especially in terms of negative and cognitive syaon, which may be due at
least in part to the heterogeneity of the diselas®Em a preclinical point of view,

developing behavioral models can be difficult beeawf the typical human
nature of some of the symptoms observed in schizoph (for example

flattened affect). In addition, it is, at the momdmpossible to reconcile all the
features of schizophrenia in a unique animal mdaetause of the multimodal
nature of schizophrenia. Instead, numerous belelvicodels in the primate or
the rodent have been developed to predict thetylofia given compound to
alleviate either the positive, cognitive or negatesymptoms of schizophrenia,
or their propensity to induce EPS (Table 2). Onlihsis of these limitations,
the only strategy to identify a potential candid&tie treating schizophrenia
would be to assess its effects in humerous modetheodifferent symptom

clusters of schizophrenia.
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Criterion A. Characteristic symptoms
Two (or more) of the following, each present for a significant portion of time
during a 1-month period (or less if successfully treated)
(1) Delusions
(2) Hallucinations
(3) Disorganized speech
(4) Grossly disorganized or catatonic behavior
(5) Negative symptoms, i.e., affective flattening, alogia, or avolition

Note: Only one Criterion A symptom is required if delusions are bizarre or
hallucinations consist of a voice keeping up a running commentary on the
person's behavior or thoughts, or two or more voices conversing with each
other

Criterion B. Social/occupational dysfunction: For a significant portion of the time
since the onset of the disturbance, one or more major areas of functioning, such
as work, interpersonal relations, or self-care, are markedly below the level
achieved prior to the onset (or when the onset is in childhood or adolescence,
failure to achieve expected level of interpersonal, academic, or occupational
achievement).

Criterion C. Duration: Continuous signs of the disturbance persist for at least
6 months. This 6-month period must include at least 1 month of symptoms
(or less if successfully treated) that meet Criterion A (i.e., active-phase
symptoms) and may include periods of prodromal or residual symptoms.
During these prodromal or residual periods, the signs of the disturbance may
be manifested by only negative symptoms or by two or more symptoms listed
in Criterion A present in an attenuated form (e.g., odd beliefs, unusual
perceptual experiences).

Criterion D. Schizoaffective and major mood disorder exclusion
Schizoaffective disorder and depressive or bipolar disorder with psychotic
features have been ruled out because either (1) no major depressive or manic
episodes have occurred concurrently with the active phase symptoms; or
(2) if mood episodes have occurred during active-phase symptoms, their total
duration has been brief relative to the duration of the active and residual periods.

Criterion E. Substance/general mood condition exclusion
Substance/general medical condition exclusion: The disturbance is not
attributed to the direct physiological effects of a substance (e.g., a drug
of abuse, a medication) or another medical condition.

Criterion F. Relationship to Global Developmental Delay or Autism Spectrum
Disorder:

If there is a history of autism spectrum disorder, the additional diagnosis of
schizophrenia is made only if prominent delusions or hallucinations are
also present for at least 1 month (or less if successfully treated).

Table 1: Criteria for schizophrenia in the Diagnostic tatistical Manual of Mental
Disorders (DSM), % edition.Adapted from Tandon et al., 2013.
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Symptom cluster
or side effect

Behavioral models

Positive Stereotyped behaviors or hyperlocomotion elicited by
symptoms DA releasers (methylphenidate, amphetamine), DA
agonists (apomorphine), or noncompetitive NMDA
receptor antagonists (PCP, ketamine, MK-801)
Conditioned avoidance behavior
Apomorphine-induced climbing behaviors
Negative & PCP-induced deficits in the social interaction test
Cognitive Scopolamine-induced deficit in social
symptoms -
recognition test
PCP-induced working memory deficit in hole-
board test
PCP-induced cognitive flexibility deficit in
reversal learning task
PCP-induced working memory deficit in delayed
nonmatching to position
PCP-induced deficits in novel object recognition
EPS Catalepsy duration
liability

Inhibition of spontaneous locomotion
Induction of basal prepulse inhibition deficit

Induction of attentional deficit

Table 2: Behavioral models classically used to assesseffieacy of APDs against
positive, negative and cognitive symptoms of sagbiizenia, as well as their propensity
to induce EPS. APD, antipsychotic drug; DA, dopaniifNMDA, N-methyl-D-
aspartate; PCP, phencyclidine; EPS, extrapyrarsidal effectAdapted from Newman-
Tancredi and Kleven, 2011.
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B. Drug addiction: focus on cocaine

Substance use disorders (drug abuse and dependeaadassically defined as
chronically relapsing disorders characterized lgydbmpulsion to seek and take
a drug, loss of control in limiting intake, and egence of a negative emotional
state reflecting a motivational withdrawal syndrowieen access to the drug is
prevented (Koob and Volkow, 2010).

As opportunities to use and abuse drugs have isededramatically during the
past 50 years, so has the research on addictifirststep in the understanding
of the neurobiological substrates of drug addictimas taken with the
identification of a reward circuitry (a reward bgia class of unconditioned
motivational stimuli provided with hedonic propesdithat can act as positive
reinforcers), which drives the reinforcing effecfsdrugs of abuse (Koob and
Volkow, 2010). In particular, previous intracraniadain stimulation or self-
administration studies have shown that the mostiten sites of this network
belong to the mesocorticolimbic tracts (Olds andnbt, 1954; Crow, 1973;
Wise, 1978; Kornetsky and Esposito, 1979). Alsareased DA in the NAc is
the hallmark of all drugs abused by humans (Di @hend Imperato, 1988),
and has been suggested to be the starting popstychostimulant drug-induced
rewarding effects (Koob and Volkow, 2010). Altogath these findings
demonstrate that the DA ascending pathways playritecat role in the
behavioral and neurochemical effects of psychodéntudrugs. Noteworthy,
this network can be critical not only for the acuwward properties of
psychostimulant drugs but also for the long-termroadaptative changes in the
brain responsible for the ingrained behaviors attaer&ing drug addiction
(Grusseret al, 2004; Bosseret al,, 2009; McClernoret al, 2009; Pierce and
Vanderschuren, 2010). Indeed, several studies Bhwen that the transition
from goal-directed (occasional and controlled dusg) to habitual forms of

cocaine seeking/taking and chronic relapse is medicby the gradual
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recruitment of ventromedial-to-dorsolateral stii@# regions with prolonged
drug self-administration (Pierce and Vanderschu2@ap; Figure 4).

Cocaine has become one of the most commonly usegs din the world. It is a
severe public health problem, with major somatsycghological, psychiatric,
socio-economic and legal implications. However, réehes no approved
medication for the treatment of cocaine abuse @peidence. As a member of
the psychostimulant drug class [with nicotine, agtpmine, methamphetamine,
and 4-methylenedioxymethamphetamine, (MDMA)], coeainduced short-
term effects include mental alerthess, energy, @ti@h mood elevation,
decreased appetite, dilated pupils, and increaseg temperature, heart rate
and blood pressure. Following chronic exposuregrémice to the feeling of
energy and euphoria occurs, and cocaine use leaggldiction, paranoia,
irritability, restlessness, auditory hallucinaticarsd mood disturbances (Filgh
al., 2010). From an experimental point of view, thare several behavioral
responses induced by cocaine in laboratory anithalispartly resemble some
of the symptoms seen in humans (acute or chronichpsnotor stimulation,
subjective effects, rewarding/reinforcing propestiand relapse). Thus, over the
past 20 years, numerous behavioral models have 8eegloped, the most
frequently used including evoked locomotor hypevagt conditioned
locomotion, sensitization, drug discrimination argnstatement of seeking
behavior (Filipet al, 2012).

It is well-established that cocaine blocks the Dansporter (DAT) and the
SERT, as well as the norepinephrine transportefM|N& a lesser extent (Koe,
1976). Several findings suggest that DAT blockade required for the
reinforcing effects of cocaine. Indeed, cocainéaeministration is inhibited in
DAT knock-out mice (Thomseat al, 2009), while it is not disrupted by the
systemic administration of 5-HT (Porrinet al, 1989; Peltier and Schenk,
1991) or noradrenergic antagonists (De Wit and Wi8&7). In addition, it has
been shown that genetic ablation of SERT in both aad mice fails to reduce

cocaine-induced place preference (Setaal, 1998; Homberget al, 2008).

34



Introduction

Nevertheless, other findings question the impoeanic DAT blockade in the
expression of cocaine-induced behaviors. Thus, I Cknock-out mice,
cocaine-conditioned place preference is maintai(f®ora et al, 1998) and
cocaine self-administration remains unaltered (Roeh al, 1998), which
contrasts with other findings (Thomsenal, 2009). Interestingly, the ability of
cocaine to target the SERT could be a key factothe expression of its
behavioral effects. Indeed, 5-HT outflow is incre$n the NAc of rats during
cocaine-induced hyperlocomotion (Broderigkal,, 2004), and reduced during
withdrawal from cocaine self-administration (Paisomt al, 1996).
Furthermore, it has been shown that cocaine-camditl place preference is
decreased in SERT knock-out mice (Halhal, 2009), which also contrasts with
previous reports (Sorat al, 1998; Homberget al, 2008). Thus, no clear
conclusion can be drawn with regards to the redatientribution of each
transporter to the behavioral effects of cocaineawelver, it should be
emphasized that compensatory mechanisms may kgerteid by the chronic
absence of a given transporter. In this regardCBbiara and coworkers have
shown that despite the genetic ablation of the Dédicaine is able to increase
NAc DA outflow by blocking the NET (Carbomit al, 2001), which acts as an
alternative site for DA clearance from the extradat compartment (Carboet
al., 1990; Tandeet al, 1997). These findings provide an explanation ther
persistence of cocaine reinforcement in DAT knoak-onice. Finally, a
previous study has shown that the DAT, the SERTthad\ET all participate
to cocaine-induced conditioned locomotion in miakeit to a different degree
and at different stages of the development of lteisavior, thereby suggesting
the polygenic nature of cocaine reward mechanishiall (et al, 2009).
Whatever the neurochemical effects underlying trehalioral effects of
cocaine may be, the present observations altogetihiggest the tight
cooperation of DA and 5-HT systems in the contrblcocaine rewarding

properties. Accordingly, numerous studies have shthat 5-HT receptors are
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able to control cocaine-induced neurochemical agldabioral effects (Bubar
and Cunningham, 2008; Howell and Cunningham, 2015).

Although the 5-HT system appears to play a key irolihe neurochemical and
behavioral responses of cocaine, clinical teste HaNed to demonstrate a clear
therapeutic effect of SERT antagonists (Howell @uwhningham, 2015). This
may be due to the fact that blockade of the SERTn&reasing 5-HT outflow,
triggers the modulation of all 5-HT receptors reliess of their subtype and
different implications in the behavioral effects aifcaine. When investigating
the impact of specific 5-HT subtypes in behavionaldels of drug dependence,
preclinical studies have permitted to identify theHTgR (antagonists), 5-
HT.,AR (antagonists), 5-HFR (agonists) and 5-HR (antagonists) as
promising candidates for improved treatment of aweaddiction (Filipet al,
2010). Finally, a recent paper, demonstrating tkistence of a synergistic
efficacy of a 5-HEAR antagonist plus a 5-HdR agonist to attenuate relapse
factors (impulsivity and cue reactivity), suggets therapeutic relevance of a
bifunctional ligand as an anti-addiction pharmaeatipy, with improved
efficacy, potency and selectivity over individuablecules (Cunningharet al,
2013).
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Casual Habitual

Cocaine —_} Cocaine

Use Seeking/Taking

Ventral Dorsal
Medial Prefrontal Medial Prefrontal
Cortex Cortex

Nucleus Nucleus Central Dorso-
Accumbens Accumbens Striatum Lateral
Shell Core Striatum

NN

Ventral Medial Central Lateral

Tegmental Substantia Nigra Substantia Nigra substantia Nigra
Area Compacta Compacta Compacta

_> Dopaminergic Neuron —» GABAergic Neuron
_> Glutamatergic Neuron

Figure 4. Anatomical circuits proposed by Pierce and Vascleuren (2010) to
underlie the progressive recruitment of more dorsglons of the striatum during the
transition from casual cocaine use to habitual i@caseeking and taking.

37






Introduction

[11. The serotoninyg receptor

The 5-HT receptors encompass fourteen subtypesncéed into seven
receptor families (5-Hi;) on the basis of their molecular properties (Table
and Figure 5). All 5-HT receptors belong to theesetransmembrane spanning
receptor family, more commonly referred to as Gigrecoupled receptors,
except the 5-HJR subtype which is a ligand-gated ion channel (léanand
Hoyer, 2008). The 5-HER is the most recent addition to the 5-RTfamily
(Foguetet al, 1992; Kursaet al, 1992), which includes the 5-Hyand the 5-
HT,c subtypes.

A. Localization

The 5-HTR (formerly called 5-H7:R) was first cloned and characterized in
the rat stomach fundus (Fogusttal, 1992; Kursatet al, 1992), then in the
mouse (Loricet al, 1992) and in the human (Kursatral, 1994; Schmuclet
al., 1994; Bonhaust al, 1995). Its presence has been demonstrated imugar
peripheral tissues, such as the liver, kidney, thederus, trachea and small
intestine (Foguekt al, 1992a, 1992b; Kursast al, 1994; Schmuclet al,
1994; Bonhaugt al, 1995; Fiorica-Howellgt al, 2000). Specifically, several
studies have shown that it is expressed in ratpagdblood vessels (Ullmest
al., 1995; Watts and Thompson, 2004), in pig healtes (Fitzgeraldet al,
2000) and in the smooth muscle cells of the stonfaddus and myenteric
neurons of the intestine of mouse and rat (FioHdoavells et al, 2000). In
humans, it has been found in endothelial and smoatiscle cells of the
pulmonary vasculature (Ulimeat al, 1995), in liver Kupffer cells and tumor-
associated macrophages (de Las Casas-Eatgal, 2013), in heart valves
(Fitzgeraldet al, 2000) and in the longitudinal and circular snfowtuscles as

well as in the myenteric nerve plexus of the cqBormanet al, 2002).
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The first studies investigating 5-ER expression in the mammalian brain have
failed to detect the presence of these receptargu@iet al, 1992; Kursaset
al., 1992; Pompeianet al, 1994), probably because of the low sensitivity o
the employed techniques at that time. Later, séveRINA expression anth-
situ hybridization studies have shown that the 54fRTis actually expressed in
the spinal cord (Heltoet al, 1994) as well as in several regions of the e¢ntr
nervous system, such as the frontal cortex, lagaaium, dorsal hypothalamus,
medial amygdala, DRN, locus coeruleus, hippocanamascerebellum (Duxon
et al, 1997a; Bonaventuret al, 2002). However, there is a paucity of
information regarding its cellular localization the central nervous system.
What is known so far is that 5-HgRs are expressed in primary astrocyte
cultures from mouse neocortex (ldt al, 2008) and from rat cortex,
hippocampus and brainstem (Hiettal, 1998; Sandéat al, 2000), although a
previous study has failed to detect them in ratnbestrocytes (Duxomet al,
1997a). In addition, their presence has been dmtent SERT-expressing
primary neurons from mouse embryonic raphe nutleugayet al, 2006), and

in mouse post-natal microglia (Kolodziejczeatkal, 2015).

B. Molecular properties

Studies in cells expressing 5-kdRs have shown that this receptor is
functionnally coupled to the protein,& (Kursar, 1992; Wainscodt al, 1993;
Kursaret al, 1994; Schmuclet al, 1994; Cox and Cohen, 1995; El&s al,
1995; Loricet al, 1995; Launayet al, 1996; Cussaet al, 2002, 2008).
Activation of Gy, stimulates phospholipase C (PLC), which cleaves th
phosphatidylinositol 4,5-bisphosphate (Blihto diacyl glycerol (DAG) and
inositol 1,4,5-trisphosphate @P Thereafter, IR activates its receptors, in
particular calcium channels of the endoplasmicculitim (Figure 5). The
resulting increase in intracellular calcium combineith the activation of

protein kinase C (PKC, by DAG and its translocatiotthe membrane) triggers
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various intracellular changes (i.e. apoptosis, le@@n of enzyme activity,
permeability of ion channels, regulation of theiatst of ion pumps and
components of the cytoskeleton), leading to numehysiological responses
(such as fertilization, cell growth, transformaticsecretion, smooth muscle
contraction, sensory perception and neuronal siymalBerridge, 1993).
However, studies in tissue preparations, demoimsgrathat 5-HTEgR
stimulation-induced responses in the stomach fun@astraction) or the
jugular vein (relaxation) occur independently frofiP, hydrolysis, have
suggested that other signalization pathways mayebponsible for 5-HER-
mediated increased intracellular calcium (Cox armheéh, 1995; Elliset al,
1995). For instance, as suggested by Cox and C(l#9b), this effect could
involve the second messenger cyclic ADP-ribose @dabolite of NAD+),
which is able to mobilize intracellular calcium e (Galione, 1992). However,
there is no data in the literature with regards: fpossible interaction between
cyclic APD-ribose and 5-H;ERs. A more plausible mechanism could involve a
direct effect of PKC, which can be activated indegently of PIR hydrolysis
(Whettonet al, 1988), without translocation to the membraneideiereichet
al., 1990; Deisheet al, 1993), and has been shown to participate to5the
HT.sR-mediated contractile effect of the rat stomaahdfis (Cox and Cohen,
1995). Finally, it should be noted that the 5;5R is also able to stimulate L-
type voltage dependent calcium channels, therelggesiing the role of
extracellular calcium in its functional effects ¢Cand Cohen, 1995). Further
studies are needed to clarify the exact mechaniswmdved in the 5-HFsR-
induced increase of intracellular calcium.

Additional intracellular signalization pathways meited by the 5-HIzR have
been reported in the literature, although theselowys, observed in cell lines
expressing 5-HERs, need to be further confirmed in tissue prejarat Thus,
nitric oxide (NO), which induces the relaxation & rious blood vessels, has
been shown to behave as a signaling effector of5#h€TsR in LMTK"
fibroblasts (Manivegt al, 2000). In addition, in 1C11 cells (endowed wittle
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capacity to differentiate into neuronal 5-HT cedlgpressing the 5-HER), 5-
HT activates the ras protein which in turn stimegathe mitogen-activated
protein kinase (MAPK) pathway (Launast al, 1996), responsible for the
regulation of the expression of genes involved noliferation, differentiation,
apoptosis, and synaptic plasticity (Girault, 200nally, previous studies in
1C11 cell lines or in mesoblastic cells convertimgo osteocytes have
demonstrated that the 5-B5R can control arachidonic acid release through the
activation of phospholipase ,APLA,; Tournoiset al, 1998; Lockeret al,
2006). Activation of PLA by 5-HT,sRs can also lead to reactive oxygen
species (ROS) production through NADPH oxidasevatitin in 1C11 cells, an
effect which could trigger the degradation of 5-HPierce et al, 2005;
Schneideet al, 2006).
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Receptor  Common signaling linkages Other signaling linkages G-protein coupling

5-HT, A Inhibits AC Activates PLC Giuz > Gina 2 Gia) 2 Goo = Gy,
Activates K ' channels Activates NOS
Stimulates ERK Activates NAD(P)H oxidase
Inhibits Ca”"' Activates NHE-1
conductances

5-HTp Inhibits AC Activates PLC Giaz > Gial 2 Gia2 2 Goa
Stimulates ERK Activates NOS

Activates AC2
Activates K™ channels

5-HT,,  Inhibits AC Inhibits Ca® " conductances G & Ggo,
Activates K ' channels
5-HT ¢ Inhibits AC Gia & G,
5-HT ¢ Inhibits AC Activates PLC Gi, & Gy,
5-HTa4 Activates PLC Activates NHE-1 Gy & Gy = Gy,
Activates PKC Activates AC
Stimulates ERK Inhibits AC
Activates PLA, Activates Jak2/STAT3
Activates Ca® " channels
5-HTap Activates PLC Activates cell cycle Ggo & Gy
Activates ERK Activates iNOS
Activates PLA, Activates cNOS
5-HTa¢ Activates PLC Activates Na ' /Ca®" exchanger Gy & Gyja
Activates PKC PDZ motif signals?
Activates PLA,
5-HT, Activates AC Regulates various channels G,
Activates PKA
5-hts, Unknown Unknown Unidentified
5-htsg Unknown Unknown Unidentified
5-HT, Activates AC L6
Activates PKA
5-HT- Activates AC Activates ERK G

Activates PKA

Table 3: Signaling characteristics of human 5-HT receptdree table is not all-
encompassingg-HT, serotonin; AC, adenylyl cyclase; cNOS, cdnsitte NOS; ERK,
extracellular signal-regulated kinases; iNOS, inbigcNOS; Jak, Janus kinase; NHE,
Na" /H" exchange; NOS, nitric oxide synthase; PDZ, PS-86sdarge ZO-1; PKA,
protein kinase A; PLC, phospholipase C; PKC, protéhase C; PLA phospholipase
A,; STAT, signal transducers and activators of trapson. Adapted from Raymond et
al., 2001.
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S.HT,
5-HT, 5-HTg
-HT; Gy|— [AC Gi S-HTg
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PKA
S:HTax
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5-HTyc
® ®
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AA
IP; DAG
o) \@
Ca2+ PKC

Figure 5: Prototypical signaling enzyme linkages of the i@tpin-coupled 5-HT
receptors. 5-HJRs typically inhibit AC through pertussis toxin-séive G-proteins of
the Gi family, whereas 5-HRs, 5-HTRs, and 5-HIRs typically stimulate AC through
Gs family G-proteins. Activation of AC results imcreased production of cAMP,
leading to activation of PKA. 5-HRs activate PLQ- through Gg/11 family G-
proteins, resulting in accumulation of BB IP; and DAG. Generation of IP3 results in
elevation of intracellular Calevels, whereas DAG activates the’Cand phospholipid-
dependent protein kinase (PKC). 5-4RE also typically activate PLAthrough G-
proteins to increase the accumulation of AA. 5-K&rotonin; AC, adenylyl cyclase;
cAMP, cyclic AMP; PKA, protein kinase A; PLC, phdsugipase C; PIR
phosphatidylinositol 4,5-bisphosphates,IPositol trisphosphate; DAG, diacylglycerol;
PKC, protein kinase C; PLAphospholipase A AA, arachidonic acidDrawing from
Raymond et al., 2001.
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C. Phar macology

The first efforts aimed at exploring the role oH3-gRs in physiological or
pathological states have been hampered by the dadelective and potent
ligands. Indeed, most agents initially failed tsadiminate the 5-HER from
the 5-HT,AR and the 5-HI:R, especially the latter, with which it shares ghhi
degree of sequence homology and very similar phaology (Foguetet al,
1992a, 1992b; Kursaet al, 1992; Wainscotet al, 1993). Thus, in keeping
with the first belief that 5-HERs were absent in the central nervous system
(see above), it is noteworthy that several cerfmactions may have been
illegitimately ascribed to the 5-H{gR in the past.

In the mid-1990s, SB 204741 [N-( [-Methyl-5-indghI'-(3-methyl-5-
isothiazolyl)urea] was introduced as a 5,5 antagonist (Forbest al, 1995).
This compound, while displaying a higher selecyiiidr the 5-HTsR over the
5-HT,cR, the 5-HEAR and numerous other receptors, has a relatively lo
affinity for the 5-HTzR (Bonhauset al, 1995; Forbest al, 1995; Baxter,
1996). Thereafter, two studies identified LY 26609¥-[(2-Chloro-3,4-
dimethoxyphenyl)methyl]-2,3,4,9-tetrahydro-6-mettijd-pyrido[3,4-b]indole]
and RS 127445 [2-amino-4-(4-fluoronaphth-1-yl)-6gsopylpyrimidine] as
potent and high-affinity antagonists (pKi = 9.8 tor 266097 and 9.5 for RS
127445), with more than 100-fold and 1000-fold stety for the 5-HT;R
over the other 5-HR subtypes, respectively (Audet al, 1996; Bonhausgt
al., 1999). These compounds are at the moment the5kd3,;R antagonists
available (Table 4).

Identifying a proper 5-HJER agonist is still a challenge today (Table 5). The
compound BW 723C86 d¢fmethyl-5-(2-thienylmethoxy)-1H-indole-3-
ethanamine] is classically used to assess theteffifc5-HT,sR stimulation
(Gobertet al, 2000; Auclairet al, 2010), but it is only a preferential agonist.
Indeed, this compound displays a poor affinity éma selectivity for the 5-
HT.sR (Baxter, 1996; Kennetet al, 1997, 1998). In addition, there are
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substantial differences in BW 723C86 affinities 8HT receptors depending
on the species or tissue preparations in whichiitging properties are assessed
(Baxter, 1996). Finally, it should be borne in miticht Ro 60-0175 §S-6-
chloro-5-fluoroa-methyl-1H-indole-1-ethanamine], initially charadted as a
highly selective 5-HIcR agonist (Martinet al, 1998), could be a good 5-
HT,sR agonist. Indeed, Ro 60-0175 was discovered ta petent (pEC50 =
9.05) and high efficacy agonist (79%) at 5-kHs (Porteret al, 1999), with
better affinity and functional selectivity over tBeHT,cR (Cussaet al, 2002).
Once again (see above), it is therefore possilde sbveral effects of Ro 60-
0175 reported in the literature and attributechn 5-HT,cR may actually result

from 5-HT,gR stimulation.

5-HT,4  5-HT,z  5-HT,¢

Antagonists pKi pKi pKi References
RS 127445 6.30 9.5 6.4 Bonhaus et al., 1999
6.03 8.97 6.33 Knight et al., 2004
6.16 9.23 6.36 Mean value
LY 266097 9.70 7.17 Cussac et al., 2002
7.71 9.80 7.61 Audia et al., 1996
7.71 9.75 7.39 Mean value
SB 204741 <5 6.90 5.56 Knight et al., 2004

7.29 5.67 Cussac et al., 2002
<5 7.09 5.61 Mean value

Table 4: Binding affinities (pKi) of some antagonist ligésat human recombinant 5-
HT, receptors.
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. 5-HT,, 5-HT,; 5-HT,¢
Agonists pKi pKi pKi References
5-HT 7.2 9.1 6.8 Bonhaus et al., 1995

8.55 7.74 Cussac et al., 2002
7.79 7.87 8.24 Knight et al., 2004
7.18 8.38 7.79 Cussac et al., 2008

7.39 8.47 7.64 Mean value
mCPP 7.92 7.07 Cussac et al., 2002
7.26 7.39 7.84 Knight et al., 2004
7.39 8.05 7.59 Cussac et al., 2008

7.32 7.79 7.50 Mean value
DOI 8.15 7.73 Cussac et al., 2002
9.03 7.55 8.08 Knight et al., 2004
8.04 7.78 7.73 Cussac et al., 2008

8.53 7.83 7.85 Mean value
BW 723C86 8.50 6.94 Cussac et al., 2002
7.20 7.33 7.11 Knight et al., 2004
6.63 7.85 7.11 Cussac et al., 2008

6.91 7.89 7.05 Mean value
Ro 60-0175 9.26 7.57 Cussac et al., 2002
7.44 8.27 8.22 Knight et al., 2004
6.80 8.66 7.67 Cussac et al., 2008

7.12 8.73 7.82 Mean value

Introduction

Table 5: Binding affinities (pKi) of some agonist ligands human recombinant 5-HT

receptors.
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D. Functional aspects
1. Regulation of cell differentiation and proliferation

Interestingly, the 5-HER is involved in the proper development or the
modulation of the number of various cell subtypesthe body, thereby
suggesting that this receptor may play importalgsra the onset of peripheral
functions or in their regulation during adulthodal particular, pharmacological
and knock-out studies have shown that 54RT modulation impacts on the
differentiation and/or proliferation of mouse emtareurons (Fiorica-Howellst
al., 2000), hepatocytes (Lesurtt al, 2006) and cardiomyocytes (Nebieil
al., 2000, 2003), as well as on the number of retedls in the Xenopus (De
Lucchini et al, 2003, 2005). In addition, 5-HgRs may participate to the
proper wiring of neuronal networks by regulatings tmotility of microglial

processes in the postnatal mouse (Kolodziejetal, 2015).

2. Regulation of the gastrointestinal tract

Since the discovery and characterization of 54/E in the rat stomach fundus,
several studies have attempted to determine thet esde of these receptors in
the regulation of the gastrointestinal (Gl) tragtwus, it was found that
stimulation of 5-HEgRs triggers a contractile effect on smooth muscle
preparations isolated from the rat stomach fundwub maintained in organic
bath solutions (Baxteet al, 1994; Cox and Cohen, 1995), as well as on
intestinal smooth muscles in humafBorman and Burleigh, 1995). Another
substantial aspect of the involvement of 5;5RS in the regulation of the Gl
function relies on their ability to modulate theolfleration of the interstitial
cells of cajal (ICC), which are expressed all altmg Gl tract and determine the
frequency of contraction of its smooth muscle célibarayil et al, 2010).
Specifically, in mice, 5-HJgRs promote the ICC turnover baith vitro andin

vivo, and are required for the maintenance of ICC n&wiVouterset al,
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2007; Tharayiket al, 2010). Interestingly, these findings have sheii lon the
therapeutic potential of 5-HdR ligands in pathological conditions depending
on a decreased number of ICCs or a disrupted I@@onk, such as slow transit
constipation, diabetic gastroparesis, or pseudtrwdi®n (Kennyet al, 1998;
He et al, 2000; Lyfordet al, 2002; Forsteret al, 2005). Finally, it is
noteworthy that 5-HJzRs may participate to the maturation of the Gltiras
suggested by a previous study showing that 5-HTmptes thein vitro
development of enteric neurons through 54K stimulation (Fiorica-Howells
et al, 2000).

3. Regulation of the vascular function

The involvement of 5-HERs in the control of vascular function was
introduced with the discovery of its relaxing effen the jugular vein (Elligt
al., 1995). This effect has been subsequently at&ibuo the ability of 5-
HT.sRs to trigger the release of NO, although this aigation pathway has
been observed onlyn vitro (Manivet et al, 2000). In this context, it is
noteworthy that 5-HFzRs may play an important role in migraine headache.
Indeed, a previous study has suggested that mgreadache would result, at
least in part, from the formation of NO triggeregthe activation of 5-HZRs
located on the endothelial cells of human meningéadd vessels (Schmuekt
al., 1996). Specifically, the release of NO, which itself induces migraine
headaches in susceptible humans (Olesenl, 1994), would stimulate the
trigeminal nerve (Weet al, 1992). Stimulation of this nerve would provoke
blood vessel dilatation and protein leakage, legdminflammation within the
dural vasculature (Moskowitz, 1993). On the othand) 5-HTgR stimulation
has been shown to induce a contractile effect errénal artery isolated from
the rat and maintained in an organic bath (Wattd @hompson, 2004),
suggesting that 5-HEgRs may play an important role in the regulatiorbloiod

pressure. This hypothesis is further supportechbyobservation that central 5-
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HTsRs control renal sympathoexcitation and sympathbitibn in thein vivo
rat (Knowles and Ramage, 1999, 2000).

4. Regulation of the pulmonary function

Pulmonary arterial hypertension (PAH) is a progresslisease, characterized
by sustained elevation of pulmonary arterial pressissociated with abnormal
vascular proliferation, neomuscularization of snplilmonary arteries with
intimal thickening, leading to right ventricle faie and death (Rhodet al,
2009). Interestingly, it has been shown that 5dRTactivation is critical for the
development of PAH in mice. Specifically, 5-kRs regulate the
differentiation and proliferation of bone-marrovest cells, which are known to
participate in the development of PAH and pulmoneagcular remodeling
(Launay et al, 2012). In line with these results, 5-FR expression is
increased in pulmonary arteries of both humansraicg suffering from PAH
(Launay et al, 2002). In addition, it has been demonstrated ik the
physiological features of the chronic-hypoxic-mous®del of PAH (i.e.
increase in pulmonary blood pressure and in lumgodkeling, associated with
an increase in vascular proliferation, elastaseigceand transforming growth
factor-beta levels) are no longer observed in tHéT5R knock-out mouse
(Launayet al, 2002). Similarly, pharmacological blockade oH%sRs with
selective antagonists counteracts monocrotalineeed muscularization of
pulmonary arterioles and perivascular fibrosishe tat lung (Zopét al, 2011),
as well as the increase in pulmonary arterial press1 mice challenged with
hypoxia (Dumitrasciet al, 2011). Altogether, these findings suggest that t
use of 5-HEER antagonists may be a valuable therapeutic appré@cthe
treatment of PAH.
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5. Regulation of the cardiac function

Heart valves encompass two cellular subtypes: \a\endothelial and valvular
interstitial cells (VICs). It is well-establishelat VICs maintain the integrity of
heart valves and participate to the repair prosesseurring during disease and
following valve injury, by regulating the organikat of the valvular
extracellular matrix. A disruption in this matrixac lead to severe
valvulopathies, a main cause of morbidity and nlibytan humans worldwide,
requiring valve replacement surgery (Elangbam, 20IGws, drug-induced
valvulopathies are serious obstables to the dewsdop of new treatments or to
the use of drugs already marketed. In particulas, ¢urrently admitted that the
pathogenesis of valvulopathy by several drugs WitfiT,sR agonist properties
(i.e. fenfluramine, pergolide, MDMA, ergotamine..ikdly results from an
“off-target” effect of the activation of 5-HERs, which are expressed on heart
valve leaflets (Fitzgeral@t al, 2000; Elangbam, 2010). Indeed, while these
compounds also display some affinity for the otheambers of the 5-HR
family, drugs which are selective agonists towatds 5-HT,,R and 5-HBcR
(i.e. lisuride and terguride) do not induce valydthies (Jahnichest al, 2005;
Roth, 2007). In addition, it has been shown th&tTsexerts an inappropriate
mitogenic effect on VICs through 5-HgR activation (Fitzgerale@t al, 2000),
which could lead to their proliferation and subsaguwlisruption of their ability
to regulate the valvular extracellular matrix (Edaam, 2010). Finally, it should
be noted that genetic inactivation of 54gfs in mice leads to embryonic and
neonatal death caused by heart defects (Nedtigil, 2000), which provides an
additional argument to the prevalence of 55 in the regulation and
development of the heart. Altogether these obsenaindicate that it is crucial
to characterize the 5-HdR functional selectivity of drugs being developed o
currently on the market to avoid valvulopathy lldai Nevertheless, conversely
to 5-HT,R stimulation, no evidence of a deleterious impatt5-HT,gR

blockade on cardiac function has been providedédrliterature to date. Instead,
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recent findings rather suggest a protective eftdcb-HT,zR antagonists in
cardiac disorders (Janssetal, 2015).

6. Regulation of the central nervous system
6.1. Regulation of serotonin transport

Several studies suggest that the 54fRTplays a key role in the regulation of
the 5-HT system. First, it has been shown that 5gRTstimulation promotes
the phosphorylation of the SERT and the Na+, K+-A3d pump (the energy
source of the SERT) in 1C11 cells and primary nesifoom the raphe. These
effects, which would involve couplings to the PK@daprotein kinase G/NO
signalization pathways, suggest that 5;5RS govern the overall 5-HT
transport (Launagt al, 2006). Although it has been demonstrated anijtro,
the authors have shown that there are two distindt contrasting 5-HER-
mediated controls of 5-HT transport. Thus, 5:5RS promote the basal
phosphorylation of SERT allowing the maximal 5-Hptake capacities and
antidepressant drug (SERT inhibitors) binding. O tother side, in the
presence of 5-HT, they further phosphorylate thRBEs well as the Na+, K+-
ATPase pump, leading to reduced 5-HT transportieficy and decreased
antidepressant efficacy.

Interestingly, a study performed in the freely-nmgvimouse has confirmed that
5-HT,gRs participate to the control of the 5-HT systempedfically, reverse-
dialysis of the 5-HZzR preferential agonist BW 723C86 into the DRN ingiic
an increase in local 5-HT outflow. This excitatonfluence is suppressed by
pretreatment with the antagonist RS 127445, whiab ho effect by itself,
thereby confirming the selective involvement of B,ERs in this response
(Doly et al, 2008). However, the authors conclude that BWCBEinduced
effect does not result from an inhibition of 5-H8uptake, as suggested ipy
vitro studies (Launagt al, 2006), but could involve a SERT-mediated 5-HT
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release. Additional investigations are warrantedatliress the mechanisms

underlying 5-HTEgR-mediated control of 5-HT transport.

6.2. Regulation of astrocytes

Previous results have shown that 5;5RS may be key players in the regulation
of astrocytes activity. Indeed, stimulation of 5J4gfs produces a transcient
increase in intracellular calcium (resulting frolne tmobilization of intracellular
stores) in cultured astrocytes from cerebral coftgpocampus, and brain stem
(Sandéret al, 2000). This effect presumably results from thévation of the
PLC signalization pathway, although other sourcédntracellular calcium
cannot be excluded (see section III.B). Importaritijthe study by Sandén and
coworkers, the increase in intracellular calciunswhaserved only in a minority
of 5-HT,zR-expressing astrocytes. In keeping with the nuoignalization
cascades recruited by 5-k4Rs (see section 111.B), it is possible that 5-4&Hs
could trigger various cellular changes in astrogyiie addition to calcium
mobilization. For instance, 5-HdRs could participate to the regulation of gap
junction permeability, which is known to be altefedowing 5-HT stimulation
of cultured astrocytes (Rorig and Sutor, 1996; Bitand et al, 1999).
Considering the importance of astrocytes in theratign of neurons (Rakic,
1981) and synaptogenesis (Perimuéteal, 1984; Meshuét al, 1987), as well
as the role of 5-HERs in cell proliferation and differentiation (seecson
[11.D.1), additional studies are warranted to addrethe involvement of

astrocytic 5-HEgRs in brain development.

6.3. Regulation of the dopaminergic network
6.3.1. Neur ochemical aspects

Intracerebral microdialysis studies in anesthetiaedreely moving rats have

failed to detect an effect of 5-HgR stimulation on DA activity. Indeed, the 5-
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HT.sR agonist BW 723C86 does not modulate basal DA@umtin the mPFC,
the NAc and the striatum (Di Matted al., 2000; Goberét al, 2000; Auclairet
al., 2010). In addition, BW 723C86 has no effect lom firing rate of VTA DA
neurons (Di Matteeet al, 2000), supporting the insensitivity of mesoaati
and mesoaccumbal DA pathways to 5;R stimulation. Furthermore,
haloperidol-induced increase in DA outflow in theAdN and the striatum
remains unaltered by BW 723C86 administration (Auat al., 2010). Thus,
both basal and “activated” DA outflow are insewsitio 5-HTgR stimulation.
However, this conclusion should be further confidmeith agonists more
selective than BW 723C86, or by using DA-activatithgigs with different
mechanisms of action than haloperidol. Indeed athikity of 5-HT receptors to
control DA outflow is known to depend on the spiecihechanism of action of
a given drug to activate DA neurons (Poretsal, 2002a, 2002b, 2003;
Navailleset al, 2004; De Deurwaerdeset al, 2005), and sometimes also on
the degree to which it activates DA neurons (Scheticgil, 1992; Gudelskgt
al., 1994).

With regards to 5-HER blockade, neurochemical data obtained from the
anesthetized rat indicate that the highly potent &selective 5-HJgR
antagonists RS 127445 and LY 266097 have no effedDA outflow in the
striatum. Also, it has been shown that both RS 437and LY 266097 reduce
DA outflow in the shell subdivision of the NAc, wigas they have no effect in
its core part (Auclairet al, 2010). As discussed elsewhere (Auclairal,
2010), this preferential effect at the level of 8gieell is in line with previous
studies showing different DA responsiveness andlaggry controls between
the shell and the core subdivisions of the NAc (iara, 2002). Noteworthy,
that 5-HT,sRs can exert a tonic excitatory control on the raesambal DA
pathway contrasts with previous findings. Indeétiad been previously shown
that the 5-HEgR antagonist SB 204741 has no effect on DA outflovthe
NAc, as well as in the striatum, of freely movirats (Gobertet al, 2000).

Nevertheless, differences in microdialysis probeaceients could be
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responsible for the discrepancies observed betWwe#nstudies. Indeed, in the
study by Gobert and coworkers, the cannula aimedositoring accumbal DA
outflow was implanted at the interface between skatum and the core
subregion of the NAc. In the same study, it hasts®wn that DA outflow in
the PFC remains unaltered by the peripheral adtratisn of SB 240741.
However, in keeping with the poor affinity of SB40G1 for 5-HTEgRs (see
section III.C), and considering that SB 204741 adisinistered at a dose much
higher than the efficient doses used in other ssigknowles and Ramage,
1999; Yonezawaet al, 2008), further experiments are needed to confirm
reject the hypothesis of an insensitive mesocdriida pathway to 5-HEsR
modulation. Interestingly, several studies havewshthat 5-HBgR blockade
not only impacts on basal DA outflow but also on DAtflow when it is
increased by drugs with different mechanisms ofioact Thus, in the
aneshetized rat, LY 266097, with no effect at teeel of the striatum,
suppresses amphetamine and haloperidol-induced Gtfow in the NAc,
thereby confirming the region-dependent 5;R control of subcortical DA
pathways (Auclairet al, 2010). Similarly, in freely-moving mice, either
pharmacological blockade with RS 127445 or geraiation of the 5-HzR
reverses MDMA-induced increase in NAc DA outflowd et al, 2008).
However, it should be considered that this suppresfect, at difference with
amphetamine and haloperidol, may be directly rdladethe ability of MDMA
to behave as a 5-HdR agonist (Setolat al, 2003).

6.3.2. Behavioral aspects

Several studies have investigated the impact ofT&R modulation on the
behavioral responses induced by drugs targetingDiAesystem. Thus, RS
127445, with no effect by itself on spontaneousoioator activity, reduces
amphetamine-induced hyperlocomotion in rats (Aucki al, 2010). As

previously suggested, the ability of 5-jR antagonists to block amphetamine-
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evoked hyperactivity may result from their suppasgseffect on amphetamine-
induced DA outflow in the NAc (Auclairet al, 2010). Indeed, although
amphetamine is able to block the DAT and the NEW ®@ a lesser extent the
SERT (Ritz and Kuhar, 1989), knock-out studies irtemhave shown that
blockade of the DAT is necessary to cause the tdiyseractivity induced by
this drug (Spielewoyet al, 2007), while lesion investigations in rats have
demonstrated that NAc DA activity is tightly reldtéeo amphetamine-induced
motor effects (Kelly et Iversen, 1976; Joyce andrden, 1984; Dunnett and
Robbins, 1992). In addition, selective 5-HT reuptakhibitors (SSRIs), which
prevent the binding of amphetamine to the SERT, mmt suppress
amphetamine-induced hyperlocomotion (Callavedyal, 1990). Whether the
NET may also participate to this effect remain®pan question.

It has been previously shown that 5-4gHs can also control the behavioral
effects of MDMA. Specifically, MDMA-induced hypem@motion, locomotor
sensitization and conditioned place preferencenardonger observed in 5-
HT,sR knock-out mice or in wild-type mice following theystemic
administration of RS 127445 (Dolgt al, 2008, 2009). Once again, it is
tempting to suggest that 5-BEER blockade may inhibit MDMA-induced
hyperlocomotion by suppressing MDMA-induced DA ¢mtf in the NAc
(Doly et al, 2008). However, RS 127445 has also been showhldok
MDMA-induced increased 5-HT outflow in the NAc atiee VTA (Doly et al,
2008), and the relative contributions of DA and b-i4 the behaviors evoked
by this drug are far from clear (Bankson and Cugimam, 2001). Indeed, it is
well-established that MDMA targets the SERT, DATET with comparable
potencies (Rothmaat al, 2001; Verricoet al, 2007), but, at difference with
amphetamine, its impact on locomotor activity canpe ascribed to a single
transporter. Indeed, microdialysis studies havewshthat MDMA-induced
ambulation is positively correlated both with DAda&-HT outflow in several
DA brain regions (Baumanat al, 2008). In addition, previous reports have

shown that the SERT plays a crucial role in theresgion of MDMA responses
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(Bengelet al, 1998; Bankson and Cunningham, 2001; Trgal, 2007). A
more global interpretation of the literature regethlat both the SERT and the
DAT would participate to MDMA-evoked behaviors. #et, as discussed
elsewhere (Bankson and Cunningham, 2001), MDMA-@eduincreased DA
outflow may result from two concurrent mechanissthe reversal of DAT
leading to increased extracellular DA levels; 2) taversal of SERT increasing
extracellular 5-HT levels, which in turn stimuladdeHT receptors responsible
for the increase in vesicular DA release (Yamansdtal, 1995; Gudelsky and
Nash, 1996). Thus, additional studies are neededss®ss whether the 5-
HT.sR-mediated control of MDMA-induced hyperlocomotigelies on an
interaction with the DA or the 5-HT system. Whatethgs interaction may be,
5-HT,sR-induced suppression of MDMA hyperactivity wouldtrer result from
the inhibition of NAc DA outflow, and not that of 3T outflow. Indeed, while
it is well-established that NAc activity is cruciak the expression of behaviors
induced by psychostimulant drugs (Dunnett and Ruhbil992), MDMA-
induced ambulation has been positively correlatéth WA outflow, but not
with 5-HT outflow, in the rat NAc (Baumaret al, 2008).

6.4. Therapeutic implications

The ability of the 5-HJzR to control DA outflow in the mesocorticolimbic
network, as well as DA-dependent behaviors, suggést this receptor could
be an interesting pharmacological target for impobtreatments of DA-related
disorders. In particular, its potential interest $chizophrenia, drug addiction

and depression is discussed below.

6.4.1. Schizophrenia

The particular pattern of effects of 5-lR blockade on the DA ascending

pathways may represent a valuable tool for improviedatment of

58



Introduction

schizophrenia. Indeed, the ability of 5-)R antagonists to decrease DA
outflow, whereas they have no effect at the le¥ehe striatum (Auclaiet al,
2010), suggests that these compounds may be alddletoate the positive
symptoms of schizophrenia, without inducing EPSweleer, the impact of 5-
HTsR blockade on DA outflow in the PFC remains an ogewmstion. In
keeping with the role of cortical DA function in ehphysiopathology of
schizophrenia (see section Il.A), and considerivad humerous atypical APDs
(clozapine, amisulpride, asenapine, aripiprazolatipcazine) display high
affinity and potent antagonist properties at thdTgR (Shapiroet al., 2003;
Abbas et al, 2009; Shahidet al, 2009; Kisset al, 2010), the need for
neurochemical studies assessing this issue is whvidoteworthy, a recent
study performed in mice has suggested the role ®iTHRs in the
neurodevelopmental mechanisms of schizophrenia.cifgadly, genetic
ablation of 5-HEgRs leads to several antipsychotic-sensitive schipc-like
behaviors in mice (Pitychoutet al, 2015). At first sight, these findings do not
favor the hypothesis that the 5-FR antagonist properties of atypical APDs
may contribute to their therapeutic benefit. Nelvelegss, it should be borne in
mind that knock-out models do not reflect the pblgsiical role of a given
receptor expressed in a specific locus but ratherdevelopmental adaptations
triggered by the total and chronic suppressiornis teceptor. Accordingly, in
5-HT,5R knock-out mice, NAc DA levels are unaltered ampared to wild-
type animals, whereas RS 127445 decreases accidbautflow in rats. On
the other hand, striatal DA levels are lower in B4R knock-out mice as
compared to controls, whereas RS 127445 has not effeDA outflow in the
rat striatum (Dolyet al, 2009, Auclairet al, 2010; Pitychouti®t al, 2015).
Whether these discrepancies result from speciatecldifferences or total

versusacute inactivation of 5-HERs remains to be determined.
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6.4.2. Drug addiction

In keeping with the key role of the mesoaccumbal Péthway in drug
addiction (see section 1.B), the ability of 5-kRs to exert an excitatory
control on amphetamine and MDMA-induced increaseic NDA outflow
suggests that these receptors may be useful tootamtigs of abuse-induced
behavioral responses (Dody al, 2008; Auclairet al, 2010). It is therefore not
surprising that pharmacological blockade or genathibition of 5-HTzRs
suppresses amphetamine and MDMA-induced hyperlotiomoa behavior
which is highly dependent on the stimulation of thward pathway (Hedoet
al., 1999; Heidbredeet al, 1999; Filip and Siwanowicz, 2001). Although the
acute hyperactivity resulting from the adminiswatbf drugs of abuse does not
reflect the physiological and behavioral featurésrapeated drug exposure,
these findings provide a first clue to correlate thehavioral outcome of 5-
HT.sR blockade with its impact on amphetamine and MDMéudced
neurochemical effects (see section 111.D.6.3.1)adidition, a study published by
Doly and coworkers indicates that the 5J4R participates in the reinforcing
effects of MDMA, as its genetic inactivation or pimacological blockade
suppresses MDMA-induced locomotor sensitization awdhditioned place
preference in mice (Dolgt al, 2009). However, the effect of 5-EkRs on
behavioral paradigms more relevant to drug addictiee. self-administration,
relapse) has never been studied to date. Finaky possibility that 5-HERs
may participate to the expression of addictive-lixehaviors in rodents is
supported by previous findings showing that 5;4RS are involved in
impulsivity, defined as the tendency to act withéaresight (Bevilacqua and
Goldman, 2013). Indeed, 5-HR knock-out mice display increased delayed
discounting, high novelty seeking and high reattit novelty, which are all
markers of impulsivity in rodent models (Bevilacqaiad Goldman, 2013). In
addition, a functional stop codon of the gene eimgpthe 5-HBsR has been

identified in a population of incarcerated Finnishles selected on the basis of
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their violent past (homicides, batteries, assais$ arsons), thereby suggesting
that the 5-HEgR also predisposes to severe impulsivity in hun{@ewvilacqua
et al, 2010). Considering that a shift from impulsivity compulsivity occurs
during the onset of addictive behaviors (Bedinal, 2008), these observations
altogether support the hypothesis that 54RE may participate to the

development of drug dependence.

6.4.3. Depression

Depression, with bipolar disorder, belongs to thHass of “depressive
syndromes”, characterized by several symptoms asdbng-lasting depressed
mood, feelings of guilt, anxiety, and recurrentuglots of death and suicide
(Nestler et al, 2002). Previous findings suggest a role of DA the
neurobiology of depression (Zangenal, 2001; Nestler and Carlezon, 2006;
Leggioet al, 2013). In particular, DA hypoactivity in the nodisnbic pathway
is involved in the anhedonia associated with degivas(Nestler and Carlezon,
2006). In addition, several symptoms of depressibith resemble the negative
symptoms of schizophrenia (i.e. apathy, psychomatardation) may reflect a
DA dysfunction in the PFC (Alex and Pehek, 2007)owsdver, the
pathophysiology of depression is more classicadjated to 5-HT and
noradrenaline dysfunction, in keeping with the iapibf drugs blocking the
SERT or the NET to alleviate depressive symptonieXAand Pehek, 2007). In
this context, it has been shown that 5,kR activation is required for the
therapeutic actions of SSRIs. Thus, the acute ang-ierm behavioral effects
of SSRIs, as well as their neurogenic effects, avelished by both genetic
inactivation and pharmacological blockade of 5;RSs in mice, while 5-
HT.gR stimulation induces SSRI-like effects (Diat al, 2012). Also, as
previously mentioned, 5-HERs may be involved in impulsivity, a trait which
is tightly related to suicidality (Bevilacquet al., 2010). In addition, previous

findings suggest the therapeutic benefit of 54RTagonists in anxiety disorder,
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which is known to overlap to some extent with depien (Nestleet al, 2002).
Specifically, the 5-HZzR agonist BW 723C86 causes anxiolysis in the social
interaction test following its systemic (Kennegt al, 1996) or local
administration in the amygdala (Duxehal., 1997b), which is known to play a
key role in the acquisition and expression of atyxad the action of anxiolytic
drugs (Kuhar, 1986; Kahet al, 1988; Aggleton, 1993). Other findings suggest
that 5-HTgRs could have a protective role in the 5-HT syndrpwhich results
from antidepressant drug overdose or combinatiodrads inducing a massive
increase in extracellular 5-HT levels (Diaz and Maaux, 2011). Altogether
these observations demonstrate that 5gRTagonists could represent a useful
therapeutic tool for improved treatment of depm@ssHowever, this prospect
needs to be qualified, with regards to the impdrsiae-effects associated with

the use of treatments with 5-k5R agonist properties (see section 111.D.5).
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V. Aims

At the beginning of the present thesis, the anslgtthe literature revealed that
the role of 5-HEsRs in the control of the central nervous system beaen
poorly explored. This observation was not surpgswhen considering the
relatively recent interest of the scientific comntynn the functional role of
central 5-HBgRs. Indeed, while neurochemical studies had shdwhthe 5-
HT.sR exerts opposite controls on the mesoaccumbal regmbstriatal DA
pathways, its impact on cortical DA outflow had eeteen studied. In keeping
with the key role of the mesocortical DA pathwaythe pathophysiology of
several neuropsychiatric disorders, additional stigations were therefore
crucial to fill this gap of the literature, and pide a more complete overview of
the pattern of effects of 5-HgRs on the whole DA network. In particular, such
investigations would permit to explore the therdjmepotential of 5-HEgR
antagonists for improved treatment of cognitivenagative symptoms observed
in schizophrenic patients (see section Il.A). Oa tither hand, several studies
had provided the first clues of the involvemenddfiT,zRs in the control of the
neurochemical and behavioral effects of drugs ofisab However, their
participation to the effects of cocaine, one of thest worldwide abused drug,
whose behavioral responses are tightly related #o dativity, remained
unknown. Finally, as discussed in the present dhiction, the literature had
provided some contradictory data, likely becausthefuse of different species
or pharmacological ligands with poor selectivity fioe 5-HTgR.

Thus, the general objective of the present theas to clarify and complete the
available data related to the role of the 54K in the control of basal and
stimulated activity of ascending DA pathways (Alrckt al, 2010), in order to
provide a deeper insight into its therapeutic pidérfor the treatment of DA-
dependent neuropsychiatric disorders. Considehiegdeleterious side effects
associated with the use of 5-F#R agonists (i.e. valvulopathies; see section

I11.D.5), we focused our investigations on the apemin DA function resulting
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from 5-HT;R blockade, which, as previously discussed (sediossc
[11.D.6.4.1 and 111.D.6.4.2), could be a key stigyefor improved treatment of
schizophrenia and drug addiction. To this purpeseused the most selective
and potent 5-HZR antagonists available on the market, RS 127445Lah
266097. Several aspects of 54gR-modulation of DA activity were explored
in the rat, by using biochemical, electrophysiotadi and behavioral
approaches. In particular, we monitorad vivo DA and 5-HT outflow in
discrete brain regions (by using intracerebral odalysis in both anesthetized
and freely moving animals), as well as basal DAndrrate, and we used

various DA-related behavioral models, to addreefahowing main questions:

1- Do 5-HTgR antagonists provide an interesting pharmacololgtoel for
improved treatment of schizophrenia?

To address this question, we studied the effeckstéT,zR antagonists on basal
DA outflow in DA-innervated brain regions (mPFC, blAhell, NAc core,
striatum) of freely moving rats, as well as onfinieg activity of VTA and SNc
DA neurons. In addition, we assessed the impach-BiT,zR blockade on
several behavioral tasks classically used to prettie ability of APDs to
alleviate the different symptoms of schizophreoiatheir propensity to induce

motor side effects.

2- Which are the mechanisms underlying the diffemkicontrol of 5-HEgR
antagonists on the mesocorticolimbic DA system?

The first group of experiments (see above) proviedence that the 5-HiR
exerts a tonic inhibitory control on the mesocaitiDA pathway, at difference
with the mesoaccumbal DA pathway which undergoesorac excitatory
control. Thus, our following experiments aimed atedmining the mechanisms
underlying these opposite effects. Specifically, iweestigated the possible
existence of a funtional interplay between 5:Rs and mPFC 5-HERs. Such

an interaction was suggested by the fact that sRblockade increases mPFC
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5-HT outflow (preliminary results), and that 5-FAR agonists induce opposite
effects on mPFC and NAc DA outflow, likely via teémulation of 5-HTARs
expressed in the mPFC (Ichikawa and Meltzer, 20€l@kawa et al, 2001,
Assiéet al, 2005; Diaz-Mataiet al, 2005; Lladé-Pelforét al, 2012).

3- Do 5-HTgRs participate to the neurochemical and behavioedponses
elicited by cocaine?

First, we assessed the impact of 5,R antagonists on cocaine-induced
hyperlocomotion, one of the most frequently usaeesting tests in drug abuse
and dependence research (Filip et al., 2010). Thensidering the tight
relationship between locomotor activity and sulicatt DA activity, we
investigated the effect of 5-HdR blockade on DA outflow in the NAc core,
the NAc shell and the striatum, in an attempt toalate the behavioral and

neurochemical interactions of 5-kkRs with cocaine.
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we assessed the effects of two selective 5-HT,gR antagonists, RS 127445 and LY 266097, on in vivo DA
outflow in DA-innervated regions, on mesencephalic DA neuronal firing, as well as in behavioral tests
predictive of antipsychotic efficacy and tolerability, such as phencyclidine (PCP)-induced deficit in novel
object recognition (NOR) test, PCP-induced hyperlocomotion and catalepsy. Both RS 127445 (0.16 mg/kg,
i.p.) and LY 266097 (0.63 mg/kg, i.p.) increased DA outflow in the medial prefrontal cortex (mPFC). RS
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Catalepsy compacta. Finally, both RS 127445 and LY 266097 reversed PCP-induced deficit in NOR test, and reduced

PCP-induced hyperlocomotion, without inducing catalepsy. These results demonstrate that 5-HTgRs
exert a differential control on DA pathway activity, and suggest that 5-HT>gR antagonists could represent
a new class of drugs for improved treatment of schizophrenia, with an ideal profile of effects expected to
alleviate cognitive and positive symptoms, without eliciting extrapyramidal symptoms.
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ized by three main groups of symptoms: positive (i.e. hallucina- symptomatology is classically related to an imbalance in central
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Abstract

Recent studies suggest that the central sergtpreneptor (5-HZgR) could be
an interesting pharmacological target for treatmmeuropsychiatric disorders
related to dopamine (DA) dysfunction, such as sighrenia. Thus, the present
study was aimed at characterizing the role of 54R$ in the control of
ascending DA pathway activity. Using neurochemiesdctrophysiological and
behavioral approaches, we assessed the effectsvifselective 5-HIgR
antagonists, RS 127445 and LY 266097, ionvivo DA outflow in DA-
innervated regions, on mesencephalic DA neurordhgfi as well as in
behavioral tests predictive of antipsychotic efficaand tolerability, such as
phencyclidine (PCP)-induced deficit in novel objeetognition (NOR) test,
PCP-induced hyperlocomotion and catalepsy. Both1lR#%445 (0.16 mg/kg,
i.p.) and LY 266097 (0.63 mg/kg, i.p.) increased DAiflow in the medial
prefrontal cortex (MPFC). RS 127445, devoid of affén the striatum,
decreased DA outflow in the nucleus accumbens, partentiated haloperidol
(0.1 mg/kg, s.c.)-induced increase in mPFC DA outfl Also, RS 127445
decreased the firing rate of DA neurons in the nanégmental area, but had no
effect in the substantia nigra pars compacta. lyinebth RS 127445 and LY
266097 reversed PCP-induced deficit in NOR tedt, matluced PCP-induced
hyperlocomotion, without inducing catalepsy. Thessults demonstrate that 5-
HT,sRs exert a differential control on DA pathway aityivand suggest that 5-
HT R antagonists could represent a new class of dougmproved treatment
of schizophrenia, with an ideal profile of effeetgpected to alleviate cognitive

and positive symptoms, without eliciting extrapyrdah symptoms.
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1. Introduction

Schizophrenia is a major neuropsychiatric disoddteracterized by three main
groups of symptoms: positive (i.e. hallucinatiomiglusions), negative (i.e.
social interaction deficits, blunted affect) andgeibive (i.e. working and
reference memory deficits, executive function imp&nts, decreased
vigilance) (Meltzer, 2013; Newman-Tancredi and KKey 2011). This
multimodal symptomatology is classically relatedaio imbalance in central
dopamine (DA) neurotransmission: positive symptamasild result from DA
hyperfunction in the nucleus accumbens (NAc), wagmegative and cognitive
symptoms would involve DA hypofunction in the frahtcortex (Newman-
Tancredi and Kleven, 2011; Svensson, 2000). Thenpdzological treatment of
schizophrenia relies on the use of DA-Eeceptor antagonists classified as
typical and atypical antipsychotic drugs (APDs; tdet and Massey, 2011).
Typical APDs, such as haloperidol and chlorpromazine, whiective in
controlling positive symptoms, exhibit a marked pg@osity to induce
extrapyramidal side effects (EPS), related to ettestriatal DA activity
(Schapiraet al, 2006). Conversely, atypical APDs, of which cloire is the
prototype, display limited propensity to induce ER#®ng with a wider
therapeutic spectrum covering positive, and to s@xr&ent, negative and
cognitive symptoms (Meltzer and Massey, 2011).

It is well established that the therapeutic benaffiatypical APDs is related to
their multi-target propertiestowards various neurotransmitter systems,
involving, in particular, direct or indirect effecon various serotonin receptors
(5-HTRs), especially 5-HkRs and 5-HTsRs (Meltzer and Massey, 2011;
Newman-Tancredi and Kleven, 2011). Interestinglgyesal atypical APDs
display antagonist properties towards the centtdll’:R (Abbaset al, 2009;
Kiss et al, 2010; Shahicet al, 2009; Shapiret al, 2003), which has been
recently shown to participate in the control of DAuron activity (Auclairet
al., 2010; Devroyeet al, 2015; Dolyet al, 2008, 2009). Also, microdialysis
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studies in anesthetized rats, showing that 3sRTblockade decreases DA
outflow in the NAc but has no effect in the strimtusuggested that 5-HgRs
could contribute to the therapeutic benefit of a&gpAPDs, by achieving a
differential control of subcortical DA pathway agty (Auclair et al, 2010).
However, the functional significance of this intian, as well as the possible
role of 5-HT;gRs in the control of DA outflow in the medial prefital cortex
(mPFC), remain unknown to date.

Thus, the present study, encompassing neurocheraleatrophysiological and
behavioral approaches, aimed at assessing theidnattrole of 5-HEgRS in
the control of DA ascending pathways, by using setective, potent and brain-
penetrant 5-HJR antagonists, RS 127445 and LY 266097 (Awdial, 1996;
Bonhauset al, 1999). First, using intracerebral microdialysidreely moving
rats, we investigated the effect of 5-4dR blockade on basal DA outflow in the
NAc, the striatum and the mPFC. Second, using singlit extracellular
recordings, we examined the influence of 5:R blockade on the basal firing
rate of DA neurons located in the ventral tegmemtada (VTA) and the
substantia nigra pars compacta (SNc). Third, thecef of 5-HTgR antagonists
were assessed in behavioral models classically tspdedict APDs ability to
induce EPS (catalepsy test), and to alleviate ipesiphencyclidine (PCP)-
induced hyperlocomotion] and cognitive [PCP-induckdicit in novel object
recognition (NOR)] symptoms of schizophrenia (Newriancredi and
Kleven, 2011). Finally, to provide a deeper insighto the pro-cognitive
potential of 5-HTgR antagonists, the effect of RS 127445 on halopkrid

induced DA outflow in the mPFC was also assessed.

2. Materials and methods
2.1. Animals

Male Sprague-Dawley rats (IFFA CREDO, Lyon, Frange)ghing 280-350 g

were used. Animals, housed in individual plastigesawere kept at constant
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room temperature (21 + 2°C) and relative humid@9%) with a 12h light/dark
cycle (dark from 20:00 h) and had free access teemwand food. For
electrophysiological experiments, rats were hows@dper cage and kept under
standard laboratory conditions as above. Animalsewacclimated to the
housing conditions for at least one week priorhe start of the experiments.
All experiments were conducted during the light gghaf the light-dark cycle.
Animals use procedures conformed to the InternatidBuropean Ethical
Standards (86/609-EEC) and the French National dtieen(décret 87/848)
for the care and use of laboratory animals. Albeff were made to minimize

animal suffering and to reduce the number of arémakd.

2.2. Drugs

The following compounds were used: the 5;5R antagonists RS 127445.HCI
(2-amino-4-(4-fluoronaphth-1-yl)-6-isopropylpyriniige  hydrochloride) and
LY 266097.HCI  (1-[(2-Chloro-3,4-dimethoxyphenyl)  thgl]-2,3,4,9-
tetrahydro-6-methylHi-pyrido[3,4b] indole hydrochloride), the atypical
antipsychotic clozapine (8-Chloro-11-(4-methyl-pgmazinyl)-5-
dibenzop,€][1,4]diazepine), purchased from R&D Systems (Abiog, UK);
the  non-competitive  N-methyl-D-aspartate =~ (NMDA)-R ntagonist
phencyclidine (PCP).HCI (1-(1-Phenylcyclohexyl)pipene hydrochloride),
purchased from Sigma-Aldrich (Saint-Quentin FabayiFrance), and the DA-
D,R antagonist haloperidol (4-[4-(p-chlorophenyl)-dhyxypiperidino]-4'-
fluorobutyrophenone) as the commercially availableton (Haldol 5 mg/ml,
Janssen Pharmaceutica, Bersee, Belgium). All othemicals and reagents
were the purest commercially available (VWR, Stoash, France; Sigma-
Aldrich).
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2.3. Pharmacological treatments

RS 127445 was dissolved in a 0.3% Tween 80 ddtiVater solution or in a
20%  hydroxypropyB-cyclodextrin  distilled  water  solution  for
electrophysiological experiments; when administeretbcally (see
Supplementary Fig. S1), it was first dissolved i®.8% Tween 80 distilled
water solution to obtain a 5QM concentration, and then further diluted to the
required concentration with artificial cerebrospifiaid just before use. LY
266097, PCP and clozapine were dissolved in didtiater. Haloperidol was
diluted in distilled water. All drugs were admimstd intraperitoneally (i.p.),
except haloperidol which was injected subcutanguo(sst.).

In microdialysis experiments, when assessing DAfleut dose-response
studies were performed in the mPFC with increadioges of RS 127445 (0.08
- 0.16 mg/kg) or LY 266097 (0.16 - 0.63 mg/kg).the NAc and the striatum,
the effect of a single dose of RS 127445 (0.16 gjgikas assessed. In an
additional experiment, 0.16 mg/kg RS 127445 wasiaidtered 15 min before
0.1 mg/kg haloperidol. When assessing serotonidTp-outflow in the mPFC
(see Supplementary Fig. S2), the effect of a singige of RS 127445 (0.16
mg/kg) or LY 266097 (0.63 mg/kg) was tested. Final reverse microdialysis
experiments (see Supplementary Fig. S1), RS 12W#é5perfused, during the
entire experimental period (120 minja the dialysis probe into the NAc and
the mPFC at increasing concentrations (0.1 M. In electrophysiological
experiments, 0.16 mg/kg RS 127445 was administ&redin after vehicle
injection. In catalepsy experiments, animals weeated with 0.16 mg/kg RS
127445, 0.63 mg/kg LY 266097 or 1 mg/kg haloperidiollocomotor activity
experiments, 0.16 mg/kg RS 127445 or 0.63 mg/kg R&6097 were
administered respectively 15 or 30 min before 5 kggPCP. In NOR
experiments, rats were treated with 2 mg/kg PCEewlaily for 7 days. On the
testing day, after a 7-day washout period, RS 127%ds administered at 0.16
mg/kg, LY 266097 at 0.63 mg/kg and clozapine atglka
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Doses and pretreatment administration time of 5gRTantagonists were
chosen according to previous studies reporting teiicacy to modulate DA
outflow and DA-dependent behaviors (Auclat al, 2010; Devroyeet al,
2015). The doses of haloperidol were selected erb#sis of previous studies
reporting their ability to block central DA-Bs in the rat brain (Lucast al,
1997) and to induce an increase in mPFC DA outftoveatalepsy (Let al,
2005; Lucaset al, 2000). The doses and injection procedures (aoute
subchronic administration) of PCP were selectedraiiing to previous studies
reporting its ability to induce hyperlocomotion arstrong deficit in the NOR
test (Adams and Moghaddam, 1998; Horiguchi and 2delt 2012;
Schlumbergeet al, 2010). Finally, the dose of clozapine was chasmording
to previous studies reporting its ability to rexe®RCP-induced deficit in the
NOR test (Graysoat al, 2007).

All drug doses were calculated as the free baseirgacted in a volume of 1
ml/kg. In each experimental group, animals receiedther drugs or their

appropriate vehicle, according to a randomizedgtesi

2.4. Microdialysis and chromatographic analysis

Surgery and perfusion procedures were performegbrasiously described
(Devroyeet al, 2015) with minor modifications. Briefly, rats rgeanesthetized
with 3% isoflurane (CSP, Cournon-d’Auvergne, Frgnead placed in a
stereotaxic frame. A siliconized stainless guidentda (Carnegie Medicin,
Phymep, Paris, France) was stereotaxically impthraecording to the atlas of
Paxinos and Watson (2005), just above the right Niell (coordinates of the
lower extremity of the guide, in mm, relative toethinteraural point:
anteroposterior (AP) = 10.7, lateral (L) = 1.0, wah (V) = 4.0), the right
striatum (AP = 9.7, L = 2.8, V = 6.6), or the righPFC (AP =11.7,L=0.5,V
=7.7), so that the tip of the probe (CMA/11, cuygran, 240 um outer diameter,
2 mm length for the NAc or 4 mm length for the awim and the mPFC,
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Carnegie Medicin, Phymep) once lowered throughgthde-cannula on the day
of the experiment, reached a depth value of 2 mACfN2.6 mm (striatum), or
3.7 mm (mPFC) above the interaural point.

Experiments were performed in freely moving rat®5/ days after surgery.
The probe was inserted in the guide-cannula arfdget at a constant flow rate
(2 wl/min for the NAc and the striatum,@/min for the mPFC), by means of a
microperfusion pump (CMA 111, Carnegie Medicin, Riep) with artificial
cerebrospinal fluid containing (in mM): 147 NaCIK€lI, 2.2 CaCl2, pH 7.4.
Pharmacological treatments (see section 2.3. ftailde were performed 120
min after the beginning of the perfusion (stabtiiza period), and DA outflow
was monitored during 120 min (dose-response exgatish or 180 min (RS
127445-haloperidol interaction experiment) aftele thast drug injection.
Dialysates were collected in a refrigerated fractioollector (MAB 85
Microbiotech, Phymep) every 15 min.

At the end of each experiment, the animal was geapksthetized with a
pentobarbital overdose (100 mg/kg, CEVA, Libourfeance), and its brain
was removed and fixed in NaCl (0.9%)/paraformaldiehysolution (10%).
Probe location into the targeted region was detezthihistologically on serial
coronal sections (60 pm) stained with cresyl viceid only data obtained from
rats with correctly implanted probes were includethe results.

After collection, dialysate samples were immediatahalyzed with a high-
performance liquid chromatography apparatus (Alexy$HPLC/ECD
Neurotransmitter Analyzer, Antec, The Netherlandsjjuipped with an
autosampler (AS 110 UHPLC cool 6-PV, Antec). Thebitophase [containing
(in mM) 100 phosphoric acid, 100 citric acid, 0.1DEA.2H,O, 4.6
octanesulfonic acid.NaCl plus 4.5% acetonitrilguattd to pH 6.0 with NaOH
solution (50%)] was delivered at 0.075 ml/min floate with a LC 110S pump
(Antec) through an Acquity UPLC BEH columng1 x 100 mm, particle size
1.7 um; Waters, Saint-Quentin en Yvelynes, France). Qigte of DA was

carried out with an electrochemical detector (DEGADR Antec) with a VT-03
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glassy carbon electrode (Antec) set at +460vaksusAg/AgCl. Output signals

were recorded on a computer (Clarity, Antec). Untlexse conditions, the
retention time for DA was 4-4.5 min, and the sewisit was 50 pM with a

signal/noise ratio of 3:1.

When measuring 5-HT extracellular levels in the @RBee Supplementary
Fig. S2), its quantification in dialysates was paried under the same
chromatographic conditions described above. Thentiein time for 5-HT was

10-10.5 min.

DA and 5-HT content in each sample was expressdtieapercentage of the
average baseline level calculated from the thraetibns preceding the first
drug administration. Data correspond to the mea&@EM. of the percentage

obtained in each experimental group.

2.5. Extracellular recordings of VTA and SNc DA nogis

Surgery and extracellular recording procedures vperformed as previously
described (Dahaet al, 2009) with minor modifications. Rats were anes#ed
with chloral hydrate (400 mg/kg, i.p.) and placedai stereotaxic apparatus.
Extracellular recordings were performed with siAgiereled glass
micropipettes preloaded with fiberglass filamemtsorder to facilitate filling.
The tip was broken back to 2 to 4 um and filledhwat 2M NaCl solution
satured with blue Chicago dye to verify the eled#¢rgosition in the recorded
nuclei. Only one neuron was recorded in each rdte Electrode was
stereotaxically implanted, according to the atiaBaxinos and Watson (2005),
in the right VTA (5.2 mm posterior to the bregm& éhm lateral to the midline
and 7.5-8.5 mm ventral to the cortical surfacetherright SNc (5 mm posterior
to the bregma, 2 mm lateral to the midline and&2mm ventral to the cortical
surface). During the recording sessions, a heuncountered in the VTA or the
SNc was considered dopaminergic if it fulfilled ttelowing characteristics: 1)

a triphasic and wide action potential (>2.5 ms),a2yharacteristic low-pitch
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sound when monitored through an audio-amplifier @hé slow spontaneous
firing rate ranging between 2 and 9 Hz (Bunney Aghlajanian, 1977; Ungless
et al, 2004; White and Wang, 1983). The first injectisee section 2.3. for
details) was performed once the baseline firinthefpresumed DA neuron was
stable.

At the end of each experiment, the animal was geapksthetized with a
pentobarbital overdose (100 mg/kg, CEVA, LibourReance), and its brain

was removed, snap-frozen in isopentane (Sigma-&ijirand stored at -40°C.
Electrode location into the targeted region wasmheined histologically on

serial coronal sections (60 um), and only dataiobtafrom rats with correctly

implanted electrodes were included in the results.

Changes in neuronal firing (% of baseline) werewated by comparing the
mean baseline firing (obtained from a 1-2 min imdprior to vehicle injection)

with the mean cell firing rate obtained from a Xrdn interval 3 min after

vehicle injection or 15 min after RS 127445 injenti Data correspond to the
mean + S.E.M. of the percentage of baseline fiohtained following vehicle

or RS 127445 administration.

2.6. Catalepsy test

Experiments were carried out in a sound-attenuetedh. The animals were
brought from the vivarium to the testing room 1 éfdve the experiment to
allow habituation to the new environment. Catalepsg measured 30, 60 and
120 min after drug injections (see section 2.3 ditails) by gently placing both
forepaws of the rat on the top of a wooden paegiglede block (height = 9
cm) with the hind limbs abducted (Luca&t al, 1997). The intensity of
catalepsy was assessed by counting the time thmahmemained in this
position with a maximal “cut-off’ of 300 s. Catgbsy measurement was
performed by an observer blind to the drug scheddlministration. Data are

presented as mean + S.E.M. duration of catalepsy.

82



Publications

2.7. Locomotor activity test

As described previously (Devroy al, 2015; Piazzat al, 1989), locomotor

activity was measured in a circular corridor eqegbpwith four photoelectric

cells placed at the two perpendicular axes of ghgaeatus to automatically
record horizontal locomotion. The apparatus weaegd in a light- and sound-
attenuated chamber. All rats were habituated tddleenvironment for 1 h on
the day before the experiment. Drug injections &mion 2.3. for details) were
performed outside the testing room. After the lagtction, rats were placed
into the circular corridor, and locomotor activityas recorded during 60 min.

Data are presented as mean + S.E.M. total horikzaati&ity counts.

2.8. NOR test

NOR testing was performed as previously descrilb¢atiguchi and Meltzer,
2012) with minor modifications. Rats were treatéthv mg/kg PCP or vehicle
twice daily for 7 daysSubchronically PCP-treated rats were randomly assig
to four groups (vehicle, RS 127445, LY 266097 ardzapine group).
Subsequently, animals were given a 7-day washauggprior to NOR testing.
On the day of the experiment, PCP- and vehicladdeeats were habituated for
15 min to the test environment and NOR arena (&b 50 cm open field
placed in a light- and sound-attenuated chambétgr Ahe 15-min habituation
period, rats were given two 5-min trials (acquasitiand retention trials),
separated by a 2-min intertrial return to their korage. During the acquisition
trial, the animals were allowed to explore two itigal objects placed at two
opposite corners of the NOR arena (“left” or “riglplacement). During the
retention trial, the animals explored a familiajeav from the acquisition trial
and a novel object. Behavior was recorded on videblind scoring of objects
exploration. Object exploration was defined by aadimlicking, sniffing, or
touching the object with the forepaws while sniffinThe exploration time of

each object in each trial was recorded manuallyhbyuse of two stopwatches.
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The discrimination index [(time spent exploring thevel object - time spent
exploring the familiar object) / total exploratidime] was calculated. If a rat
did not explore at least 5 s in either of the asitjon or retention phases, its
data were excluded from analysis. This rarely aecbiand did not affect the
ability to complete the analysis using data from temaining animals of that
group.

On the testing day, drugs (see section 2.3. fomildgtwere administered
immediately (RS 127445) or 15 min before (LY 266087 clozapine) the
habituation to the test environment and NOR arBraga are presented as mean

+ S.E.M. exploration time or discrimination index.

2.9. Statistics

Statistical analysis was carried out by Statis®c@ for Windows (Statsoft,
Maisons-Alfort, France).

In microdialysis experiments, the effect of 548 antagonists (treatment) on
basal DA or 5-HT outflow was analyzed by a multita@ml ANOVA with
treatment as the between-subject factor, and tisnthe within-subject factor
(time fractions 0-120 min). The ability of RS 12B44pretreatment) to
modulate the effect of haloperidol (treatment) oh @utflow was analyzed by a
multifactorial ANOVA with pretreatment and treatmexs the between-subject
factors, and time as the within-subject factorl(idong values from time -15 to
time 180 min). Finally, in each experiment, statatdifferences in basal DA
values among groups were assessed by a one-way AN@Wg group as a
main factor.

In electrophysiological experiments, the effecR& 127445 (treatment) on DA
neuronal firing was analyzed by a one-way ANOVAirfgsgroup as a main
factor).

In behavioral experiments, the ability of RS 12744% 266097 or haloperidol

to induce catalepsy was analyzed for each timetg8 60 and 120 min after
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drug injections) by a one-way ANOVA (using group @asnain factor). The
ability of RS 127445, or LY 266097 (pretreatmewntntodify the effect of PCP
(treatment) on locomotor activity was analyzed bynaltifactorial ANOVA
with pretreatment and treatment as the betweeresuldpctors. In NOR
experiments, exploration data in the acquisitioal tvere analyzed by a one-
way ANOVA (using object or treatment as a main dactExploration data in
the retention trial were analyzed by a one-way AMQMsing object as a main
factor). Discrimination indexes were analyzed bgre-way ANOVA (using
group as a main factor).

Finally, in all experiments, when multifactorial ANA results were
significant (p<0.05), the Dunnett (for dose-resmsnstudies) or the Newman-
Keuls post-hoctest was performed to allow adequate multiple cmispns

between groups.

3. Results

3.1. Effect of RS 127445 and LY 266097 on DA ouifithe NAc, the striatum
and the mPFC

Fig. 1 illustrates the effect of RS 127445 on DAflow in the NAc (Figure
1A), the striatum (Fig.1B) and the mPFC (Fig. 1&5,well as the effect of LY
266097 on mPFC DA outflow (Fig. 1D). In the NAc @FilA), RS 127445
elicited a time-dependent decrease in DA outflows (F)= 14.90, p<0.01; &«
iime 8,56)= 2.24, p<0.05), without altering striatal DA datf (Figure 1B; ks (1.6

= 0.12, NS; Esxtime (8.48= 0.37, NS). As regards the effect of RS 12744hén
mPFC (Fig. 1C), we found a significant main effe€ttreatment (ks 2,12 =
44.88, p<0.001) and a significant treatment by timteraction (ks x tme (16,96~
3.98, p<0.001)Post-hocanalysis revealed that 0.16 mg/kg RS 127445 eficit
an overall increase in DA outflow (p<0.00%rsusthe vehicle group), whereas
the dose of 0.08 mg/kg had no effect (p>0.08rsusthe vehicle group).
Finally, when looking at the effect of LY 266097idF 1D), we found a
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significant main effect of treatment (R.14) = 5.83, p<0.05) and a significant
treatment by time interaction (K time (16,112= 1.78, p<0.05)Post-hocanalysis
revealed that 0.63 mg/kg LY 266097 elicited an allencrease in DA outflow
(p<0.05, versusthe vehicle group), whereas the dose of 0.16 mbé&d no
effect (p>0.05yersusthe vehicle group).

3.2. Effect of RS 127445 on DA neuronal firinghie VTA and the SNc

Fig. 2 illustrates the effect of RS 127445 on theeltarge of presumed DA cells
in the VTA (Fig. 2A,C) and the SNc (Fig. 2B,D). Thasal firing rate of DA
neurons was 7.3 + 0.7 spike/s (n = 6 animals/gram) 4.1 + 0.3 (n = 8
animals/group) in the VTA and the SNc, respectiviijthe VTA (Fig. 2C), RS
127445 decreased the firing activity of presumedri2dirons (ks (1,10= 10.78,
p<0.01), whereas it had no effect in the SNc (B9, Frs 1,149= 0.04, NS).

3.3. Effect of RS 127445 and LY 266097 in behaMiests

Fig. 3 illustrates the effects of RS 127445 and 266097 in behavioral tests
used to predict antipsychotic efficacy.

In the catalepsy test (Fig. 3A), we found a siguaifit effect of treatment at all
the time points studied (30 MiNg&ment (3,207~ 14.45, p<0.001; 60 Min:Eiment
@20 = 10.29, p<0.001; 120 min:y&iment 3.200= 14.93, p<0.001)Post-hoc
analysis revealed that haloperidol induced a stcaigleptic state at each time
point (30 min: p<0.001; 60 min: p<0.01; 120 min:0@B01,versusthe vehicle
group). Conversely, RS 127445- and LY 266097-tceatds did not display
catalepsy (p>0.0%ersusthe vehicle group).

When assessing the effect of RS 127445 on PCP-@aduygperlocomotion (Fig.
3B), we found a significant main effect of pretreant (ks (1,25~ 5.51, p<0.05)
and treatment (e 125~ 9.60, p<0.01), as well as a significant pretresatinx
treatment interaction @& x pcp 1,257 6.51, p<0.05)Post-hocanalysis revealed

that PCP increased locomotor activity (p<0.@&rsusthe vehicle/vehicle
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group). PCP-induced hyperlocomotion was signifisargduced by RS 127445
pretreatment (p<0.0Yersusthe vehicle/PCP group), whigier sedid not alter
basal locomotor activity (p>0.05ersusthe vehicle/vehicle group). Similar
results were obtained with LY 266097 (Fig. 3C).dad, there was a significant
main effect of pretreatment (F, 2= 5.56, p<0.05) and treatments{F (122~
7.87, p<0.01), as well as a significant pretreatmemeatment interaction (f
pcp (122 = 5.98, p<0.05).Post-hoc analysis revealed that PCP increased
locomotor activity (p<0.01lyersusthe vehicle/vehicle group). PCP-induced
hyperlocomotion was significantly reduced by LY R68 pretreatment
(p<0.01, versus the vehicle/PCP group), whicher sedid not alter basal
locomotor activity (p>0.05versusthe vehicle/vehicle group).

The results obtained from the acquisition triaklie NOR test are reported in
Fig. 3D. Statistical analysis revealed no signiitcdifferences in the time spent
exploring the two identical objects (right or lefoirners of the NOR arena) in
any group (vehicle/vehicle groupsufct (1,16~ 0.16, NS; PCP/vehicleofect 1,12)

= 0.26, NS; PCP/clozapineydzc (1,16~ 2.56, NS; PCP/RS 127445;pE: (1,127
0.00, NS; PCPI/LY 266097: ofect 114)= 0.27, NS).Also, there was no
significant main effect of treatment during thigipé (Freatment (4,757 2.38, NS).
In the retention trial (Fig. 3E), rats explored tievel object significantly longer
than the familiar objects in the vehicle/vehiclepk 1,16= 16.75, p<0.001),
PCP/clozapine (et (1,16~ 9-27, p<0.01), PCP/RS 1274454k 1,12~ 26.91,
p<0.001) and PCP/LY 266097 s 1,14~ 18.31, p<0.001) groups. This ability
to discriminate novel and familiar objects was &b@d in the PCP/vehicle
group (Rpject 1,12~ 0.06, NS). Finally, when analyzing the discrintioa index
(Fig. 3F), we found a significant main effect oéatment (Featment 4,357 9.36,
p<0.001). Post-hocanalysis revealed that PCP decreased the disetimin
index (p<0.001,versusthe vehicle/vehicle group), and that this effeasw
reversed by clozapine, RS 127445 and LY 266097 .Q840 versus the
PCP/vehicle group).
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3.4. Effect of RS 127445 on haloperidol-inducedd#low in the mPFC

Fig. 4 illustrates the effect of RS 127445 on halagol-induced increase in DA
outflow in the mPFC. We found a significant mairfeet of pretreatment ds
a5 = 23.13, p<0.001) and treatment{f 5= 46.52, p<0.001), as well as a
significant pretreatment x treatment interactiofs(Fna (1,15= 5.02, p<0.05).
Moreover, these effects were dependent on time(fe @3,1957 7.17, p<0.001,;
Fhal x time (13,0057 10.52, p<0.001; &5 x hai x time (13,105 2.01, p<0.05)Post-hoc
analysis revealed that haloperidol increased DAlawmt(p<0.05, versusthe
vehicle/vehicle group). RS 127445, with no effeect basal DA outflow
(p>0.05,versusthe vehicle/vehicle group), potentiated halopdfridduced DA

outflow (p<0.001yersusthe vehicle/haloperidol group).

3.5. Effect of intra-NAc and intra-mPFC adminisiomt of RS 127445 on

accumbal and cortical DA outflow

The effect of the intra-NAc and intra-mPFC infusioh RS 127445 on
accumbal and cortical DA outflow is illustrated timee Supplementary Fig. S1
(S1A and S1B, respectively). In both brain regidyasal DA outflow remained
unaltered by the local infusion of RS 127445 (NRgs 2,12)= 2.40, NS; ks«
iime (16,96)= 1.04, NS; MPFC:dg (2,12= 1.58, NS; Rs xtime (16,96~ 0.59, NS).

3.6. Effect of RS 127445 and LY 266097 on 5-HToouth the mPFC

The effect of the peripheral administration of R&445 and LY 266097 on
basal 5-HT outflow in the mPFC is illustrated ire tBupplementary Fig. S2
(S2A and S2B, respectively). We found that RS 137#dicited a time-
dependent increase in 5-HT outflonkék: 11)= 34.10, p<0.001; ds x time (8,88~
2.68, p<0.05). A similar effect was observed follogv LY 266097
administration (F 1,6y = 50.92, p<0.001;F x time (8.72)= 3.74, p<0.01).
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4, Discussion

The present study provides the first evidence BHET,gR antagonists exert a
differential control on ascending DA pathway adyiviresulting in increased,
decreased and unaltered DA function in the mPFE€ NAc and the striatum,
respectively. In keeping with the role of DA pattysain the multimodal
symptomatology of schizophrenia (Newman-Tancredi &teven, 2011), 5-
HT.sR antagonists are also able to restore normal ifumadt output in
behavioral models predictive of APDs efficiency fRDduced deficit in NOR
and PCP-induced hyperlocomotion) and have no effeztoehavioral paradigm
predictive of APDs propensity to induce EPS (casye test) (Newman-
Tancredi and Kleven, 2011). Altogether, our findinghowing that the profile
of effects of 5-HTgR antagonists corresponds to that of an ideal AdRiQgest
that 5-HT,gR antagonists could be an interesting pharmacabgiol for the
treatment of schizophrenia.

In the present study, the role of 5-iRs in the control of DA pathway activity
was assessed using two selective, brain penetradt potent 5-HZgR
antagonists, RS 127445 and LY 266097, which haes besll characterizeh
vitro andin vivo (Auclair et al, 2010; Audiaet al, 1996; Bonhaust al, 1999;
Devroyeet al, 2015; Dolyet al, 2008, 2009). Both compounds possess similar
high affinity for the 5-HTsR (pKi = 9.5 for RS 127445 and pKi = 9.3 for LY
266097), and at least 1000-fold (RS 127445) and-fal@d (LY 266097)
selectivity over the 5-HJ R and the 5-HIcR, as well as over numerous other
receptors (Audiat al, 1996; Bonhaust al, 1999). Thus, in keeping with their
in vitro pharmacological properties, the fact that bothTgR antagonists were
administered at very low doses known to targetcsigkdy 5-HT,zRsS in vivo
(Auclair et al, 2010) strongly supports the specificity of tlifeets observed in
the present study.

In a first group of experiments, we performed mitatysis studies in freely

moving rats to assess the impact of 5#R blockade on DA outflow in
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terminal regions of ascending DA pathways. We fotimat 0.16 mg/kg RS
127445, with no effect in the striatum, decreas@doDtflow in the NAc. These
findings confirm a previous study performed in héme-anesthetized rats
demonstrating that 5-HgRs exert a tonic excitatory control on mesoaccumbal
DA pathway activity (Auclair et al, 2010). At variance with the
mesoaccumbens DA pathway, we found that 5gR$ exert a tonic inhibitory
control on mesocortical DA pathway. Indeed, 0.18kgdRS 127445 increased
DA outflow in the mPFC. A similar effect was obsedv following the
administration of 0.63 mg/kg LY 266097, a dose Whi@as been previously
shown to reduce accumbal DA outflow without altgriit in the striatum
(Auclair et al, 2010). Altogether, these results demonstrate 3HdT,zRs do
not modulate the nigrostriatal DA pathway, and ex@posite controls on the
mesocortical and mesoaccumbal DA pathways, thifil@mf effects remaining
unequaled by any other 5-HTR subtype line with this conclusion,
electrophysiological experiments showed that 54RE exert a differential
control on midbrain DA neuron activity. Indeed, foeind that 0.16 mg/kg RS
127445 had no effect on the firing rate of DA newwro the SNc, but reduced it
in the VTA. Despite the difficulties in directly Is¢ging data fromin vivo
microdialysis in freely moving rats and single urecording in anesthetized
rats, it is tempting to suggest that 54 antagonism reduces accumbal DA
outflow via an inhibitory modulation of mesoaccumbal DA neuwlofiring.
Nevertheless, considering the cellular heteroggneitthe VTA (Carr and
Sesack, 2000; Beiat al, 2015; Ikemoto, 2007; Lammet al, 2014), further
studies are needed to clearly identify DA neurorggeating to the NAc or to
the mPFC.

In keeping with the role of the DA network in thengtomatology of
schizophrenia (Newman-Tancredi and Kleven, 2011HT&R antagonists
could represent a useful pharmacological tool levedte cognitive and positive
symptoms, which are respectively related to DA lypotion in the mPFC and

DA hyperfunction in the NAc (Newman-Tancredi ande¥én, 2011). In
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addition, the lack of effect of 5-HgR antagonists on the nigrostriatal DA
pathway would predict a low propensity of these pounds to elicit EPS
(Schapiraet al, 2006). To further assess this hypothesis, westigated the
functional significance of the 5-H@R-DA interaction in behavioral models
classically used to explore the therapeutic padénti putative APDs for
treating the different symptom clusters of schizepia: PCP-induced
hyperlocomotion (predictive of APDs ability to allate positive symptoms),
PCP-induced deficit in the NOR test (predictive A®Ds ability to alleviate
cognitive symptoms), and catalepsy (predictive ®D& propensity to induce
EPS) (Newman-Tancredi and Kleven, 2011). We fourad both RS 127445
and LY 266097 reduced PCP-induced hyperlocomotibimese results are
consistent with previous findings showing that 5;kR blockade reduces
amphetamine-induced hyperlocomotion (Aucla@gt al, 2010), another
behavioral model used to investigate the potewfiahPDs to restore normal
accumbal DA function (Newman-Tancredi and Klevedl®. Also, both RS
127445 and LY 266097 were able to reverse PCP-gallMOR deficit to a
similar extent as clozapine. Finally, we found that difference with
haloperidol, neither RS 127445 nor LY 266097 predu@ cataleptic state.
Altogether, these results, along with our biocheiinand electrophysiological
findings, demonstrate that 5-EkR antagonists could represent an interesting
pharmacological tool to alleviate cognitive and ipes symptoms of
schizophrenia, with low risk of EPS. Neverthelesmsidering the complexity
and multifactorial nature of schizophrenia, as vesllthe lack of experimental
procedures with clear translational validity, thedgction of the efficacy of a
drug to alleviate a given symptom cluster cannét om a single behavioral
procedure (Newman-Tancredi and Kleven, 2011). Thutare studies aimed at
profiling the acute or chronic effects of 5-fR antagonists in a palette of
other behavioral experiments predictive of theréipeefficacy or side effects

are needed (Porsaddt al, 2010; Newman-Tancredi and Kleven, 2011).
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In keeping with the therapeutic potential of 54 antagonists, it is
noteworthy that several atypical APDs (clozapineisalpride, asenapine,
aripiprazole, cariprazine) possess high affinitg @otent antagonist properties
at the 5-HTsR (Abbaset al, 2009; Kisset al, 2010; Shahicet al, 2009;
Shapiroet al, 2003), which could contribute to their therapebenefit. In line
with this hypothesis, we found that RS 127445 pidées haloperidol-induced
DA outflow in the mPFC. This result, together witie finding that 5-H1gR
blockade inhibits haloperidol-induced DA outflow the NAc but not in the
striatum (Auclairet al, 2010), suggests that it may be possible to gemex
clozapine-like neurochemical profile when combinisgdT,sR and DA-BR
antagonisms, as previously observed with other 5¢tEptors, such as the 5-
HT.AR (Ichikawa and Meltzer, 2000; Meltzet al, 2003). Furthermore, that 5-
HT.sRs could play a role in the neurobiology of schimgmia has been
recently suggested by a study performed in thetitotige 5-HT,sR knock-out
mice (Pitychoutiset al, 2015). At variance with the present findingss tstudy
concluded thathe genetic ablation of the 5-EER leads to a schizophrenic-like
phenotype. In agreement with the role of 5;RS in brain maturation
(Kolodziejczaket al., 2015), it is conceivable that the observed phgreocould
result from profound neural adaptations triggergdhe permanent lack of this
receptor. However, the fact that acute pharmaccéddlockade of 5-HERs
phenocopied some behavioral responses observed nickiout mice
(Pitychoutiset al, 2015), points out that additional factors, sashthe use of
different species, may account for the differenhatosion offered by the
present study. Future investigations in animalsmically treated with 5-HER
antagonists as well as in advanced genetic mosiatb, as conditional 5-HiR
knock-out animals, are warranted to address thigeis

Finally, although the present study does not pertoit determine the
mechanisms and/or the neuronal circuits underiyhmg effects of 5-HER
antagonists on DA pathway activity, several hypsithean be discussed on the

basis of preliminary findings from our laboratonydathe few data available in
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the literature with regards to the cellular andoegl expression of 5-HERs in
the mammalian brain (Bonaventweeal, 2002; Dolyet al, 2008; Duxoret al,
1997; Kolodziejczaket al, 2015). A first mechanism could rely on a local
control of DA outflow, especially in the mPFC whebeHT,zRs have been
shown to be expressed (Bonaventwk al, 2002; Duxonet al, 1997).
However, we found that mPFC DA outflow, as wellN&c DA outflow, are
unaltered by the local perfusion (0.1-1uM) of RS445 (see Supplementary
Fig. S1). These findings, while discarding the hiesis of a local control,
suggest the involvement of 5-BR populations expressed in other brain
regions which could control mPFC and NAc DA outflotkirough direct or
polysynaptic pathways afferent to the mesocortigbic DA system. In this
context, a possible mechanism could involve a 5xRTmediated control of
mPFC glutamate-containing pyramidal neurons, weidrt opposite controls o
n the mesocortical and the mesoaccumbens DA patheatayity (Sesaclet al.,
2003; Svensson, 2000). Specifically, stimulation 58HT;4Rs localized to
mMPFC GABA interneurons leads to the disinhibitioh mPFC pyramidal
neurons (Llado-Pelforet al, 2012), which provide a direct and a GABA-
mediated input on mesocortical and mesoaccumbap&®Aways, respectively
(Sesacket al, 2003). Interestingly, we found that peripherdimaistration of
5-HT,gR antagonists increases 5-HT extracellular levalghe mPFC (see
Supplementary Fig. S2), an effect which could re$éuim blockade of 5-
HT,sRs expressed in the dorsal raphe nucleus (DRN)gBanturest al, 2002;
Duxon et al, 1997), which sends 5-HT projections to numerosn regions
including the mPFC (Azmitia and Segal, 1978). Thus tempting to suggest
that the increase in mPFC 5-HT outflow induced bidTBsR antagonists,
activating the circuits described above, could antdor their opposite effects
on mPFC and NAc DA outflow. An additional step afmplexity is provided
by the fact that, in the mPFC, DA is mainly relehbg noradrenergic terminals
issued from the locus coeruleus (LC) (Devetal, 2008; Masanat al, 2011;

Tandaet al, 1997). This mechanism has also to be considase8;HTsRs are
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expressed in the LC (Bonaventwgial, 2002), which, in addition, is anatomo-
functionally linked to the mPFC, the VTA and the ®RLu et al, 2012;
Uematsuet al, 2015; Weinshenker and Holmes, 2015). Additistatlies are
needed to unravel the polysynaptic circuits invdlue the 5-HTEgR regulatory
control of DA network.

In conclusion, the present study shows that 5gR$ exert a differential
modulation of ascending DA pathway activity, affiogl inhibitory and
excitatory controls on the mesocortical and the caesumbal pathways,
respectively, and no effect on the nigrostriatat.drurthermore, our findings,
demonstrating the efficacy of 5-BHgR antagonists in different behavioral
models predictive of the therapeutic potential afative APDs, suggest that
these compounds could represent a new class of douglleviate positive and
cognitive symptoms of schizophrenia, without risk EPS. Furthermore, as
discussed previously (Auclaiet al, 2010), 5-HEsR antagonists would be
expected to reduce DA-dependent psychosis in Paokia disease without
impairing motor function (Meltzer and Roth, 2018Yditional investigations
are warranted to further explore the therapeutidem@al of 5-HTgR

antagonists.

94



Publications

Acknowledgements

This work was supported by grants from the Institational de la Recherche et
de la Santé (INSERM) and Bordeaux University. CviDge was a fellowship
recipient from the International Ph.D. program ineuxbpharmacology,
University of Catania Medical School, Catania,itaduring the course of this
study. The authors wish to thank Cédric Dupuy favjging excellent care to
animals and Dr Adrian Newman-Tancredi for fruitfliscussions during the

accomplishment of this study.

95






Publications

References

Abbas, A.l., Hedlund, P.B., Huang, X.P., Tran, T.Beltzer, H.Y., Roth, B.L., 2009.
Amisulpride is a potent 5-HT7 antagonist: relevafmeantidepressant actions in
vivo. Psychopharmacology 205, 119-128.

Adams, B., Moghaddam, B., 1998. Corticolimbic dop@m neurotransmission is
temporally dissociated from the cognitive and looton effects of phencyclidine. J.
Neurosci. 18, 5545-5554,

Auclair, A.L., Cathala, A., Sarrazin, F., DepooegerR., Piazza, P.V., Newman-
Tancredi, A., Spampinato, U., 2010. The centrabtesin 2B receptor: a new
pharmacological target to modulate the mesoaccuslmEpaminergic pathway
activity. J. Neurochem. 114, 1323-1332.

Audia, J.E., Evrard, D.A., Murdoch, G.R., Droste]. JNissen, J.S., Schenck, K.W.,
Fludzinski, P., Lucaites, V.L., Nelson, D.L., Cohév.L., 1996. Potent, selective
tetrahydro-beta-carboline antagonists of the seint®?B (5HT2B) contractile
receptor in the rat stomach fundus. J. Med. Ché&n2373-2780.

Azmitia, E.C., Segal, M., 1978. An autoradiograplanalysis of the differential
ascending projections of the dorsal and medianerapltlei in the rat. J. Comp.
Neurol. 179, 641-668.

Beier, K.T., Steinberg, E.E., DeLoach, K.E., Xie, Biyamichi, K., Schwarz, L., Gao,
X.J., Kremer, E.J., Malenka, R.C., Luo, L., 2015rc@it architecture of VTA
dopamine neurons revealed by systematic input-outapping. Celll62, 622-634.

Bonaventure, P., Guo, H., Tian, B., Liu, X., Bitth&., Roland, B., Salunga, R., Ma,
X.J., Kamme, F., Meurers, B., Bakker, M., Jurzak, Meysen, J.E., Erlander, M.G.,
2002. Nuclei and subnuclei gene expression prgfilm mammalian brain. Brain.
Res. 943, 38-47.

Bonhaus, D.W., Flippin, L.A., Greenhouse, R.Jmé&iS., Rocha, C., Dawson, M., Van
Natta, K., Chang, L.K., Pulido-Rios, T., Webber,, Aeung, E., Eglen, R.M.,
Martin, G.R., 1999. RS-127445: a selective, higfinay, orally bioavailable 5-
HT2B receptor antagonist. Br. J. Pharmacol. 127510082.

Bunney, B.S., Aghajanian, G.K., 1977. D-Amphetarimguced inhibition of central
dopaminergic neurons: direct effect or mediated aystriatonigral feedback
pathway? Adv. Biochem. Psychopharmad®, 577-582.

97



Publications

Carr, D.B., Sesack, S.R., 2000. Projections froenrtlt prefrontal cortex to the ventral
tegmental area: target specificity in the synapssociations with mesoaccumbens
and mesocortical neurons. J. Neurosci. 20, 3864387

Dahan, L., Husum, H., Mnie-Filali, O., Arnt, J., i, P., Haddjeri, N., 2009. Effects
of bifeprunox and aripiprazole on rat serotonin dogamine neuronal activity and
anxiolytic behaviour. J. Psychopharmacol. 23, 189-1

Devoto, P., Flore, G., Saba, P., Castelli, M.Pra®iA.P., Luesu, W., Viaggi, M.C.,
Ennas, M.G., Gessa, G.L., 2008. 6-Hydroxydopames®h in the ventral tegmental
area fails to reduce extracellular dopamine indbeebral cortex. J. Neurosci. Res.
86, 1647-1658.

Devroye, C., Cathala, A., Di Marco, B., Caraci, Brago, F., Piazza, P.V., Spampinato,
U., 2015. Central serotonin(2B) receptor blockadwihits cocaine-induced
hyperlocomotion independently of changes of sulicartdopamine outflow.
Neuropharmacolog97, 329-337.

Doly, S., Bertran-Gonzalez, J., Callebert, J., Bawn A., Banas, S.M., Belmer, A,
Boutourlinsky, K., Hervé, D., Launay, J.M., MarafieaL., 2009. Role of serotonin
via 5-HT2B receptors in the reinforcing effectsMDMA in mice. PLoS ONE 4,
e7952.

Doly, S., Valjent, E., Setola, V., Callebert, Jer#, D., Launay, J.M., Maroteaux, L.,
2008. Serotonin 5-HT2B receptors are required for ,4- 3
methylenedioxymethamphetamine-induced hyperlocamofind 5-HT releasén
vivo andin vitro. J. Neurosci. 28, 2933-2940.

Duxon, M.S., Flanigan, T.P., Reavley, A.C., BaxterS., Blackburn, T.P., Fone, K.C.,
1997. Evidence for expression of the 5-hydroxy@ypine-2B receptor protein in
the rat central nervous system. Neuroscience 7%329.

Grayson, B., Idris, N.F., Neill, J.C., 2007. Atyaicantipsychotics attenuate a sub-
chronic PCP-induced cognitive deficit in the nowbJect recognition task in the rat.
Behav. Brain Res. 184, 31-38.

Horiguchi, M., Meltzer, H.Y., 2012. The role of 5IHA receptors in phencyclidine
(PCP)-induced novel object recognition (NOR) défigirats. Psychopharmacology
221, 205-215.

Ichikawa, J., Meltzer, H.Y., 2000. The effect ofraeninlA receptor agonism on
antipsychotic drug-induced dopamine release istra&tum and nucleus accumbens.
Brain Res. 858, 252-263.

98



Publications

Ikemoto, S., 2007. Dopamine reward circuitry: twojpction systems from the ventral
midbrain to the nucleus accumbens-olfactory tuleecdmplex. Brain Res. ReS6,
27-78.

Kiss, B., Horvath, A., Némethy, Z., Schmidt, E.,skbvszky, ., Bugovics, G.,
Fazekas, K., Hornok, K., Orosz, S., Gyertyan, lgaiACsongor, E., Domany, G.,
Tihanyi, K., Adham, N., Szombathelyi, Z., 2010. Peazine (RGH-188), a
dopamine D(3) receptor-preferring, D(3)/D(2) dopaenireceptor antagonist-partial
agonist antipsychotic candidate: in vitro and nebemnical profile. J. Pharmacol.
Exp. Ther. 333, 328-340.

Kolodziejczak, M., Béchade, C., Gervasi, N., Iringfou, T., Banas, S.M., Cordier, C.,
Rebsam, A., Roumier, A., Maroteaux, L., 2015. Smmist Modulates
Developmental Microglia via 5-HT2B Receptors: PdinImplication during
Synaptic Refinement of Retinogeniculate ProjectioA€S Chem. Neurosci. 6,
1219-1230.

Lammel, S., Lim, B.K., Malenka, R.C., 2014. Rewardl aversion in a heterogeneous
midbrain dopamine system. Neuropharmacology 76,38l

Li, Z., Ichikawa, J., Huang, M., Prus, A.J., Dai, Meltzer, H.Y., 2005. ACP-103, a 5-
HT2A/2C inverse agonist, potentiates haloperidduiced dopamine release in rat
medial prefrontal cortex and nucleus accumbenschepharmacology 183, 144-
153.

Lladé-Pelfort, L., Santana, N., Ghisi, V., Artig&s, Celada, P., 2012. 5-HT1A receptor
agonists enhance pyramidal cell firing in prefrbradartex through a preferential
action on GABA interneurons. Cereb. Cortex 22, 14897.

Lu, Y., Simpson, K.L., Weaver, K.J., Lin, R.C., Z20Differential distribution patterns
from medial prefrontal cortex and dorsal rapheh® lbcus coeruleus in rats. Anat.
Rec. (Hoboken) 295, 1192-1201.

Lucas, G., Bonhomme, N., De Deurwaerdére, P., LalMd., Spampinato, U., 1997.
8-OH-DPAT, a 5-HT1A agonist and ritanserin, a 5-KAIQ antagonist, reverse
haloperidol-induced catalepsy in rats independeanflystriatal dopamine release.
Psychopharmacology 131, 57-63.

Lucas, G., De Deurwaerdére, P., Caccia, S., SpatwpirJ., 2000. The effect of
serotonergic agents on haloperidol-induced strigtapamine release in vivo:
opposite role of 5-HT2A and 5-HT2C receptor subsyped significance of the
haloperidol dose used. Neuropharmacology 39, 10631

99



Publications

Masana, M., Bortolozzi, A., Artigas, F., 2011. St enhancement of mesocortical
dopaminergic transmission by noradrenergic drugsrapeutic opportunities in
schizophrenia. Int. J. Neuropsychopharmacol. 146&3

Meltzer, H.Y., Li, Z., Kaneda, Y., Ichikawa, J.,@0 Serotonin receptors: their key role
in drugs to treat schizophrenia. Prog. Neuropsybhopacol. Biol. Psychiatrg?7,
1159-1172.

Meltzer, H.Y., 2013 Update on typical and atypical antipsychotic drugsnu. Rev.
Med. 64, 393-406.

Meltzer, H.Y., Massey, B.W., 2011. The role of $enin receptors in the action of
atypical antipsychotic drugs. Curr. Opin. Pharmatt| 59-67.

Meltzer, H.Y., Roth, B.L., 2013. Lorcaserin and pianserin: emerging selectivity of
serotonin receptor subtype-targeted drugs. J. @hrest. 123, 4986-4991.

Newman-Tancredi, A., Kleven, M.S., 2011. Comparatiypharmacology of
antipsychotics possessing combined dopamine D2sanatonin 5-HT1A receptor
properties. Psychopharmacology 216, 451-473.

Paxinos, G., Watson, C., 2005. The rat brain irrestaxic coordinates, 6th ed.
Academic Press.

Piazza, P.V., Deminiere, J.M., Le Moal, M., Simdt, 1989. Factors that predict
individual vulnerability to amphetamine self-adnsimnation. Science 24, 1511-1513.

Pitychoutis, P.M., Belmer, A., Moutkine, I., Adried., Maroteaux, L., 2015. Mice
Lacking the Serotonin Htr2B Receptor Gene Presenfatipsychotic-Sensitive
Schizophrenic-Like Phenotype. Neuropsychopharmagol®, 2764-2773.

Porsolt, R.D., Moser, P.C., Castagné, V., 2010.aBighal indices in antipsychotic drug
discovery. J. Pharmacol. Exp. Ther. 333, 632-638.

Schapira, A.H., Bezard, E., Brotchie, J., Calon, Collingridge, G.L., Ferger, B.,
Rebsam, A., Roumier, A., Maroteaux, L., 2006. Ngvledrmacological targets for
the treatment of Parkinson's disease. Nat. Rewg Discov. 5, 845-854.

Schlumberger, C., Pietraszek, M., Gravius, A., BanWw., 2010. Effects of a positive
allosteric modulator of mGIUR5 ADX47273 on conditia avoidance response and
PCP-induced hyperlocomotion in the rat as modelsséhizophrenia. Pharmacol.
Biochem. Behav. 95, 23-30.

Sesack, S.R., Carr, D.B., Omelchenko, N., Pintg,2R03. Anatomical substrates for
glutamate-dopamine interactions: evidence for d$jpégi of connections and
extrasynaptic actions. Ann. N. Y. Acad. Sci. 1083:52.

100



Publications

Shahid, M., Walker, G.B., Zorn, S.H., Wong, E.HQ09. Asenapine: a novel
psychopharmacologic agent with a unique human tecesignature. J.
Psychopharmacol. 23, 65-73.

Shapiro, D.A., Renock, S., Arrington, E., ChiodoAL Liu, L.X., Sibley, D.R., Roth,
B.L., Mailman, R., 2003. Aripiprazole, a novel aggd antipsychotic drug with a
unique and robust pharmacology. Neuropsychopharogg @8, 1400-1411.

Svensson, T.H., 2000. Dysfunctional brain dopamisgstems induced by
psychotomimetic NMDA-receptor antagonists and th&ecés of antipsychotic
drugs. Brain Res. Brain Ra3ev.31, 320-329.

Tanda, G., Pontieri, F.E., Frau, R., Di Chiara, 1®97. Contribution of blockade of the
noradrenaline carrier to the increase of extralzglldopamine in the rat prefrontal
cortex by amphetamine and cocaine. Eur. J. NeurBs2i077-2085.

Uematsu, A., Tan, B.Z., Johansen, J.P., 2B%bjection specificity in heterogeneous
locus coeruleus cell populations: implicationsl&arning and memory. Learn Mem.
22, 444-451.

Ungless, M.A., Magill, P.J., Bolam, J.P., 2004. fdnn inhibition of dopamine neurons
in the ventral tegmental area by aversive stin8dience 303, 2040-2042.

Weinshenker, D., Holmes, P.V., 20BRegulation of neurological and neuropsychiatric
phenotypes by locus coeruleus-derived galanin.  rBrai Res.
http://dx.doi.org/10.1016/j.brainres.2015.11.025.

White, F.J., Wang, R.Y., 1983. Differential effectf classical and atypical
antipsychotic drugs on A9 and A10 dopamine neurSognce 221, 1054-1057.

101






Publications

—O— v — —O— v
T —&— RS 0.16 2 —&— RS 0.16
= 150 A D 150 o
2 @
&2 o
-
5 g
N S
< <
< 101 g 1007 ﬁ%
o :
2 | *% 5
2
n

30 0 30 60 9 120 30 0 30 60 9 120
C time (min) D time (min)

o— v —Oo— v
@ 2001 —— RS 0.08 ’uc? 2004 —A— LY 0.16
3 —&— RS 0.16 = —=— LY 0.63
[%2] [72]
©
o *k*k g 1
G G
N o *
S{ 100 - < 100 1
3 3
0 O
L L
o o
€ 1S

T T T T T T T T T T T T T T T T T T
30 0 30 60 9 120 30 0 30 60 90 120
time (min) time (min)

Fig. 1. Time course effect of the administration of RS 1454nd LY 266097 on
dopamine (DA) outflow in the nucleus accumbens (NAlke striatum and the medial
prefrontal cortex (mPFC). (A,Biffect of the intraperitoneal (i.p.) administrati@time
zero) of 0.16 mg/kg RS 127445 (RS) on DA outflowttie NAc (A) and the striatum
(B). (C) Effect of RS (0.08-0.16 mg/kg, i.p.) administratiiirme zero) on DA outflow
in the mPFC. (D) Effect of LY 266097 (LY, 0.16-0.68y/kg, i.p.) administration (time
zero) on DA outflow in the mPFC. Data are represgéiats the meat SEM percentages
of the baseline calculated from the three samplesegling drug administration (n= 4-6
animals/group). Absolute basal levels of DA in gsaltes collected in each brain region
did not differ across the different experimentabups (A: k7 = 0.48, NS; B: k6 =
1.08, NS; C: 12= 3.37, NS, D: k14 = 0.62, NS, ANOVA) and were (mean + SEM):
1.02 £ 0.12 nM (n= 9) for A, 4.96 £ 0.46 nM (n=1) B, 0.32 + 0.04 nM (n= 15) for
C, and 0.41 + 0.05 nM (n= 17) for D. **p<0.@&rsusthe v group (ANOVA, A and B);
*p<0.05 and ***p<0.001versusthe v group (Dunnett test, C and D).
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Fig. 2. Effect of RS 127445 on dopamine (DA) neuronal firin the ventral tegmental
area (VTA) and the substantia nigra pars comp&itgc). (A,B) Integrative firing rate
histograms showing the effect of the intraperitdriep.) administration of vehicle (v)
and RS 127445 (RS) on DA neuronal firing rate i@ YATA (A) and the SNc (B). RS
(0.16 mg/kg) was administeresl min after v (vertical arrows). (C,D) Histograms
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represent the mean SEM percentages of the basal firing rate of DAroas recorded
in the VTA (C) and the SNc (D), after v or RS irfjea (n= 6 and 8 animals/group for
VTA and SNc recordings, respectively). Percentagyescalculated by comparing the
mean baseline firing (obtained from a 1-2 min imémprior to injection of v with the
mean cell firing rate obtained from a 1-2 min in&@#r3 min after v injection or 15 min
after RS injection. (E,F) Open circles represedbvitual neurons recorded in the VTA
(E) and the SNc (F) and the horizontal bars reptedee mean of each group (G,H)
Schematic diagrams, taken from the Paxinos and aastlas (2005), show (black
points) the anatomical localization of DA neuroesarded in the VTA (G, 5.2 mm
posterior to the bregma) and the SNc (H, 5 mm piosteéo the bregma). SNCD:
substantia nigra, compacta part, dorsal tier; Siibstantia nigra, lateral part; SNRDM:
substantia nigra, reticular part, dorsomedial ti§p<0.01 versusthe vehicle (v) group
(ANOVA).
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Fig. 3. Effect of RS 127445 and LY 266097 in behavioratites (A) Catalepsy test.
RS 127445 (RS,0.16 mg/kg) or LY 266097 (LY, 0.63/kgy was intraperitoneally
(i.p.) injected, whereas haloperidol (hal, 1 mg/kgls subcutaneously (s.c.)
administered. Data are represented as the m&HM duration of catalepsy state 30, 60
and 120 min after drug injection (n= 6 animals/grou*p<0.01, ***p<0.001 versus
the vehicle (v) group (ANOVA). (B,C) Locomotor agty test. RS (0.16 mg/kg, i.p., B)
or LY 266097 (LY, 0.63 mg/kg, i.p., C) were respeely injected 15 or 30 min before
the administration of PCP (5 mg/kg, i.p.). Histaggrepresent the mean + SEM
horizontal activity counts over a 60-min test pdrip= 7-8 and n= 5-7 animals/group
for experiments with RS and LY, respectively). *th@1 versusthe vehicle/vehicle
(v/v) group andp<0.01versusthe vehicle/PCP (v/PCP) group (Newman-Keuls test).
(D-F) Effect of clozapine (cloz), RS or LY in the novddject recognition (NOR) test.
Rats were treated with 2 mg/kg PCP or vehicle ige¢ daily for 7 days. NOR test was
performed after a 7-day washout period. Cloz (1kepgi.p.) or LY (0.63 mg/kg, i.p.)
were injected 30 min before the acquisition trlR8 (0.16 mg/kg, i.p.) was injected 15
min before the acquisition trial (n= 7-9 animalsigp). (D) Acquisition trial. Data are
represented as the meaArSEM exploration time of two identical objects pdcat left

or right corners of the NOR arena. (E) Retentigad.tData are represented as the mean
+ SEM exploration time of the familiar and novel etfs. **p<0.01, **p<0.001versus
familiar object (ANOVA). (F)Discrimination index, calculated from the retentioial.
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Data are represented as the me&BEM [(time spent exploring the novel object - time
spent exploring the familiar object during the ndieen trial) / total exploration time].
***n<0.001, versus the vehicle/vehicle (v/iv) group and™p<0.001 versus the

PCP/vehicle (PCP/v) group (Newman-Keuls test).
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Fig. 4. Effect of RS 127445 on haloperidol-induced dopamipd) outflow in the
medial prefrontal cortex (MPFC). RS 127445 (RS60xig/kg) was intraperitoneally
(i.p.) injected 15 min (vertical arrow) before thebcutaneous (s.c.) administration of
haloperidol (hal, 0.1 mg/kg, time zero). Data aepresented as the meanSEM
percentages of the baseline calculated from theetBamples preceding the first drug
administration (n= 4-5 animals/group). Absolute ddakevels of DA in dialysates
collected in the mPFC did not differ across thdedént experimental groups fs) =
1.74, NS, ANOVA) and were: 0.28 = 0.03 nM (mean EN§ n= 19 rats). *p<0.05
versusthe vehicle/vehicle (v/v) group and’p<0.001versusthe vehicle/haloperidol
(v/hal) group (Newman-Keuls test).
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Fig. S1. Time course effect of the intra-nucleus accumbéwac] and intra-medial
prefrontal cortex (MPFC) administration of RS 1294dn local dopamine (DA)
outflow. (A) Effect of the intra-NAc perfusion (from time zeratil the end of the
experiment, horizontal bar) of 0.1 andu RS 127445 (RS) on DA outflow in the
NAc. (B) Effect of the intra-mPFC perfusion (frorme zero until the end of the
experiment, horizontal bar) of 0.1 angu¥1 RS on DA outflow in the mPFC. Data are
represented as the mearSEM percentages of the baseline calculated frathhee
samples preceding the perfusion (n= 4-6 animalsfgroAbsolute basal levels of DA in
dialysates collected in each brain region did riffiéidacross the different experimental
groups (A: k12 = 0.26, NS; B: 12 = 1.08, NS, ANOVA) and were (mean + SEM):
1.07 £ 0.11 nM (n= 15) for A, and 0.32 + 0.03 nM=(15) for B. In both brain regions,
basal DA outflow remained unaltered by the loc&lision of RS 127445 (A:ds ,12)=
2.40, NS; Rs x time 16,96~ 1.04, NS; B: ks (2,12)= 1.58, NS; ks x time 16,96= 0.59, NS,
ANOVA).
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Fig. S2. Time course effect of the administration of RS 454nd LY 266097 on
serotonin (5-HT) outflow in the medial prefrontalirtex (mMPFC). (A) RS 127445 (RS,
0.16 mg/kg) was intraperitoneally injected at timero. (B) LY 266097 (LY, 0.63
mg/kg) was intraperitoneally injected at time zdbata are represented as the mean
SEM percentages of the baseline calculated fromtlihee samples preceding the
perfusion (n= 5-7 animals/group). Absolute basatle of DA in dialysates collected in
the mPFC did not differ across the different experital groups (A: f£11)= 0.23, NS;
B: Fug = 1.42, NS, ANOVA) and were (mean + SEM): 0.54.8%nM (n= 13) for A
and 0.53 = 0.05 nM for B (n= 11). Both RS 12744% &y 266097 elicited a time-
dependent increase in 5-HT outflow (Azghi,11)= 34.10, p<0.001; ds x time (8,88~ 2.68,
p<0.05; B: Fy (1,9 = 50.92, p<0.001; F x time 8,720 = 3.74, p<0.01, ANOVA). *p<0.05,
**p<0.01 versusthe vehicle (v) group.
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Abstract

Recent studies have shown that serotgnmeceptor (5-HZsR) antagonists
exert a differential control on ascending DA patisyaresulting in increased,
decreased and unaltered DA release in the medifioptal cortex (mPFC), the
nucleus accumbens (NAc) and the striatum, respdgtivn keeping with the
role of DA pathways in the symptomatology of schiaenia, these findings
led to the suggestion that 5-kkR antagonists could be an interesting
pharmacological tool for treating schizophrenia.

The present study, usingn vivo microdialysis in freely-moving and
anesthetized rats, aimed at assessing the roleeafantral 5-HTAR, known to
play a key role in the therapeutic benefit of atgbiantipsychotic drugs, in the
opposite controls exerted by 5-kR antagonists on the mesocorticolimbic DA
pathway. To this purpose, we used two selectiveT:R (WAY 100635) and
5-HTxR (RS 127445) antagonists.

RS 127445, administered either peripherally (0.X8kay i.p.) or locally into
the dorsal raphe nucleus (DRN, 0.08f0.2ul), increased 5-HT outflow in the
mPFC. Also, the opposite changes of mPFC and the DA release induced
by the intraperitoneal injection of RS 127445 wblecked by the peripheral
(0.16 mg/kg, s.c) or the intra-mPFC (@¥) administration of WAY 100635.
These results demonstrate the existence of a &nadtinterplay between mPFC
5-HT1aRs and DRN 5-HZgRs in the control of DA mesocorticolimbic system,
and highlight the clinical interest of this intetiaa, as both receptors represent

an important pharmacological target for the treatnoé schizophrenia.
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1. Introduction

The central serotoryp receptor (5-HZsR) is now well-established as a
modulator of dopamine (DA) neuron function in thammalian brain (Auclair
et al, 2010; Devroyeet al, 2015; Dolyet al, 2008, 2009). Interestingly, recent
findings have pointed out this receptor as a newarmphcological target for
treating schizophrenia (Devroyet al, 2016). Indeed, 5-HER blockade
reverses the cognitive deficit induced by phendycé (PCP) in the novel
object recognition test and suppresses PCP-indinggerlocomotion, two
behavioral models classically used to predict thiity of antipsychotic drugs
(APDs) to alleviate cognitive and positive symptoro§ schizophrenia,
respectively (Newman-Tancredi and Kleven, 2011). keeping with the
classical hypothesis that the cognitive and pasifymptoms of schizophrenia
result from a DA hypoactivity in the medial preftahcortex (mMPFC) and a DA
hyperactivity in the nucleus accumbens (NAc), respely (Newman-Tancredi
and Kleven, 2011; Svensson, 2000), the efficacyp-bfT,zR antagonists in
these behavioral trials could be related to thieilita to increase DA outflow in
the mPFC and decrease it in the NAc (Aucktiral, 2010; Devroyeet al,
2016).

However, the mechanisms underlying the S54RI modulation of DA outflow
remain unknown to date. The possibility of a locahtrol has already been
discarded, by recent findings showing that intra=@Ror intra-NAc perfusion
of 5-HT,;zsR antagonists does not alter DA outflow in thesairbrregions
(Devroye et al, 2016). On the other hand, the fact that 5gRT blockade
increases mMPFC 5-HT outflow (Devrogeal, 2016) raises the possibility that
5-HT,R antagonist-induced changes of DA outflow coulgblae polysynaptic
cortico-subcortical circuits driven by the stimudat of 5-HT;,Rs located in the
mPFC. Indeed, agonists of the 544K, a key pharmacological target in the
therapeutic benefit of atypical APDs (Meltzer ancddey, 2011; Newman-

Tancredi and Kleven, 2011), are known to increa$d@ DA outflow and

117



Publications

decrease it in the NAc (Assiét al, 2005; Ichikawa and Meltzer, 2000;
Ichikawa et al, 2001). As discussed elsewhere, these oppodretefcould
result from the stimulation of mPFC 5-kRs (Devroyeet al, 2016; Lladé-
Pelfortet al, 2012).

Thus, the present study, usimgvivo intracerebral microdialysis, was aimed at
assessing the role of mPFC 5-4Rs in mediating the opposite effects of 5-
HT.gR antagonists on NAc and mPFC DA outflow, by using selective 5-
HT.sR and 5-HTAR antagonists, RS 127445 and WAY 100635, respégtive
(Bonhauset al, 1999; Miilleret al, 2007). First, we assessed the influence of
the peripheral and intra-mPFC administration of WAY635 on RS 127445-
induced changes of DA outflow in the mPFC and thec NThereafter, as 5-
HT.sRs are expressed in the dorsal raphe nucleus ([E®Naventureet al,
2002; Duxonet al, 1997), which contains 5-HT neurons projectingthe
mPFC (Azmitia and Segal, 1978), we investigatedetfiect of the intra-DRN
injection of RS 127445 on mPFC 5-HT outflow. Micialglsis experiments
were performed in freely moving or isoflurane-ahesived rats, this latter
experimental procedure being used when simultamgoo®nitoring DA
outflow in the NAc and mPFC or when monitoring 5-ldlitflow after drug

microinjection into the DRN.

2. Materials and methods
2.1. Animals

Male Sprague-Dawley rats (IFFA CREDO, Lyon, Franwe)ghing 280-350 g
were used. Animals, housed in individual plastigesawere kept at constant
room temperature (21 £ 2°C) and relative humid@9%) with a 12h light/dark
cycle (dark from 20:00 h) and had free access ttewand food. For
electrophysiological experiments, rats were housedper cage and kept under
standard laboratory conditions as above. Animalsewacclimated to the

housing conditions for at least one week priorhe $tart of the experiments.
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All experiments were conducted during the lightgghaf the light-dark cycle.
Animals use procedures conformed to the Internatidéuropean Ethical
Standards (86/609-EEC) and the French National dteen(décret 87/848)
for the care and use of laboratory animals. Albeff were made to minimize

animal suffering and to reduce the number of arsrmakd.

2.2. Drugs

The following compounds were used: the 5:fR antagonist WAY

100635.GH40, (N-[2-[4-(2-Methoxyphenyl)-1-piperazinyl]ethyl§-2-
pyridinylcyclohexanecarboxamide maleate), and tHdT5%:R antagonist RS
127445 .HCI (2-amino-4-(4-fluoronaphth-1-yl)-6-isopylpyrimidine

hydrochloride), purchased from R&D Systems (AbingddK). All other
chemicals and reagents were the purest commercillgilable (VWR,

Strasbourg, France; Sigma-Aldrich).

2.3. Pharmacological treatments

WAY 100635 was dissolved in distilled water and adstered subcutaneously
(s.c.) at 0.16 mg/ka a volume of 1 ml/kg; when administered localiyo the
mMPFC by reverse dialysis, it was first dissolvedistilled water to obtain a 500
mM concentration, and then further diluted to tequired concentration (0.1
uM) with artificial cerebrospinal fluid just beforese.

RS 127445 was dissolved in a 0.3% Tween 80 ddtMeter solution, and
administered intraperitoneally (i.p.) at 0.16 mgikga volume of 1 ml/kg, or
locally injected into the DRN at 0.016 or 0.08§/0.2 ul. When studying their
interaction, RS 127445 was administered systemmi&flimin after the systemic
injection of WAY 100635 or the beginning of its fiesion in the mPFC.

Doses and pretreatment administration time of WAE35 and RS 127445
were chosen according to their pharmacodynamicgrtigs (Bonhau®t al,

1999; Laporteet al, 1994) and on the basis of previous studies tigwgptheir
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efficacy to selectively block 5-HERs and 5-HJgRs, respectively (Assiét al,
2005; Ichikawa and Meltzer, 2000; Auclairal., 2010; Devroyet al, 2016).

All drug doses were calculated as the free baseabh experimental group,
animals received either drugs or their appropriadicle, according to a

randomized design.

2.4. Microdialysis

Surgery and perfusion procedures were performegrasiously described
(Auclair et al, 2010; Devroyeet al, 2016) with minor modifications. In all
experiments, microdialysis probes (CMA/11l, cuproph240 pm outer
diameter, Carnegie Medicin, Phymep) were 4 mm leriigt the mPFC and 2
mm length for the NAc. Stereotaxic coordinates wahesen according to the
atlas of Paxinos and Watson (2005).

For experiments performed in freely moving anim@se Fig. 1), rats were
anesthetized with 3% isoflurane (CSP, Cournon-dékgwne, France) and
placed in a stereotaxic frame. A siliconized s&sal guide-cannula (Carnegie
Medicin, Phymep, Paris, France) was stereotaxicaiylanted, just above the
right mPFC (coordinates of the lower extremity ledé guide, in mm, relative to
the interaural point: anteroposterior (AP) = 11aferal (L) = 0.5, ventral (V) =
7.7) or the right NAc shell (AP = 10.7, L = 1.0,2/4.0), so that the tip of the
probe, once lowered through the guide-cannuladoadch a depth value of 3.7
mm (mPFC) or 2 mm (NAc shell) above the interagm@iht. The probe was
inserted in the guide-cannula on the day of theeament (5 to 7 days after
surgery).

For experiments performed in anesthetized animals,were anesthetized with
3% isoflurane, and placed in a stereotaxic frambekVassessing DA outflow
(see Fig 2), two microdialysis probes were simtarsly implanted in the
right mPFC (coordinates, in mm, relative to thesiatiral point: 10° anterior
from vertical, AP = 11.2, L = 0.5, V = 3.6) and thight NAc shell (AP = 10.7,
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L =1,V =2). When assessing 5-HT outflow (Fig, 8)e microdialysis probe
was implanted in the right mPFC (coordinates, in,metative to the interaural
point: AP = 11.7, L = 0.5, V = 3.7). After the sarg, the percentage of
isoflurane was adjusted to 1.5% until the end efdkperiment.

In all experiments, probes were perfused at a aoh$kow rate (Lul/min), by
means of a microperfusion pump (CMA 111, Carnegeglicin, Phymep), with
artificial cerebrospinal fluid containing (in mM}47 NacCl, 4 KCI, 2.2 CaCl2,
pH 7.4.

Pharmacological treatments (see section 2.3 faildgt were performed 120
min after the beginning of the perfusion (stabtii@a period). DA outflow was
monitored during 180 min (120 min when measuring @Aflow in the NAc of
freely moving rats) after the last drug injecti@aHT outflow was monitored
during 120 min after the last drug injection. Dedyes were collected in a

refrigerated fraction collector (MAB 85 MicrobiotecPhymep) every 15 min.

2.5. Surgical implantation of cannulae and micreitjon protocol

In the experiment reported in Fig. 3, drug appiaa were performed after the
stabilization of 5-HT levels in the perfusate (s®=tion 2.3), as described
previously (Leggicet al, 2009).

Briefly, a stainless steel cannula (30 G) was stasecally lowered into the
DRN through a previously drilled hole, just befaiig injections, according to
the atlas of Paxinos and Watson (2005) (coordinatesnm, relative to the
interaural point, 20° lateral from vertical, AP 01L = -1.6, V = 4.3). Drug or
corresponding vehicle was delivered into the DRé&(section 2.3 for details)
in a final volume of 0.2ul at a constant flow rate of 0dl/min by a 5l
Hamilton syringe (Sigma-Aldrich) and a syringe punfiBico plus elite,
Phymep). After completion of the microinjectionetimjection cannula was left
in place for an additional 5 min before withdraw@lallow diffusion from the

tip and prevent reflux of the solution injected.
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2.6. Histology

At the end of each experiment, the animal was geapksthetized with a
pentobarbital overdose (100 mg/kg, CEVA, Libourfeance), and its brain
was removed and fixed in NaCl (0.9%)/paraformaldiehysolution (10%).
Probe or injection cannula location into the taedetegion was determined
histologically on serial coronal sections (60 pmtajreed with cresyl violet, and
only data obtained from rats with correctly impkshiprobes were included in

the results.

2.7. Chromatographic analysis

After collection, dialysate samples were immediatahalyzed with a high-
performance liquid chromatography apparatus (Alexy$HPLC/ECD
Neurotransmitter Analyzer, Antec, The Netherlandsjjuipped with an
autosampler (AS 110 UHPLC cool 6-PV, Antec), ascdbed previously
(Devroyeet al, 2016). The mobile phase [containing (in mM) Jb®sphoric
acid, 100 citric acid, 0.1 EDTA.209, 4.6 octanesulfonic acid.NaCl plus 4.5%
or 6% acetonitrile for the measurement of DA or B;lrespectively, adjusted to
pH 6.0 with NaOH solution (50%)] was delivered ab@b ml/min flow rate
with a LC 110S pump (Antec) through an Acquity UPBEH column (Gg; 1 X
100 mm, particle size 1.dm; Waters, Saint-Quentin en Yvelynes, France).
Detection of DA or 5-HT was carried out with an aftechemical detector
(DECADE II, Antec) with a VT-03 glassy carbon electe (Antec) set at +460
mV versusAg/AgCI. Output signals were recorded on a comp(@®arity,
Antec). Under these conditions, the retention tifbe®DA and 5-HT were 4-4.5
and 8-8.5 min, respectively, and the sensitivitys B8 pM with a signal/noise
ratio of 3:1.

DA and 5-HT content in each sample was expressdtieapercentage of the

average baseline level calculated from the thraetibns preceding the first
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drug administration. Data correspond to the me&hEM. of the percentage

obtained in each experimental group.

2.9. Statistics

Statistical analysis was carried out by Statiséc@ for Windows (Statsoft,
Maisons-Alfort, France).

In microdialysis experiments, the ability of WAY Q@85 (pretreatment) to
modulate the effect of RS 127445 (treatment) ondD#low was analyzed by a
multifactorial ANOVA with pretreatment and treatnmexs the between-subject
factors, and time as the within-subject factorl(iding values from time -15 to
time 120 or 180 min). The effect of the intra-DRé\h@nistration of RS 127445
(treatment) on mPFC 5-HT outflow was analyzed byudtifactorial ANOVA
with treatment as the between-subject factor, ameé tas the within-subject
factor (including values from time -15 to time 180n). In each experiment,
statistical differences in basal DA or 5-HT val@song groups were assessed
by a one-way ANOVA using group as a main factor.

Finally, in all experiments, when multifactorial ANA results were
significant (p<0.05), the Newman-Keuls or the Dunhn@or dose-response
studies)post-hoctest was performed to allow adequate multiple cmmspns

between groups.

3. Resaults

3.1. Effect of WAY 100635 on RS 127445-inducediefd@ mPFC and NAc DA

outflow

Fig. 1 illustrates the effect of WAY 100635 on R&7445-induced effects on
DA outflow in the mPFC (Fig. 1A) and the NAc (Fig)

In the mPFC (Fig. 1A), statistical analysis revdakignificant and time-

dependent effects of pretreatmenf{¥ ime 4.182= 3.26, p<0.001), treatment

(Frs x time (14,1825~ 2.47, p<0.01), and pretreatment x treatmentact®n (Ryay «
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RS x time (14182)= 2.43, p<0.01). Post-hoc analysis revealed thstreported
previously (Auclairet al, 2010; Devroyeet al, 2016), RS 127445 produced an
overall significant increase in DA outflow (p<0.0&rsusthe vehicle/vehicle
group), reaching 155% of baseline. WAY 100635, witheffect on basal DA
outflow (p>0.05yersusthe vehicle/vehicle group), reduced RS 127445¢edu
increased DA outflow (p<0.0¥gersusthe vehicle/RS group).

In the NAc (Fig. 1B), statistical analysis revealsaynificant and time-
dependent effects of pretreatmenf{¥ time 10.180= 7.72, p<0.001), treatment
(Frs x ime (10,180 1.95, p<0.05), and pretreatment x treatmentact®n (Ryay «

RS x time (10180)= 2.82, p<0.01). Post-hoc analysis revealed thstreported
previously (Auclairet al, 2010; Devroyeet al, 2016), RS 127445 produced an
overall significant decrease in DA outflow (p<0.@&rsusthe vehicle/vehicle
group), reaching 76% of baseline. WAY 100635, with effect on basal DA
outflow (p>0.05, versus the vehicle/vehicle group), reversed RS 127445-
induced decreased DA outflow (p<0.@&rsusthe vehicle/RS group).

3.2. Effect of the intra-mPFC administration of WAS0635 on RS 127445-
induced effects on mPFC and NAc DA outflow

Fig. 2 illustrates the effect of WAY 100635 on R&7445-induced effects on
DA outflow in the mPFC (Fig.2A) and the NAc (Fig.2B

In the mPFC (Fig. 2A), statistical analysis revdat® significant effect of
pretreatment (fay x time (14,239= 1.22, NS) but significant and time-dependent
effects of treatment @s x ime (14,2357 2.26, p<0.01) and pretreatment x treatment
interaction (Fyay x rs xtime (14,2387 2.54, p<0.01). Post-hoc analysis revealed that,
as previously observed (Auclait al, 2010; Devroyest al, 2016), RS 127445
produced an overall significant increase in DA lowf (p<0.001,versusthe
vehicle/vehicle group), reaching 146% of baselimita-mPFC perfusion of
WAY 100635, with no effect on basal DA outflow (p86, versus the
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vehicle/vehicle group), reduced RS 127445-inducecdteased DA outflow
(p<0.001 versusthe vehicle/RS group).

In the NAc (Fig. 2B), statistical analysis reveakedignificant time-dependent
effect of pretreatment (fay x ime (14,224)= 3.04, p<0.001), no significant effect of
treatment (ks x ime @a2290= 0.99, NS), and a significant time-dependent
pretreatment x treatment interactionvgl x rs x time (14,2247 2.35, p<0.01). Post-
hoc analysis revealed that, as reported previgéslglair et al, 2010; Devroye
et al, 2016), RS 127445 produced an overall significdatrease in DA
outflow (p<0.01,versusthe vehicle/vehicle group), reaching 61% of baseli
WAY 100635, with no effect on basal DA outflow (p86, versus the
vehicle/vehicle group), reversed RS 127445-indudedreased DA outflow
(p<0.01,versusthe vehicle/RS group).

3.3. Effect of the intra-DRN administration of R37445 on mPFC 5-HT
outflow

Fig. 3 illustrates the effect of the intra-DRN adrstration of RS 127445 on 5-
HT outflow in the mPFC.

Statistical analysis revealed a significant timpetelent effect of treatment
(Frs x time (16,88~ 2.02, p<0.05). Post-hoc analysis revealed tiemtibse of 0.032
ng/0.2ul of RS 127445 (but not 0.01&)/0.2ul) produced an overall significant
increase in 5-HT outflow, reaching 164% of basel(p&0.001, versusthe

vehicle group).
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4, Discussion

The present study provides the first evidence 3hdT;,Rs participate to the 5-
HT,sR-mediated control of the mesocortical and mesaaball DA pathway
activity. Specifically, the ability of 5-HER antagonists to increase and
decrease DA outflow in the mPFC and the NAc, respaly, is consequent to
the activation of mPFC 5-HIRs, likely triggered by increased mPFC 5-HT
outflow induced by DRN 5-HER blockade. These findings demonstrate the
existence of a functional interplay between 5RS and 5-HT.Rs, and
highlight its interest for the development of newpécal APDs.

In the present study, the effects of 5 and 5-HTAR blockade were
assessed by using two potent and selective anstgpRS 127445 and WAY
100635, respectively, which have been well-charetd in vitro andin vivo
(Auclair et al, 2010; Devroyeet al, 2016; Mduller et al, 2007). Both
compounds possess high affinity for the correspundeceptor (pKi for RS
127445 = 9.50 and pKi for WAY 100635 = 9.02) andeatst 1000-fold (RS
127445) and 100-fold (WAY 100635) selectivity fdret5-HT,gR and the 5-
HT.aR, respectively, over other receptors (Bonhetual, 1996; Fletcheet al,
1996).

In a first group of experiments, using microdiasysi freely moving rats, we
assessed the effect of WAY 100635 on RS 127445cedichanges of mPFC
and NAc DA outflow, following their peripheral admstration. In agreement
with previous studies (Auclaet al, 2010; Devroyeet al, 2016), RS 127445
was able to increase and decrease DA outflow innif#=C and the NAc,
respectively. WAY 100635 pretreatment had no effacitself, as previously
shown (Assiéet al, 2005; Ichikawa and Meltzer, 2000), but suppreédseth
responses of RS 127445. These findings demonshatté-HT, ARs participate
to the 5-HBsR-mediated control of mesocorticolimbic DA pathways

A second group of experiments aimed at explorimggpecific involvement of

5-HT;sRs located in the mPFC, where they are expressedGABA
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interneurons and on glutamate containing-pyrammgairons (Llado-Pelforét
al., 2012; Santana et al., 2004). Also, it has béemnva that the stimulation of
GABA-5-HTARs inhibits the activity of these interneurons,dieg to the
disinhibition of mPFC glutamatergic neurons, whichturn send excitatory
projections to the VTA (Lladé-Pelfodt al, 2012) where they provide a direct
and a GABA-mediated input to DA neurons projectingthe mPFC and the
NAc, respectively (Sesackt al, 2003; Svensson, 2000). Interestingly, we
found that intra-mPFC perfusion of WAY 100635 reset the changes in
mPFC and NAc DA outflow elicited by the peripheedministration of RS
127445, thereby confirming the specific involvemehmPFC 5-HTARS in the
5-HT,sR-mediated effects on DA outflow. It is tempting $aggest that the
opposite effects induced 5-E5R blockade on mPFC and NAc DA outflow
could result from the stimulation of 5-HJRs localized to mPFC GABA
interneurons. Indeed, the fact that 5-5F antagonists increase mPFC 5-HT
outflow makes unlikely the involvement of the 5-HRs expressed on
glutamatergic neurons, whose contribution to theeoked effects on DA
outflow would have required a suppression of mPFH&T5endogenous tone,
leading to the disinhibition of pyramidal neuro@gir conclusion is in line with
previous studies suggesting the role of GABA ineemons in the 5-HLR
agonist-induced increase in mPFC DA outflow (Diaatddx et al, 2005;
Llado-Pelfortet al, 2012), and suggest that this receptor populatiay also
participate to the 5-HkR agonist-induced decrease in DA outflow in the NAc
(Ichikawa and Meltzer, 2000).

The next step of our investigations aimed at deteng the site of action of 5-
HT.sR antagonists. Considering that 5-gRs are expressed in the DRN
(Bonaventureet al, 2002; Duxoret al, 1997), which is known to send 5-HT
projections to the mPFC (Azmitia and Segal, 19%&), further explored the
role of the DRN in the 5-H;ER antagonist-induced increase in mPFC 5-HT
outflow. We found that, as following its systemignainistration (Devroyeet
al., 2016), intra-DRN microinjection of RS 127445 urcéd a dose-dependent
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increase in 5-HT outflow in the mPFC. Thus, altbgetour findings suggest
that 5-HTsR blockade in the DRN, by increasing 5-HT outflawthe mPFC,
triggers the stimulation of mPFC 5-kkRs located onto GABAergic
interneurons, leading to the activation of pyrarhigautamatergic neurons
projecting to the VTA, thereby driving opposite ngas in mPFC and NAc DA
outflow. Additional intracranial microinjection sties are warranted to confirm
the functional interplay between DRN 5-BRs and mPFC 5-HRRs.
Noteworthy, the present findings provide the fagidence of an effect exerted
by a specific 5-HJzR population in the central nervous system. As nagéhe
mechanisms involved in the 5-BkR-mediated control of 5-HT neurons, it is
noteworthy that previoum vitro studies in primary neurons of mouse DRN
have suggested that these receptors may goverradtiity of the 5-HT
transporter (Launayet al, 2006). The involvement of such an interaction
remains to be established in the living rat.

Finally, the present findings deserve some conaiders from a therapeutic
point of view. It has been recently shown that S54RI antagonists induce a
suppressive effect in behavioral models classiaaigd to reflect the cognitive
and positive symptoms of schizophrenia, suggestiag they could be useful
for the development of new atypical APDs (Devrateal, 2016; Newman-
Tancredi and Kleven, 2011; Svensson, 2000). Cagné&nd positive symptoms
being related to a hypoDA and hyperDA activity imetmesocortical and
mesoaccumbal DA pathways, respectively (Newman-Baincand Kleven,
2011; Svensson, 2000), 5-kkR antagonist ability to alleviate these symptoms
may result from their differential control of mPE@d NAc DA outflow. Thus,

it is tempting to suggest that 5-kkRs would enable the efficacy of 5-kR
antagonists in these behavioral paradygms. Alam ettistence of a functional
interplay between 5-HERs and 5-HTARs suggests that drugs exhibiting both
antagonist and agonist properties towards the &RE and the 5-HLRs,
respectively, would represent a useful pharmacoédgtool for improved

treatments of schizophrenia. In line with this hiyy@sis, many atypical APDs
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already combine these two pharmacological feati#bbaset al, 2009; Kisset
al., 2010; Shahiet al, 2009; Shapir@t al, 2003). Furthermore, the 5-HhR

iIs known to play a critical role in the therapeutienefit of atypical APDs
(Meltzer and Massey, 2011; Newman-Tancredi and é&iev2011). In this
context, additional investigations are needed tuate the significance of the
functional interplay between 5-HJRs and 5-HJgRs in the therapeutic benefit
of atypical APDs.

To conclude, the present study provides the firdtlence of a functional
interplay between 5-HERs and 5-HT,Rs, which accounts for the differential
effects exerted by 5-HERs antagonists on DA outflow in the mPFC and the
NAc. Specifically, the tonic inhibitory and excitay controls of mesocortical
and mesoaccumbal DA pathways resulting from 5gRTblockade would
involve a DRN-5-HEgR-dependent increase of mPFC 5-HT outflow leading t
the stimulation of mPFC 5-HIRs. Finally, our findings support the
therapeutic relevance of atypical APDs combiningTgR antagonist and 5-

HT14R agonist properties for the improved treatmergabiizophrenia.

130



Publications

Acknowledgements

This work was supported by grants from the Institational de la Recherche et
de la Santé (INSERM) and Bordeaux University. CviDge was a fellowship
recipient from the International Ph.D. program ineuxbpharmacology,
University of Catania Medical School, Catania,itaduring the course of this
study. The authors wish to thank Cédric Dupuy favjaing excellent care to
animals and Dr Adrian Newman-Tancredi for fruitfliscussions during the

accomplishment of this study.

131






Publications

References

Abbas, A.l., Hedlund, P.B., Huang, X.P., Tran, T.Beltzer, H.Y., Roth, B.L., 2009.
Amisulpride is a potent 5-HT7 antagonist: relevafmeantidepressant actions in

vivo. Psychopharmacology 205, 119-128.

Assié, M.B., Ravailhe, V., Faucillon, V., NewmanfEaedi, A., 2005. Contrasting
contribution of 5-hydroxytryptamine 1A receptorigation to neurochemical profile
of novel antipsychotics: frontocortical dopaminel drippocampal serotonin release
in rat brain. J. Pharmacol. Exp. Ther. 315, 265:272

Auclair, A.L., Cathala, A., Sarrazin, F., DepooeérR., Piazza, P.V., Newman-
Tancredi, A., Spampinato, U., 2010. The centrabtesin 2B receptor: a new
pharmacological target to modulate the mesoaccumlzErpaminergic pathway

activity. J. Neurochem. 114, 1323-1332.

Azmitia, E.C., Segal, M., 1978. An autoradiograplanalysis of the differential
ascending projections of the dorsal and medianeraplclei in the rat. J. Comp.

Neurol. 179, 641-668.
Beier, K.T., Steinberg, E.E., DeLoach, K.E., Xie, Biyamichi, K., Schwarz, L., Gao,

X.J., Kremer, E.J., Malenka, R.C., Luo, L., 2015rc@it architecture of VTA

dopamine neurons revealed by systematic input-outapping. Celll62, 622-634.

Bonaventure, P., Guo, H., Tian, B., Liu, X., Bitthd., Roland, B., Salunga, R., Ma,

X.J., Kamme, F., Meurers, B., Bakker, M., Jurzak, Meysen, J.E., Erlander, M.G.,
2002. Nuclei and subnuclei gene expression prgfilm mammalian brain. Brain.

Res. 943, 38-47.
Bonhaus, D.W., Flippin, L.A., Greenhouse, R.Jmé&iS., Rocha, C., Dawson, M., Van

Natta, K., Chang, L.K., Pulido-Rios, T., Webber,, Aeung, E., Eglen, R.M.,

Martin, G.R., 1999. RS-127445: a selective, higfinay, orally bioavailable 5-

HT2B receptor antagonist. Br. J. Pharmacol. 127510082.

Carr, D.B., Sesack, S.R., 2000. Projections froenrtit prefrontal cortex to the ventral
tegmental area: target specificity in the synapssociations with mesoaccumbens

and mesocortical neurons. J. Neurosci. 20, 38648-387

Devroye, C., Cathala, A., Di Marco, B., Caraci,Brago, F., Piazza, P.V., Spampinato,
U., 2015. Central serotonin(2B) receptor blockadwihits cocaine-induced
hyperlocomotion independently of changes of sulicartdopamine outflow.

Neuropharmacolog97, 329-337.

133



Publications

Devroye, C., Cathala, A., Haddjeri, N., Rovera, VRllée, M., Drago, F., Piazza, P.V.,
Spampinato, U., 2016. Differential control of dopaenascending pathways by
serotonin2B receptor antagonists: New opportunitfes the treatment of
schizophrenia. Neuropharmacology 109, 59-68.

Diaz-Mataix, L., Scorza, M.C., Bortolozzi, A., Toth., Celada, P., Artigas, F., 2005.
Involvement of 5-HT1A receptors in prefrontal cortén the modulation of
dopaminergic activity: role in atypical antipsycicoaction. J. Neurosci. 25, 10831-
10843.

Doly, S., Bertran-Gonzalez, J., Callebert, J., Bawn A., Banas, S.M., Belmer, A,
Boutourlinsky, K., Hervé, D., Launay, J.M., MaratieaL., 2009. Role of serotonin
via 5-HT2B receptors in the reinforcing effectsMDMA in mice. PLoS ONE 4,
e7952.

Doly, S., Valjent, E., Setola, V., Callebert, Jer#, D., Launay, J.M., Maroteaux, L.,
2008. Serotonin 5-HT2B receptors are required for ,4- 3
methylenedioxymethamphetamine-induced hyperlocamofind 5-HT releasén
vivo andin vitro. J. Neurosci. 28, 2933-2940.

Duxon, M.S., Flanigan, T.P., Reavley, A.C., BaxterS., Blackburn, T.P., Fone, K.C.,
1997. Evidence for expression of the 5-hydroxy@ypine-2B receptor protein in
the rat central nervous system. Neuroscience 7%329.

Fletcher, A., Forster, E.A., Bill, D.J., Brown, &liffe, I.A., Hartley, J.E., Jones, D.E.,
McLenachan, A., Stanhope, K.J., Critchley, D.J.jld3h K.J., Middlefell, V.C.,
Lanfumey, L., Corradetti, R., Laporte, A.M., Gozl&h, Hamon, M., Dourish, C.T.,
1996. Electrophysiological, biochemical, neurohonadoand behavioural studies
with WAY-100635, a potent, selective and silent BA receptor antagonist.
Behav. Brain Res. 73, 337-353.

Ichikawa, J., Meltzer, H.Y., 2000. The effect ofraeninlA receptor agonism on
antipsychotic drug-induced dopamine release istra&tum and nucleus accumbens.
Brain Res. 858, 252-263.

Ichikawa, J., Ishii, H., Bonaccorso, S., Fowler,LWO'Laughlin, I.A., Meltzer, H.Y.,
2001. 5-HT(2A) and D(2) receptor blockade increasadical DA release via 5-
HT(1A) receptor activation: a possible mechanisnatgpical antipsychotic-induced
cortical dopamine release. J. Neurochem. 76, 1531-1

Ikemoto, S., 2007. Dopamine reward circuitry: twojpction systems from the ventral
midbrain to the nucleus accumbens-olfactory tuleecdmplex. Brain Res. Reb6,
27-78.

134



Publications

Kiss, B., Horvath, A., Némethy, Z., Schmidt, E.,skbvszky, ., Bugovics, G.,
Fazekas, K., Hornok, K., Orosz, S., Gyertyan, lgaiACsongor, E., Domany, G.,
Tihanyi, K., Adham, N., Szombathelyi, Z., 2010. Peazine (RGH-188), a
dopamine D(3) receptor-preferring, D(3)/D(2) dopaenireceptor antagonist-partial
agonist antipsychotic candidate: in vitro and nebemnical profile. J. Pharmacol.
Exp. Ther. 333, 328-340.

Lammel, S., Lim, B.K., Malenka, R.C., 2014. Reward] aversion in a heterogeneous
midbrain dopamine system. Neuropharmacology 76,38l

Laporte, A.M., Lima, L., Gozlan, H., Hamon, M., ¥@%elective in vivo labelling of
brain 5-HT1A receptors by [3H]WAY 100635 in the nseu Eur. J. Pharmacol. 271,
505-514.

Leggio, G.M., Cathala, A., Neny, M., Rouge-Pont, Brago, F., Piazza, P.V.,
Spampinato, U., 2009. In vivo evidence that coustié activity of serotonin2C
receptors in the medial prefrontal cortex partitégain the control of dopamine
release in the rat nucleus accumbens: differepffalcts of inverse agonist versus
antagonist. J. Neurochem. 111, 614-623.

Llado-Pelfort, L., Santana, N., Ghisi, V., Artigds, Celada, P., 2012. 5-HT1A receptor
agonists enhance pyramidal cell firing in prefrordartex through a preferential
action on GABA interneurons. Cereb. Cortex 22, 14897.

Meltzer, H.Y., Massey, B.W., 2011. The role of denin receptors in the action of
atypical antipsychotic drugs. Curr. Opin. Pharmata| 59-67.

Mdller, C.P., Carey, R.J., Huston, J.P., De SouireaSM.A., 2007. Serotonin and
psychostimulant addiction: focus on 5-HT1A-receptdProg. Neurobiol. 81, 133-
178.

Newman-Tancredi, A., Kleven, M.S., 2011. Comparatiypharmacology of
antipsychotics possessing combined dopamine D2sanatonin 5-HT1A receptor
properties. Psychopharmacology 216, 451-473.

Paxinos, G., Watson, C., 2005. The rat brain imrestaxic coordinates, 6th ed.
Academic Press.

Santana, N., Bortolozzi, A., Serrats, J., Mengod, Astigas, F., 2004. Expression of
serotoninlA and serotonin2A receptors in pyramétal GABAergic neurons of the
rat prefrontal cortex. Cereb. Cortex 14, 1100-1109.

Schapira, A.H., Bezard, E., Brotchie, J., Calon, Collingridge, G.L., Ferger, B.,
Rebsam, A., Roumier, A., Maroteaux, L., 2006. Ngvkedrmacological targets for
the treatment of Parkinson's disease. Nat. Rewg Discov. 5, 845-854.

135



Publications

Sesack, S.R., Carr, D.B., Omelchenko, N., Pintg,2R03. Anatomical substrates for
glutamate-dopamine interactions: evidence for djpégi of connections and
extrasynaptic actions. Ann. N. Y. Acad. Sci. 1083:52.

Shahid, M., Walker, G.B., Zorn, S.H., Wong, E.HQ09Q. Asenapine: a novel
psychopharmacologic agent with a unique human tecesignature. J.
Psychopharmacol. 23, 65-73.

Shapiro, D.A., Renock, S., Arrington, E., ChiodoAL Liu, L.X., Sibley, D.R., Roth,
B.L., Mailman, R., 2003. Aripiprazole, a novel aggd antipsychotic drug with a
unique and robust pharmacology. Neuropsychopharogg @8, 1400-1411.

Svensson, T.H., 2000. Dysfunctional brain dopamisgstems induced by
psychotomimetic NMDA-receptor antagonists and thfecés of antipsychotic
drugs. Brain Res. Brain Ra3ev.31, 320-329.

136



Publications

A —O— v/v
—A— WAY /v
__ 2004 —@— v/RS
o —w— WAY /RS
=
2]
©
9 150 1
g
o
g
<
O 100 A
O
L
o
IS
50 4
T T T T T T T T T
60 -30 0O 30 60 90 120 150 180
time (min)
B —O— v/v
—A— WAY /v
—&— v/ RS
< 1501 —v— WAY/RS
£
©
%]
©
el
S
(=]
S 100 | *
<
a
6 *%
<
2
50 1

60 30 0 30 60 90 120
time (min)

Fig. 1. Time course effect of the peripheral administrat@inWAY 100635 on RS
127445-induced changes of dopamine (DA) outflowtia medial prefrontal cortex
(mPFC) and the nucleus accumbens (NAc). Effect ld subcutaneous (s.c.)
administration (vertical arrow) of 0.16 mg/kg WAY)1635 (WAY) on the changes in
DA outflow induced by the intraperitoneal admirégion (time zero) of RS 127445
(RS, 0.16 mg/kg), in the mPFC (A) and the NAc (Bata are represented as the mean
+ SEM percentages of the baseline calculated franttihree samples preceding drug
administration (n= 4-6 and 5-6 animals/group fa thPFC and the NAc, respectively).
Absolute basal levels of DA in dialysates collectecach brain region did not differ
across the different experimental groups (mPFC;15)1= 2.65, NS; NAc: F(1,18) =
1.63, NS, ANOVA) and were (mean + SEM): 0.25 + 0nd8 for the mPFC (n= 19) and
1.28 + 0.12 nM for the NAc (n= 22). *p<0.05, **p<Il versusthe corresponding v/v
group and ++p<0.0¢ersusthe corresponding v/RS group (Newman-Keuls test).

137



Publications

>

—O— v/v
—A— WAY /v
—&— v/ RS
150 1 —»— WAY /RS

100 1 @B

mPFC - DA (% of baseline)

50 A

60 30 0 30 60 90 120 150 180
time (min)

(09)

—O—v/v
—A— WAY /v
—— v/ RS
150 1 —w— WAY /RS

100 -

NAc - DA (% of baseline)

50 1

—éO —3“0 E) 3‘0 G;O E;O 1‘20 1‘50 15;0
time (min)

Fig. 2. Time course effect of the intra-mPFC administratadiWWAY 100635 on RS
127445-induced changes of dopamine (DA) outflowthie medial prefrontal cortex
(mPFC) and the nucleus accumbens (NAc). Effecthefihtra-mPFC administration
(horizontal bars) of 0.uM WAY 100635 (WAY) on the changes in DA outflow
induced by the intraperitoneal administration (timero) of RS 127445 (RS, 0.16
mg/kg), in the mPFC (A) and the NAc (B). Data agpresented as the mearSEM
percentages of the baseline calculated from theethsamples preceding drug
administration (n= 4-7 and 4-6 animals/group fa thPFC and the NAc, respectively).
Absolute basal levels of DA in dialysates collecteceach brain region did not differ
across the different experimental groups (mPFC;1F(1= 1.36, NS; NAc: F(1,16) =
0.21, NS, ANOVA) and were (mean + SEM): 0.26 + 002 for the mPFC (n= 21) and
0.70 + 0.09 nM for the NAc (n= 20). **p<0.01, **@x001versusthe corresponding
v/v group and ++p<0.01, +++p<0.0@&rsusthe corresponding v/RS group (Newman-
Keuls test).
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nM (n= 8). ***p<0.001versusthe corresponding v group (Dunnett test).
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The central serotoninyg receptor (5-HT,gR) is currently considered as an interesting pharmacological
target for improved treatment of drug addiction. In the present study, we assessed the effect of two
selective 5-HT»pR antagonists, RS 127445 and LY 266097, on cocaine-induced hyperlocomotion and
dopamine (DA) outflow in the nucleus accumbens (NAc) and the dorsal striatum of freely moving rats.
The peripheral administration of RS 127445 (0.16 mg/kg, i.p.) or LY 266097 (0.63 mgjkg, i.p.) significantly
reduced basal DA outflow in the NAc shell, but had no effect on cocaine (10 mg/kg, i.p.)-induced DA
outflow in this brain region. Also, RS 127445 failed to modify both basal and cocaine-induced DA outflow

K ds: . . - .

5fm/$ ricepmr in the NAc core and the dorsal striatum. Conversely, both 5-HT,gR antagonists reduced cocaine-induced
Dopamine hyperlocomotion. Furthermore, RS 127445 as well as the DA-R antagonist haloperidol (0.1 mg/kg, i.p.)
Cocaine reduced significantly the late-onset hyperlocomotion induced by the DA-R agonist quinpirole (0.5 mg/kg,

Dorsal striatum s.c.). Altogether, these results demonstrate that 5-HT,gR blockade inhibits cocaine-induced hyper-
Nucleus accumbens locomotion independently of changes of subcortical DA outflow. This interaction takes place downstream
Rat to DA neurons and could involve an action at the level of dorsostriatal and/or NAc DA transmission, in
keeping with the importance of these brain regions in the behavioural responses of cocaine. Overall, this
study affords additional knowledge into the regulatory control exerted by the 5-HT2gR on ascending DA
pathways, and provides additional support to the proposed role of 5-HT,gRs as a new pharmacological

target in drug addiction.
© 2015 Elsevier Ltd. All rights reserved.

1. Introduction the rat stomach fundus (McCorvy and Roth, 2015). Subsequent

mRNA expression and in-situ hybridization studies showed its

The serotonin,p receptor (5-HT»gR), a member of the G-protein
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presence in various peripheral tissues (liver, kidney, heart)
(McCorvy and Roth, 2015), as well as in several regions of the
mammalian brain, such as the frontal cortex, lateral septum, dorsal
hypothalamus, medial amygdala, dorsal raphe nucleus, locus
coeruleus, hippocampus and cerebellum (Bonaventure et al., 2002;
Duxon et al., 1997). During the last decade, the 5-HT2gR has been
shown to modulate dopamine (DA) neuron activity in the
mammalian brain (Auclair et al., 2010; Doly et al., 2008, 2009). In
keeping with the key role of the DA ascending pathways in the
effects of drugs of abuse (Di Chiara and Bassareo, 2007; Pierce and
Vanderschuren, 2010), the 5-HT,gR has been suggested as a new
pharmacological target for improved treatment of drug addiction

143






Publications

Abstract

The central serotonjp receptor (5-H3gR) is currently considered as an
interesting pharmacological target for improvedtngent of drug addiction. In
the present study, we assessed the effect of tieotise 5-HT,zR antagonists,
RS 127445 and LY 266097, on cocaine-induced hypenmtion and
dopamine (DA) outflow in the nucleus accumbens (NAod the dorsal
striatum of freely moving rats. The peripheral adistration of RS 127445
(0.16 mg/kg, i.p.) or LY 266097 (0.63 mg/kg, i.giynificantly reduced basal
DA outflow in the NAc shell, but had no effect oncaine (10 mg/kg, i.p.)-
induced DA outflow in this brain region. Also, R87445 failed to modify both
basal and cocaine-induced DA outflow in the NAcecand the dorsal striatum.
Conversely, both 5-HER  antagonists reduced cocaine-induced
hyperlocomotion. Furthermore, RS 127445 as wellthees DA-R antagonist
haloperidol (0.1 mg/kg, i.p.) reduced significantlthe late-onset
hyperlocomotion induced by the DA-R agonist quiofgr (0.5 mg/kg, s.c.).
Altogether, these results demonstrate that 5sRTblockade inhibits cocaine-
induced hyperlocomotion independently of changesubfcortical DA outflow.
This interaction takes place downstream to DA nesirand could involve an
action at the level of dorsostriatal and/or NAc BAnsmission, in keeping with
the importance of these brain regions in the behmai responses of cocaine.
Overall, this study affords additional knowledgégoirthe regulatory control
exerted by the 5-HER on ascending DA pathways, and provides additional
support to the proposed role of 5-4Rs as a new pharmacological target in

drug addiction.
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1. Introduction

The serotonigy receptor (5-HsR), a member of the G-protein coupled
receptors superfamily was first cloned and charze@ in the rat stomach
fundus (McCorvy and Roth 2015). Subsequent mRNAresgion andn-situ
hybridization studies showed its presence in various periphesiids (liver,
kidney, heart) (McCorvy and Roth 2015), as weliraseveral regions of the
mammalian brain, such as the frontal cortex, latesaptum, dorsal
hypothalamus, medial amygdala, dorsal raphe nuclémsus coeruleus,
hippocampus and cerebellum (Bonaventetel, 2002; Duxonet al, 1997).
During the last decade, the 5-HR has been shown to modulate dopamine
(DA) neuron activity in the mammalian brain (Auclat al, 2010; Dolyet al,
2008, 2009). In keeping with the key role of the Bgcending pathways in the
effects of drugs of abuse (Di Chiara and Bassa2@)7; Pierce and
Vanderschuren, 2010), the 5-lR has been suggested as a new
pharmacological target for improved treatment afgdaddiction (Auclaiet al.,
2010). Indeed, peripheral administration of selectb-HT,gR antagonists
revealed that 5-HERs exert a tonic excitatory control on DA releasehe
shell subregion of the nucleus accumbens (NAc, #&uet al, 2010), accumbal
DA release being the hallmark of all drugs abusgdilmans (Carboret al,
1989; Di Chiara and Imperato, 1988). In additieyesal studies have indicated
that 5-HT,zRs participate in the neurochemical and behavioeftdcts of
methylenedioxymetamphetamine (MDMA) and amphetaminindeed,
pharmacological blockade or genetic inactivationrs5dfiT,gRs suppresses the
hyperlocomotion, locomotor sensitization and caonded place preference as
well as the increase in accumbal DA outflow indubgdMDMA (Doly et al,
2008, 2009). Furthermore, 5-E5R blockade reduces amphetamine-induced
hyperlocomotion and increased DA outflow in the Né#well (Auclairet al,

2010). However, the impact of 5-E5Rs on the neurochemical and behavioural
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responses induced by cocaine, one of the most wmi#d abused drugs,
remains unknown to date.

Thus, the present study was aimed at addressisgstue by studying the effect
of 5-HT,sR blockade on cocaine-induced hyperlocomotion aAdoDtflow in
subcortical brain regions. To this purpose, we useud selective, potent and
brain-penetrant 5-HER antagonists, RS 127445 and LY 266097 (Awdial,
1996; Bonhauset al, 1999). First we investigated the effect of 5:ER
blockade on cocaine-induced DA outflow using intrabral microdialysis in
freely moving rats. Specifically, we monitored DAtfiow in the NAc shell and
core subregions and in the dorsal striatum, theg®ms being known to play a
key role in mediating the behavioural responsedrafis of abuse (Koob and
Volkow, 2010; Pierce and Vanderschuren, 2010; W29). Secondly, we
assessed the effect of 5-F4R blockade on cocaine-induced hyperlocomotion,
a response typically related to DA function (Beeadéeral, 2009; Dunnett and
Robbins, 1992). Finally, to provide a deeper insigto the role of 5-HZzRs in
the control of stimulated locomotor activity, wesassed the effect of 5-EER
blockade on the late-onset hyperlocomotion indusgdhe DA-DR agonist
quinpirole. This effect, which has been well chéeazed in the literature
(Benaliouadet al, 2009 ; Cathalat al, 2015 ; Eilam and Szechtman, 1989 ;
Koeltzow et al, 2003), occurs independently of DA outflow antlyariance
with cocaine-induced hyperlocomotion, is relatedlit@ct stimulation of post-

synaptic DA-Rs.

2. Materialsand Methods
2.1. Animals

Male Sprague-Dawley rats (IFFA CREDO, Lyon, Frange)ghing 320-350 g
were used. Animals, housed in individual plastigesa were kept at constant
room temperature (21+2°C) and relative humidity%g0nith a 12h light/dark

cycle (dark from 20:00 h) and had free access temand food. Animals were
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acclimated to the housing conditions for at least week prior to the start of
the experiments. All experiments were conductednduthe light phase of the
light-dark cycle. Animals use procedures confornted the International
European Ethical Standards (86/609-EEC) and thechkr&lational Committee
(décret 87/848) for the care and use of laboratoiynals. All efforts were

made to minimize animal suffering and to reducertin@ber of animals used.

2.2. Drugs

The following compounds were used: RS 127445.HClar(@no-4-(4-
fluoronaphth-1-yl)-6-isopropylpyrimidine hydrochide), LY 266097.HCI (1-
[(2-Chloro-3,4-dimethoxyphenyl) methyl]-2,3,4,9+@tydro-6-methyl-H-
pyrido[3,4b] indole hydrochloride) and quinpirole.HCI (trans@aR-
4,4a,5,6,7,8,8a,9-octahydro-5-propyl-1H-pyrazok@] guinoline
hydrochloride) purchased from R&D Systems (Abingdti); cocaine.HCI
purchased from Cooper (Melun, France), and haldpkri(4-[4-(p-
chlorophenyl)-4hydroxypiperidino]-4’-fluorobutyrophene) as the
commercially available solution (Haldol 5 mg/mL,n3aen Pharmaceutica,
Bersee, Belgium). All other chemicals and reagemtsre the purest
commercially available (VWR, Strasbourg, Francegn®-Aldrich, Saint-

Quentin Fallavier, France).

2.3. Pharmacological treatments

Cocaine was dissolved in NaCl 0.9%, and adminidténeraperitoneally (i.p.)
at 10 mg/kg. Quinpirole was dissolved in NaCl 0.9, %nd injected
subcutaneously (s.c.) at 0.1, 0.25 or 0.5 mg/kdopéaidol, diluted in NaCl
0.9%, was administered at 0.1 mg/kg i.p. immedyatefore quinpirole. RS
127445, dissolved in a 99:1 mixture of water aretidaacid, was injected at

0.16 mg/kg i.p. 15 min prior to cocaine or immeedigtbefore quinpirole
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administration. LY 266097, dissolved in distilled® was injected at 0.63
mg/kg i.p. 30 min prior to cocaine.

The dose of cocaine was selected on the basisewiopis studies reporting its
ability to increase locomotor activity amalvivo DA release in the rat NAc and
dorsal striatum (Cadort al, 2003; Fletcheet al, 2002; Porragt al, 2003).
Dose and pretreatment administration time of RS$4487and LY 266097 were
chosen according to previous dose-response stuglesting their efficacy to
modulate basal and activated DA outflow in the Ngkell subregion through
selective blockade of central 5-kkRs (Auclairet al, 2010). The dose range of
quinpirole was chosen on the basis of previousiesushowing its ability to
induce a robust late-onset hyperlocomotion (Benaliet al, 2009; Koeltzow
et al, 2003). Finally, the dose of haloperidol was selé on the basis of
previous studies reporting its ability to block trah DA-D,Rs in the rat brain
(Lucaset al,, 2000; Schottet al, 1993).

All drug doses were calculated as the free baseirgacted in a volume of 1
ml/kg. In each experimental group, animals receiedther drugs or their

appropriate vehicle, according to a randomisedytesi

2.4. Microdialysis and DA assay
2.4.1. Surgery and perfusion procedures

Surgery and perfusion procedures were performegbrasiously described
(Cathalaet al, 2015) with minor modifications. Briefly, rats veeanaesthetised
with 3% isoflurane (CSP, Cournon-d’Auvergne, Frgnead placed in a
stereotaxic frame. A siliconized stainless guidentda (Carnegie Medicin,
Phymep, Paris, France) was stereotaxically impthjust above the shell or the
core subregion of the right NAc (coordinates of thever extremity of the
guide, in mm, relative to the interaural point: Nsfell: anteroposterior (AP) =
10.7, lateral (L) = 1.0, ventral (V) = 4.0; corePA= 10.7, L = 1.4, V= 3.8,
Paxinos and Watson, 1986), or above the right tdetsatum (AP = 9.7, L =
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2.8,V = 6.6, Paxinos and Watson, 1986), so thatihof the probe (CMA/11,
cuprophan, 240 um outer diameter, 2 mm or 4 mmthefag the NAc and the
dorsal striatum respectively, Carnegie Medicin, rRég) once lowered through
the guide-cannula on the day of the experimenthedé a depth value of 2 mm
(NAc shell and core) or 2.6 mm (dorsal striatumm\abthe interaural point.
Experiments were performed in freely moving rat®5 days after surgery.
The probe was inserted in the guide-cannula arfdge at a constant flow rate
(2 pl/min), by means of a microperfusion pump (CMA 1Chrnegie Medicin,
Phymep) with artificial cerebrospinal fluid conteig (in mM): 147 NacCl, 4
KCI, 2.2 CaC}, pH 7.4.

Pharmacological treatments (see section 2.3.) perermed 120 min after the
beginning of the perfusion (stabilisation periodjnd DA outflow was
monitored during 120 min after the last drug injact Dialysates (3@l) were
collected in a refrigerated fraction collector (MAS Microbiotech, Phymep)
every 15 min.

At the end of each experiment, the animal was geaphesthetised with a
pentobarbital overdose (100 mg/kg, CEVA, Libourfeance), and its brain
was removed and fixed in NaCl (0.9%)/paraformaldiehysolution (10%).
Probe location into the targeted region was detezthihistologically on serial
coronal sections (60 pm) stained with cresyl viceid only data obtained from

rats with correctly implanted probes were includethe results.

2.4.2. Chromatographic analysis

After collection, dialysate samples were immediatehalysed with a high-
performance liquid chromatography apparatus (Amséexys UHPLC/ECD,
WynSep, Labége-Innopole, France), equipped witlaosampler (Antec AS
110 UHPLC cool 6-PV, WynSep). The mobile phase faiming (in mM) 100
phosphoric acid, 100 citric acid, 0.1 EDTA £} 4.6 octanesulfonic acid.NaCl
plus 4.5% acetonitrile, adjusted to pH 6.0 with Wa®olution (50%)] was

151



Publications

delivered at 0.075 ml/min flow rate with a LC 11p8mp (Antec, WynSep)
through an Acquity UPLC BEH column {£ 1 x 100 mm, particle size 1jm;
Waters, Saint-Quentin en Yvelynes, France).

Detection of DA was carried out with an amperoneetdetector (Antec
DECADE I, WynSep) with a glassy carbon electrodé & +460 m\Wersus
Ag/AgCI. Output signals were recorded on a compy@arity, WynSep).
Under these conditions, the retention time for DAsw4-4.5 min, and the

sensitivity was 50 pM with a signal/noise ratia3of.

2.5. Measurement of locomotor activity

As described previously (Cathadd al, 2015; Piazzat al, 1989), locomotor

activity was measured in a circular corridor eqeigpppwith four photoelectric

cells placed at the two perpendicular axes of fygaeatus to automatically
record horizontal locomotion. The apparatus weaegd in a light- and sound-
attenuated chamber. All rats were habituated taetbieenvironment for 3 h/day
on each of the three days before the start of ¥perement. In quinpirole

experiments, 1 h habituation was additionally penied on the test day before
drug administration. Drug injections (see sectiod)2were performed outside
the testing room. After the last injection, ratsrevelaced into the circular
corridor, and locomotor activity was recorded fOrrfiin intervals over a period

of 120 min (cocaine experiments) or 180 min (quinlgi experiments).

2.6. Statistics

Statistical analysis was carried out by Statiséc@ for Windows (Statsoft,
Maisons-Alfort, France).

In microdialysis experiments, DA content in eacmpke was expressed as the
percentage of the average baseline level calculfited the three fractions
preceding the first drug administration. Data cgpand to the mean = S.E.M.

of the percentage obtained in each experimentalpgréhe ability of 5-HEsR
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antagonists (pretreatment) to modulate the effeict®caine (treatment) on DA
outflow (see Fig. 1-2) was analysed by a multifaato ANOVA with
pretreatment and treatment as the between-subgetdr§, and time as the
within-subject factor (including values from tim&5-to time 120 min or time -
30 to 120 min for experiments with RS 127445 and266097, respectively).
In addition, the effect of 5-HER antagonists alone (treatment) on basal DA
outflow (see insets in Fig. 1-2) was analysed byudtifactorial ANOVA with
treatment as the between-subject factor, and tisnthe within-subject factor
(time fractions 0-120 min). Finally, in each expegnt, statistical differences in
basal DA values among groups were assessed by-awayn@&NOVA using
group as a main factor.

In behavioural experiments, locomotor activity date presented as mean *
S.E.M. horizontal activity counts in each 10-minptiod of the test session or
averaged over 0-120 min (cocaine), 0-60 min andl&1l-min (quinpirole)
monitoring. The ability of RS 127445, LY 266097haloperidol (pretreatment)
to modify the effect of cocaine or quinpirole (tr@@nt) on locomotor activity
was analysed by a multifactorial ANOVA with pretie@nt and treatment as
the between-subject factors (see Fig. 3, Fig. 48 4D). The effect of
quinpirole on locomotor activity was analysed byaltifactorial ANOVA with
treatment as the between-subject factor, and tisnthe within-subject factor
(including values from time 10 to time 180 min)ddeig. 4A), as well as by a
one-way ANOVA (using group as a main factor) whealgsing its effect on
activity counts averaged over 0-60 min and 61-189(see Fig. 4B).

Finally, in both neurochemical and behavioural expents, when ANOVA
results were significant (p<0.05), thpost-hoc Newman-Keuls test was

performed to allow adequate multiple comparisorig/éen groups.
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3. Resaults

3.1. Effect of RS 127445 and LY 266097 on cocaitieced increase in DA

outflow

Fig. 1 illustrates the effect of the 5-kR antagonist RS 127445 on cocaine-
induced DA outflow in the shell (Fig. 1A) and cdqfég. 1B) subregions of the
NAc and in the dorsal striatum (Fig. 1C). In theeth brain regions studied,
statistical analysis revealed a significant maifeafof treatment (NAc shell:
Feoc 114) = 108.73, p<0.001; NAcC core:.k (115 = 50.13, p<0.001; dorsal
striatum: Foc 114) = 33.49, p<0.001) and a significant treatment byget
interaction (NAc shell: B x time 9,1267 97.73, p<0.001; NAC CcOref x time (9,135)

= 25.16, p<0.001; dorsal striatumyofx time (0,126~ 17.91, p<0.001). As expected
(Cadoniet al, 2003; Porrast al, 2003), cocaine elicited an overall significant
increase in DA outflow (NAc shell: time points 18@l min, at least p<0.05;
NAc core: time points 15-105 min, at least p<0@é&xsal striatum: time points
30-75 min, at least p<0.0¢ersusthe corresponding cocaine-untreated groups).
In the three brain regions, there was no signiticaain effect of pretreatment
(NAc shell: Frs 1,14= 0.72, NS; NAc core:dz 1,15= 0.05, NS; dorsal striatum:
Frs 1,19)= 0.43, NS), and no significant pretreatment >attreent interaction
(NAc shell: Frs x coc 1,147~ 0.12, NS; NAC core: ds x coc 1,15~ 0.02, NS; dorsal
striatum: s x coc @199= 0.01, NS). The effect of RS 127445 on basal DA
outflow is illustrated in the insets of Fig. 1A-Bccording to a previous study
(Auclair et al, 2010), RS 12744per sedid not alter basal DA outflow in the
NAc core and the dorsal striatum (see insets in Hiyand 1C), but elicited a
progressive decrease in DA efflux in the NAc shagching approximately 20
% below basal values 75 min after its injectione(¢eset in Fig. 1A). This
effect, because of its small magnitude, did nothestatistical significance in
the context of the statistical analysis of therimtéon between RS 127445 and
cocaine. However, a significant effect of RS 127&#50asal DA outflow was
found in the NAc shell (ks 1.7y= 23.88, p<0.01), but not in the NAc core{F
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a7 = 0.20, NS) and the dorsal striatunkdfi 6= 0.41, NS), when directly
comparing the RS 127445/vehicle group to the vehiehicle group.

Fig. 2 reportsthe effect of the 5-HER antagonist LY 266097 on cocaine-
induced DA outflow in the NAc shell. Statisticaladysis revealed a significant
main effect of treatment (& 1 15= 63.10, p<0.001) and a significant treatment
by time interaction (& x time 10,150~ 18.52, p<0.001). As expected (Cadehi
al., 2003), cocaine elicited an overall significamtrease in DA outflow (time
points 15-90 min, at least p<0.0&rsuscocaine-untreated groups). There was
no significant main effect of pretreatment ((Ri15) = 1.45, NS), and no
significant pretreatment x treatment interactiopy (Foc 1,15 = 0.19, NS). The
inset of Fig. 2 illustrates the effect of LY 26608A basal DA outflow. In
agreement with previous findings (Auclait al, 2010), LY 266097 elicited a
progressive decrease in DA efflux in the NAc shelgching approximately 35
% below basal values 105 min after its injectios. iA the case of RS 127445
(see Fig. 1A), this effect reached significanceyamhen directly comparing the
LY 266097/vehicle group to the vehicle/vehicle gro(Ry 7 = 20.47,
p<0.01).

Finally, in a separate experiment, we have alsessssl the effect of RS 127445
on the increase in DA outflow induced by 15 mg/kgaine in the NAc shell.
As in the case of 10 mg/kg cocaine, RS 127445 ddite modify 15 mg/kg
cocaine-increased DA outflow. Indeed, statisticwllgsis revealed a significant
main effect of treatment (& 12= 56.44, p<0.001) and a significant treatment
by time interaction (&c x time (9,108= 31.71, p<0.001). As expected (Catheta
al., 2015), cocaine elicited an overall significamtrease in DA outflow (time
points 30-90 min, at least p<0.0&rsuscocaine-untreated groups). There was
no significant main effect of pretreatmentg{F.12 = 0.31, NS), and no
significant pretreatment x treatment interactiofs(Feoc (1,12= 0.03, NS) (data

not shown).

155



Publications

3.2. Effect of RS 127445 and LY 266097 on cocaitieced hyperlocomotion

Fig. 3 illustrates the effect of the 5-kkR antagonists RS 127445 (Fig. 3A) and
LY 266097 (Fig. 3B) on the increase in locomotatiaty induced by cocaine.
As regards the effect of RS 127445 (Fig. 3A), statal analysis revealed a
significant main effect of pretreatmentzri 6= 9.76, p<0.01) and treatment
(Feoc 1,26= 43.62, p<0.001), as well as a significant prefmeat x treatment
interaction (Rs x coc (1,26~ 17.86, p<0.001)Post-hocanalysis revealed that, as
reported previously (Filigt al, 2004; Fletcheet al, 2002), cocaine produced a
significant increase in total locomotor counts relea over the 120 min test
session, reaching about 325% of basal activity @3D versus the
vehicle/vehicle group). Cocaine-induced hyperloctom was significantly
reduced by about 50% by RS 127445 pretreatment.@pZ0versus the
vehicle/cocaine group). Finally, administration RE 127445 alone did not
significantly alter basal locomotor activity (p>8,0/ersusthe vehicle/vehicle
group). As regards the effect of LY 266097 (Fig.)3Btatistical analysis
revealed no significant main effect of pretreatm@pt 1.0)= 2.10, NS), but a
significant main effect of treatment {F 1 .0= 20.79, p<0.001), as well as a
significant pretreatment x treatment interaction, (Foc 1,20~ 15.18, p<0.001).
Post-hoc analysis revealed that, as reported previousllip(Fét al, 2004;
Fletcheret al, 2002), cocaine produced a significant increagetal locomotor
counts recorded over the 120 min test sessionhira@bout 284% of basal
activity (p<0.001, versus the vehicle/vehicle group). Cocaine-induced
hyperlocomotion was significantly reduced by abdis by LY 266097
pretreatment (p<0.0Y¥ersusthe vehicle/cocaine group). Finally, administratio
of LY 266097 alone did not significantly alter bbkecomotor activity (p>0.05,

versusthe vehicle/vehicle group).
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3.3. Effect of haloperidol and RS 127445 on quoipiinduced changes of

locomotor activity

The time-course effect of quinpirole on spontanetacOmotor activity is
illustrated in Fig. 4A. As reported previously (Bat al, 2005; Benaliouadt
al., 2009), quinpirole produced time-dependent chsngé spontaneous
locomotion, encompassing first a reduction, anch thenoderate and sustained
increase in locomotor activity ¢ time (s1.4257 6.89, p<0.00Versusquinpirole-
untreated groups). To analyse the influence different doses (0.1, 0.25 and
0.5 mg/kg) over time, the effect of quinpirole wetadied on total horizontal
activity counts recorded from 0 to 60 min (Fig. 4ipper panel) and from 61 to
180 min (Fig. 4B, lower panel) following its injémh. During the first 60 min
post-injection, at a time when spontaneous locamois maximal in vehicle-
treated rats, statistical analysis revealed a feigimt main effect of treatment
(Fg 3,25)= 32.36, p<0.001Post-hocanalysis revealed that, in line with previous
reports (Benaliouadt al, 2009; Cathal&t al, 2015), basal locomotor activity
was significantly reduced by about 60% by all testéd doses of quinpirole
(p<0.001,versusthe vehicle group). Analysis performed at a ldbere post-
injection (61-180 min) also revealed a significamdin effect of treatment ¢
@25 = 19.10, p<0.001)Post-hocanalysis revealed that, in agreement with
previous studies (Catha&t al, 2015; Koeltzowet al, 2003), only 0.5 mg/kg
quinpirole elicited a significant increase in loaatior activity reaching about
634% of basal activity (p<0.00¢ersusthe vehicle group).

Fig. 4C illustrates the effect of the DAJMR antagonist haloperidol on 0.5 mg/kg
quinpirole-induced changes of locomotor activityucts, averaged over 0-60
min and 61-180 min monitoring. During the first 60in post-injection,
statistical analysis revealed a significant maifeaf of treatment (& (1,26) =
44.35, p<0.001). As expected (Cathatal, 2015; Eilam and Szechtman,
1989; Koeltzowet al, 2003; present study), 0.5 mg/kg quinpirole &didia

significant decrease in locomotor activity (p<0.0@drsusquinpirole-untreated
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groups). There was no significant main effect atg@atment (f (126)= 0.09,
NS), and no significant pretreatment x treatmeteraction (Fa x o (1,26= 2.74,
NS). Statistical analysis performed at a later tpost-injection (61-180 min)
revealed a significant main effect of pretreatn{&n}; (1,.6)= 10.52, p<0.01) and
treatment (& (1,26)= 13.47, p<0.01), as well as a significant pretreat x
treatment interaction (& x o 1,26~ 15.77, p<0.001)Post-hocanalysis revealed
that, in agreement with previous studies (Bastal, 2005; Cathalat al,
2015; Koeltzowet al, 2003), 0.5 mg/kg quinpirole elicited a signifita
increase in locomotor activity reaching about 562%basal activity (p<0.001,
versusthe vehicle/vehicle group). In line with previostidies (Basset al,
2005; Benaliouadet al, 2009), quinpirole-induced hyperlocomotion was
significantly reduced by about 82% by haloperidoétpatment (p<0.001,
versusthe vehicle/quinpirole group). Finally, as repdrigreviously (Adamst
al., 2001), haloperidol alone did not significantlyea basal locomotor activity
(p>0.05,versusthe vehicle/vehicle group).

Finally, Fig. 4D illustrates the effect of RS 12B4dn 0.5 mg/kg quinpirole-
induced changes of locomotor activity counts, ayedaover 0-60 min and 61-
180 min monitoring. During the first 60 min posjeation, statistical analysis
revealed a significant main effect of treatmery ¢f,) = 24.58, p<0.001). As
expected (Cathalat al, 2015;Eilam and Szechtman, 1989; Koeltzaw al,
2003; present study), 0.5 mg/kg quinpirole elicigedsignificant decrease in
locomotor activity (p<0.001versusquinpirole-untreated groups). There was no
significant main effect of pretreatmentzgr, 41)= 1.98, NS), and no significant
pretreatment x treatment interactiordkq 1,41= 0.22, NS). Statistical analysis
performed at a later time post-injection (61-18M)mievealed a significant
main effect of pretreatmentd 41)= 7.94, p<0.01), treatment{k 41)= 40.63
p<0.001), and a significant pretreatment x treatmeteraction (ks x o (1,41
7.43, p<0.01)Post-hocanalysis revealed that quinpirole induced a sicguift
increase in locomotor activity reaching about 568%basal activity (p<0.001,

versus the vehicle/vehicle group). RS 127445, with noeeff on basal
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locomotion (p>0.05yersusthe vehicle/vehicle group), significantly diminesh
(overall reduction of approximately 50%) quinpirateluced locomotor activity

(p<0.001 versusthe vehicle/quinpirole group).
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4, Discussion

The present study shows that 54H blockade reduces cocaine-induced
hyperlocomotion independently of accumbal and tstriaDA outflow.
Furthermore, 5-HJR antagonism suppresses quinpirole-induced latetons
hyperlocomotion, a response which happens indepéydsf DA release and is
related to direct stimulation of post-synaptic DARB (Benaliouadet al,
2009). Thus, in keeping with the tight relationshiptween subcortical DA
pathway activity and locomotion (Beelet al, 2009; Dunnett and Robbins,
1992), our findings altogether demonstrate thatTazR control of cocaine-
induced hyperlocomotion occurs downstream from Durons, and could
involve an action at the level of DA transmission.

In the present study, the functional role of 5:5RS in the control of cocaine
responses was assessed using two selective, lenaétrant and potent 5-HgR
antagonists, RS 127445 and LY 266097, which haea eell characteriseith
vitro andin vivo (Auclair et al, 2010; Audiaet al, 1996; Bonhaust al, 1999;
Doly et al, 2008, 2009).

We found that peripheral administration of RS 1Z/44duced basal DA
outflow in the NAc shell but had no effect on baBal outflow in the NAc core
subregion and the dorsal striatum. Basal DA outflowihe NAc shell was also
decreased by the peripheral administration of LY6(B&. These results, in
agreement with previous findings in halothane-athedised rats (Auclaiet al,
2010), confirm that 5-HERs exert a tonic facilitatory control on
mesoaccumbens DA pathway restrained to the shbliegion of the NAc.
Although the 5-HTgR antagonists used in the present study possess som
affinity for the other members of the 5-bR family (Audia et al, 1996;
Bonhauset al, 1999), the obtained results permit to discargassible
involvement of 5-HF, or 5-HT,cRs in the observed effect, as their blockade is
known to have no effect or to increase basal DAfleut in the NAc,

respectively (Auclaiet al, 2010).
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As previously reported (Cadoat al, 2003; Fletcheet al, 2002; Porrast al,
2003), we found that peripheral administration 0friig/kg cocaine elicited a
significant increase in DA outflow in both the dheehd core subregions of the
NAc, as well as in the dorsal striatum. RS 12744&trpatment failed to
modulate the effect of cocaine in these brain megidlso, cocaine-increased
DA outflow in the NAc shell remained unaltered by R66097 pretreatment.

It is unlikely that the absence of effect of 54gK blockade on cocaine-
increased DA outflow is related to the dose of S54RI antagonists used.
Indeed, 0.16 mg/kg RS 127445 and 0.63 mg/kg LY 28@tave been shown to
be effective in reducing both basal (present stutlyclair et al., 2010) and
stimulated DA outflow in the NAc shell (Auclagt al, 2010). Furthermore,
although the ability of 5-HER antagonists to modulate cocaine-increased DA
outflow could be dependent on the inherent tonthef5-HT system, which is
subject to modification by the 5-HT reuptake intiily properties of cocaine
(Bradberryet al., 1993; Koe, 1976), the observed results are elylidependent
on the dose of cocaine (10 mg/kg) used in the ptestedy. Indeed, we found
that the increase in NAc shell DA outflow induceddhigher dose of cocaine
(15 mg/kg), despite its ability to evoke a largecrease in 5-HT extracellular
levels in various brain regions (Mdllet al, 2007), was also unaltered by RS
127445 pretreatment (data not shown). More likétg, failure of RS 127445
and LY 266097 to affect cocaine-induced DA outflmwrelated to the cellular
mechanisms underlying their interaction on DA nesrdndeed, the ability of
5-HT receptors to control DA outflow is known to ependent on the specific
mechanism of action of a given drug to activate mdrons (De Deurwaerdere
et al, 2005; Navailleset al, 2004; Porraset al, 2002a, 2002b, 2003). A
previous study assessing the effect of 54RE on amphetamine- and
haloperidol-evoked DA release led to the suggestlmat 5-HTzRs could
control DA outflow by modulating DA synthesis andI@A neuronal firing rate
(Auclair et al.,, 2010). Thus, it is tempting to suggest thatitigbitory effect of

cocaine on DA synthesis and DA neuronal firing &teelsenet al, 1983; Pitts
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and Marwah, 1988) could preclude the action of 5gRTantagonists on
cocaine-induced DA outflow. Additional experimemti® warranted to address
this hypothesis.

Interestingly, we found that blockade of 5-4gRs by RS 127445 or LY 266097
reduced cocaine-evoked hyperlocomotion to a sineteient. Of note, it is
known that cocaine-induced hyperlocomotion is akstuced by selective 5-
HT,AR antagonists (Fletchet al, 2002). However, both 5-HgR antagonists
used in the present study possess similar highitgffior the 5-HTsR (pKi=
9.3 for LY 266097 and pKi= 9.5 for RS 127445), aatdleast 100-fold (LY
266097) and 1000-fold (RS 127445) selectivity owbe 5-HT,R and
numerous other receptors (Audda al, 1996; Bonhaust al, 1999). Thus, in
keeping with thein vitro pharmacological properties of RS 127445 and LY
266097, and considering that both 5-ER antagonists were administered at
very low doses, which have been shown to targetctetly 5-HTgRsin vivo
(Auclair et al, 2010), it is likely that the effects observedttie present study
result from their selective blockade of 5-idRs. Nevertheless, this issue will
deserve future investigations in advanced genetidets, such as conditional 5-
HT,R knock-out animals, to bypass the limits (lethahemotype,
neurodevelopmental-like disorders) of the curremtiailable constitutive 5-
HT,sR knock-out mice (Bevilacquet al, 2010; McCorvy and Roth, 2015).
Altogether, our neurochemical and behavioural figdi demonstrate that the
suppressant effect of 5-HR antagonists on cocaine-induced hyperlocomotion
occurs independently of changes of accumbal arstiiatal DA outflow. Thus,
as already shown for the 5-kFR and the 5-HJ,R (Cathalaet al, 2015;
Devroye et al, 2015; Mdlleret al, 2007), it appears that 5-kkRs could
control cocaine hyperactivity by a mechanism whighasses DA release itself.
To have a deeper insight into this hypothesis, sgessed the effect of 5-bkR
antagonists in the presence of quinpirole, a uspharmacological tool to
explore possible post-synaptic interactions. Indegainpirole is known to

induce a late-onset hyperlocomotion resulting frdinect stimulation of post-
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synaptic DA-DRs (Benaliouackt al, 2009; Cathalat al, 2015). In agreement
with previous findings (Cathalat al, 2015), we found that 0.5 mg/kg
quinpirole increased locomotor activity 60 minuteowing its injection, this
effect being blocked by both haloperidol and RS44%7 These results confirm
that the suppressant effect of 54dR blockade on cocaine-induced
hyperlocomotion occurs downstream to DA neurons| smggest a possible
action at the level of DA transmission. Thus, asady shown for the 5-H{Rs
(Cathalaet al, 2015; Devroyeet al, 2015), 5-HFgRs could participate to the
regulatory control of the phosphorylation of the RAd cyclic 3'-5" adenosine
monophosphate-regulated phosphoprotein (DARPP-82)rotein located in
dopaminoceptive neurons and involved in the memtatf the behavioural
effects of cocaine by processes acting independdriin changes of DA
outflow (Svenningssoet al, 2005; Zacharioet al, 2002). Interestingly, the
results obtained with quinpirole raise an additiogaestion concerning a
possible role of 5-HERs in the control of DA-ER-mediated hyperlocomotion
(Sakanoueet al, 2002). Indeed, DA-PR agonist-induced behaviors, including
hyperlocomotion, are known to undergo modulatorgticis by several 5-HT
receptors (Bishopet al, 2005; Dupreet al, 2013; Fox and Brotchie, 2000;
Jaunaraj®t al, 2009; Scalzittet al, 1999), and can be differentially regulated
compared to DA-ER agonist-evoked behavioral responses (Bigktagd, 2005;
Cathalaet al, 2015; Sakanouet al, 2002). Thus it will be interesting in the
future to assess whether 5-4dR antagonists are also able to modulate DA-
D;R-mediated hyperactivity, to determine whether 5-HgRs might
differentially control DA-BR versusDA-D;R-mediated hyperlocomotion.
Finally, the data available in the literature dot mermit to precise the
mechanisms and/or the neuronal circuits underlfigginhibitory effects of 5-
HT.gR antagonists on cocaine-induced hyperlocomotiordeéd, in this
context, a critical point is the lack of informatioconcerning the regional and/or
cellular distribution of 5-H7zRs in the mammalian brain, as only few studies

explored this issue (Bonaventuge al., 2002; Dolyet al, 2008; Duxoret al,
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1997; Kolodziejczalet al, 2015). On the one hand, 5-lRs are not expressed
in the NAc and the dorsal striatum (Duxenal, 1997), thereby suggesting that
the effects observed in the present study couldlvwevextra-accumbal and
extra-striatal regulations. Conversely, 54gs have been shown to be
expressed in the frontal cortex (Bonaventeral, 2002; Duxoret al, 1997).

In keeping with the key role of this brain regionthe regulation of subcortical
DA activity and cocaine-induced DA-dependent bebars (Filip and
Cunningham, 2003; Leggiet al, 2009; Tzschentke, 2001), it is possible that
cortical 5-HT,gRs may participate to the suppressant effect of TaRI
antagonists on cocaine hyperactivity through glat@mgic and/or GABAergic
polysynaptic cortico-subcortical pathways afferentne NAc and/or the dorsal
striatum. Indeed, anatomical studies have showmn @GwBAergic neurons
located in the NAc and the dorsal striatum recelivect monosynaptic input
from prefrontal cortex (PFC) glutamate-containinggmidal cells (Sesackt
al., 2003), as well as afferents from several regiohich receive projections
from the PFC pyramidal neurons (Azmitia and Se@4l{8; Gabbottet al,
2005; Sesackt al, 2003). An additional mechanism could rely on finet that
5-HT,gRs could exert a direct control on 5-HT neuronwaigti as suggested by
their ability to regulate the phosphorylation oé th-HT transporter (SERTi
vitro (Launayet al, 2006). Thus, in keeping with the ability of coeto block
the SERT (Bradberret al, 1993; Koe, 1976), it is possible that 54gHs
antagonists could modulate cocaine-induced chamgeextracellular 5-HT
levels, which in turn would impact on other 5-HTceptor subtypes
participating to the control of cocaine-induced égypcomotion, such as 5-
HT.aRs, 5-HTLRs, 5-HERs or 5-HTRs (Cathalaet al, 2015, Fletcheet al,
2002; McMahon and Cunningham, 1999; Svingos anaediann, 1992).
Additional studies, including intracranial micragations, are needed to unravel
the mechanisms and circuitry underlying this intécan.

In conclusion, this study provides the first eviderthat central 5-H;ERs are

able to control cocaine-induced hyperlocomotiorepehdently of changes of
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subcortical DA outflow. This regulatory control aaps to occur downstream to
DA neurons and could involve an indirect actiortha level of striatal and/or
accumbal DA transmission. Altogether the presesulte afford additional
knowledge into the regulatory neurochemistry ofeasiing DA pathways, and
provide new information supporting the therapeytotential of 5-HTsR
antagonists in drug addiction (Auclair al, 2010; Dolyet al, 2008, 2009).
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Fig. 1. Time course effect of the administration of RS 145%4n cocaine-induced
increase in dopamine (DA) outflow in the shell (A)d core (B) subregions of the
nucleus accumbens (NAc), and in the dorsal strigfQ)nRS 127445 (RS, 0.16 mg/kg)
was intraperitoneally (i.p.) injected (vertical@n) 15 min before the administration of
cocaine (coc, 10 mg/kg, i.p., time zero). Data mpresented as the meanSEM
percentages of the baseline calculated from theetBamples preceding the first drug
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administration (n= 4-5 animals/group). Absolute d@dakevels of DA in dialysates
collected in each brain region did not differ asrdise different experimental groups
(NAc shell: Rz14) = 2.32, NS; NAc core: 15 = 2.42, NS; dorsal striatum:ishs) =
0.65, NS, ANOVA) and were: 1.02 + 0.06 nM (NAc dhed.82 + 0.08 nM (NAc core),
and 4.88 + 0.27 nM (dorsal striatum) (mean + SEM,18 rats for the NAc shell and
the dorsal striatum, and 19 rats for the NAc conegets: time-course of the effect of
RS 127445 on basal DA outflow in the NAc shell ()¢ NAc core (B) and the dorsal
striatum (C), see Results section for statistiegaits.
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Fig. 2. Time course effect of the administration of LY P88 on cocaine-induced
increase in dopamine (DA) outflow in the shell |gion of the nucleus accumbens
(NAc). LY 266097 (LY, 0.63 mg/kg) was intraperitaily (i.p.) injected (vertical
arrow) 30 min before the administration of cocdioec, 10 mg/kg, i.p., time zero). Data
are represented as the meaBEM percentages of the baseline calculated franthiee
samples preceding the first drug administratios @5 animals/group). Absolute basal
levels of DA in dialysates did not differ acrose ttifferent experimental groups{s,
=1.18, NS, ANOVA) and were 0.67 + 0.09 nM (mea8EM, n= 19 rats)Lnset: time-
course of the effect of LY 266097 on basal DA awfl see Results section for
statistical details.
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Fig. 3. Effect of RS 127445 (A) and LY 266097 (B) on co&induced
hyperlocomotion. RS 127445 (RS, 0.16 mg/kg) or L66@97 (LY, 0.63 mg/kg) was
intraperitoneally (i.p.) injected 15 or 30 min befdhe administration of cocaine (coc,
10 mg/kg, i.p., time zero), respectively. Histogeamepresent the mean +* SEM
horizontal activity counts over a 2-hour test pér{o= 7-8 and n= 6 animals/group for
experiments with RS 127445 and LY 266097, respelgflv ***p<0.001 versusthe
corresponding vehicle/vehicle (v/v) group ard’p<0.001, "p<0.01 versus the
corresponding v/coc group (Newman-Keuls test).
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Fig. 4. Effect of haloperidol and RS 127445 on quinpirsidiced changes of
spontaneous locomotor activity. (A) Time-coursesefffof different doses of quinpirole
on spontaneous locomotor activity. Quinpirole (@swsubcutaneously (s.c.) injected
(time zero) at the doses of 0.1, 0.25 or 0.5 mglkgta represent the meanSEM
horizontal activity counts in each 10-minute periotl the 3-hour test (n = 7-8
animals/group). (B) Histograms represent the me&EM horizontal activity counts of
quinpirole-induced locomotor activity changes ageover 0-60 minutes and 61-180
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minutes monitoring. (C) Effect of haloperidol on impirole-induced changes of
locomotor activity. Haloperidol (Hal, 0.1 mg/kgpi) was injected immediately before
Q (0.5 mg/kg, s.c.). Data represent the me&EM horizontal activity counts averaged
over 0-60 minutes and 61-180 minutes monitoring&rB-animals/group). (D) Effect of
RS 127445 on quinpirole-induced changes of locomattivity. RS 127445 (RS, 0.16
mg/kg) was intraperitoneally (i.p.) injected immatily before the administration of
quinpirole (Q, 0.5 mg/kg, s.c.). Histograms repmesthe mean + SEM horizontal
activity counts averaged over 0-60 minutes and &1+hinutes monitoring (n= 11-12
animals/group). ***p<0.00ersusthe vehicle (v) group or viv group antfp<0.001
versusthe v/Q group (Newman-Keuls test).
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Discussion

The work accomplished over the past four years prasided interesting
information on the regulatory control of DA funatidoy central 5-H7gRs.
Specifically, altogether our findings have pernttte successfully address the
three main objectives of the present thesis, byvsiwthat:

1- 5-HT,gR antagonists could be an interesting pharmacoklgiool for

improved treatment of schizophrenia

For the first time, a complete overview of the pattof action of 5-HIzRs on
DA outflow is afforded by the discovery of a 5-HR-mediated tonic
inhibitory control of the mesocortical DA pathwakiqure 6; Devroyeet al,
2016). This finding, which contrasts with the impat5-HT,zRs at the level of
the NAc (tonic excitatory control) and the striatumo effect), allows the
identification of the 5-HZzR as the only 5-HT receptor, to date, capable of
exerting independent controls on the three ascgridih pathways. In keeping
with the role of DA activity in the pathophysiologyf schizophrenia (see
section II.A), the control exerted by the 5-4dR on DA outflow correlates with
its impact in behavioral models predicting the iapbibf APDs to alleviate
cognitive and positive symptoms, or APD propensgdyinduce motor side
effects (Devroye et al., 2016). Thus, in additioratpossible contribution to the
therapeutic benefit of atypical APDs (Devroyt al, 2016), the “ideal”
antipsychotic profile of 5-HJ R antagonists could offer an alternative to the
use of current “selective non-selective” treatmenthose side effects are
related to their multi-target properties (see sectil.A). However, this
conclusion should be nuanced. First, the abilit-#fT,gR antagonists to exert
their neurochemical and behavioral effects mustdrdirmed following chronic
administration. Second, additional experiments aeeded to explore the
possible side effects concomitant with the acut@ ehronic administration of
5-HT,sR antagonists. Specifically, the involvement of B,kRs in metabolism,
body mass and diabetic disorders (commonly refet@das “metabolic

syndrome”; Newman-Tancredi and Kleven, 2011) shobdd investigated.
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Finally, further behavioral experiments are alsorrevated to explore the
potential of 5-HEgR antagonists to alleviate the different symptonis o
schizophrenia. Indeed, as previously discussedgsegon II.A and Porsokt

al., 2010), the efficacy of a potential APD should élored in a palette of
diverse experiments reflecting the individual syomps of schizophrenia. In
particular, the ability of 5-HER antagonists to alleviate negative symptoms

remains unknown, and deserves additional inve gbigsit

J
5-HT R |
blockade -~ ‘mmmmmmmmmmmmooee-

Figure 6: Schematic representation of the differential tatjon of ascending DA
pathways by 5-HJgRs. Blockade of 5-HERs reveals a tonic inhibitory and excitatory
control on the mesocortical and mesoaccumbal DAwvpays, respectively, and no
effect on the nigrostriatal DA pathway activity. DAdopamine; NAc, nucleus
accumbens; mPFC, medial prefrontal cortex; SNcstauitia nigra pars compacta; Str,
striatum; VTA, ventral tegmental are@uclair et al., 2010; Devroye et al., 2016
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2- The 5-HIgR exerts its differential control on mesocorticdim DA

pathways via the stimulation of mPFC 5-Hs

This work, by showing that intra-DRN injection oSRL27445 increases 5-HT
outflow in the mPFC, offers the first evidence of effect triggered by the
blockade of a specific 5-HfR population in the central nervous system.
Several findings suggest that the ability of 5,5R antagonists to increase
mPFC 5-HT outflow may result from the modulationSERT-mediated 5-HT
transport in the DRN. Indeed, as discussed elsewfsze section 111.D.6.1),
previousin vitro studies have shown that 5-Rs govern the overall 5-HT
transport by modulating the phosphorylation of 8&RT in the DRN (Launay
et al, 2006). In addition, intra-DRN administrationtbe 5-HT,zR preferential
agonist BW 723C86 increases local 5-HT outflow (Detl al, 2008). Thus, it is
tempting to suggest that 5-E5R antagonists, by promoting SERT-dependent
5-HT transport in the DRN, would be able to redtlm5-HT endogenous tone
at DRN 5-HTsRs, thereby leading to a disinhibition of 5-HT rens
projecting to the mPFC. Further experiments areramied to assess this
hypothesis. Interestingly, when considering theespmtead innervation of the
whole brain by DRN 5-HT projections (see sectigrii® ability of 5-HTEgRs to
control DRN 5-HT neuron activity provides cruciafarmation to explore the
role of these receptors in various central fun&idn addition, the existence of
a functional interplay between 5-BkRs and 5-HTARs (Figure 7) raises the
possibility that mPFC 5-HkRs may contribute not only to the impact of 5-
HT,sR antagonists on basal DA outflow, but also tortleéiects on “activated”
DA outflow and DA-related behaviors. For instanttes suppressive influence
of 5-HT,zR blockade on amphetamine, MDMA and haloperidoliret
accumbal DA outflow (Dolyet al, 2008, 2009; Auclairet al, 2010) may
depend on the stimulation of mPFC 5-Rs. As previously discussed
(Auclair et al, 2010), the ability of 5-HERs to control exocytotic

(haloperidol-induced) and non exocytotic (ampheteinduced) DA outflow
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suggests that these receptors may be able to teganeuronal firing and/or
DA synthesis. In line with this proposal, we hatiewn that 5-HFsR blockade
reduces VTA DA neuronal firing (Devroyst al, 2016). Thus, the suppressive
effect of 5-HTLgR antagonists on haloperidol and amphetamine-irdiuce
accumbal DA outflow may involve a 5-HJR-dependent inhibition of DA
neuronal firing and/or DA synthesis in VTA DA neuasoprojecting to the NAc.
On the other hand, in keeping with the tight relaship between NAc DA
activity and locomotion (see section I1.B), theli&piof 5-HT,5R antagonists to
decrease amphetamine and MDMA-induced hyperlocamatiay also result
from the stimulation of mPFC 5-HARs. This hypothesis is supported by
previous findings showing that 5-HJR stimulation inhibits both amphetamine
and MDMA-induced hyperlocomotion (Kehret al, 1996; Przegaiski and
Filip, 1997). Additional experiments are neededstecifically address the
involvement of mPFC 5-HERs and DRN 5-HJzRs in the control of these
behavioral responses. Finally, as suggested iprisent work, the discovery of
an interaction between 5-HgRs and 5-HTARs provides interesting
information with regards to the development of asp APDs. Similarly,
previous findings have described a functional detkdetween 5-HT.Rs and
5-HT,aRs. Indeed, pretreatment with a 5-1R antagonist, which has no effect
by itself, potentiates the increase in mPFC DA loutfinduced by 5-HT.R
stimulation (Ichikaweet al, 2001). Thus, atypical APDs displaying antagonist
properties towards both the 5-R and the 5-H7\R, together with 5-HT.R
agonist properties, could be the pharmacologicglf&eimproved treatment of

schizophrenia.
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O 5-HT, R

e DA outflow
5-HT outflow

Figure 7: Schematic representation of the functional interetween the 5-HER
and the 5-HT,R controlling mesocorticolimbic DA pathways. Blodeaof DRN 5-
HT.sRs increases 5-HT outflow in the mPFC. It is pdssihat 5-HTLsRs may be
expressed on DRN 5-HT neurons, as previously stedédxyin vitro studies in primary
neurons from mouse DRNLgunay et al., 2006 However, additional investigations are
needed to confirm 5-HER expression in rat DRN. Stimulation of GABAergie 5
HT.sRs by increased mPFC 5-HT levels leads to the Wilsition of glutamatergic
pyramidal neurons, which send direct and GABA-mieiaprojections to VTA DA
neurons innervating the mPFC and the NAc, respagtithereby increasing mPFC DA
outflow and decreasing NAc DA outflow. 5-HT, semaitg DA, dopamine; DRN, dorsal
raphe nucleus; GABAy-aminobutyric acid; mPFC, medial prefrontal cortéAc,
nucleus accumbens; Pyr, glutamatergic pyramidakames; VTA, ventral tegmental
area.Devroye et al., 2016
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3- 5-HT,zR antagonists suppress cocaine-induced hyperlogomot

independently of subcortical DA outflow

This work provides the first evidence that, as mmesly suggested for
amphetamine and MDMA (Dolgt al, 2008, 2009; Auclaiet al, 2010), 5-
HT,zRs may represent interesting pharmacological target improved
treatment of cocaine abuse and dependence. Spdigificour findings
demonstrate that 5-HdRs are able to control cocaine-induced
hyperlocomotion (Devroyet al, 2015), a behavioral model which is classically
used to predict the reinforcing properties of drugfs abuse (Bubar and
Cunningham, 2008). This interaction, which occurglependently from
accumbal and striatal DA outflow, likely resultsiin a post-synaptic interaction
leading to changes of DA transmission in subcdrtibd brain regions
(Devroyeet al, 2015). This hypothesis is supported by the figdhat 5-HEsR
blockade suppresses the late-onset hyperactivithucied by quinpirole, a
behavioral responses which is related to the diaetivation of post-synaptic
DA-D;Rs (Benaliouad et al., 2009; Devroye et al., 20IHus, it is unlikely
that the ability of mPFC 5-HERs to activate glutamatergic neurons projecting
to the VTA could be involved in 5-HgR-mediated control of cocaine-induced
hyperlocomotion (Devroyeet al, 2016). On the other hand, as previously
suggested, the mPFC may be of particular relevant®e 5-HTgR control of
post-synaptic DA activity in subcortical DA braiegions (Devroyeet al,
2015). Indeed, the mPFC is anatomically and funetiy linked to the NAc
and the striatum, and is known to participate toaawe-induced behavioral
responses (Tzschentke, 2001; Filip and Cunningh2®03; Leggioet al,
2009). Interestingly, we found that 5-k4R blockade potentiates cocaine-
induced mPFC DA outflow (unpublished results; Feg). Although the
mechanisms underlying this potentiation remaingaétermined, it is tempting
to suggest that this excitatory effect may accdiant 5-HT,zR antagonist-

evoked suppressive effect on cocaine-induced hypamotion. Indeed, several
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studies have shown that mPFC DA activity exertsirdnbitory control on
subcortical DA transmission (Louiloet al, 1989; Jaskiwet al, 1991,
Kolachanaet al, 1995) and on behaviors depending on subcortizal
transmission (Vezinat al, 1991; Broersermt al 1999; Lacroixet al 2000).
Thus, in addition to an action at pre-synaptic ley®ssibly resulting from
mPFC 5-HT,R-mediated regulation of DA neuronal firing andok synthesis
(see above), 5-HERs may modulate DA activity by a mPFC DA-dependent
control of subcortical DA transmission, involvingett or indirect projections
from the mPFC to dopaminoceptive neurons in the Néd the striatum
(Figure 9; Tzschentke, 2001). Importantly, simiédfects have already been
described in the literature. Indeed, the abilitybafiT,cRs to regulate cocaine-
induced phosphorylation of the DA and c-AMP-regethphosphoproteins Mr
32 kDa (DARPP-32, a marker of DA neurotransmissidishi et al, 2000) in
the NAc and the striatum, independently of subcaliDA outflow, could
account for the suppressive effect of the systeamiministration of 5-HI-R
agonists on cocaine-induced hyperlocomotion (Cathihl, 2014; Devroyeet

al., 2015). Furthermore, these changes of NAc aridtatrDA transmission
could result from an action at the level of the @PRs cocaine-induced
hyperactivity is also suppressed following intraff@ administration of 5-
HT,cR agonists (Filip and Cunningham, 2003). Thus,sitpossible that 5-
HTsRs and 5-H}cRs may share a common cortico-subcortical circuitry
control cocaine-induced hyperlocomotion. Nevertbglehis hypothesis should
be assessed with further investigations aimed &eruning the specific
population of 5-HFgRs involved in cocaine-induced neurochemical and
behavioral responses, as well as the impact of EfRI@ntagonists on cocaine-
induced phosphorylation of DARPP-32 in subcorti€ regions. Finally,
although the ability of 5-HER antagonists to affect the neurochemical and
behavioral effects of cocaine provides useful clisepredict their potential to

control cocaine rewarding properties, additionapeziments are needed to
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assess the influence of 5-kkRs in behavioral models more relevant to cocaine
addiction, such as self-administration (Fiipal., 2012).
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Figure 8: Time course effect of the administration of 5-4gF antagonists on cocaine-
induced increase in DA outflow in the mPFC. (A) R%7445 (RS, 0.16 mg/kg) was
intraperitoneally (i.p.) injected (vertical arrot6 min before the administration of
cocaine (coc, 10 mg/kg, i.p., time zero). (B) LY6RO7 (LY, 0.63 mg/kg) was
intraperitoneally (i.p.) injected (vertical arro 0 min before the administration of
cocaine (coc, 10 mg/kg, i.p., time zero). Data mpresented as the mean + SEM
percentages of the baseline calculated from theetBamples preceding the first drug
administration (n= 4-7 and 5 animals/group for Al @y respectively). Absolute basal
levels of DA in dialysates collected in each bragmion did not differ across the
different experimental groups (A: 7= 0.34, NS; B: 516 = 0.75, NS, ANOVA) and
were: 0.25 £ 0.02 nM (A) and 0.25 + 0.03 nM (B) émet SEM, n= 21 and 20 rats for
A and B, respectively). A: statistical analysiseaked significant and time-dependent
effects of pretreatment €k x time (13,221~ 18.10, p<0.001), treatmentcfFy time (13,2217
51.02, p<0.001), and pretreatment x treatmentasteEam (Fs x coc x tme (13,2217 13.59,
p<0.001). Post-hoc analysis revealed that both Rb amcaine produced an overall
significant increase in DA outflow (p<0.05 and ps@1, versus the v/iv group,
respectively for RS and cocaine). Cocaine-inducel @utflow was significantly
reduced by RS pretreatment (p<0.00&rsusthe v/coc group). B: statistical analysis
revealed significant and time-dependent effecisrefreatment (K x ime (14,224)= 10.99,
p<0.001), treatment (F x time (14,2247~ 18.24, p<0.001), and pretreatment x treatment
interaction (Fy x coc x time (14,2245~ 5.99, p<0.001). Post-hoc analysis revealed tibét
LY and cocaine produced an overall significant @se in DA outflow (p<0.0534ersus
the v/v group). Cocaine-induced DA outflow was #igantly reduced by LY
pretreatment (p<0.0¥ersusthe v/icoc group). DA, dopamine; mPFC, medial pnetial
cortex.
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e cocaine-induced DA outflow

e potentiation of cocaine-induced
DA outflow by 5-HT, R blockade

cocaine-induced
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p\SHT) suppressed
' DRN i by 5-HT R blockade

Figure 9: Schematic representation of the possible circuitslerlying 5-HTEgR-
mediated control of cocaine-induced hyperlocomotid®lockade of 5-HJgRs
potentiates cocaine-induced mPFC DA outflow, big ha effect at subcortical level,
where DA activity is positively related to cocaimeluced hyperlocomotion. The
potentiation of cocaine-induced mPFC DA outflow niakibit, via direct or indirect
inputs of the mPFC to dopaminoceptice cells (GABfermedium spiny neurons;
Tzschentke, 2001; Sesack et al., 2003; Gabbott..eP@05, DA transmission in the
NAc, leading to a decrease in cocaine-induced hgpemotion. The 5-HIzR
population involved in the control of cocaine-inddcneurochemical and behavioral
responses remains to be determined. Additionalstigations aimed at precising the
expression of 5-HERs in the cortexBonaventure et al., 2002nay help to address
this issue, although the observed effects could alsolve 5-HTgRs in the DRN
(Launay et al., 20060r other brain regiondDixon et al., 1997a; Bonaventure et al.,
2002. 5-HT, serotonin; DA, dopamine; DRN, dorsal raphecleus; GABA, y-
aminobutyric acid; mPFC, medial prefrontal cort®ldc, nucleus accumbens; VTA,
ventral tegmental areBevroye et al., 201&nd unpublished data.
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Conclusions

To conclude, the present study provides substardidvances to the
understanding of the physiological role of the ca&nt5-HT;zR, whose
importance in the central nervous system had begfected for a long time.
Thus, the 5-HZgR, with its unique pattern of effects within theH3- receptor
family, appears to be a key player in the regutatd the DA network. In
particular, the present work demonstrates that 5RJ are able to regulate
both DA release and DA transmission via complexypplaptic processes.
Indeed, we have shown that 5-4gR-mediated control of basal DA outflow
results from a functional interplay with mPFC 5+4Rs, leading to the
regulation of VTA DA neurons projecting to the mPRDd to the NAc
(Devroyeet al, 2016). On the other hand, as demonstrated bystodly with
cocaine, 5-HJgzRs are able to control DA transmission indepenglenititheir
pre-synaptic effect on DA release, likely by reginig mPFC DA-dependent
inhibitory control of subcortical DA activity (Degye et al, 2015; Figure 8).
Of note, the involvement of these distinct circuiits the effects of drugs
modulating DA system activity (i.e. haloperidol, NA, amphetamine,
cocaine) may depend upon the cellular mechanisrdsrlying the interaction
of these drugs with DA neurons (Poredsal, 2002a, 2002b, 2003; Navailles
al., 2004; De Deurwaerdéret al, 2005). Overall, regulation of both DA
outflow and DA neurotransmission by 5-BRs may account for the effects of
5-HT,gR antagonists on DA-related behaviors. From a ainpoint of view,
the present work offers new insights into the tpetdic relevance of 5-HgR
agents, which was shadowed by the poor reputafitreaments with 5-HZR
agonist properties (Elangbam, 2010). Specificalg ability of 5-HTgRs to
afford differential controls on the DA network icdies that 5-HER
antagonists may represent a useful tool for impitdveatment of pathological
conditions requiring an independent modulatiorhef activity of ascending DA
pathways, in particular schizophrenia and levodopaced psychosis in
Parkinson’s disease (Meltzer and Huang, 2008; Auetaal., 2010; Newman-
Tancredi and Kleven, 2011). In addition, the ineshent of 5-HFgRs in the

195



Conclusions

control of cocaine-induced hyperlocomotion streegth the therapeutic
potential of 5-HEgR antagonists for treating drug addiction, as ssggeby
previous studies with amphetamine and MDMA (Dday al, 2008, 2009;
Auclair et al, 2010). Finally, our results altogether providddigonal
knowledge to the regulation of ascending DA pathsvhy the central 5-HT
system, and demonstrate the legitimacy of 5dR% amongst the key

modulators of the activity of the central DA netkor
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