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neurotransmission, améliorant ainsi la symptdbmagielo A ce stade-1a,
'apprentissage a commencé a devenir génial. Tauant animée par ces
guestions, j'ai decidé en fin de mes études de oméelede creuser I'apprentissage
de ces sujets qui m’intéressaient en faisant dedaerche. A ce titre, le Professeur

Maloteaux m’a tout de suite introduit chezReofesseur Emmanuel Hermangjui
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Summary

Summary

For the past decades, antipsychotic treatment lags/s relied on the blockade of
dopamine D receptors. The ubiquitous blockade of these receph the four
dopamine pathways leads therefore to adverse sapprdfects, so as to the up-
regulation and sensitization of the dopaminer&ceptors. The avoidance of such
effects by second generation antipsychotics maigligs on the slight modulation
of dopamine D blockade and the implication of other pharmacalabitargets
especially from the serotonergic transmission systdowadays, despite several
issues related to antipsychotic compounds classibis, a third generation of
antipsychotics, associating a balance of partiahegn at the level of the dopamine
D, and serotonin 5-H receptors has been launched, with aripiprazole elsief
of the file on the market. The benefit of partigbaism should rely on the lack of
its receptor target regulation. However, the phaodgnamic properties of a partial
agonist are known to depend on receptor density samsitivity. Therefore, the
clinical response to such compounds can be qupeedictable, as receptor density
and sensitivity vary depending on brain areas aml lme remodeled due to the

pathological patient status and/or by previouspasythotic treatment.

This latter paradigm was used in order to study pgiarmacodynamic and
behavioural properties of aripiprazole on rodehtt thad been previously treated
with haloperidol, a first-generation antipsychotic.parallel, the effects of chronic
aripiprazole administration on dopamingdhd serotonin 5-H;l, receptors density
and sensitivity were evaluated. Secondly, the phaodynamic properties of
aripiprazole were characterizedvitro, in a cell model where the expression of the

D, receptor could be tightly manipulated.
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Summary

Our data indicate that the partial agonist proble aripiprazole does not only
depend on receptor density but mainly on the enwrent in which the receptors
are expressed. Our observations, in accordance eath from the literature,
strongly suggest that aripiprazole does not belaave simple partial agonist but as
a “functional selective” partial agonist, activaimnly a few selected pathways,

under certain environmental favorable conditions.

Together, this study emphasizes that the pharmaewdigz profile of such
compound is quite dependent upon experimental tondi Despite evidences for
the persistent translation gap iofvitro or animal studies to human behavior, our
study emphasizes that the clinical response toipagipole can be quite
unpredictable, especially in a context of therajgesitibstitution where receptors
have been remodeled by pathology and previous psyghic treatments. These
guestions raise up once more the question of arimap classification of

antipsychotics, that nowadays still remain a cingjée
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Abbreviations

[**S]GTPYS: Guanosine 5'-(gamma-
thio)triphosphate, [35S]

3-MT: 3-methoxytyramine
5,7-DHT: 5,7- dihydroxytryptamine
6-OHDA: 6-hydroxydopamine

8-OH-DPAT: 8-HydroxyN,N-dipropyl-2-
aminotetralin

Akt: serine/threonine protein kinase
cAMP: cyclic adenosine monophosphate
CHO: Chinese Hamster Ovary cells
CNS: central nervous system

COMT: Catechol-O-methyltransferase

CREB: cAMP-response element binding
protein

DAG: diacylglycerol
DOPA: 3,4-dihydroxyphenylalanine

EEDQ: N-ethoxy-carbonyl-2-ethoxy-1,2-
dihydroquinolin

EPS: extra-pyramidal symptoms
ERK: extracellular-regulated-kinase
GBL: y-butyrolactone

GDP: guanine diphosphate

GIRK: G-protein-coupled inward rectifier
potassium channels

GPCRs: G-protein coupled receptors
GRKs: G-protein-coupled receptor kinases
GSK-3: Glycogen synthase kinase 3

GTP: guanine triphosphate

HEK: Human Embryonic Kidney cells
HVA: homovanillic acid

IP3: inositol triphosphate

IPTG: isopropyl$-D-thigalactopyranoside
LSD: lysergic acid diethylamide

LTD: Long-term depression

MAOQO: Monoamine oxidase

MAPK: Mitogen-Activated protein kinase

MK-801: Dizocilpine, antagonist of NMDA
receptors

mPFC: Medial prefrontal cortex
MSNs: Medium spiny neurons
NaBu: sodium butyrate

NMDA: N-methyl-D-aspartate

NSD-1015:(3-hydroxybenzylhydrazine), an
aromatic amino acid decarboxylase
inhibitor.

PCP: phencyclidine

PKA: protein kinase A

PKC: protein kinase C

PLA,: phospholipase A2

PLC: phospholipase C

PPI: prepulse inhibition

PTX: pertussis-toxin

RGS: regulators of G-protein signaling
R- NPA: R-propyl-norapomorphine
S-NPA: S-propyl-norapomorphine
TH: tyrosine hydroxylase

WAY-100635: N-[2-[4-(2-methoxyphenyl)-
1-piperazinyl]ethyl]-N-(2-
pyridyl)cyclohexanecarboxamide
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Introduction

1. The first and second generation of antipsychotics

1.1. A brief notion of history

The discovery of neuroleptics was perchance realire the 1950°'s by Henri
Laborit, a French surgeon, who was working on dmessa improvement, using a
newly commercialized antihistaminic compound detifeom the phenothiazine
backbone: chlorpromazine. Although he evidenced ttihea compound would favor
sedation and potentiate the effects of anesthetiesalso noticed that patients
experienced a “loss of interest” and an “extremairig of detachment”. That is
why chlorpromazine was rapidly used in clinicaalsiin psychiatry by Jean Delay
and Pierre Deniker, hoping it would help agitateatignts. The results were
spectacular, as manic patients calmed down, anchpsig patients experienced a
decrease in delusions and hallucinations (DELA%Igt1952; DELAY et al., 1956).
Similar therapeutic results were observed withmase in Switzerland (Grunder et
al., 2009). Reserpine was soon found to block tteimulation of dopamine and
other catecholamines in adrenal chromaffin secyetesicles, therefore leading to
the speculation that psychoses may implicate aralmmgoe in dopamine release
(Lyon et al., 2011). Soon after, chlorpromazine wasmercialized as a neuroleptic
(neuron/léptikos = take the control over the nelffon broader clinical use. Acute
and tardive side-effects were observed quickly rattee introduction of the
medication on the market. Indeed, close to 40% h&f patients showed the
occurrence of parkinson-like syndromes or dystdikie-reactions soon after

medication started, whereas tardive dyskinesia appelater on. All side-effects
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were gathered under the term “extra-pyramidal sifiects” or “extra-pyramidal
symptoms” (EPS), as they involve involuntary mosystems (Grunder et al.,
2009). The term “neuroleptic” was hardly acceptadthe Anglo-Saxon world,
which baptized such compounds with the term “agtipstic”, so as to emphasize
the primary indication of the drug, and to decreasebiguousness between

pharmacological classes.

1.2. Typical antipsychotics: the first generation

Novel compounds have been developed on the pheazotki backbone (the only
one still on the market in Belgium are prothipendglorhydrate (Dominal®) and

levomepromazin, (Nozinan®).

Further studies, aimed at elucidating the mecharo$mction of antipsychotics
(Carlsson & LINDQVIST, 1963), showed that the asyiphotic effect was well
correlated to the affinity of the compounds for th@pamine D receptor, whereas
no significant correlation could be establishedhvather receptor subtypes (Creese
et al, 1976). It was later established that one of tlaénnfieature of schizophrenia
relies on the one hand on an excess of dopaminsntiasion in the mesolimbic
areas, assumed to be responsible for the posiivtems of the disease (mainly
delusions and hallucinations). On the other hamgachinergic transmission was
decreased in the mesocortical pathways, an efiggciested to generate the negative
symptoms of the disease (poverty of speech andgytiteusocial withdrawal, lack of
motivation, blunted affects) (Carlsson, 1959). Saveompounds derived from
different chemical backbones, such as thioxantrasrévatives, butyrophenones,
diphenylpiperidines and substituted benzamides hatez on been developed as

potential antipsychotic agents, depending on thileility to block the dopamine D
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receptors. However, this blocking effect is ubiqug in the central nervous system,
as the decrease of dopaminergic transmission oatatsfour dopamine pathways,
consequently leading to acute and long term secgndfects. Indeed, the

blockade induces a worsening of the negative symgtdyperprolactinemia and
motor disturbances (parkinsonism, dystonia, ak@hjisdue to the respective
obstacle on the mesocortical, tubero-infundibulad anigro-striatal pathways

(Mailman & Murthy, 2010). This picture can even Wwersened by side effects
linked to the binding of antipsychotics to otherggts than the dopamine,D

receptor (muscarinic, adrenergic, histaminergic;..8t In addition, chronic

administration of antipsychotics leads to the ocmge of tardive dyskinesia, an
irreversible secondary effect, mainly due to consaéory up-regulation and

hypersensitization of the dopaming i2ceptors following their chronic blockade in
the dorsal striatum (Geurtg al, 1999c; Muller & Seeman, 1978; Sibley & Neve,
1997), reducing therefore the compliance to sucldicagion. Although successor
drugs of chlorpromazine were synthesized, Paul séansliscovered in 1959

haloperidol, belonging to the new class of antipgyics: butyrophenones. All these
compounds, displaying antipsychotic effects, woalslb induce strong catalepsy,
conducting to the hypothesis that antipsychotieafivas linked to the occurrence
of EPS (Grunder et al., 2009). Due to the incideatsuch dramatic secondary
effects, and the observed lack of efficacy of figetneration antipsychotics in a
number of schizophrenic patients, drug research spasred in order to develop

new antipsychotics devoid of such heavy adverstsf
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1.3. Atypical antipsychotics

1.3.1. Definition of atypicality and novel compounds

Atypical antipsychotics would include compoundsihgwequivalent efficacy to the
typicals in treating the positive symptoms, wherghsy should avoid the
occurrence of EPS and hyperprolactinemia (Kapurersan, 2001; Mailman &
Murthy, 2010).

Since 1959, new compounds were developed on tyelic backbone structure of
phenothiazine derivatives. Surprisingly, whereasneoof these showed the
emergence of strong EPS, some others acted omlgtakepressants, although they
shared closely related structures (Grunder et 2009). One of these newly
synthesized compounds stood out from the otheozapine, the leader of the
second generation antipsychotic class. It showedvalgnt to superior therapeutic
efficacy as compared to the typical antipsychotids)e displaying fewer incidence
of EPS and prolactin increase (Mailman & Murthy1@) Clozapine was therefore
baptized “atypical antipsychotic” by Hippius andgst (Grunderet al, 2009). The
statement of Janssen suggesting that antipsycleftect was linked to the
occurrence of cataleptogenic effect was consequesiisited, especially as further
evidence emerged from animal and preclinical sgjdienfirming that behavioral
and motor effects of antipsychotics were initiated different brain regions,
involving respectively limbic areas such as thelews accumbens, and extra-
pyramidal structures (Grunder et al., 2009). Thizsgings lead to consider that

antipsychotic effects were not necessarily linke&PS.

Clozapine had six advantages over typical antipstycét a) the absence of tardive

dyskinesia, b) the lack of serum prolactin elevatio humans, c) the ability to
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eliminate positive symptoms without inducing motisturbances, d) the ability to
decrease psychotic symptoms in many patients tefato typical antipsychotics,
e) the ability to improve negative symptoms, f) thbility to improve some

cognitive performances in schizophrenic patientsl{kér, 2002).

Therefore, the definition of an “atypical antipsgtic” evolved, including the
additional requirement to show superior efficacytie typicals, and beneficial
effects in the management of negative and cognsiymptoms of the disease.
However, despite the impressive clinical improvetmehserved with clozapine
administration, the drug was endowed with a sevéthal side effect,
agranulocytosis, requiring weekly blood monitorohgring treatment (Kuroki et al.,
2008). Clozapine is a multi-target drug that digpla rich pharmacological profile,
making it difficult to understand which pharmacatmzg action is responsible for its
superior clinical efficacy. These observations tedthe search for new drugs
endowed with the same superior efficacy without #econdary effects of
agranulocytosis. In order of their introductiorsperidone, olanzapine, sertindole,
quetiapine, and ziprazidone were synthesized (Mel2002). Although clozapine,
olanzapine and quetiapine were synthesized onrityelic frame, other atypicals
such as risperidone and ziprazidone lack this &trac(Grunder et al., 2009).
Whereas they all meet the criterion of displayiessl EPS than the typicals, and less
prolactin elevation (except for risperidone), mastudies are contradictory
concerning their superior efficacy on treating tiegative symptoms (Kapur &
Seeman, 2001). In addition, despite the benefiefidcts on motor symptoms
compared to the typicals, the long-term use of scmmpounds appeared to be
disappointing, as other side-effects were idemtjfibe most detrimental being the

occurrence of metabolic disorders, including hypegmia, hyperlipidemia, and

25



Introduction

weight gain (Allisonet al, 1999; Pramyothin & Khaodhiar, 2010; De Hettal,
2008; Haupt, 2006).

1.3.2. Mechanisms of action underlying atypicality

Besides the spectacular progress in the managewierEPS with atypical
antipsychotics compared to typicals, the mechanismaerlying this property were
unknown. As most atypical antipsychotics targetesal subtypes of receptors
belonging to various neurotransmission systemsmgits were made in order to
find out whether one of these could be implicatedtypicality. This chapter intents
to bring an overview of the role of different tatgsuggested to play a role in the
atypicality of second generation antipsychotics. Weghlight the important
implication of both serotonin and dopamine receptorthe mechanism of action of
these atypical compounds, with a particular emphpst on the serotonin 5-HJ

receptor and the dopaming E&ceptor..

1.3.2.1. The implication of serotonin 5-H¥}, receptors

Besides the fact that they all bind to a large pah&eceptors (muscarinic,
serotonergic, adrenergic, histaminergic...), the modé role of the 5-HT
receptors and other dopamine receptors in thetsftdcclozapine and other
atypicals were incriminated. Further interest wasiéd on 5-HT targets,
especially as evidence appeared that 5-HT antagahesrease the ability of
dopamine B blockers to induce catalepsy, whereas 5-HT agomiehance
neuroleptic-induced catalepsy (Carter & Pycock, 719Carter & Pycock,
1979). However, the exact mechanisms underlyingitifieence of 5-HT

transmission on dopaminergic transmission still agma matter of debate.
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Serotonin 5-HJ, antagonists, in combination with dopamineg Idockers,
were described to potentiate the release of domanmduced by the D
blocker in the mPFC and in the striatum, whereaspotentiation was
evidenced in mesolimbic areas (Liegesisal, 2002; Saller & Salama, 1993).
This effect was therefore suggested to attenuatebtbckade induced by
dopamine [ antagonists, and the subsequent up-regulatioropérdine D
receptors, resulting in the prevention of EPS dmdamelioration of negative
symptoms (Ishikaneet al, 1997). However, this increase in dopamine
outflow in striatal areas could not be reprodugedli studies, and appears to
be quite dependant on the type of 5-HT ligand usetthe study(Brougham

LR et al, 1991; Lucas Get al, 1996). Despite the lack of consensus on the exact
role of 5-HT,, receptors on dopaminergic transmission, it is ¢fnduhat serotonin
5-HT,5 receptors control DA release by acting at differeavels of dopamine
neurons. Indeed, compelling data from biochemiodl electrophysiological studies
have shown that serotonin 5-kATreceptors may modulate either basal or activated
dopaminergic neurons through mechanisms involvagiation of either synthesis

of dopamine or the firing rate of the neurons (Reet al, 2002).

Despite a non-negligible role of certain serotostfT,, antagonists in the
enhancement of dopamine outflow and turnover indtnmatal areas under
activated conditions (such as with haloperidol) dasi Get al, 1996), this

mechanism appears not sufficient in order to erplae lack of EPS observed
with compounds possessing elevated 54, pKi ratio. It is suggested that
the anticataleptic role of 5-HT/dopamine interacti@ould occur also

downstream of the nigro-striatal dopaminergic systa hypothesis that will
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be further discussed in the light of our data | dilscussion part of the thesis
(Lucas Get al, 1996).

Meltzer et al. showed in a large study comparingy®ical antipsychotics and 17
atypical antipsychotics candidates, that the tvessms can be distinguished by the
5-HT,/D, pKi ratio, with atypical antipsychotics having lewand higher affinity
for the dopamine Pand the serotonin 5-Hf receptors respectively (Meltzer et al.,
1989). Although the implication of several targeiss incriminated in the
atypicality of new antipsychotics presenting anpatsl clinical profile, this 5-
HT,/D, pKi ratio was shown to be the only pharmacologfealtture shared by all
second generation antipsychotics (Kuroki et al.080Meltzer et al., 1989).
Interestingly, the difference between serotoninB;Hand dopamine Preceptors
affinities of atypical antipsychotics was not dwehigher 5-HTE, affinity, but to
lower D, affinity (table 1). In fact, in their study, Meé#iz et al. did not observe any
statistical significant difference between the raffi of typical and atypical
antipsychotics for the serotonin 5-bATtarget, whereas a significant difference was
observed between their affinities for the dopanineeceptor (mean pKi of 8.88
for typical antipsychotics and 7.02 for atypicaltipsychotics) (Meltzer et al.,
1989).

Nevertheless, the implication of the serotonin 5;HTeceptors in the atypical
profile of second generation antipsychotics hasnbi® source of controversy
(Kapur & Seeman, 2001; Kuroket al, 2008). PET studies showed that the
dopamine D striatal receptor occupancy predicting the clihicasponse to
antipsychotics should be over 65%, whereas aboé, #8e can observe the
occurrence of EPS (Kapet al, 2000a). At clinical relevant doses, typical anaisin

atypical antipsychotics occupy dopamingrBceptors over 65%, indicating that this
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condition is necessary to observe a significanticdl effect (Kapur & Seeman,
2001; Kapur & Remington, 2001). Although the atgbiantipsychotics, at these
doses, largely occupy the serotonin 5,klTeceptors, some typical antipsychotics
such as loxapine and chlorpromazine also displayvatgnt 5-HT, occupancy
(Kapuret al, 1997; Tricharcet al, 1998), although they do not clinically behave as
atypicals in terms of EPS and hyperprolactinemie-sffects prevention. This
indicates that serotonin 5-HJreceptor antagonism is not sufficient so as toarpl

the atypicality of second generation compounds.

In addition, while clozapine, riperidone, olanzapirand ziprazidone have high
cortical serotonin 5-Hj, receptor occupancies at therapeutic doses (appabely
90%), some other atypical antipsychotics such adiapine only occupies 60 to
70% of these cortical receptors. These observaaomsherefore contradictory with
the expectations based on the 5} pKi ratio, indicating that no correlation
could be established between the clinical improvenoé patients and the level of
occupancy of cortical serotonin 5-bhlreceptors (Kapur & Seeman, 2001). Indeed,
at doses that are not effective to treat the symgptatypical antipsychotics already
occupy high levels of serotonin 5-H\I receptors; however, they only become
effective at doses at which dopamine, Btriatal occupancy exceeds 65%,
corresponding also to the threshold of efficacytypiical antipsychotics. Besides,
some selective serotonin 5-bhT receptor antagonists were shown to lack
antipsychotic efficacy in clinical trials. Thesesalvations emphasize the fact that
5-HT,, receptor occupancy is “neither necessary nor gefft for antipsychotic
response” (Kurokiet al, 2008; Kapur & Seeman, 2001; Kapur & Remington,
2001).
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_ Affinity (pKi)
Ligand
D, | hD, | 5-HT,a | h5-HToa
Atypical
%Clozapine 6.7 7.1 7.6 8.8
%lanzapine 8.0 8.2 8.4 8.9
%Quetiapine 6.6 6.7 6.4 6.5
®Risperidone 8.4 8.5 9.2 9.4
%Ziprazidone 8.4 8.3 8.7 9.5
®Amperozide 5.8 6.3 7.0 8.2
Typical
®Amisulpride 8.7 8.8 5.3 7.0
®Haloperidol 9.0 9.4 7.1 7.1
PLoxapine 8.1 / 8.7 /
®Chlorpromazine 8.7 / 8.5 /
®Perphenazine 9.2 / 8.6 /
°Fluphenazine 9.2 / 8.6 /
Pcis-Flupenthixol 9.0 / 8.7 /

Table 1. Affinities of reference typical and atypial antipsychotics for the dopamine
D, and serotonin 5-HT,5 receptors

& Adapted from(Millan et al, 1999) Affinities of antipsychotic drugs at native rat dopamine D, and
serotonin 5-HT,, receptors, and at cloned human (h) BPand 5-HT,, receptors: Affinities on rat
membranes were determined on frontal cortex andtwin for the serotonin 5-Hf and dopamine P
receptors respectively. The radiolabelled compestiteere {H]Ketanserin and®H]Raclopride. Affinities at
cloned human (h) dopamine, @nd serotonin 5-H} receptors were determined by competition binding
studies on CHO cell line, by the use SHJKetanserin and H]lodosulpiride for the 5-HIx and D
receptors respectively.

® Adapted from(Meltzer et al, 1989; Stockmeieret al, 1993)The affinities were determined by ligand
competition binding studies usingH]Ketanserin on fronto-parietal cortex for the gerin 5-HTpa
receptor and on striatal membranes with|$piperone as competitor for the dopaminer&eptor.
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1.3.2.2. The implication of dopamine Breceptors: the “fast-off

theory”

Kapur and Seeman suggested that all antipsycHass®ciate” to the dopamine D2
receptor with similar rate constants, however, tlibgsociate” with different rates,
explaining the differences in affinity at the lewl the dopamine D2 receptor (as
the affinity, KD, is the ratio between the dissdicia and association constants for a
drug: koff/kon). They emphasize that in living s, the “dissociation of a drug
from the receptor is determined by [...] plasma M&df- brain half-life and Koff”
(dissociation constant). They hypothesized thapiefy antipsychotics, having
smaller Koff than typical antipsychotics, may disiste faster from the dopamine
D2 receptors, allowing the endogenous dopamineirid o the receptors after
dopamine neuron firing and neurotransmitter rele@bes leads to the maintenance
of dopamine transmission, as constant competitiocurs in the synaptic cleft
between the fast dissociating antipsychotic andetil@ogenous dopamine. In fact,
studies showed that clozapine shows rapid and iéminslopamine D2 receptor
occupancy whereas haloperidol shows prolonged @raypin the same conditions
(Kapur & Seeman, 2001). Indeed, although 40mg/kglotapine and 1mg/kg of
haloperidol produce the same occupancy of doparbiereceptors within 30
minutes (approximately 60%), occupancy at 4 hoallewing administration was
close to 0% with clozapine whereas it was stillseldo 60% with haloperidol
(Saller & Salama, 1993). Likewise, prolactin levelgere raised with both
compounds, but they normalize faster with clozapthan with haloperidol
(Gudelsky et al., 1987). In addition, sustainedainme D2 receptor blockade leads
to higher D2 receptor up-regulation and strongderémce than chronic but

transient dopamine D2 receptor occupation (Masudal.e 1982). Seeman and
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Kapur therefore highly suggested that the atypicalf antipsychotics mainly relies
on both their low affinity, small koff and theiramsient occupancy of the dopamine
D2 receptors, preventing the occurrence of suslagezondary effects (Kapur &
Seeman, 2001).

However, as for the serotonin 5-kkIreceptors, this theory has also been the source
of controversy (Meltzer, 2002). First, even if mhgiissociation from the dopamine
D2 receptor permits easier displacement of clozpimd quetiapine by endogenous
dopamine, it was shown that olanzapine, riperidanel, sertindole have equivalent
rates of dissociation from the dopamine D2 recefitan haloperidol. However,
they induce less EPS than the typical antipsychotsuggesting that another
mechanism is implicated in atypicality (Meltzer, 02). Secondly, if atypical
antipsychotics dissociate faster from the dopanif receptor in the dorsal
striatum, they should therefore bind stronger i@ thesolimbic areas, in order to
achieve antipsychotic activity. However, there hitee evidences supporting the
brain region selectivity of antipsychotic dissomat despite the observation that
clozapine and quetiapine occupy large proportidriemporo-limbic dopamine D2
receptors, suggesting a certain tropism of the iedypantipsychotics for the
extrastriatal dopamine D2 receptors, compareddosthatal ones (Meltzer, 2002).
This could in part explain the low occurrence ofSE®R therapeutic doses (Grunder
et al.,, 2009). However, the blockade of dopamir2 rf@éceptor alone is not
sufficient to explain the increase in dopamine asé in limbic and cortical
structures, observed with most atypical antipsyickotThis outcome mainly
involves the 5-HT transmission (Assie et al., 20@8jkawa et al., 2001; Liegeois
et al., 2002).

Despite contradictions between theories underlyihg atypicality of second
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generation antipsychotics, the defenders of both “thst-off” and the “5-HFa
antagonism” hypotheses suggest that both mecharisrsntangled. In addition, it
should be taken in account that the “fast-off” ttyeghould not exclude the
contribution of other targets (Kapur & Seeman, 20W&ltzer, 2002) Herein, the
eventual implication of other 5-HT and dopamineepgors, and several other
neurotransmitter targets, may also contribute ® dtypical clinical profile of
second generation antipsychotics (Meltzer, 2002hBoL. et al., 2003).

Considering the difficulties around the conceptbfpical antipsychotics, Grunder
et al. suggested another classification of the @amgds for the treatment of
schizophrenia. “Neuroleptic” should include compdsiisplaying efficacy against
positive symptoms, associated with EPS (Fig.1) #ren “antipsychotic” should

include compounds effective to treat the positiymgtoms, with little to no EPS;
whereas other compounds devoid of antipsychoticasfy, but targeting various
“symptoms dimensions”, such as negative symptoroghitive symptoms and
depression should be called “compounds targetimgpws symptom dimensions”.
“These symptoms should be targeted by drugs spalifi designed for this
purpose” (Grunder et al., 2009). However, some pagtihotics may also be
effective against “symptom dimensions”. In this wijeeach drug may be
subclassified on the basis of these concepts depmernzh their in individual

“efficacy profile”.
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» Conventional Atypical
antipsychotic antipsychotic
» Efficacy against positive = Efficacy against posifive symptoms
symploms = Mo or few EPS (no catalepsy in
= Associated with EPS anirnal studies)
[catalepsy in animal studies) = Some,/variable efficacy against
. : negative and cognitive symptoms/.
therapy resistance
Neurcleptic | | Antipsychatic | Compounds targeting various symptem dimensions
______ e ._.':.;_- v = = |
l 1 -“q‘-:::::::“-{ ‘.h“‘:;':“l ::“:‘-'-‘ 1
. e et s - L
PRI e TR
h o il Y Falal
= Efficacy against = Efficacy against = Efficacy » Efficacy = Efficacy
positive symptoms positive symptoms against against against
= Assaciated with EPS » Moor less EPS negative cognitive depression
{catalepsy in animal (no catalepsy in symptoms symptoms
studies) animal studies) .

Fig.1. Current and proposed classification of compands for the treatment of
schizophrenia. Adapted From(Grunder et al, 2009)

a) The widely accepted classification of antipsyct®tassumes that there is a categorical difference
between first-generation antipsychotics (convemi@ntipsychotics) and second-generation antipsicho
(atypical antipsychotics). Although the originaincept of an atypical antipsychotic included onlg tack

of extrapyramidal side effects (EPS), it seems ithhs been substantially broadened in the lashdie to
include aspects such as efficacy against negatidecagnitive symptoms, lack of prolactin elevatemd
efficacy in treatment-resistant patients.

b) Here, we suggest to restrict the term antipsychotcompounds that induce no or very few EPS (ttus
replace the 'atypical antipsychotic' in its clagbigense by the 'naked' term 'antipsychotic’) anddssify
compounds that induce EPS (or catalepsy in aninsdsheuroleptics’. Symptom dimensions other than
positive symptoms should be targeted by drugsahatspecifically designed for this purpose. Mudfiget
drugs might be effective against multiple symptomehsions, and a single symptom dimension might be
targeted by drugs acting at various molecular targelashed arrows). Furthermore, the available
antipsychotics might be effective (to a variablgrée) against symptom dimensions other than pesitiv
symptoms depending on their molecular profile. Tharsy given drug is characterized by its individual
molecularly defined 'efficacy profile'.
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1.3.2.3. The implication of other dopamine receptors

Although the implication of dopamine ;Dreceptor has been suggested in the
atypicality of second generation antipsychoticgapipears that DpKi values do not
contribute to the discrimination between atypicald atypical antipsychotics
(Meltzer et al., 1989).

On the other side, dopaming Eeceptor subtype has generated a great interest as
potential therapeutic target in the treatment dizxphrenia, especially as it shows
preferential limbic localization (Sokolofét al, 1990). Herein, amisulpride and
sulpiride show highn vivo andin vitro affinities for this receptor (Schoemaketr
al., 1997)), and behave as atypical antipsychoticpitdesegligible affinity for the
5-HT receptors, in particular the serotonin 5,k Teceptors (Roth B.Let al,
2003). Additionally, both compounds do not fit toetcriteria of the “fast-off”
theory, as they show an elevated dissociation aohdtom the dopamine D
receptors (Roth B.Let al, 2003). Despite postsynaptic localization, theadome

D; receptors are mainly located presynaptically oe tarminal fields of the
dopaminergic cells, controlling therefore the swsib and the release of dopamine
(Sokoloff et al, 1990). The study of Schoemaker et al. indicatasamisulpride, in
comparison with other typical and atypical antigsytics, has a high degree of
selectivity for the presynaptic dopamine autoremepthat control the dopaminergic
system. This selectivity goes especially for itmdic projections.Amisulpride
behaves as an antagonist towards presynaptic doparaceptors that modulate
dopamine releasm vitro as well asn vivo (Schoemakeet al, 1997). Therefore,
the authors suggested that the blockade of pretgnaptoreceptors leads to an

enhanced release of dopamine from dopaminergic iiafsp an effect that
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counterbalances the blockade of the postsynapp@mme DB and D; receptors.
This property, added to the preferential binding tbé compound in limbic
compared to extrapyramidal areas, would explaindhepropensity of amisulpride
to induce EPS. The same mechanism of action hasibeeminated to explain the
atypical profile of sulpiride (Roth B.Let al, 2003). Despite the non negligible role
of the dopamine Preceptors in the atypical properties of amisulkprahd sulpiride,
this receptor is not implicated in the binding [ebf all atypical antipsychotics,

and cannot, by itself, account for the whole me@rarmunderlying of atypicality.

As for the dopamine Preceptor, the dopaminesDeceptor is largely distributed in
the cortical and limbic structures (Meltzer, 200@n Tol et al, 1991). Additionally,
D, receptors were shown to be 6-fold increased imbraf schizophrenic patients
compared to control subjects (Seeman et al., 19&3most known antipsychotics
are shown to have affinity for the dopaming [2ceptor, it was proposed that
antagonism at this level could take part in the maecsms underlying atypicality
(Sanyal & Van Tol, 1997). It was therefore hypothed that atypical antipsychotics
could be distinguished from the typical antipsyat®in the basis of their D,
pKi ratio (Kortagere et al., 2004). However, as fog serotonin 5-HJ, receptors,
the dissimilarities in the ratio appeared essdptdriven by low D affinity and not
by differences in the affinity for the dopamine, Beceptor. In addition, some
antipsychotics displaying atypical properties diot mwn elevated PD, ratio
(Kapur & Seeman, 2001). Furthermore, compound&ldeed with [ antagonist
properties (L750,667 and L745,870) failed in inevivanimal models of
schizophrenia and in clinical trials to provide i@#nt antipsychotic activity
(Kortagere et al., 2004), as for compounds compiooth serotonin 5-HJ and

dopamine @ receptor antagonism (Kapur & Seeman, 2001). Wiseseme of these
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novel molecules however appeared to be effectiveyas suggested that this
effectiveness was linked to their ability to sinaméously bind to the dopamineg D

receptors (Kortagere et al., 2004).

Although both dopamine {and D receptors may play a role in the atypical profile
of some second generation antipsychotics, theiticagon cannot entirely explain

the mechanism responsible for the atypicality &f Whole class of antipsychotics.

1.3.2.4. The implication of other serotonin receptors

1.3.2.4.1. The implication of serotonin 5-HT,receptors

There is considerable evidence for the importaniceeootonin 5-HT, receptor
agonism in the mechanism of action underlying agitty of second generation
antipsychotics (Meltzer, 2002; Meltzer & Massey, 120 Newman-Tancredi,
2010Db). Indeed, the density of 5-EHATreceptors is known to be higher in the cortex
of schizophrenic patients, suggesting all the iogilon of this target in the
treatment of the disease (Burnett al, 1997). The partial agonist properties of
clozapine at the level of the 5-KI receptor were revealed in several models
including G-protein activation on transfected caltgl on hippocampal membranes
(Newman-Tancrediet al, 1996; Newman-Tancredet al, 1998; Odagaki &
Toyoshima, 2007), inhibition of cAMP accumulationdaERK phosphorylation
(Newman-Tancredet al, 1998; Bruins Slott al, 2006). In addition to clozapine,
other atypical antipsychotics as ziprazidone, p@rose, quetiapine and
nemonapride were also shown to display partial sfjgmoperties at the serotonin

5-HT4 receptors (Newman-Tancredi & Kleven, 2011).

It is well demonstrated that agonism/partial agoné this target favors the release

of dopamine in the frontal cortex (Asset al, 2009; Bortolozziet al, 2010;
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Ichikawaet al, 2001), a mechanism suggested to be implicatégeimmprovement

of the negative and cognitive symptoms of schizepiar (Sumiyoshet al, 2001,
Sumiyoshiet al, 2007). A synergistic effect is proposed to ocbetween the
serotonin 5-H}, and 5-HTa receptors in cortical and hippocampal neurons.
Herein, atypical antipsychotics that lack affinfor the serotonin 5-Hil, receptor,

as olanzapine and risperidone, increase dopamieaseein the frontal cortex, an
effect that is partially reversed by the administraof a 5-HT, antagonists (WAY
100635) (Assieet al, 2009; Ichikaweet al, 2001). In addition, agonism at the 5-
HT.a receptor plays a crucial role in EPS preventiomo@kampet al, 1988;
Prinssenet al, 1999; Prinsseret al, 2002) as catalepsy is worsened when the
antipsychotics are co-administered with a serotobiblT,;, receptor blocker
(Bardinet al, 2006; Kleveret al, 2005).

Besides taking an important role in most of theuess of atypicality, it is of note
that affinity and efficacy at the level of the sertin 5-HT,, receptor have not been
evidenced for all antipsychotics possessing atygoaperties. This indicates that
the serotonin 5-Hi, receptor cannot account by itself for the wholeclhagism of

atypicality, despite its strong involvement.

However, the interesting properties linked to tleeotonin 5-HT, receptor have
turned general concerns towards the developmentnafel antipsychotic
compounds mainly displaying agonist or partial agioproperties at this level.
Contrarily to most second generation compoundsg, itholve a large receptor
panel with consequently unavoidable secondary-esffeefforts were turned on
novel molecules aimed to have more selective ptigsefor the serotonin 5-HJT
and the dopamine Dreceptor, (see section B.3.3.) (Newman-TancredIé&ven,
2011).
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Indeed, third generation antipsychotics, as willdier discussed in the introduction

part of the thesis, target both the dopamineuid the serotonin 5-HJ receptors.
1.3.2.4.2. The implication of serotonin 5-H7j receptors

Besides the important role of the serotonin 5:Hifeceptor in the modulation of
dopamine outflow in cortical regions, studies haliscarded the role of this
receptor in the control of dopamine flow in submait areas (Kuroket al, 1999).
Conversely, the implication of the serotonin 5-dTreceptor in this effect is
supported by several studies (De Deurwaerddral, 2004; Meltzer & Massey,
2011; Navailleset al, 2006). Herein, interest was turned on the semtbrHT,c
receptor, as several but not all atypical antipetick have high affinity and are
inverse agonists or antagonists of the target §8n#McCreary, 2008; Rotlet al,
1992; Herrick-Daviset al, 2000). This serotonin receptor is widely expeess
throughout the central nervous system (Navailesl, 2006). Serotonin 5-HF
receptors are known to exert an inhibitory conwal mesencephalic dopamine
neuronal activityin vivo, suggesting that the use of 5-4dTligands could have
benefits in the treatment of disorders associatiéit avdysfunction of dopaminergic
neurons (Navailleset al, 2006). Indeed, 5-HE agonists were described as
inhibitors of dopamine release in the cortex andsumbcortical structures as the
accumbens nucleus and the dorsal striatum, wheressse agonists of the
serotonin 5-H}c have the opposite effects, inducing an increagberrelease (De
Deurwaerderet al, 2004; Meltzer & Massey, 2011; Navaillesal, 2006). On the
one hand, it was suggested that agonists of thgettamay decrease
hyperdopaminergic states of schizophrenia. In fstatlies shown that serotonin 5-
HT,c receptor agonists can have beneficial effects idefsoof positive symptoms

of schizophrenia (Jones & McCreary, 2008). On titleeio hand, antagonists or
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inverse agonists of the serotonin 5-idTeceptors increase dopamine release in
brain areas where the transmission is blocked Ipahine D receptor antagonists,

a property that could counteract the effects obuolur blockade, and ameliorate
EPS.

Herein, most antipsychotics display antagonisinieeise agonist properties at the
level of the serotonin 5-HE receptor, and they differentially modulate the
dopamine outflow in subcortical regions, as showndozapine and haloperidol
(Navailles et al, 2006). It is therefore largely suggested thas tmiodulation of
dopamine release could have an effect on EPS piewedue to the chronic
blockade of the dopamine,Deceptors, and on the negative and cognitive featu
of schizophrenia (Jones & McCreary, 2008; Kurekial, 2008; Meltzeret al,
2003; Meltzer & Massey, 2011)

Nevertheless, despite potential beneficial rolkdthto this target, antagonism at the
serotonin 5-HJc receptor implies a major secondary effect: weigdin. It was
proposed by Meltzer et al. that the difference-iABA/5-HT,c affinity corresponds
to the potential to induce weight gain (Kurakial, 2008), a dramatic adverse side

-effect of atypical antipsychotics.

Despite all these considerations, a modest roéssgyned to the serotonin 5-p¢T
receptor in atypicality, as the binding affinitiesatypical antipsychotics to 5-HJ
receptors could not distinguish them from the tgpicompounds (Kuroki et al.,
2008; Meltzer et al., 2003). Additionally, huge redilities in the properties of
antipsychotics for this target cannot account f@pacific mechanism devoted for
atypical antipsychotics (Rott al, 1992; Herrick-Davi®t al, 2000).
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1.3.2.4.3. The implication of serotonin 5-H§ and 5-HT; receptors
Interest was turned on the serotonin 5sHihd 5-HT, receptors as clozapine had

affinity and antagonist activity at both targeten& atypical antipsychotics are also
potent serotonin 5-HgTand 5-HT, receptor antagonists. Indeed, olanzapine and
sertindole have high affinity for the 5-KHTreceptor, whereas amisulpride,
lurasidone and riperidone have high affinity foe tb-HT; (Roth et al, 1994).
Evidence from the literature suggests that antagort both receptors plays a role
in cognitive improvement. Indeed, in rodent modefs cognitive impairment
induced by NMDA receptor antagonists (MK-801 aneityclidine (PCP), both 5-
HTe and 5-HT, receptor antagonists attenuate several featuretheofcognitive
deficits (Galiciet al, 2008; Arntet al, 2010). The exact mechanisms responsible
for these observed effects remain a matter of éeldats suggested that cognitive
improvement relies on an increase of acetylchain@ glutamate release in cortical
and hippocampal areas. However, this suggestistillifiypothetical (Kurokiet al,
2008; Meltzer, 2002).

As for the other receptors mentioned above, ajfifot the serotonin 5-Hgrland 5-
HT- receptor is not shared by all atypical antipsya®otDespite a non negligible
effect in some features of atypicality, these tergeannot by themselves, once

more, report for the whole mechanism of atypicality

1.3.2.5. The implication of adrenergic receptors;; and a.

receptor subtypes

Other pharmacological targets have also been imtait@d in atypicality: the, and
a; adrenoceptors, as most atypical antipsychoticgpatent antagonists of one or

both of these receptors (Meltzer, 2002). Compasastudies combining an,
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antagonist with a typical antipsychotic, indicate iacrease in their antipsychotic
efficacy, especially on patients resistant to treatt (Litman et al., 1996;
Wadenberg et al.,, 2007). In addition, this combomatimproves the negative

symptoms of schizophrenia.

In animal studies, the addition of idazoxan, a dele adrenergiax, blocker, to
either typical or atypical antipsychotics lackin§raty for this target, significantly
potentiated their antipsychotic effects and de@éahe measured catalepsy. In
addition, adrenergia, antagonists amplify dopamine prefrontal releasad&berg
et al.,, 2007). The mechanisms underlying the olesergffects are not fully
understood. Wadenbergt al proposed that adrenergiec, blockers augment
norepinephrine release by the adrenergic nerveiriatsp due to their action at
presynaptic regulating autoreceptors. As norepineprand dopamine can both be
restrained in noradrenergic terminal fields, asashojpe is the precursor, Wadenberg
et al. suggested that amplification in the neurease would result in an increase
in both dopamine and norepinephrine in the synapglieft. Secondly, the
neurotransmitters would compete for recapturehatlével of the norepinephrine
transporter. However, this hypothesis remains lgrgpeculative. In addition, the
implication of the adrenergia, receptor in amending the positive symptoms of
schizophrenia and improving cognitive deficits amebative affects could not be
validated in all studies (McAllister & Rey, 1999gading to high controversy
regarding the implication of such target in the patglity of antipsychotics.
Although there may be substantial benefits on dagniand depressive affects
following an increase in norepinephrine releaserghs nowadays no consensus on
the potential role of adrenergic targets in the@glity of antipsychotics (Meltzer,
2002).
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In addition, the control of dopamine release in tlueleus accumbens has been
shown to be under the control of cortical adreresgi receptors especially under
stimulated conditions (with amphetamine, cocaiu@)a cortico-accumbal pathway
and a cortico-ventral tegmental area (VTA) pathwagssin, 2008). In addition,
locomotor activity and the release of dopamine @acuanbal areas induced by
psychostimulant appears to be mediated by the wea#ion of 5-HT,, and
adrenergiay, receptors (Tassin, 2008). A “functional couplinggtlveen serotonin
5-HT,, and adrenergi@yg receptor subtype has been observed after prolonged
exposure to psychostimulants. Therefore, compobetiaving as antagonists at the
level of the adrenergie;g receptors could play a non-negligible role in tioatcol

of accumbal dopamine release, and the managemepbsifive symptoms of

schizophrenia (Tassin, 2008).

Despite evidence for a role of adrenergic receptoseme aspects of dopaminergic

transmission, these target can not solely rendght®omechanisms of atypicality.

1.3.2.6. Conclusion

Although it seems quite attractive to have multgéd drugs that are helpful to
manage several “symptom dimensions” of psychosis agdition to their
antipsychotic effect, it appears nowadays, thatniost effective characteristic for
ameliorating the positive symptoms still relies ¢tme (mild) modulation of
dopamine transmission via the, Deceptors (Grundeet al, 2009; Kapur &
Remington, 2001; Kapur & Mamo, 2003). However, gtleng does not rely on
blocking. Indeed, some of the novel compounds & ftthird generation” of

antipsychotics display partial agonism at the leféhe dopamine Preceptor.

Moreover, there are lines of evidence suggestirgy gotent 5-H}, receptor
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antagonism is relevant to the low EPS profile afosel generation antipsychotics
(Meltzer et al, 2003; Meltzer & Massey, 2011). In addition, theued elevated 5-
HT,A/D, affinity ratio of most atypical antipsychotics atgly supports the
conclusion that serotonin 5-HJ receptor antagonism is a key feature in atypigalit
(Meltzer et al, 1989). However, it appears that the combinatib®pand 5-HEa
properties alone is not sufficient to explain tiygacal profile of second generation
antipsychotics. Indeed, “5-Bf receptor blockade by itself cannot explain the low
EPS liability of these agents” (Meltzer, 2002). thermore, combining a serotonin
5-HT,, antagonist to a typical neuroleptic does not répce completely the
clinical effects observed with second generatiommounds as clozapine (Meltzer
& Massey, 2011). As mentioned above, serotonin %;H%-HTg and 5-HT may
play a role in atypicality, as they were found effee in managing EPS and
cognitive impairment in preclinical and clinicaludies (Meltzeret al, 2003;
Meltzer & Massey, 2011). Serotonin 5-kTreceptor may also collaborate in these
outcomes; however, further studies are requiremtder to elucidate the implication
of this target in clinical features of schizopheniMeltzer & Massey, 2011,
Navailleset al, 2006) .

As a conclusion, several targets are implicatedthi@ features of atypicality.
Compounds being “magic bullets”, selective of oimgle target failed in revealing
efficiency in treating the features of schizophae(fRothet al, 2004). Therefore,
“selectively non-selective” drugs, that target thmagic” panel of receptors
implicated in the improvement of most aspects aizphrenia, while avoiding the
targets responsible for secondary effects, arectiapounds of tomorrow. As
mentioned by Grunder et al., the difficulties sunding the understanding of the

mechanisms highlighting atypicality, added to theeckity of clinical outcomes
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with one or the other second generation compourdsga thrust for creating a
novel classification of antipsychotic compoundgy(E) (Grundetet al, 2009). This

suggestion is even more emphasized as a “thirdrgeoe” of more “selectively

non-selective” antipsychotics is growing up (NewnrTamcredi & Kleven, 2011),

with the additional property, for some of these poomds, to display partial
agonism at the level of the dopamingrBceptor.
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2. From antagonism to partial agonism: towards a

“third generation” of antipsychotics

2.1. Dopamine agonists in the treatment of psychosis

The use of agonists in the treatment of schizoparesas first experimented in the
beginning of the 1900’s, as it was shown that appmae reduced episodic
psychosis associated with war (Douglass, 1900s pharadoxical finding was also
shown when N-propyl-norapomorphine was used latethe 1980’s in clinical
trials, showing acute effects on psychotic symptaaier single administration, but
lacked activity during chronic treatment (Corseti al, 1981; Tammingeet al,
1978). The role of presynaptic dopaming ddd D; receptors has largely been
incriminated in the antipsychotic effects of dopaengic agonists. In fact,
dopamine autoreceptors stimulation reduces tyrdsyakeoxylase (TH) activity and
modulates the release of dopamine in the synapseihe subsequent dopamine-
mediated transmission (Kebt al, 1972; Carlsson, 1975). Through this mechanism
of action, agonists acting at the presynaptic aateptors could therefore display
similar therapeutic benefits as antagonists of tlopamine [ postsynaptic
receptors, avoiding the secondary effects linkedhis blockade (Clarket al,
1982). Indeed, considering the effects of agorasthe pre- and postsynaptic sites,
a full D, agonist such as apomorphine triggers biphasicctstfédt low doses,
apomorphine induces hypomotility and a profounc@ieess in rodents whereas
humans experience a drop in blood pressure, whehigls doses produce
hyperlocomotion and stereotypes in rodents and isme$iumans. The locomotor

effects are only observed on parkinsonian patiefitse inhibitory outcome
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observed with low doses of agonist is largely miediaszia presynaptic Pand
receptors, whereas stimulatory effects are linkedstimulation of postsynaptic

receptors (Roth, 1979; Tamminga & Carlsson, 2002).

All dopamine receptor subtypes are present on yogggic neurons; however, the
D, and B forms predominate at the presynaptic level. Thastreceptors are
located on the dopamine neurons themselves, botheatell body level in the
substantia nigra and the ventral tegmental arahparthe terminal fields (Carlsson
et al, 1972b; Roth, 1979).The biphasic effect observeith \@pomorphine is a
consequence of sequential action at first the piagstyc, secondly the postsynaptic
receptors. As B autoreceptors are ten times more abundant thatsypegptic
receptors (Melleet al, 1986; Yokooet al, 1988; Melleret al, 1986; Momiyamaet
al., 1996; Yokooet al, 1988), a low dose of agonist will therefore teg@ higher
response at the presynaptic site (Roth, 1979) .

In clinical trials, some agonists, such as apomoghN-propyl-norapomorphine
and bromocriptine were tested in comparison to gilac on schizophrenic
volonteers. Although the studies showed acute &ffe@dth more than a half of the
patients experiencing a reduction of the positiym@oms during the first days,
this beneficial outcome was not sustained until ¢éne of the treatment, due to
receptor desensitization (Tammingat al, 1978; Tammingaet al, 1986;

Tamminga, 2002).
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2.2. Dopamine partial agonists in the treatment of

psychosis
2.2.1. The concept of a partial agonist

The interest was afterwards turned on the potebiaefit linked to the use of
partial agonists of the dopaming Eceptor, in order to avoid this issue of receptor
desensitization (Hoyer & Boddeke, 1993; Kenakinp40 Partial agonists are
“stabilizers” of neurotransmission. Indeed, undeighh dopaminergic tone
(mesolimbic pathway in schizophrenia), partial dagtn display antagonist
properties, decreasing the exacerbated transmissidil reaching the level
corresponding to their inherent intrinsic activitfConversely, under low
dopaminergic tone (mesocortical pathway) the comgseishould act as an agonist,
increasing the transmission to the level correspmndnce more to their inherent
intrinsic activity (Tamminga & Carlsson, 2002).rial agonists can have high,
intermediate or low intrinsic activity (60-90%, 80-50%, or 10-20% respectively
of the reference agonist activity). Therefore, tineoretical expected effects would
also be mono- or bi- phasic depending on the agtioi the partial agonist.
Although low intrinsic activity partial agonists lieved monophasically im vivo
studies, evidence of agonist properties at theypegstic level can be measured by
microdialysis and electrophysiological studies. e one hand, microdialysis
highlights the decrease in dopamine release anddapamine metabolite
concentrations in the synaptic cleft. On the othand, electrophysiological
measurements establish the drop off in both firaigs and the amount of action
potentials of dopaminergic neurons (Kikuchi et dl995; Kiss et al., 2010;
Momiyama et al., 1996; Semba et al., 1995). (-PRP ((S)-(-)-3-(3-
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hydroxyphenyl)N-propylpiperidine hydrochloride) was the fist lowntrinsic

activity partial agonist candidate to undergo clatitrials.

2.21.1. 3-PPP

3-PPP is a dopamines[partial agonist, with its negative and positivaminomers
behaving as low and high intrinsic activity partgonists respectively (Clagk al,
1984). The low intrinsic activity (-)-3-PPP was tahed in the 1980’s as a potential
therapeutic drug for schizophrenia (Carlsson, 19i#6)n vivo animal studies, the
compound was shown to display partial agonist dgtiat the autoreceptors site,
and antagonist properties at the post-synaptic dopaD, receptors (Clarlet al,
1985b; Clarket al, 1985a) .

In clinical studies comparing (-)-3-PPP and plagetios novel antipsychotic
revealed acute and short-term beneficial effect® first days, positive, negative
and cognitive symptoms were improved, while no Be&urred. However, after 2
or 3 weeks, these therapeutic benefits disappeaned patients experienced a
recrudescence of positive symptoms, explainedrhé dopamine Pagonists, by
autoreceptor desensitization (Laktial, 1998; Tamminga, 2002). Combination of
(-)-3-PPP with low doses of antagonist were tesigith the prediction that a “lower
intrinsic activity” at the level of the dopamine, Peceptor would help preventing
receptor desensitization. However, the proportibideal partial agonist/antagonist
combination so as to obtain long-term antipsychaation without loss of
therapeutic benefit, and devoid of secondary-effectmains to be determined
(Tamminga & Carlsson, 2002). On this basis, newmmmds with lower intrinsic
activity have been developed, such as OPC-4392oaedof its derivate OPC-
14597.
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2.2.1.2. OPC-4392 and OPC-14957 (aripiprazole)

Following the failed previous experiences with dopze D, receptor partial
agonists, the objective was to develop compounds would have the “ideal”
intrinsic activity so as to obtain a minor agongitcome at the level of the
presynaptic site, with little to insignificant iimsic activity at the postsynaptic site.
In vivo and in vitro studies illustrated that OPC-4392 displays dopamin
autoreceptor agonist activities, weak antagonigtomcat the postsynaptic ,.D
receptors, and induces quite modest catalepsy ¢(Kiket al., 1995; Kiuchi et al.,
1988; Yasuda et al., 1988). In clinical trials heer although OPC-4392 did not
produce EPS and improved the negative symptonmgdtlittle therapeutic benefit
on the positive symptoms, that could even be waden some cases (Kikuchi et
al., 1995).These observations rapidly led to thermption of the clinical trials.
Compounds with the same properties, such as B-HU, £MD-49980 and
terguride, presented also equivalent clinical fesdu(Kikuchi et al., 1995).
Derivatives of OPC-4392 were screened in orderetecs molecules owning both
stronger postsynaptic,eceptor antagonist properties, with autoreceatmmistic
activity. One of these, OPC-14597, furthered bagtiZzaripiprazole”, appeared to

be quite promising in in-vivo and ex-vivo animaats.

2.2.2. In vivo biochemical characterization

2.2.2.1. Presynaptic autoreceptor agonism

2.2.2.1.1. bhiochemical data

Experimental models have been established to agbessagonist activity at

dopamine R presynaptic autoreceptors. Treatment with reserps known to
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degranulate the presynaptic element. The subsetpasndf dopamine induces TH
activation so as restore the dopamine stocks (§€arkt al, 1972a; Nowycky M.C.
& Roth R.H., 1978). The same activation of TH ha=erb observed withy-
butyrolactone (GBL) treatment, an inhibitor of dapae cell firing, subsequently
decreasing the synaptic cleft levels of dopaminke Tise of GBL leads to a
decrease in dopamine autoreceptor stimulation,rgéng an enhancement in TH
activation. Both reserpine and GBL consequentlyaeck TH activity, converting
tyrosine into 3, 4-dihydroxyphénylalanine (DOPA)ofMycky M.C. & Roth R.H.,
1978; Walters & Roth, 1974). DOPA accumulates ie firesence of a DOPA
decarboxylase inhibitor (NSD-1015 (3-hydroxybenyditazine), an aromatic
amino acid decarboxylase inhibitor) inhibiting @snversion into dopamine (Fig. 2)
(Nowycky M.C. & Roth R.H., 1978; Walters & Roth, 249). In the presence of
agonist stimulation of presynaptic dopaming &utoreceptors, TH activity and
DOPA accumulation are decreased. Therefore, megsUDOPA accumulation
decrease is a useful tool to evaluate the agorogigpties of novel antipsychotics at
the presynaptic level (Nowycky M.C. & Roth R.H.,7B).
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Figure 2. The role of DOPA decarboxylase inhibitorand dopamine b agonists and
partial agonists on dopamine metabolism

In either reserpine- and GBL- treated rodents, HOBC-14597 and OPC-4392
decreased DOPA accumulation, indicating that the t@mpounds behaved as
dopamine D2 presynaptic autoreceptor agonists.h&urtore, theeffect was
completely antagonized by haloperidol (Kikuchi &t 4995; Kiss et al., 2010).
These presynaptic agonist properties were alsaraoed by microdialysis studies
showing that OPC-14597 exerts a negative feed-backiopamine release at low
concentrations, and on both dopamine synthesigerdse at high concentrations
(Semba et al.,, 1995). Both OPC-4392 and OPC-14%@ibit dopaminergic
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neuronal activity in the ventral tegmental areaoatcome that was abolished by
selective D blockers. In addition, OPC-14597 was shown to hyplarize and to

decrease action potentials of neurons from theraketégmental area (Momiyama
et al., 1996). Together, these data confirm thenmsgyproperties of both candidate

antipsychotics at the presynaptic level.
2.2.2.1.2. Behavioral data

Besides biochemical evidences of presynaptic recepgulation, behavioral signs
of partial agonism remained sparse in naive roddmtigoexole, a specific D,
receptor agonist, induces hypomotility and yawremdow doses, as apomorphine
(Di Chiaraet al, 1976; Yamada & Furukawa, 1980). Behavioral stsidierodents
revealed that the partial agonists (-)-3-PPP, OB@24 and OPC 14597 induce
yawning. Consistent with their partial agonist jmf all three decreased the
number of yawns induced by talipexole and apomoghhowever, to a lesser
extend than the decrease observed with a dopamynbldeker as haloperidol
(Fujikawa et al., 1996). The yawns induced by tive¢ compounds were blocked
by specific B antagonists, indicating the role of the dopaminedzeptors in the
observed behavior. Additionally, pre-treatment witleserpine dramatically
potentiates the yawns induced by OPC-14597, suggetttat this behavior could
reflect the inhibitory action of the partial agdres the level of the presynaptic site
(Fujikawaet al, 1996; Urba-Holmgreret al, 1982). However, the implication of
pre- or postsynaptic receptors in yawning remaimelaar. Indeed, besides
depriving the presynaptic element from dopaminesemgine also induces
hypersensitization of the postsynaptic dopamineptrs, suggesting that yawns
could represent a behavioral expression of pad@nism on sensitized post

synaptic dopamine Lreceptors (Fujikawat al, 1996).
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These biochemical and behavioral studies confirthad OPC-14597 displayed the
expected partial agonist properties at the predinégvel. However, as mentioned
above (section B.2.1.2.), clinical trials with peedssors of OPC-14597 appeared
disappointing dur to the lack of sustained ther@ipebenefit against positive
symptoms. Therefore, stronger postsynaptic antaga@utivity was expected, in
order to uphold in time the antipsychotic effedtkerefore, behavioral trials were
launched, in order to compare the postsynapticganiat properties of OPC-14597

with its predecessors.

2.2.2.2. Postsynaptic receptor antagonism

2.2.2.2.1. Inhibition of apomorphine - induced stereotypes

At high doses, dopaminergic agonists, in partic@pomorphine, induce specific
stereotypes in rodents. The behavior mainly comsistsniffing, licking, gnawing
and climbing and is scored from O to 4 as followi@y no stereotypes, as control
animals, 1) discontinuous sniffing, 2) continuoungfgng 3) continuous sniffing and
discontinous licking, biting and climbing, 4) camibus sniffing, licking or biting

and climbing behavior (Kohnomi et al., 2008).

(-)-3-PPP, OPC-4392 and OPC-14597 were shown iodmtive in inducing such
stereotyped behavior (Fujikawa et al., 1996; Kohnetal., 2008), suggesting that
their intrinsic activity is not sufficient enough teach the agonist level required to
induce the behavior. Additionally, the three commds inhibit the stereotypes
induced by apomorphine in a dose-dependent mamucating their antagonist
action on postsynaptic receptors (Fujikawd al, 1996; Kikuchiet al, 1995;
Yasudaet al, 1988). OPC 14597 however, appeared more effinaciderein, OPC
14597 had 20 times greater affinity for the dopamip, than OPC 4392;
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nevertheless, the anti-apomorphine effects obsewidd OPC-14597 were 30 to
140 times greater than observed with OPC 4392. ifkisates that OPC 14597 is
more potent than OPC 4392 at the postsynaptic [@iklchi et al, 1995; Kisset
al., 2010; Sembeat al, 1995), a property also confirmed by other gro{ifxshnomi
et al., 2008).

Interestingly, the doses of OPC-14597 required ftothbdecrease DOPA
accumulation and to inhibit apormorphine-inducedresttypes were identical,
meaning that the agonist effect of OPC 14597 asypraptic level occur at doses
able to produce the antagonist effect at the poag#yic level (Kikuchi et al., 1995).

On the contrary, although OPC 4392 displayed gmti@orphine properties, this
effect occurs at higher doses than that requiredbigerve the inhibition DOPA

accumulation at the presynaptic level. Togethlees¢ data indicate that OPC-
14597 appears to be a relevant antipsychotic catelidcompared to its

predecessors, due to enhanced postsynaptic argagmwoperties (Kikuchi et al.,

1995).

2.2.2.2.2. Catalepsy induction

Blockers of the dopamine ,0receptor are known to induce pseudo-parkinsonian
symptoms that can be modelized and measured inaéiby testing catalepsy,
meaning the long-term maintenance of a sustainesitipo. Although different
methods for catalepsy testing exist, we will maifdgus on the horizontal bar test,
that has always been used in our experiments gezbéere, and previously in the
laboratory (Geurtet al, 1999c; Neal-Beliveaet al, 1993). Typical antipsychotics
are known to largely induce cataleptic behaviorg#iact that is correlated to their
affinity for the dopamine BPreceptor, the dose, and the half-life of the matha.

Atypical antipsychotics, in accordance with thegfidition, will induce less EPS
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and subsequently less catalepsy. Although theiffoi aripiprazole (OPC-14597)
for the dopamine Preceptor is higher than the affinity of atypicaltiapychotics
for this target, OPC-14597 induces much less qagglgBardin et al., 2006; Kleven
et al., 2005; Nakai et al., 2003; Narita et al.p&0Nordquist et al., 2008). In
addition, despite efficient inhibition of apomorphtinduced stereotypes at
therapeutic doses, the amount of OPC-14597 requirexyoke catalepsy is much
higher, contrarily to the observations made withstfior second generation
antipsychotics (Inouet al, 1997). With further support of our experimentatal
the suggested mechanisms underlying the lack oéleg@dy observed with

aripiprazole will be discussed in the discussiort phathe thesis.

This review of experimental data comparing OPC-74%6 its predecessors,
indicate that the novel molecule has higher antesfjgotency at the level of the
dopamine D postsynaptic receptors, than (-)-3-PPP and OP@;438Bhough it
shows low propensity to induce EPS. In addition,eapected, the compound
revealed partial agonist properties at the presimaplement. OPC-14597
(aripiprazole) appeared therefore to be an exdellmandidate for sustained
antipsychotic treatment, and was as a result laathan the market a few years
later, under the commercial name of Abilify®. Siniteen, further clinical trials,
with additionalin vitro andin vivo laboratory experiments have been conducted in
order to deeper understand the pharmacodynamicegrep of this interesting
molecule. The following part of the introduction Iwmainly focus on the
signalization mechanisms linked to dopaming rBceptor activation, in order to
establish an overview of the main findings conaagnihe pharmacodynamic

properties of aripiprazole.
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2.2.3. In vitro characterization

2.2.3.1. The dopamine D receptor: an overview of signalization

The aim of this chapter is certainly not to provalesview of the known molecular
mechanisms involved in receptor signaling, functistnucture or genetics of the
dopamine D receptors, as several excellent reviews have sixtely covered the

topic (Beaulieu & Gainetdinov, 2011; Seemeatnal, 2006). The intent here is to
provide an overview of the main signaling pathwagtvated by the dopamine,D

receptor. The goal of the chapter is to emphasespecific elements of dopamine
D, receptor signaling that will be further discussiedthis thesis, especially

concerning aripiprazole and other partial agorgatsh as (-)-3-PPP.

The dopamine receptors belong to the large fanfilga-grotein coupled receptors
(GPCRs), and are divided in two major groups, thdik®@ and the R-like family,
based on their ability to modulate cAMP producti@Beaulieu & Gainetdinov,
2011; Neveet al, 2004). The D family includes the Pand B, receptors (Tiberet

al., 1991), whereas the,Oamily includes B, D; and D receptors (Beaulieu &
Gainetdinov, 2011; Sokolo#t al, 1990; Van Tolet al, 1991). The dopamine ;D
receptors activate the og.; G-proteins, and increase the production of cAMP,
whereas dopamine,Deceptors signal via the large family ofeG-proteins, and
are negatively coupled to adenylate cyclase (Bead Gainetdinov, 2011; Sibley
& Neve, 1997). Signaling at the level of the-family will not be further discussed

in this thesis.

Two splice variants of the dopaming Eceptor have been identified: the long and
the short isoforms, respectively mentioned as dapaii,s and B, receptors. Both

isoforms differ by the insertion of 29 amino acesidues in the third intracellular
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loop of the receptor (Girost al, 1989; Monsma, Jet al, 1989). Studies have
shown that the dopamine,§xeceptors are mainly localized presynapticallyhtat
the presynaptic axons, and at the somatodendetel|of the dopaminergic
neurons. They are mostly involved in autoreceptorcfions, whereas dopamine
D, receptors are mainly localized post-synapticalig daeem to be the target of
antipsychotic drugs (Khan et al., 1998; Usielloakt 2000). In addition, receptor
density is more elevated at the level of thg i2ceptor on the presynaptic sites,

than at the postsynapticDevel (Meller et al., 1986).

The dopamine B receptors, such as all dopamine receptors arelabup G-
proteins. The G-proteins are heterotrimeric, ag thelude three subunits;, , and

v. They are classified in reference to theisubunit sequence and their functional
characteristics (Piercet al, 2002), where 4 main families have been identified
Gas, Gai, Gag and Guions In addition, several types @f andy subunits exist,
resulting in a large variety of combinations fotdretrimeric G-proteins. At rest,
the a-subunit is tightly associated to tiig-complex to form an inactive trimeric
complex. Theu-subunit contains the guanine nucleotide binding, svhich binds
guanine diphosphate (GPD). Upon activation follayviagonist binding to the
receptor, GDP is released, guanine triphosphatd’J®inds to thex-subunit, and
the By-complex dissociates from thesubunit. Botha-subunit and the fre@y-
complex can transduce the signal and activate entdgnt downstream effectors.
Afterwards, GTP hydrolysis occurs, and bothandpy-complex reassociate (Fig.
3) (Beaulieu & Gainetdinov, 2011).

Regulators of G-protein signaling (RGS family) areolved in the regulation of G-
protein mediated signal transduction (Fig. 4). Theyd to the activated-subunit
where GTP is linked, and dramatically acceleragerttie of GTP hydrolysis. They
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facilitate therefore the return to the resting estaif the G-proteins. As a
consequence, RGS proteins behave as negative nmdutd G-protein signaling
(Beaulieu & Gainetdinov, 2011). The RGS9 and RG@&ypes, highly expressed
in the striatum, play an important role in dopamiereceptor signaling, and in
behavioral effects linked to the receptor activatiblerein, mice lacking RGS9
protein have enhanced psychomotor response to psyctulants, whereas mice in
which RGS9 expression is increased are less senddi the drugs (Beaulieu &
Gainetdinov, 2011).

Figure 3. G-protein cycle

59



Introduction

For long, it has been suggested that dopaminee€eptors couple to dzG-protein
family, an inhibitory class of G-proteins. Indeeithe Gu; protein inhibits the
formation of cyclic adenosine monophosphate (CAMR)inhibition of adenylate
cyclase. The inhibition of cAMP accumulation is se@uently followed by a
decrease in the activation of protein kinase A (PKAg. 4 and Fig. 5a) (Kebabian
& Greengard, 1971; Kebabian & Calne, 1979). Itasvrclear that signaling through
adenylate cyclase represents only one aspect o$igimaling mechanisms at the

level of the dopamine Dreceptors (Beaulieu & Gainetdinov, 2011).

Herein, further studies revealed that differenttgpés of (&; proteins interact with
the dopamine BPreceptor. They slightly differ by the size of theptide structure
constituting then subunit, which molecular weight varies betweenaBfl 42 kDa
(Senogles et al., 1990). Three different subtydeSw proteins were shown im
vitro cellular models, to interact with the dopamingrEceptor: G, Go;, and Gz
(Gaziet al, 2003a; Laneet al, 2008; Nickolls & Strange, 2004). It is also highl
suggested that the 29 additional amino acid residdig¢he dopamine  receptor
direct the coupling of the receptor to certain @tpins and that both dopamingsD
and D, receptors have different coupling affinities foese proteins (Guiramand et
al., 1995; Liu et al.,, 1996; Montmayeur et al., 3p9ndeed, the dopamine,D
receptor was described to couple essentially wiify @rotein (Guiramand et al.,
1995), whereas & and Gz seem to be favored at the presynaptic level, sthéy
dopamine Ds receptor (Kiltset al, 2002; Mottolaet al, 2002). In fact, an
additional ubiquitous G-protein,dog belonging to the large family ofdproteins,
was shown to have strong interaction with the dapanb, receptor inin vitro
models (Cordeauet al, 2001; Laneet al, 2008; Nickolls & Strange, 2004). Of

note, both @; and G, proteins are pertussis-toxin (PTX) sensitive Gtgire.
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Noteworthy, few studies revealed that the dopaninereceptor can couple to
another G-proteins subtype, the, @rotein. It also belongs to the large;Gmily
and is an ubiquitous protein, asdsHowever, the main difference betweea,&nd
otherGo,; family proteins relies on its insensitivity to pessis toxin (Obadiah et al.,
1999). Indeed, &, is insensitive to PTX. As the other members offdmaily, this
G-protein is also involved in the inhibition of axgéate cyclase and cAMP
accumulation. However, although interaction betwden dopamine E and B
receptors and & has been shown in cellular models, where the egpe®f G,
was artificially manipulated, evidence for anvivo interaction is sparse, despite
proofs of colocalization of & in cerebral areas where the dopaminerézeptors

are expressed (Obadiah et al., 1999).

2.2.3.1.1. Signalization mediated by thedssubunit:

All known Gai/Go, protein subtypes Gaji, Gaip, Gaiz and Gig hegatively regulate
cAMP levels, resulting in a decrease in PKA aciviKebabian & Greengard,
1971) (Fig. 4 and Fig. 5a). PKA has several sutegrguch as cAMP-response
element binding protein (CREB), which is a transton factor, regulating several
genes expression. Among the other PKA substrates, @an find ionotropic
glutamate receptors and certain ion channels (Baadl Gainetdinov, 2011). In
addition, PKA regulates in the central nervous aystmainly in medium spiny
neurons (MSNSs), the dopamine and cAMP-regulatedptino-protein (DARPP-32).
DARPP-32 is a multifunctional phosphoprotein whiosbhaves as an integrative
modulator of several neurotransmission pathwayhkidntg dopamine (Greengard
et al, 1999; Svenningssoet al, 2004). It plays the role of an amplificator of RK
signaling (Svenningssoret al, 2003). Stimulation of dopamine ,Dreceptor
decreases DARPP-32 activity due to the reductioRKA\ activation (Beaulieu &
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Gainetdinov, 2011). The cAMP/PKA/DARPP-32 pathwesgulated by the
dopamine D receptors is thought to contribute to dopamineadzeptor-stimulated
locomotor activity and is therefore implicated ieveral of dopamine-dependent
behaviors, such as thgarrestin/Akt/GSK-3 pathway (see below) (Nege al,
2004).

2.2.3.1.2. Signalization mediated by the3-complex :

Dopamine D receptor also modulates other signaling pathwaya eesult of -

complex liberation following G-protein activatioRig. 5b)

The release of the gcomplex by B stimulation activates potassium current
channels, such as the G-protein-coupled inwardifierctpotassium channels
(GIRK), decreasing cell excitability especially substantia nigra (Lacegt al,
1987), and in neostriatal ,Dreceptor-expressing neurons (Greif al, 1995).
Activation of GIRK currents contributes to dopamibg autoreceptor inhibition of
dopamine release and dopamine neuronal activityledd, dopamine D
autoreceptors are coupled to potassium channelerrahan to inhibition of
adenylate cyclase (Memet al, 1986). However, the effect of,timulation on
potassium currents appears to depend on the lm@anb&ing examined, suggesting
that more work is needed to understand the meamaniand the functional
relevance of dopamine,Dreceptors effects on potassium channels (Nsval,
2004).

Additionally, the G, complex released following dopaming Eceptor activation
decreases the activity of several types of calcalmannels (Fig. 5b). Despite the
lack of evidence on the exact roles of dopamineddeptors on calcium channels
control, it is suggested that it could impact néaasmitter release (Newt al,
2004; Beaulieu & Gainetdinov, 2011).

62



Introduction

Furthermore, the £ complex was shown to mediate Mitogen-Activatedtgiro
kinase (MAPK) activation. MAPK are known to transsignals from a variety of
extracellular stimuli to the cell nucleus, therefqrarticipating in cell proliferation,
differentiation, and survival (Newvet al, 2004). In post-mitotic neurons, activation
of MAPK is involved not only in cell survival and synaptic plasticity but also in
acute behavioral responses to dopamine receptoulstion (Caiet al, 2000; Neve
et al, 2004). Although the pathways linking dopaming receptor activation to
MAPK activation have not fully been elucidated;e timplication of protein kinase
C (PKC) activation has been incriminated (Fig. @bhoi et al, 1999).

The G, complex is also known to activate phospholipas€éPCC), resulting in
inositol triphosphate (§ and diacylglycerol (DAG) release, subsequently anclg
calcium release and PKC activation respectively.(bb). This pathway can also be
activated by the-subunit of the @, G-protein, which has little interaction with the
dopamine D receptor (Fig. 5d) (Neveet al, 2004). Mobilization of calcium
intracellular stocks activates calcium-dependeptegans, subsequently controlling
partly the activity of calcium channels. The PLGhveay may also contribute to
activation of both MAPK and CREB by Bike receptors in neostriatal neurons
(Neveet al, 2004).

To conclude on signaling mechanisms linked tg-c&@mplex signaling, the
dopamine D receptor also potentiates arachidonic acid (AAgase, a mechanism
linked to PLC activation, but mainly to phosphobpa® (PLA,) activity (Fig. 5b).
Arachidonic acid leads to the production of ecosdso(prostaglandins,
leukotriens...) by the cyclooxygenase and lipooxygenanzymes, that may
contribute to feed back events regulating the daparD, receptor signaling (Neve
et al, 2004).
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2.2.3.1.3. G-protein independent signalization:

Furthermore, mechanisms of desensitization of theeptor, involving thep-
arrestins, also mediate,Gubunits-independent signalization (Fig.4 and [g.5
GPCRs undergo dynamic regulation, as the recepmans desensitize following
prolonged exposure to an agonist; they can be gubsdy internalized, and either
resensitize or be degradated (Beaulieu & Gainetwlid®11). The desensitization of
the receptor involves phosphorylation of intradalldomains of the receptor by G-
protein-coupled receptor kinases (GRKS). Arrestiresco-factors of the kinases and
subsequently target the phosphorylated receptoe GRK/Arrestin regulatory
complex promotes cessation of G-protein signalengg receptor internalization,
through endocytosis (Fergusehal, 1996) (Fig. 4). On the other side, GRKs and
arrestins can also induce a new wave of signaimegts, independent of G-protein

pathways.

Indeed, B-arrestin 2 was shown to play a critical role inpdmine DB receptor
signaling, by regulating the Akt (protein kinase/gdcogen synthase kinase 3
(GSK-3) pathway (Fig. 5c¢). Studies have revealed #gonists of the dopamine D
receptor inhibit Akt, resulting in an activation 85K-3, whereas antagonists of the
receptor as haloperidol activate Akt, and decrdaS&-3 activity (Beaulieu &
Gainetdinov, 2011).

Data from multiple behavioral assays support tHe of p-arrestin 2/Akt/GSK-3
pathway in dopamine-associated behaviors. Hereih, [b-arrestin 2 or Akt knock-
out in mices affect Pmediated behaviors in rodents. Moreoyearrestin 2 was
also shown to mediate MAPK activation in culturdardblasts, meaning that this

non G-protein pathway is also involved in cell sual, synaptic plasticity and
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behavioral responses to dopamine (Fig. 5¢c). The oblthe pathway in synaptic
plasticity is further emphasized by lines of evidershowing that inhibition of
GSK-3 prevents the development of long-term depyagsTD) in rat hippocampal
slices, and modulates the expression and functioglulamate NMDA receptors
(Beaulieu & Gainetdinov, 2011).

2.2.3.1.4. Conclusions:

As a consequence, signaling through a single recdpt a single ligand is quite
complex, and involves several cascades activatbdrddy the G or G, subunits or
by p-arrestin dependent mechanisms. The early phaskeofesponse following
receptor stimulation involves G-protein mediatespenses that have a rapid onset
and desensitization. In contrast, the second “lglbase” of the response is
characterized by-arrestin mediated cell signaling, that has a stoereset and a
longer duration, without known desensitization natbms (Beaulieu &
Gainetdinov, 2011)
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Fig. 4. Early and late D receptor signaling.
Adapted from (Beaulieu & Gainetdinov, 2011)

In the early phase of signaling, G protein-mediatg@gnaling induces a rapid and transient changden
phosphorylation of direct or indirect PKA targetsch as DARPP-32 and CREB. This early phase of D
dopamine receptor signaling is rapidly antagonafer the inactivation of G proteins by RGSs. Idi&dn,
receptor phosphorylation by GRKs results in G protscoupling, recruitment df-arrestins, and clathrin-
dependent receptor internalization, effectivelytshg down G protein mediated signaling.

In the late phase of signaling, the Bopamine receptors stimulate the formation of atgin complex
composed of-arrestin 2, PP2A, and Akt. Formation of this coexptesults in the deactivation of Akt by
PP2A and the subsequent stimulation of GSK-3-mediaignaling. This second wave of signaling
mediated by the Akitarrestin 2PP2A complex results in a more progvesand longer lasting response
(see inset graph). AP2, adaptor protein complex; @ofpamine; BR, D, dopamine receptor.
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2.2.3.2. Functional selectivity of dopamine freceptor agonists

It has for long been thought that receptor actratiby a ligand initiated
transmission through one single cascade. Drugs wdassified between
antagonists, partial agonists or full agonists,eda®n their intrinsic activity,
measuring variations in the “quantity” of the stiomithat was imparted to the cell,
but not on the “quality” of such stimulus (Bosier ®ermans, 2007; Urbaet al,
2007a).

However, such concept appeared to be incorrectaacithnge in perspective was
generated by novel data showing that certain ligaofdthe same receptor could
display quite diverse functional responses, viangle receptor. Herein, ligands
could behave as either agonists, partial agonistamagonists, with various
efficacies and potencies, on several pathwaysaetivby a single receptor (Brink
et al, 2000; Gayet al, 2004; Kenakin, 2005; Kiltst al, 2002; Lawleret al, 1999;
Mottola et al, 2002; Shapiroet al, 2003; Urbanet al, 2007b). It has been
suggested that ligands induce unique ligand-spe@fieptor conformations, which
frequently result in differential activation of sigl transduction pathways associated
with that particular receptor (Fig. 6). Ligands tthaould therefore behave as
agonists on certain pathways but not on others, thiatl showed differential
functional activation profile depending on the pedly analyzed, were called
“functional selective” ligands (Bosier & Herman€)(Z; Kilts et al, 2002; Lawler
et al, 1999; Urbaret al, 2007a). However, most research groups describel s
phenomenon with their own descriptive terms. Ithisrefore not surprising to see
this particular property mentioned by the followingrms: “agonist-directed
trafficking of receptor stimulus”, or “biased agem”, “protean agonism”, and

“stimulus trafficking”, etc. This notion of “funiinal selectivity” focuses on the
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quality of the response and contrasts with the concepitifisic activity focusing
on thequantity of response (Mailman & Murthy, 2010). There areesal lines of
evidence suggesting that “functional selectivity”a concept that applies for most
GPCRs (for review cfr. (Neve, 2009).

Evidence of functional selectivity at the leveltbk dopamine Preceptor was an
unexpected result of efforts directed towards tiseavery of novel dopamine ;D
agonist ligands (Urbamet al, 2007a). Dihydrexidine (DHX), a high affinity full
dopamine B agonist was unfortunately found to have only &dl@-selectivity for
dopamine B over dopamine P receptor. DHX and its related molecule N-
propylDHX were shown to behave as full dopaming dyonists. In fact, the
compounds decrease cAMP accumulation in striatahlonenes and in dopamine
D, expressing cells, and inhibit prolactin secretiooth to a similar extend to that
of quinpirole. However, contrarily to other dopamib, full agonists, both DHX
and N-propylDHX are unable to activate-Boupled GIRK channels, and are also
incapable of inhibiting the synthesis and the redeaf dopamine at the pre-synaptic
level, such as to inhibit the firing rate of dopasrgic neurons (Kilts et al., 2002;
Mottola et al., 2002). The implication of recepltmterogeneity in this phenomenon
was ruled out. In addition, as both post-synaptic &hd pre-synaptic £3 receptors
are known to couple to adenylate cyclase and GIREnpels, differences in
receptor subtypes between pre- and post- synagedd could not account for the
observed differences. The explanation of theserefismt observations between
pathways activation relied therefore on the “fumicil selectivity” hypothesis
(Mottola et al, 2002; Kiltset al, 2002).

In vitro functional selective properties of dopaming rBceptor ligands were also

demonstrated in CHO-P cells, where the functional responses induced by
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quinpirole were compared to the one induced in i@dar by R-propyl-
norapomorphine (R-NPA), S-propyl-norapomorphineNfA) and DHX. Herein,
all compounds inhibited cAMP accumulation to thensaextend, however, the
potencies largely varied among the different conmgisu Whereas quinpirole fully
activated MAPK pathway and GIRK channels, S-NPA waapartial agonist on
MAPK activation and was ineffective on GIRK chamnealctivation. Despite full
agonist activity of R-NPA on MAPK pathway, the cooomd was silent on GIRK
activation, as DHX (Gagt al, 2004).

In addition, besides being a mixed dopamingDbfull agonist, DHX did not show
the expected apomorphine-like stereotyped behawicaddition, N-PropylDHX, a
dopamine B full agonist only caused a modest locomotor irtiobiin a wide range
of doses tested, without any excess of locomotirich is contradictory with the
expected locomotor stimulation and stereotypesllysohserved at high doses of
dopamine D agonists (Smitket al, 1997). “Functional selectivity” observad
vitro may also explain these unexpected behavioral teffacvivo (Smith et al,
1997; Urbaret al, 2007a).

Together, thesén vitro andin vivo observations suggest that both DHX and N-
propylDHX can behave as antagonist and agonishatsame receptor. Several
mechanisms could explain such agonist-selectivwaddn for effector pathways.
Indeed, it is suggested that different subtypesGgfroteins are involved in the
inhibition of adenylate cyclase or in,Peceptor coupling to GIRK channels, such
as G, /Ga, and Gz respectively (Guiramand et al.,, 1995; Liu et aB94,
Montmayeur et al., 1993; Mottola et al., 2002). Aidahally, the G, complex is also
involved in GIRK channels activation. The diversal G;, subunits combined to

form the heterotrimeric G-protein makes it even enoomplex to understand the
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effects of these compounds. The interpretationuahsphenomenon goes to the
“functional selective” hypothesis. It suggests ttiet conformations of the receptor
stabilized by a specific ligand can differ qualitaty in their ability to serve as
signal for activating specific G-proteins (Fig.(@rbanet al, 2007a; Mottoleet al,
2002; Kiltset al, 2002; Bosier & Hermans, 2007).

In the case of the dopamine Beceptor, some compounds as quinpirole seem to
induce one or more “versatile” conformations of thexeptor, which activate
multiple G-proteins, whereas certain other liganas DHX induce unique
conformations that exclusively favor the activatwina subset of G-proteins (Fig.
6). Functional selectivity seems therefore to bpedeent on the drug, and the
cellular environment of the receptor (Urbanal, 2007a; Kiltset al, 2002; Bosier

& Hermans, 2007). This shows that ligands displalgaive functional effects on
single isoforms of GPCRs in native tissues, as wsellin molecular expression

systems (Mottola et al., 2002).

Despite confirmation for full agonism on some clalturesponses, these studies
provide evidence that “functional selective compigirhave qualitative differential
intracellular activation, but also qualitative éiféntial behavioral actions (Mailman
& Murthy, 2010).
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Model illustrating a possible mechanism to explaithe functional selectivity
hypothesis.

As shown in A and C, we hypothesize that dopamama (other “typical” agonists) will cause activatioh

all functional complexes for the,Disoform. This is illustrated by the binding of @opine (dark rectangle)

to the B receptor, followed by dissociation of the G protéeterotrimers. The result is inhibition of both
adenylyl cyclase (A) and activation of GIRK (C) dtee G protein activation. Conversely, when DHX
(stippled trapezoid) binds to the, Peceptor, it causes a different conformationalngigain the receptor
depending upon the functional complex of which itbeeptor is a component. The consequence of this is
that activation of the adenylyl cyclase-linked ®tein (B), but not the release-regulatory or GlR#ated

G protein (D), occurs. This model also predictst thalX would still occupy the receptor linked to the
release-regulatory or GIRK-coupled receptor, and thould cause competitive antagonism.
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2.2.3.3. Pathways activated by aripiprazole

The partial agonist properties of aripiprazole la tevel of the dopamine ,D
receptor were first demonstratedimvivo assays as detailed above (inhibition of
dopamine release and synthesis from the pre-synafgiment).In vitro assays
further confirmed this partial agonism hypothesiwhen evidencing that
aripiprazole decreased cAMP accumulation in cedlspathway known to be
dependent on &/Ga, protein activation, contrarily to reference amyigisotics that
displayed antagonist properties on this pathwagréstingly, in this type of assay,
the intrinsic activity and the potency of aripipoée appeared to be cell-line
dependent, as aripiprazole displayed weaker patjahist properties in CHO-D
than in HEK-B, cells (Burriset al, 2002; Jordamt al, 2007a; Lawleet al, 1999;
Shapiroet al, 2003).

Additionally to the inhibitory effects on cAMP pradtion, aripiprazole, (and (-)-3-
PPP) was shown to activate the ERK/MAPK pathwafHiO-D,, cells, with an
Enax respectively reaching 50 and 60% of the one medsur the presence of
reference agonists such as dopamine and quingifotdanet al, 2007b; Urbaret
al., 2007b). Confirming the partial agonist profile afipiprazole, activation of
MAPK pathway was not observed in the presence of tgpical nor atypical
antipsychotics (Jordaat al, 2007b; Urbaret al, 2007b). Whether ERK/MAPK
pathway activation by aripiprazole is dependent Gm/Ga, subunit activation
remains unknown. Indeed, the activation of ERK/MAp&thway can be eitheros

, or (Py- or B-arrestin- dependent, as already mentioned abowaulRu &
Gainetdinov, 2011) .

Moreover, aripiprazole has also been shown to iadhe release of arachidonic
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acid in CHO-DQ cells, with a maximal efficacy of approximately 30% of the one
measured in the presence of dopamine, confirmirge @gain the partial agonist
profile of this compound (Jordagt al, 2007b; Urbaret al, 2007b). However, as
for ERK/MAPK pathway, the upstream elements resgi@agor such activation by
aripiprazole remain unknown. Although it is knowrat the release of arachidonic
acid often depends on PLC but essentially on phaggse A (PLA;) activation
(Beaulieu & Gainetdinov, 2011), it is still unknowmhether their activation by
aripiprazole is due to & subunits or is ¢ dependent, although it was highly
suggested by Jordan et al. (Jordatnal, 2007b) that this mechanism wag, G
dependent. Indeed, the release gf €aibunits of the G-protein by the activation of
dopamine D receptors is known to activate PLC (Fig. 5b), sgjoently increasing
the intracellular calcium levels, and leading te ttownstream activation of ERK.
The implication of PLC in aripiprazole action waarther demonstrated by
measures of CGa mobilization. Indeed, aripiprazole was shown to bitive
intracellular calcium levels up to a significansder extend than dopamine (25% of
the effect of dopamine), in contrast to other fimhd second generation
antipsychotics that remained silent in this assdyrdanet al, 2007b). When
comparing the activation of these signaling casedole aripiprazole and other
partial agonists as (-)-3-PPP and OPC-4392, aapgle was the compound
showing the weakest intrinsic activity, which coalccount for its sustained clinical

efficacy compared to the others (Jorddral, 2007b).

Of note and interestingly, the potency of aripilazmeasured on arachidonic acid
release was shown to be much higher than on the WMpdthway (Urbaret al,
2007b), emphasizing on that aripiprazole activpte¢erentially certain pathways, a

property of functional selective compounds as alyedescribed for DHX and S-
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NPA.

In addition, as mentioned for DHX and N-propylDHKe partial agonist properties
of aripiprazole could not be unraveled in all fuocal assays. Indeed, it did not
elicit any significant response i°$]JGTP/S assays on cells or striatal membranes
(Cosi et al, 2006; Jordanet al, 2007a; Shapiroet al, 2003), nor receptor
internalization in HEK-B_ cells, nor GIRK channels activity (Shapebal, 2003;
Urbanet al, 2007b). On the other hand, aripiprazole behages full agonist for
D,-mediated inhibition of tyrosine hydroxylase (Lawkg al, 1999; Urbaret al,
2007a). The contrast between its agonist propedstighe level of the presynaptic
site, and the suggested antagonist propertiesegbdht-synaptic site, as shown by
the inability of aripiprazole to induce dopaming-&yonist expected stereotyped
behavior (Kikuchi et al., 1995), suggests thatiprgzole may also stabilize certain
conformations of the dopamine, Peceptors, as DHX and N-propylDHX, favoring

the activation of some pathways but not others.

All these data raised the possibility that aripgmia, contrarily to other atypical
antipsychotics, is a “functional selective” compdua property that could explain
its originalin vitro andin vivo profile (Jordanet al, 2007b; Lawleret al, 1999;

Shapiroet al, 2003; Urbaret al, 2007b; Urbaret al, 2007a). This hypothesis will

be further discussed in light with our data in diecussion part of the thesis.

2.2.3.4. Other receptors targeted by aripiprazole

Aripiprazole was shown to interact with severaleqgor subtypes, which are also
targets of atypical antipsychotics (table 2). #p#lays high affinity for the dopamine
D,s, D, and ) receptors, and for the serotonin 545 T5-HT;, and 5-HT

receptors. It has moderate affinity for the dopasrilp receptor, serotonin 5-HT
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histamine H and H and the adrenergit; anda, receptors (table 2) (Shapiro et al.,
2003). Of note, affinities of aripiprazole for tleesargets were shown to vary
depending on the cell line the receptor was clomedActually, membrane and

intracellular environment may have an impact onept¢ar-ligand interaction

(Lawler et al., 1999).

Functional assays focusing on the response indogeipiprazole at these targets
revealed that it behaved as an inverse agonisteakevvel of the serotonin 5-Hg
receptor, an antagonist at serotonin 5;HHand 5-HTF receptors, and a full agonist
at the dopamine Pand D receptors. However, these observations need takes t
carefully, as the receptors activate several secoeskenger pathways, which could
all be differently modulated by aripiprazole at theel of a single receptor. Indeed,
for dopamine [, receptors, aripiprazole behaved either as antagami partial

agonist depending on the functional assay (Shapiab., 2003).
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Receptor Cold ligand Radiolabeled Kp Assay Aripiprazole
ligand (nM) conc. (nM) Ki (nM)
S-HT,, WAY 100635 [[H]8-OH-DPAT 1 0.5 5.6+0.8
5-HT:p Ergotamine ['H]GR125743 0.3 0.3 830£260
r5-HT,, Chlorpromazine ["H]Ketanserin 0.8 0.5 2244
S'HTZB- Norfenfluramine [PH]LSD 12 0.5 76+8
r5-HT5c¢ Chlorpromazine ["H]Mesulergine 1.5 1 570495
5-HTs Chlorpromazine ["HJLSD L5 1 570+95
5-HT- Chlorpromazine ['H]LSD 2 1 10.343.7
D: SKF38393/ [SH]SCH2339O 0.35 0.2 1960+£670
Fluphenazine
Dy Haloperidol [E'H]Methylspip erone 0.5 0.2 0.74+0.09
Dys Haloperidol [H]Methylspiperone 0.4 0.2 3.3+1.1
D; Chlorpromazine  ["H]Methylspiperone 04 0.2 9.7£5.4
rD, Chlorpromazine  ["H]Methylspiperone 0.5 0.2 510+93
Ds SKF38393/ [FH]SCH23390 0.3 0.2 2590+1350
Olanzapine
H, Chlorpheniramine [PH]Pyrilamine 3.6 1 25.1+2.6
H, Me-Histamine [’H]Tiotidine 10 0.5 >10000
' Urapidil [FH]Prazosin 0.2 0.2 25.7+5.0
aip Corynanthine ['H]Prazosin 0.2 0.2 34.8+58
Uz Oxymetazoline [’H]Clonidine 2.0 2.0 743+11.7
Usp Prazosin ["H]Clonidine 2.0 2.0 103£10.6
Uz Prazosin ["H]Clonidine 2.0 2.0 37.943.3
hp; Atenolol ["H]Pindolol 0.1 0.1 141+4 2
h, ICI-118551 [*H]Pindolol 0.1 0.1 163+15
M, Pirenzepine [3H]QNB 0.2 0.5 6780+570
M, Methoctramine ["HIQNB 0.2 0.5 35104620

Table 2. Affinities of aripiprazole and reference ompounds at various receptors,

adapted from (Shapiroet al, 2003).

All studies were performed with human cloned cDMN4sept when specified. r=rat membranes.
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2.3. Implication of serotonin 5-HT 5 receptors in “third

generation antipsychotics”

In several models, aripiprazole was shown to bartgb agonist of the serotonin 5-
HT,» receptors (Jordaret al, 2002; Newman-Tancredi, 2010b; Odagaki &
Toyoshima, 2007). This target plays a crucial rolethe properties of third

generation antipsychotics, as it brings benefiefédécts on negative and cognitive
symptoms of the disease and offers protection ag&RS linked to the blockade of

the dopamine Preceptors (Newman-Tancredi, 2010b; Ohno, 2011).

2.3.1. The serotonin 5-HT A receptor

Serotonin receptors are divided into seven fam{ltesiT, to 5-HT;). Serotonin 5-
HT,a receptors are GPCRs, essentially coupled #Ga, proteins, which are
expressed both pre- and post- synaptically. Prggyneeceptors are autoreceptors
on the 5-HT neurons, expressed at the somatodenidnwel of the neuron in the
raphe nuclei, and on the axonal terminal fieldseylare involved in the control of
the firing rate, and the release of serotonin froemve terminals (Ohno, 2011).
Interestingly, serotonin 5-HE receptors are also expressed at the somatodendriti
level of dopaminergic neurons, controlling thenirtliging rate and the release of

dopamine (Assie et al., 2009).

Besides being quite abundant in the raphe nudisse receptors are mainly
expressed in limbic areas such as the hippocan@dagaki & Toyoshima, 2007),
the amygdala, and the lateral septum, and modgratgressed in the cerebral
cortex, the thalamus, hypothalamus, and the basaglg (Ohno, 2011). Post-

synaptic activation of 5-Hj, receptors is known to hyperpolarize and inhibé th
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activity of the targeted neurons (Meltzer, 200B)e mechanism underlying this
hyperpolarization likely relies on the activatioh@RK channels, favoring the exit
of K* from the cells (Ohno, 2011).

2.3.2. Beneficial effects linked to serotonin 5-HJ receptor

activation

2.3.2.1. Beneficial effects on cognitive functions

Due to their multiple localizations, and their difént functions at pre- and post-
synaptic levels, it is easy to understand thatteamo 5-HT;, receptors may have a
complex and sometimes opposite influence on diffieespects of cognition and

mood.

It is well described that 5-HJ receptor activation increases dopamine release in
the frontal cortex, an effect suggested to impréhre negative and cognitive
symptoms of schizophrenia mainly due to hypodopangism in the mesocortical
area (Assieet al, 2009; Newman-Tancredi, 2010b; Newman-Tancredi l&vin,
2011). However, the influence of 5-khIreceptor activation on dopamine release is
regionally selective. Indeed, the same increasgopamine release is not observed
in the accumbens nucleus and in the striatum (Assial, 2009; Ichikawa &
Meltzer, 1995; Newman-Tancredi & Kleven, 2011). hslugh aripiprazole was
shown to behave as a partial agonist of serotoriil 5 receptor in different
experimental models (Assie et al., 2009; Heuslexl et2008; Jordan et al., 2002;
Stark et al., 2007), the increase of dopamine seledth such compound was not
systematically observed in all studies, and appkegtete modest, probably due to

its partial B agonist properties, contrarily leading to a deseean dopamine
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neurons firing rate, and dopamine release via pagsyc autoreceptors (Asset
al., 2009; Momiyamaet al, 1996; Newman-Tancredi, 2010b; Newman-Tancredi &
Kleven, 2011).

However, another mechanism also seems to be inwpdida the effects of 5-H}
partial agonists on the negative and cognitive dpmg. Indeed, glutamatergic
transmission is known to be dysfunctional in schirenia. Cortical glutamatergic
neurons express post-synaptic 5iklTreceptors and their activation likely
hyperpolarizes the neurons via GIRK channels, tepdo modifications in the
glutamatergic transmission, that would accountth@ improvement of cognitive
and affective symptoms of the disease (Assieal, 2009; Newman-Tancredi,
2010b; Newman-Tancredi & Kleven, 2011; Ohno, 20&lthough such beneficial
effect has been evidenced in clinical trials whemg agonists or partial agonists of
the 5-HT;x receptors in haloperidol-treated schizophrenitepét (Sumiyoshet al,
2001; Sumiyoshet al, 2007), the pro-cognitive and pro-affective eféect 5-HT; 5
agonists/ partial agonists were not demonstratedllinodent models of negative
symptoms and cognitive impairment (Newman-Tancr2di,0b; Newman-Tancredi
& Kleven, 2011). Herein, antagonists of the serotditHT,, receptors have also
been shown to have pro-cognitive effects in modwslscognitive impairment
induced by NMDA and cholinergic receptor antagmidsEither activation or
blockade may be appropriate to support pro-cognigffects. Such contradictory
observations may depend on the type of executivection studied, the
experimental conditions, and especially, the bramgion involved in the cognitive
task studied, and in particular the implicationpoé- or post- synaptic receptors in
such functions (Millan, 2000; Newman-Tancredi, 2@10Newman-Tancredi &
Kleven, 2011).
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Additionally, 5-HT;5 receptors have been shown to play a major rolehe
improvement of anxiety and depression that couldss®ciated with schizophrenia
(Millan, 2000; Newman-Tancredi, 2010b; Newman-Tadcr& Kleven, 2011;
Ohno, 2011). However, antagonists of the targemsteexert preferential effects

on anxiety, whereas agonists seem efficaciouspnedsion.

The concept of partial agonism at the level of 5cHEceptors is therefore of great
interest, as depending on the local serotonin t@neopuld either behave as an
antagonist or an agonist, in different cerebraliceg (as dopamine Dpartial
agonists) and counteract the adverse effects linikedull activation or full
inhibition.

2.3.2.2. Beneficial effects on EPS

Serotonin 5-HT, receptor agonism or partial agonism was also shtoawhave
beneficial effects on catalepsy induced by doparbiseeceptor blockade or nigro-
striatal pathway degeneration (Newman-Tancredi &weh, 2011; Ohno, 2011).
Indeed, in rodents treated with haloperidol, thelimh of a serotonin 5-Hj
agonist decreased catalepsy, and other parkinsegiaptoms, and ameliorates the
motor status in parkinsonian models of rodents dBeet al, 2006; Bishopet al,
2009; Dupreet al, 2007; Dupreet al, 2008a; Eskowet al, 2007; Munozet al,
2009; Ohnoeet al, 2008a; Ohneet al, 2009; Prinsseet al, 1999; Prinsseet al,
2002; Shimizuet al, 2010; Wadenbergt al, 1999). These observations have also
been replicated in non-human primates (Auclail.e2809).

Moreover, “third generation antipsychotics”, posseg dopamine B serotonin 5-
HT,A properties, were shown to induce much less catgldman typical or atypical

antipsychotics. This protective outcome on EPS whswn to be blocked by
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previous administration of WAY100635, an antagorostthe serotonin 5-Hij

receptors (Kleven et al., 2005), indicating the ami@ance of this target in the
protection of cataleptic behavior. However, thea¢xaechanisms underlying this
outcome are not fully elucidated and will be furtdescussed in the discussion part

of the thesis.

Although presynaptic serotonin 5-H\lreceptors could play a role, by increasing
dopamine release in the striatum (Nayebi et all,020this mechanism remains a
hypothesis that is certainly not confirmed by alldses (Ohno, 2011; Ichikawa &
Meltzer, 1995; Dupreet al, 2008b; Bishopet al, 2009; Assieet al, 2009).
Postsynaptic serotonin 5-HJreceptors appear to be the key of the mysterfadi
inactivation or degeneration of 5-HT neurons doasaffect the anti-EPS action of
serotonin 5-HT, agonists or partial agonists, indicating that swffects are
mediated via a mechanism independent of 5-HT neuroMoreover,
microinjections of serotonin 5-HX agonists/partial agonists directly in the striatum
protect against EPS induced by dopamineadaeptor blockade. Both observations
indicate the crucial role of post-synaptic strisatotonin 5-HT, receptors in these
effects (Ohno, 2011; Shimizet al, 2010). In addition, the activation of this target
in the cortex, and the subsequent depolarizatioglafamatergic cortico-striatal
neurons, is likely to modulate the inputs to theatim, amending the effects of
dopamine D receptor blockade. C-Fos protein expression indbesal striatum,
induced by dopamine Dreceptor blockade, was shown to be associated thwith
induction of EPS (See Box.1) (Natesan et al., 208dpporting the preventing role
of serotonin 5-HT, agonists/partial agonists in EPS, it was demotestrinat these
compounds counteract the expression of c-Fos prateiuced by haloperidol, in

the dorsal striatum of rodents; a proof of theirdulation of dopamine Preceptor
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blockade (Muno=zt al, 2009; Ohno, 2011). In conclusion, both striated aortical

serotonin 5-HT, receptors appear to play a major role in the ptmte of EPS

induced by dopamine Dreceptor blockade, probably through non-dopaminerg

mechanisms (Newman-Tancredi, 2010b; Newman-Tané&rédeven, 2011).

However, the remaining question is the exact inapian or either pre- or post-

synaptic receptors in all features of schizophrd&BRS, negative, cognitive and

positive symptoms), and the optimal balance ofvattbn or inhibition at

targets remains a clue (Newman-Tancredi, 2010b).

this

Various stimuli ( including D2 antagonists)

N
\\

\
hl C-Fos gene = IMMEDIATE EARLY GENE
—L C-Jun gene -

» f‘?g C-Fos protein = TRANSCRIPTION FACTCR
<dllll» F39protein -4
|

]

[ AP-1 COMPLEX ]

AP-1 BINDING SITE I

Target gene

Box. 1. c-Fos, gene regulation and antipsychotics:

C-fos ans c-jun are “immediate early genes”, rapidly induced aftarious aspecific stressful stimuli.

Several pharmacological agents induce the express$iofos,such as blockers of the,[Deceptors.

They are coding for transcription factor proteiimsjolved in the transcription of tardive genes, Iswas
receptors, ionic channels, enzymes, etc (Shenge®@rerg, 1990). c-Fos and P39 proteins, the prediic
c-fosandc-jun early genes belong to the family of “leucine zippers”. Inded¢ldey both possess a repetitive
sequence of leucines, favoring the monomers intiera¢Kouzarides & Ziff, 1988). When synthetized |in

—
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the cytoplasm, the proteins translocate to the ragtleus, and dimerize, so as to form the AP-1 dexyy
binding with high affinity to the promoter of genesntaining specific binding elements recognizihg t
complex. One of the main requirements for a geniee regulated by the-fos/c-junrelated proteins relies
on the presence of this AP-1 domain in the genepter (Franza, Jet al, 1988).

Typical and atypical neuroleptics induce c-Fos g@irotexpression in different brain areas, especidiéy
dorsolateral striatum, the accumbens nucleus, thefrgmtal cortex, the lateral septum, and the
paraventricular nucleus of the thalamus (Anagitlal, 2001; Sembat al, 1996; Sembat al, 1999). The
detection of such protein appears quite a toolsstoaletermine the areas targeted by these tretinfen
correlation has been established between the saliptc efficacy of these compounds and the le¥el-q
Fos expression in the shell of the accumbens nsiclwbereas extrapyramidal symptoms appear when a
threshold of c-Fos expression is overwhelmed indtwsolateral striatum (Natesah al, 2007; Sembat
al., 1996; Sembat al, 1999).

2.3.3. Novel third generation antipsychotics, with dopanain

D,/ serotonin 5HT, 5 properties

Although some atypical antipsychotics (clozapinesrogpirone, ziprazidone,
nemonapride...) interact with the dopamingdnd the serotonin 5-HJ receptors,
most of them target also several other receptarypeb (1, M1, M3, 5-HT,¢, H;...)
leading to adverse secondary effects. Despite b&mgdti-target” drugs, none of
the specific targets of the atypical antipsychotomsild solely account for the
mechanism of atypicality. Herein, all compounds tegsized, that aimed at
reaching only a single receptor, failed to be difecin managing the features of
schizophrenia. They were only effective when co-aistered with antipsychotics
(Rothet al, 2004). It therefore appeared that, despitenile importance of some
receptors in the features of atypicality, effica@ntipsychotics should still reach a
certain “choice” of receptor panel. Research wasreftore turned on the
development of “selectively non-selective drugs”e{nan-Tancredi, 2010b;
Newman-Tancredi & Kleven, 2011; Rotat al, 2004). Herein, due to the
importance of serotonin 5-HI receptor implication in the improvement of

schizophrenic symptoms, and the unavoidable intieracwith dopamine B
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receptor, novel antipsychotics were developed basdte B/5-HT;, combination,
without — for some of them - having specific intgran with the serotonin 5-HJk
receptors. This marks “a new departure” from thevigus B/5-HT,, concept and
from the “multi-target” compounds (Fig.7 and Fig.8gveral novel molecules have

been synthesized on this basis (table 3).

Of these novel compounds, Bifeprunox, SSR-1815@#|p€azine and PF-217830
share the common property of being partial agomistae dopamine Dreceptor, as
aripiprazole, however they differ in their level woftrinsic activity measured in
different assays such as inhibition of cAMP accuatiah in cells or specific
[**S]GTP/S binding (Coskt al, 2006; Kisset al, 2010; Tadorkt al, 2009; Rothet
al., 2004). Although some of them still undergo clalitrials, the development of
bifeprunox was discontinued, as clinical efficacgaiast positive symptoms
appeared not sufficient in phase Il clinical tsiaprobably due excessive agonism

at the dopamine receptor (Newman-Tancredi & Kleven, 2011).

Other compounds, such as Lurasidone, Adoprazing-83B), F-15063, have been
developed. Besides displaying partial agonist piogee at the serotonin 5-Hf

receptor, they are antagonists at the level of opa D, receptor, contrarily to the
compounds cited above. However, at variance witlcosg generation

antipsychotics, their pharmacological profile isrmeelective to these receptors.

The serotonin 5-Hj, receptor partial agonist properties of these novel
antipsychotic candidates were disclosed on sevaralitro tests of signal
transduction, such as specifie°’§]GTP/S binding, cAMP accumulation, ERK
phosphorylation and receptor internalization, whéney all showed efficacy
varying from low to high. All novel molecules agped functional selective at the

level of the serotonin 5-H} receptor, rendering it even more difficult to poedhe
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optimal intrinsic activity required to obtain idealanagement of the symptoms

(Newman-Tancredi & Kleven, 2011).

mPFC dopamine
release by 5-HT,, receptors
risperidone, are necassary for
mPFC dopamine release S-HTy,rmediated in mPFC
5-HT,,-mediated
(Rollema et al) SSR-181507  Bifeprunox | PF-217830
(Depoortereetal) FDArefusal | Phasel

I I I

1994 1996 1998 2000 2002  20( 2008 2010
- . |
5-HT,, agonist are Clinical: 5-HT,, agonist Adoprazine | Lurasidone
anticataleptic + neuroleptic improves (McCreary et al.) Pre-registration
(Wadenberg et al.) cognition (Ishibashi et al.
inai i Sumiyoshi et al. ’
Sempnesaparta o) F5063  Cariprazine
A - N -Tancredi et al.
(Newman-Tancredi et al.) Aripiprazole (Abilify®)( eman-Tancred et al Phase il
(Jordan et al.) (Kiss et al)
Perospirone (Lullan®)
(Shiwa et al.)

Fig. 7. adaptedrom (Newman-Tancredi, 2010a)

Antipsychotics with D, and 5-HT1 4 receptor properties: from the bench to the clinic.

Mentionned references are from (Bortoloztial, 2010; Depoortereet al, 2003; Ichikawaet al, 2001;
Ishibashiet al, 2010; Jordamet al, 2002; Kisset al, 2010; McCreanet al, 2007; Newman-Tancredi al,
1996; Newman-Tancredit al, 2007; Rollemaet al, 1997; Shiwaet al, 2003; Sumiyoshet al, 2001,
Sumiyoshiet al, 2007; Wadenbergt al, 1994)
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Compound

development status

Main activities

Clozapine

Launched

5-HT,a antagonist
D, antagonist
5-HT ;4 partial agonist

Ziprasidone

Launched

5-HT,4 antagonist
D, antagonist
5-HT ;4 partial agonist

Aripiprazole

Launched

5-HT,4 antagonist
D, partial agonist
5-HT 14 partial agonist

Perospirone

Launched

5-HT,a antagonist
D, antagonist
5-HT;a partial agonist

Lurasidone

Pre-registration

5-HT,a antagonist
D, antagonist
5-HT ;4 partial agonist

Cariprazine

Phase Il

D, partial agonist
5-HT;a partial agonist
D3 partial agonist

PF-217830

Phase I

5-HT,a antagonist
D, partial agonist
5-HT;a partial agonist

F-97013-GD

No development reported

5-HT,a antagonist
D, antagonist
5-HT;a partial agonist

F-15063

Discontinued

D, antagonist
5-HT 14 partial agonist
D, partial agonist

Bifeprunox

Discontinued

D, partial agonist
5-HT; partial agonist

Table 3. Selected antipsychotics with serotonin 5-H, and dopamine B receptor

properties, adapted from (Newman-Tancredi, 2010b)
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Haloperidol Clozapine Ziprasidone
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Fig. 8. Binding profiles of antipsychotics at prin@pal receptor
targets, adapted from (Newman-Tancredi & Kleven, 2011)

Affinity data are expressed as pKi values deriveainf competition binding
experiments at cloned human receptors expressednisfected cell lines, apart
from alpha, which is from rat cortex membranes. The compoumids lowest
5-HT,, receptor affinity are placed in the upper pandigrgas recent drugs
with high 5-HT; receptor affinity are on the lower pannel.

88



Introduction

2.3.4. Behavioral characterization of these novel

antipsychotics

Several paradigms are used to modelize the posstweptoms of schizophrenia,
such as stereotyped behaviors and hyperlocomatduced by dopamine releasers
(amphetamine), dopamine agonists (apomorphinelNMDA receptor antagonists
(phencyclidine (PCP), ketamine, or MK-801). In dubai, conditioned avoidance
behavior and apomorphine-induced disruption of piepinhibition (PPI) are also
models of positive symptoms of schizophrenia. €ffecacy of an antipsychotic
relies on its ability to reverse the “modelized” sgive symptoms in these
paradigms. In most models, all novel compounds agokto be effective, however
with levels of efficacy varying from one test tceetbther. In addition, in the same
test, marked differences were observed between aongs (Bardinet al, 2007;
Auclair et al, 2006). It is shown that compounds having strom@gonism at the
level of the dopamine Dreceptor with a high affinity at this target, are more
effective in treating the positive symptoms thaw laffinity compounds or partial
agonists of the dopamine, Peceptor. Additionally, candidate antipsychotiesng
agonists/partial agonists at the serotonin 5-HEvel, combined with antagonist
properties at the serotonin 5-bAT receptor, are more efficient than atypical
antipsychotics, suggesting a role of the seroto&ihT,, receptors in the
management of positive symptoms (Newman-Tancrediléen, 2011; Bardiret
al., 2007; Auclairet al, 2006).

In models of negative symptoms, such as sociataot®n deficits, and in models
of cognitive impairment, both induced by NMDA retap antagonists
(phencyclidine (PCP) or MK-801) or cholinergic agdaists (scopolamine), these
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novel antipsychotics exhibited a large range oéa#, quite different from one
molecule to the other. Although most of them weffeative in reversing the
outcome, the extend of symptom reversal variecelgr(Newman-Tancredi, 2010b;

Newman-Tancredi & Kleven, 2011).

On the other side, one major superiority of thesmmounds relies on the lack of
secondary effects, such as agranulocytosis, weggim, metabolic syndrome,
cardiac failure and QT interval enlargement, etceWihan-Tancredi, 2010b;

Newman-Tancredi & Kleven, 2011).

2.3.5. The optimal balance between dopaming &nhd

serotonin 5-HT; 4 partial agonism

The optimal balance between the level of dopaminerddeptor antagonism or
partial agonism and the level of serotonin 5;partial agonism or agonism to be
associated in these compounds remains a questibawviclear-cut answer (Fig. 9).
Indeed, although dopamine,antagonists appear to be more incisive on the
positive symptoms of the disease, they induce ERIScagnitive deficits, whereas
reversed in trials by full serotonin 5-kKagonism. Whether partial agonism at the
level of dopamine Breceptor will protect from EPS and have benefitsrmod and
cognition, the control of positive symptoms may bet sustained in case of too
elevated intrinsic activity. On the other hand, thgtimal intrinsic activity at
serotonin 5-HT, receptor is still a matter of debate. Herein, @ltyh full serotonin
5-HT;» agonism offers an efficient protection against ERfid a strong
antidepressant activity, it can induce cognitivepanment in some models,
serotonergic syndrome, and PPI deficits in rodgdtsthe other side, low intrinsic

activity 5-HT;, agonists will have anxiolytic effects, but reduaedcomes on EPS
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except if combined with P partial agonism. They could also induce cognitive

impairment in some models (Newman-Tancredi, 2010b).

To conclude, it is relevant to target dopamineabd serotonin 5-Hl, receptors, as

the outcome appears quite complementary. Howedwvemptimal agonist/antagonist
properties at both sites remain a question of @el@dmplicating even more this
iIssue, it is noteworthy that compounds will displagctional selective properties at

both targets, confusing even more the understarahirnge effects of each drug.
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Fig. 9. The balancing act of serotonin 5-H7x and dopamine D} receptor properties
in the profile of antipsychotics

Adapted from(Newman-Tancredi, 2010b)

The figure illustrates a proposed 'balance’ of ipetars influencing the activity of serotonin 5-
HT.. and dopamine Preceptor antipsychotics: agonism/antagonism atebeptors (left scale)
and agonism/antagonism at 5-f{Treceptors (right scale). Advantages associatetl wéch
pharmacological property are shown in green, unalel& effects are shown in red, and other
aspects are shown in black. The £ symbol indicdisgarate or variable effects depending on
experimental conditionsPotent ) receptor antagonism (eg, haloperidol) may be adtjm
balanced by substantial agonism at 5;Hileceptors (eg, 8-OH-DPAT), whereas partial agonism
at D, receptors may be balanced best by partial agoats&HT,, receptors (eg, aripiprazole).
Bifeprunox exhibits substantial ,.0receptor efficacy and unsatisfactory antipsychetiiicacy.
Clozapine is a Preceptor antagonist and 5-kkTreceptor partial agonist.
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3. Switching from previous antipsychotics to dopamine

D, partial agonists: a challenge

As evoked above, partial agonism at the level efdbpamine Band serotonin 5-
HT A receptors is a judicious combination that allovanagement of the psychotic
symptoms, temporizing the occurrence of adverserslry effects. Nowadays, the
only antipsychotic possessing dopamingp@rtial agonist properties on the market
is aripiprazole (OPC-14597), commercialized as idl. It is noteworthy that this
novel class of therapeutic compound is often usesecond intention, in order to
obtain better handling of secondary-effects foliguas that had been chronically
treated with previous first and second generat@mpounds. However, switching
from antagonists to a partial agonist of the dopemD, receptor can be
challenging, due to previous receptor regulatiod aensitization induced by the
treatments and some features of pathological condithe aim of this chapter is to
emphasize on the regulation mechanisms of dopamneeceptors linked to
antipsychotic treatment, a paradigm largely usedhe experimental part of this
thesis, in order to approach the complexity linkethe therapeutic switch between

those classes of antipsychotics.

3.1. Dopamine D, receptor regulation and sensitization

induced by antipsychotic treatment

Receptor regulation is a process that has beerrilbedcfor most receptors, in
particular GPCRs. It implies up- or down- regulati@e- or hyper- sensitization,
increase in transcription, degradation, but alsguleion in their signaling

mechanisms (Sibley & Neve, 1997). Of note, the raadms of receptor down-
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regulation and desensitization implicating RGS &fKs proteins and arrestins
have been broached in section B.2.3.1.3. of thheduattion part of this thesis (Fig.
4), dealing with G-protein independent signalizati®egulation of receptors may
lead to modifications in the responsiveness toethéogenous ligands but also to
medications. This process could be a normal adaptaio neurotransmitter
deficiency or pharmacological blockade of a trarssmin (Geurtset al, 1999c;
Geurtset al, 1999a; Muller & Seeman, 1978; Sibley & Neve, 19%However, this
adaptation of receptors can also be an aberramtopimenon, due to pathological
processes underlying a disease (Seeetah, 2006; Seeman, 2011; Sibley & Neve,
1997). Receptor regulation can lead to severalptyms, and also affect the
response to pharmacological agents, resultingvarsesecondary effects, especially
when switching to dopamine,partial agonists. Of note, regulation in receptor
number and receptor sensitivity can be dissociatechanisms (Kostrzewa, 1995a;
Kostrzewaet al, 2008; Sibley & Neve, 1997), rendering the switohtween

antipsychotics even more challenging to elucid&ee(man, 2010).

3.1.1. Dopamine D receptor regulation

Chronic neuroleptic treatment was shown to inducetea pseudo-parkinsonian
effects, and major neurological long-term complmad, such as tardive dyskinesia.
This long-term secondary effect was suggested wldp as a result of chronic
blockade of the dopamine,Deceptors, leading to supersensitivity to dopamine
(Ossowska, 2002).

Clinical data and observations on rodents suppbis tnechanism. Indeed,
interrupting the neuroleptic treatment or lowerthg dose worsens the symptoms

of dyskinesia, whereas increasing the dose traihgieelieves those motor
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abnormalities (Buret al, 1977; Ossowska, 2002), suggesting the appeardnae
certain tolerance to the effects of neuroleptiaschSbehavior can be modelized in
rodents, as they show catalepsy during neurolejpatment, a model of the
pseudo-parkinsonian effects, however, this behademreases throughout chronic
treatment, suggesting that the animals become ruesant to the effects of
dopamine B receptor blockade. Tolerance and tardive dyskanesre thought to
be the consequence of dopamingrBceptor supersensitivity. Neuroleptics would
therefore mask receptor up-regulation and/or sepersvity that develops during
chronic neuroleptic treatment (Muller & Seeman,89Hence, the doses should be
constantly increased in order to counteract thpessensitization of the dopamine
D, receptors. Supporting this hypothesis of receptgersensitivity, it was also
shown that rodents chronically treated with newptts display increased
sensitivity to the effects of apomorphine compatedcontrol animals, after the

neuroleptic treatment was terminated (Batral, 1977).

In order to understand the mechanisms underlyingderal supersensitivity and
tardive dyskinesia, the density of dopamine Eceptors following chronic
haloperidol and fluphenazine (a phenothiazine)tineat, was measured in rodent
striatal membranes using the radiolabelledlifand: fH]haloperidol (Burtet al,
1977; Muller & Seeman, 1978). The authors shotlat both treatments produced
about a 20-30% increase in striatal binding of lioligand, with an increase in
Bmax Without any change in affinity @, indicating that dopamine JDreceptor
density was increased by neuroleptic treatments. glenomenon was shown to be
characteristic for all typical neuroleptics testeadthe study (Burtet al, 1977,
Muller & Seeman, 1978). These observations werdirtoed in our laboratory, as

Geurts et al. showed an up-regulation of dopamineebeptors following chronic
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haloperidol treatment (Geurét al, 1999c). Additionally to this increase in striatal
dopamine D receptors, Muller and Seeman also evidenced tmatbinding of
[*H]haloperidol was enhanced in mesolimbic areasodents, following chronic
haloperidol treatment. This effect likely explainlse elevation in locomotor
behavior commonly observed in rodents followingache neuroleptic treatment.
Moreover, evidence suggests that the presynaptigastsynaptic responses linked
to the activation of the dopamine Beceptors were exaggerated following 3-weeks
of chronic haloperidol treatment, a phenomenon iocmitig the “supersensitivity”
(Sibley & Neve, 1997). Beside# vivo PET studies showed that schizophrenic
patients receiving neuroleptics had an increasedityjeof dopamine Breceptors

in the striatum, an observation also confirmed bgtmortem studies (Seeman &
Kapur, 2000).

Clozapine remained an exception, as it did not ¢edany up-regulation of the
dopamine [ receptors in the striatum, despite few evidencésbehavioral
supersensitization, however not replicated in @itlies (Muller & Seeman, 1978).
This lack of receptor regulation could explain thek of EPS observed with long-
term term treatment with clozapine (Ossowska, 20B®jey & Neve, 1997).
Herein, severain vivo studies showed that the development of EPS wésdito
the amount of dopamine,Deceptor occupancy in the dorsolateral striaturap{i¢
et al, 2000b)

Interestingly, a similar up-regulation of the dopaenD, receptors in the striatum
was observed in other rodent models of dopaminaisactivity reduction, such
as a-methyltyrosine treatment (inhibiting the synthesis dopamine), reserpine
treatment (depleting the presynaptic element ofidupe), and lesions of the nigro-
striatal pathway (Buret al, 1977; Geurtset al, 1999a), indicating that a general
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blockade of dopamine transmission is responsible @o up-regulation of the

dopamine R receptors.

Multiple mechanisms are involved in the up-regolatof dopamine Breceptors
following chronic antipsychotic treatment, and tlegact pathway is poorly
understood (Sibley & Neve, 1997). In fact, dopaniieeceptor up-regulation can
be due to a global decrease in receptor turnov@rener, there is no consensus on
the effects of chronic dopamine, Beceptor blockade on mRNA rates abundance.
Herein, studies show either an increase, a dec@aaestabilization of BPmRNA
levels, despite receptor up-regulation. In addijtion correlation can be drawn
between mRNA levels and the dose of antagonist mdtared, the length of the
treatment, or the mode of administration. FurtheenmRNA levels are not always
correlated to the increase in dopaming rBceptor density measured (Sibley &
Neve, 1997) .

Additionally, the mechanisms responsible for recemupersensitivity remain a
matter of debate. Despite an increase in receptsity following chronic
neuroleptic treatment, this process appears imseiffi to explain the markedly
enhanced behavioral supersensitivity (Sibley & NeM@7). Several mechanisms
are implicated in receptor sensitivity, including iacrease in receptor reserve, and
adaptations of other neurotransmission systemsaffedt on the dopamine receptor
sensitivity. Nevertheless, most of these mechanisppear to converge to an
increase in the proportion of dopamine Eeceptors in the high affinity state
(Seemaret al, 2006). Herein, variations in the affinity statdseceptors can be a
reflect of supersensitivity, a concept that will developed below (Seema al,
2006; Seeman, 2011).
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3.1.2. Dopamine D receptor sensitization:

It has been revealed that biochemical responsedopamine [ agonists were
enhanced following haloperidol chronic treatmergréin, Geurts et al. showed that
the G-protein activation induced by dopamingrBceptor agonists was increased
on striatal membranes from haloperidol-treated, redsnpared to control animals
(Geurtset al, 1999c).

Whereas in some models, dopamingrEceptor supersensitization is correlated to
receptor up-regulation, as observed following clodraloperidol treatment, several
lines of evidence suggest that both processes doeldlissociated (Kostrzewa,
1995a; Kostrzewat al, 2008). First, it was observed that little chanpergeceptor
density could have large impacts on behavioral aesps. For examplen vivo
local administration of oligodeoxynucleotide agaidepamine R receptor mRNA
decreases the synthesis and the subsequent anfodopamine [ receptors in
rodents. This decrease in receptor amount is regperfor a dramatic reduction in
dopamine DR-linked behavior (Weisset al, 1997). Secondly, time-dissociation
between the up-regulation of dopamingrBceptors by neuroleptics, which is quite
rapid, and the occurrence of tardive dyskinesiat takes much longer, suggests
that hypersensitivity phenomenon is disconnectethfup-regulation. In the other
way, the discordance observed for the rapid diisipaof neuroleptic-induced
dopamine D receptor up-regulation and the removal of tardilyskinesia, that
takes several months in humans (and is often irs#se), strongly suggest the
independence of the two mechanisms (Muller & SeemE8v8). Third, in
parkinsonian rodent models, following destructidrttee nigro-striatal pathway by
6-OHDA, a strong behavioral supersensitivity linkedthe dopamine Dreceptor

was observed, however dopaming rBceptor up-regulation was not confirmed in
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all experiments (Kostrzewa, 1995a; Kostrzeatal, 2008).

3.1.2.1. The concept of receptor reserve

In biochemical experiments, supersensitivity is esied as an increase in the
maximal efficacy of dopamine on the hypersensititzeslie. Discordances between
rates and sensitivity of receptors can be explaingdhe existence of receptor
reserve. Herein, part of the supersensitizationhaeism can be explained by
variations in the receptor/G-protein stoichiomeiryis hypothesis has been largely
studied and confirmed in cell models expressindeght densities of receptors
(Gaziet al, 1999; Hermanet al, 1999; Kenakin, 1997; Kenakin, 2004; Tadeti
al., 2009; Wattst al, 1995). It is suggested that two types of diff¢iezils, having
the same amount of receptor, can differ in thespomse to a single agonist, due to
dissimilarities in their receptor reserve. In factceptor reserve depends on the
ligand, the subtype of G-protein, and the cell smwnent. Environment
modifications can adjust the accessibility to th@rGtein pool, leading to changes
in the receptor-G-protein interaction, modifying tlevel of receptor reserve (Brink
et al, 2000; Kenakin, 1997; Watet al, 1995).

In theory, it is suggested that receptor resereaegeptors that are not functionally
different from the “functional receptors”. When theceptor/transducer ratio is
equal to 1, there is no receptor reserve. Howevleen the receptor/transducer ratio
Is > 1, the activation of all receptors cannot $iute the message all at the same
time. Certain receptors become part of the “regeq@serve”, meaning that it is not
necessary to occupy 100% of the receptors to obsemaximal effect. The more
receptor reserve there is, the less receptor neeols occupied in order to achieve

the maximal effect reachable by the system. Theomy suggests that receptor
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should exist in higher amounts than the transduGeproteins. Howevern vivo

studies in the striatum and other tissues have shihat G-protein amount is
largely higher than receptor amount (Asagtoal, 1990; Van Vlietet al, 1993),

indicating that the quantities of transducer shaliglays be sufficient in order to
avoid the formation of receptor reserve. Howeirexitro observations suggest that
the whole G-protein content of cells is not ableintteract with the receptors.
Indeed, certain G-proteins are sequestered andadi@ direct interaction with the

receptor at the cell membrane (Kenakin, 1997).

Indeed, the concept of receptor reserve has bewblisked by studying the
pharmacological binding parameters of ligands idlscexpressing different
densities of receptors (Gagi al, 1999; Hermanst al, 1999; Newman-Tancree@i
al.,, 1997; Tadoriet al, 2009). Kenakin suggested that an increase inptece
density would first induce an increase in the matimefficacy (E..g of the
agonists, without any modification of their poter&Cs), until the system reaches
the maximal response it can produce. Afterwardsreifeptor density keeps
increasing, receptor reserve will appear, resuliimgan increase in the potency
(ECs0) of the agonists (Kenakin, 1993). Several pubilicest confirmed this theory,
and demonstrated that increasing receptor density system results first in an
increase in the Ky of the full agonists, followed by an increase iGsE whereas
for the partial agonists, only an increase jp.Bvas observed (Burrist al, 2002;
Hermanset al, 1999; Kenakin, 1997; Newman-Tancredial, 1997; Tadoriet al,
2009). These observations led to the conclusionahancrease in receptor density
that majors full agonists potency, is indicativattmeceptor reserve are created.
However, if an increase in receptor density resultan increase in the maximal

efficacy of the agonist, this indicates that reoeptare getting more “functional”,
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by a facilitation of receptor-G-protein interactj@ue to an increase in the available

G-protein, or a higher accessibility to the G-protaool.

Although there is clear evidence in the role ofemor reserve in dopamine, D
receptor supersentivity, further studies supporat ttother neurotransmission
pathways that have a direct or indirect impact opaminergic transmission and
other mechanisms are implicated in the sensitizapimcess (Kostrzewa, 1995a;
Kostrzewaet al, 2008).

3.1.2.2. Anincrease in the high affinity states of the dopéne

D, receptors

As already mentioned above, biochemical and behavsensitivity are not always
linked to receptor up-regulation. Seeman et algestgd that a modification in the
proportion of high and low affinity states of theceptors can account for the
mechanism of supersensitivity. Indeed, in mosiemdnodels of schizophrenia,
such as neonatal lesioned rodents, pre-treatmeinh \@mphetamines and
phencyclidine, etc... (for review of the models, ¢Beemaret al, 2006; Seeman,
2011)), behavioral and biochemical sensitivity topaminergic agonists is
observed, whereas no receptor up-regulation iseeciedd. Besides, in all models,
the proportion of dopamine ;Dreceptors in the high affinity states is majored.
Herein, Seeman et al. proposed that an elevatioheiproportion of dopamine,D
receptors in the high affinity state {I9") could account for dopamine
supersensitivity, a mechanism that could explainsisigation following chronic

antipsychotic treatment.

In the traditional conception, high affinity states the receptor exist when the
agonist (A) binds to the receptor (R), that itd®tids to the effector: the G-protein
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(G). These three elements form together a “terneoyhplex (A-R-G), representing
the high affinity state of the receptor. This tegn@omplex corresponds to the
active state of the receptor, inducing GDP to GXéhange at the G-protein level.
Due to G-protein release, the ternary complex disses. The A-R complex is
therefore back in a low affinity state (See. Box) ZKenakin, 2004; De Leaet al,
1980). However, several short-comings have beaedawith this model of receptor
low and high affinity states, pushing towards thenaeption of a novel
representation: the cooperativity model of high dad affinity states of the
receptor. The model proposes a cooperation of texep form an oligomer. The
high affinity state would correspond to a vacard anoccupied receptor. When the
agonist binds to the receptor, the occupied receatoperates with the others in the
oligomer, decreasing subsequently their affinity tbe ligand (Seemamt al,
2006), resulting in a “negative cooperativity”. $hieduced affinity for the agonist
corresponds to the the low affinity state of theeggor. In the case of an increase in
the amount of dopamine,Deceptors in the high affinity state, it is suggédsthat
this “negative cooperativity” phenomenon is redydeskping most of the receptors

in the oligomer in a high affinity state (See B@B) (Seemaret al, 2006).
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B GTP (active)
\\- @& a or
High affinity state Low affinity state A «_ GDP (st

B Normal dopamine sensitivity

I (=

Dopamine supersensitivity

RR==E

Box. 2. High and Low affinity states of the recepto

A. Traditional conception of high and low affinityates of the receptor
B. Adapted from(Seemaret al, 2006):The cooperativity model of high and low affinityats of the
receptor:
Four D, receptors are drawn as a tetramer, all four ofcwigire in the high-affinity state when
vacant and not occupied by dopamine. The bindirg sihgle molecule of dopamine to any of the
four unoccupied BPreceptors exerts a negative effect on the othreetheceptors, lowering their
affinity for dopamine. (The situation is analogdosthat for hemoglobin where the hemoglob
chains interact to alter the affinities for oxygen)
However, in striatal tissues from animals that argersensitive to dopamine, the factors
contributing to dopamine supersensitivity wouldueel the negative interaction between the|
receptors. This reduction in negative cooperatiwguld leave more Preceptors in the high
affinity state and allow them to be occupied byatlome.
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Despite an increase in dopamingrBceptor density, several studies have evidenced
that chronic antipsychotic treatment leads to avation of two-to-four fold of the
receptors in the high affinity state. It is shownatt antipsychotics that slowly
dissociate from the dopamine Beceptor have a higher propensity to increase high
affinity states of the receptors than antipsyctsoti@at rapidly dissociate (Seemein

al., 2006). Despite the lack of evidence on the meshas responsible for these

modifications in receptor affinity states, sevemadggestions have been pointed out.

It has been evoked that variations in G-protein @m® due to antipsychotic
treatment could modulate receptor sensitivity; hasvethere is no consensus on the
idea as data are contradictory between studiesléM&l Bohmaker, 1996; Shiet
al., 1995).

As described in section B.2.3.1. of the thesisoshiiction, regulators of G-protein
signaling (RGS family) are involved in the regubatiof G-protein mediated signal
transduction, as they accelerate the rate of GTPohysis, therefore facilitating the
return to the resting state of the G-proteins (Heau& Gainetdinov, 2011).
Therefore, modulation of RGS protein expression auativity could modify
receptor affinity states. Herein, the RGS9 protgihighly expressed in the striatum
and plays an important role in dopaming eceptor signaling. As said above, it
was evidenced that mice lacking RGS9 protein hambkamced psychomotor
response to psychostimulants (Beaulieu & Gainetdia011) and an increase in the
proportion of Q"o"
(Seemaret al, 2006; Seeman, 2011).

receptors in the striatum, despite no changedapi®r density

In addition, as mentioned in section B.2.3.1.3thef thesisthe desensitization and
internalization of the receptor involves phosphatigin of intracellular domains of

the receptor by GRKSs, resulting in the subsequetrituitment off-arrestins. PKA
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and PKC are also implicated in receptor phosphboylapermitting desensitization

and internalization (Gray & Roth, 2001). It wasr#fere suggested that a reduction
of these kinases and arrestins, could be a basredeptor supersensitivity. Indeed,
mice lacking GRK6 protein are supersensitive toasoime, and show elevated

D,"" states of their dopamine,Beceptors (Seemagt al, 2006; Seeman, 2011).

Furthermore, other pharmacological targets are aigdicated in dopamine D
receptor sensitization. Herein, oro-facial dyskiaesbserved in patients following
chronic antipsychotic treatment can be improved dppamine DB receptor
antagonists (Ossowska, 2002). On the contrary, radiration of a R receptor
agonist, following neuroleptic withdrawal can drdmally worsen dyskinesia,
indicating a link between both receptors in behalisensitivity (Ossowska, 2002).
Still, in parkinsonian rodent models where the oigtriatal pathway is degenerated
by 6-OHDA, serotonergic neurotransmission systers @escribed to play a role in
supersensitivity of both dopamine Bnd B receptors. Herein, degeneration of the
serotonin neurons from the locus coeruleus by Hhyedoxytryptamine (5,7-DHT),
prevents from dopamine receptor sensitization,cetthg the influence of other

neurotransmitters in this process (Kostrzewa, 1986atrzewaet al, 2008).

Despite several suggestions on the mechanisms lyimdedopamine B receptor
supersensitivity, it appears that they are numerand that several “roads lead to

dopamine supersensitivity” (Seeman, 2011).

105



Introduction

3.2. The influence of dopamine R receptor up-
regulation and hypersensitization on the responset

partial agonists

As already described above, it is well establistiest increasing the density of
receptors at the cell surface will increase theimakresponse (&, of agonists
until all transduction effectors of the cells aeenuited. If receptor density keeps
increasing, a pool of receptor reserve is gettiegited, leading to an increase in the
potency of the agonists. This phenomenon has bed#inestablished by the use of
transfected cells expressing a cloned receptofei®@ifit clones, expressing low or
high levels of receptors, or the use of inducilystems illustrate this phenomenon
(for more informations on inducible expression eys$, see book chapter in annex
(Koener & Hermans, 2011)).

Hermans et al. increased the expression of metghotglutamate type d receptor

by the use of an inducible system where inductiepethds on the addition of
isopropyl$-D-thiogalactopyranoside (IPTG) in cultured cellhey showed that
receptor increase was associated with an enhantémére maximal efficacy and
the potency of full glutamate agonists and an iaseein the maximal efficacy of

partial agonists, in accordance with the theori{@ehakin (Kenakin, 1993).

The same observations were made by Burris et a. wged an alkylation method
of the dopamine Preceptors at the cell surface in order to modigy &mount of
reachable and functional receptors, by the use-ethxy-carbonyl-2-ethoxy-1,2-
dihydroquinoline (EEDQ). Focusing on the accumolatof CAMP levels in the
cells, the authors showed that decreasing the tgesfsiavailable” receptors would

decrease the & of full agonists, whereas partial agonists of tdwpamine B
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receptor such as terguride, (-)-3-PPP, and aripgieawould display very low
intrinsic activity or remain silent on cells weres$ receptors are functional.
However, all dopamine Dpartial agonists tested displayed significant {pasi
intrinsic activity when tested on cells that hadt meen treated with EEDQ
previously (Burriset al, 2002). In this model, it was shown that the pneseof a
receptor reserve for the reference agonist dopamaserequired in order to observe

a significant agonist response to the partial aga@ripiprazole.

Similar observations were made by Tadori et alstliating that the partial agonist
properties of terguride, (-)-3-PPP and aripiprazekre quite dependent on the
receptor density, on different clones expressirtgeeilow or high densities of
dopamine D receptors. Focusing on inhibition of CAMP accuniola the authors
demonstrated that at low receptor density, thesgpoonds behaved as antagonists,
whereas at high receptor densities, they displa@getial or full agonists properties,
while agonists as dopamine saw their potencysgE@creased with receptor
density (Tadoret al, 2005; Tadoret al, 2009).

All these studies confirm the theory of Kenakin (kkin, 1993), indicating the

maximal efficacy of partial agonists is quite deghemt on receptor density.

The physiological relevance of these observati@ties on the different receptor
densities observed in different brain areas anca@ally at the pre- and post-
synaptic level of the dopaminergic synapse. In, fasteptor reserve is known to be
more abundant at the level of the presynaptictbim at the postsynaptic site (10
times higher) (Melleet al, 1986; Yokooet al, 1988), suggesting that the response
to partial agonists will be more exacerbated atptesynaptic level. Additionally,
post-synaptic receptor reserve and density canepelated by treatments and

pathological conditions as explained above.
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It can therefore be suggested that in a tissue eviiepamine Dreceptors are up-
regulated and hypersensitized, the response td tpgneration antipsychotics,
displaying partial agonist properties at the lesfehe dopamine Preceptors, could

be modified.

3.3. The switching issues

In the light of all considerations exposed abovés understandable that switching
from previous antipsychotics to aripiprazole can dpgite unpredictable. We
reported, in the case presented below, the storg pétient experiencing motor
disturbances and a recrudescence of psychotic synspfollowing a switch to

aripiprazole (Koeneet al, 2007).

3.3.1. “Paradoxical motor syndrome following a switch fro

atypical neuroleptics to aripiprazole”

“The reciprocal influence on distinct dopamine smauission systems is putatively
responsible for the clinical efficacy of aripiprégan the treatment of psychiatric
disorders. Thus, this partial agonist of theddd 5-HT 4 receptors, and antagonist
of the 5-HT,» receptor, is thought to reinforce the corticatuitry, while blocking
the mesolimbic pathway (Tamminga & Carlsson, 2082piprazole remains often
used in second intention, raising the questionrobpatimized therapeutic switch,
after prolonged treatment with atypical neuroleplibis may account for diverse

clinical issues, as the one described here.

A 54-year-old woman, suffering from bipolar disarder 35 years, without any
history of drug abuse, has been treated with lithat therapeutic rates for 25 years,

and olanzapine for one year. Three years ago, etevied risperdone for a few
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months. Unsatisfied, reporting diurnal tirednesgrease of appetite and weight
gain, olanzapine was substituted to amisulpridéou®00 mg/day. A month later, as
weight gain was persistent, amisulpride was praivel/ stopped, while

introducing aripiprazole (5 then 10 mg).

Rapidly, an akineto-hypertonic parkinsonian syndzoseveloped, with shaking of
the upper limbs, stiffness of the four limbs, imimgdher from lying down, getting
up, walking and feeding herself. This contrastshwihe expected clinical
consequences of switching from an antagonist tartigb agonist of D receptors.

Soon after, the patient showed facial, oral andalagystonia, consistent with
enhanced activity in the nigrostriatal pathway. Nehile, she experienced a
recurrence of hallucinations, with paranoid sympofhhe aripiprazole treatment
was then abandoned, motor symptoms were treatdd Msitmg trihexyphenidyle
(anticholinergic) and olanzapine (5 mg) was reiii@ed. Lithium was maintained
under therapeutic values. Three months were nefxteithe motor and psychotic

symptoms to disappear while appetite increasedagai

According to classical receptor theory, the densityeceptors directly influences
the intrinsic activity of partial agonists (Hoyer Boddeke, 1993; Shapiret al,
2003). It is therefore difficult to predict the pasise to such drugs in a given tissue,
especially under pathological circumstances. Adogtg, one would predict that
prior exposures to neuroleptics will increase tlesue responsiveness and will
favor the agonist profile of aripiprazole. Basedtbase concepts, we hypothesise
that the chronic administration of atypical antigsgtics leads to P
hypersensitivity in the nigro-striatal pathway. $hwould promote the activation of
dopamine receptors by aripiprazole, explaining thmergence of dystonic

symptoms.
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These observations reveal that the clinical consecgs of a switch between
distinct neuroleptics can be unpredictable. Funddatestudies might then be

needed to understand the underlying mechanisms.”

3.3.2. Other examples of motor and psychiatric disturbasce
linked to the switch from typical/atypical antipsyotics to

aripiprazole

Successful switch to aripiprazole is challengingg @ot all antipsychotics can be
replaced successfully by aripiprazole. Three swiighstrategies have been
explored: 1) abrupt withdrawal, meaning an abrwgssation of the current drug,
followed by with immediate introduction of the neme, or 2) cross-tapering, with
immediate introduction of the therapeutic dose opiprazole with progressive

simultaneous discontinuation of the current drugd &) cross-tapering with up-
titration of the doses of aripiprazole until reaghithe appropriate dose, with
progressive discontinuation of the current antipsyic. Studies showed that none
of the strategy was superior to the other (Castesl, 2003; Linet al, 2009). Both

have their limitations, as abrupt withdrawal canrbégponsible for a relapse of the
illness, whereas cross-tapering may be responfibladverse events linked to the
interaction of both medications. Switching from \powis antipsychotic to

aripiprazole is often motivated by a lack of eftigaof the previous drug and/or
adverse events, the most frequent being excesseghtvgain, and metabolic

syndrome linked with the chronic treatment.

Studies showed that switching from typical antipstes to aripiprazole has lower
rate of success than switching from atypical agtipstics to aripiprazole. Indeed,

typical antipsychotics have stronger dopamineréxeptor affinity and occupancy,
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and are more likely to induce receptor up-regutatamd supersensitivity than
atypicals (Seemaet al, 2006), an effect that is suggested to influeheerésponse
to aripiprazole (Koeneet al, 2007; Linet al, 2009; Wanget al, 2009). Indeed,
Wang et al. reported two cases of motor disturbarfolowing a switch from
amisulpride, or sulpiride to aripiprazole, eithey leross-tapering or abrupt
cessation. First, they reported the case of argaégperiencing a cross-tapering
switch from amisulpride to aripiprazole. The patiahthe beginning suffered from
an akineto-hypertonic syndrome during cross-tageriallowed by the apparition
of dyskinetic symptoms during aripiprazole mono#pgt an adverse effect that
remained for 21 months. Secondly, a patient preshjotreated with sulpiride for 6
years who was abruptly switched to aripiprazolgegienced oro-facial dyskinesia
after 2 months following the abrupt switch, an effthat remained for 4 months.
The authors hypothesized that the administratioa dbpamine B partial agonist
on an already supersensitive and up-regulated 4sigiatal system may increase the

agonist profile properties of the compound resgltmthe observed symptoms.

On the contrary, movement disorder and recrudescefcpsychotic symptoms
were not reported in all studies of switch towaadlipiprazole (Casey et al.). In
addition, some patients with tardive dyskinesia [dobe improved in their
movement disorder by the addition of aripiprazatetheir treatment, which is
contrasting with the above mentioned observatiMecp et al, 2009). Noteworthy,
the success of the switch to aripiprazole has Isbenvn to be dependent on the
severity, the course and outcome of the illnessl #re duration of previous
treatment. The study of Huang Chi-Lin illustratedttpatients that did not complete
the switching studies were people essentially éckatith typical antipsychotics,

with a longer duration, and more difficult outcoroé the disease. Moreover,
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switching from agents with a complex binding pmfisuch as clozapine and
quetiapine to aripiprazole has also been repoddaetmore challenging than with
other atypicals, an effect that is thought to be da the complexity of their

pharmacological profile (Lirt al, 2009).

Despite the report here above of a few case pregemiotor disturbances following
a switch from typical/atypical antipsychotic to mprazole, there is to our
knowledge nowadays, no systematic review reportedhes issue in the current
literature. In addition, only a few cases presaentilese motor abnormalities have
been referenced in the literature. However, itateworthy that despite the lack of
abundant literature on the subject, several psytsts report in their clinical
practice some psychiatric and neurological issuesmswitching from first/second
generation antipsychotics to aripiprazole. As sdidve, the switch to aripiprazole
is often motivated by the lack of efficacy of prews treatment or metabolic
syndrome. In studies analyzing the efficacy andradlility profile of aripiprazole,
the compound appeared to score better than othgrsgchotics on abnormal
involuntary movement scales (Mardsral, 2002; Mardeet al, 2003; Milleret al,
2007; Stip & Tourjman, 2010). The only commonly adpd neurological effect
linked to the switch is akathisia (Stip & Tourjm&10). Moreover, few cases of
motor amelioration following a switch from previotygpical/atypical antipsychotics
to aripiprazole have also been reported (Rajarathit al, 2009), preventing from
establishing a general consensus on potential nataormalities linked to the

switch to aripiprazole.
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Aim of the study

We previosuly underlined that the pharmacodynamip@rties of partial agonists
largely depend on the receptor density in the &ssu which the response is
examined. Indeed, when receptor reserve if low,litiend will behave as a low
intrinsic activity partial agonist, whereas whercaptor density is high, it can

display the properties of a full agonist.

As antipsychotics (more typical than atypicals) &mown to induce an up-
regulation and a hypersensitization of the doparineeceptors, we hypothesized
that testing a partial agonist such as aripipranol@ tissue were receptors are up-
regulated and hyperfunctional, would enhance thenigy properties of the
compound. This hypothesis would help to explain vawitching patients from
chronic antipsychotic treatment to aripiprazole caiuce movement disorders and
a recrudescence of psychotic symptoms, as alreasioned above. The major
aim of this project consists in a deep characteamaof the pharmacodynamic
properties of aripiprazole in this context of thmwatic substitution between

antipsychotics.

This brings us then to our first working hypothesmhere the dopamine ,D
receptors are up-regulated and hyperfunctionaljrttnmsic activity of aripiprazole

will be majored.

113



Aim of the study

1. Measurement of the intrinsic activity of dopamine
D, partial agonists in rodents previously treated

with antipsychotics

In order to answer this question, Wistar rats hlaeen chronically treated for 21
days with haloperidol. The biochemical functionesponse to dopamine agonists
and dopamine Ppartial agonists was analyzed on the striatal mangs of these
hypersensitized rodents, by the use BSJGTR/S, a radiolabelled analog of the
guanine nucleotide GTP (Fig. 10). The advantagthisf technique relies on the
fact that it focuses on the very early event in #iignal transduction cascade,
therefore avoiding bias of specificity or interacis, when considering downstream
signals. Furthermore,%E]GTPyS binding is an attractive event to monitor assit i
less subject to amplification or regulation by etbellular process, than more distal
events in the transduction cascade (Milligan, 20&88)ch method has largely been
optimized previously in the laboratory, for the m@@ment of dopamine,2gonist
responses on striatal membranes (Geeftri@l, 1999c; Geurtgt al, 1999b; Geurts
et al, 1999a).

The choice of this method compared to other methimdsising on signaling
pathways downstream of G protein coupling has beensiderated. Indeed,
focusing downstream on second or third messengeregits in the cascade, that are
subject to amplification could be more indicative asipiprazole activity, as the
signal-to-noise ratio would be amplified. Althougghnsfected cells expressing the
D, receptor (and the corresponding untransfected detl control) constitute an
appropriate model for such measurements, theserimguds are far less easily

performed with tissues. In fact, striatum exhilitgrge variety of receptor subtypes
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and the data obtained with aripiprazole would hkeradifficult to interpret. In fact,
the pharmacological specificity of aripiprazole amiven target would require the
combination with specific antagonists which likaifluences the signaling on their
own. Despite some disadvantages and the possild&ness of the GTP binding
technique, the advantage of this technique relreshe possibility to runn vitro
standardized assays on samples isolated from dreatenal, which constitutes a

key aspect of our study.

Moreover, the functional response to partial agsnigas also evaluated on the
hypersensitized striata of rodents, where the éxmamtal conditions were
optimized, by substituting NaCl in the experimentffers by N-methyl-D-
glucamine (NMDG). These optimized conditions weteown to facilitate the
detection of the response induced by low intriresttvity partial agonists (Liret
al., 2006; Newman-Tancredi, 2010b). The detailed attarization of the method
has been provided in our article entitled “Pharnhagical blockade of dopamine,D
receptors by aripiprazole is not associated witlatsi sensitization” in the section

“Material and Method” (section 1.3 of the article).
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Fig. 10. f°SIGTPyS binding, adapted from(Harrison & Traynor, 2003)

a) Agonist binding to receptor causes the exchafg&TP for GDP on the subunit of the G protein; &
GTP and @y subunits activate cellular effectors. The GTPad®&ity of the Gu subunit hydrolyses GTP to
GDP, Gx and @y subunits re-associate and the system is turned off

b) In the presence of°B]GTPgS, exchange oB]GTPgS for GDP occurs, but the GTPase activitihef
Ga subunit is unable to hydrolyzes@ound f°S]GTPgS, which accumulates during the assay period.

2. Behavioral characterization of aripiprazole
administration on naive rodents, or rodents pre-trated
with neuroleptics

Our hypothesis, suggesting that the intrinsic &@gtiof partial dopamine Preceptor
agonists was enhanced on up-regulated and hypérzedstissue, was also
examined on the animal behavior. Indeed, we prapotieat aripiprazole

administration to rodents, that had been previotrglgted with haloperidol, would

major the agonist-like expected behaviors induced dopamine Bpartial agonist
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as aripiprazole. Specific features of behavior dishkvith pre- and post- synaptic
dopamine R+like receptor agonism, as yawning and stereotypwese examined on

hypersensitized animals in comparison with vehicd&ted rodents. Besides, the
behavioural tests that were chosen have been widekcribed to examine
functional responses to dopamine agonists, antatporand partial agonists
(Fujikawa et al., 1996; Kilts et al., 2002; Smith &., 1997). The detailed
characterization of the method has been providedour article entitled

“Pharmacological blockade of dopamine, Peceptors by aripiprazole is not
associated with striatal sensitization” in the sectMaterial and Method” (section
1.3).

3. The effect of chronic aripiprazole treatment on tle
density and functionality of dopaminergic and

serotonergic receptors in rat striatum and hippocanpus

Pharmacodynamy also teaches us that partial agaasthot regulate their targets
(Hoyer & Boddeke, 1993; Kenakin, 2004). This brough to our second working
hypothesis, suggesting that one of the benefits cbfonic aripiprazole

administration relies on the lack of dopamine Beceptor regulation and

sensitization.

For this purpose, Wistar rats were treated chrdligidar 21 days with different
doses or aripiprazole. The biochemical functionasponse to dopaminergic
agonists and specific dopaming &gonists was evaluated on the striatum samples
of these rodents, and compared to the functionsppareses obtained on control

vehicle-treated animals, by the use of radioladeligianine-nucleotide analog,
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[*°S]GTH/S.

Additionnally, as previously mentioned in the imuztion part of the thesis,
aripiprazole is known to have partial agonist praops at the level of the serotonin
5-HT,A receptor. The rat hippocampus is the richest caleissue in serotonin 5-
HT,5 receptors. The functional responses induced hyipsazole on this tissue
sample were evaluated, as well as the effects miah aripiprazole treatement on
5-HT,a receptor regulation. The detailed characterizatbthe method has been
provided in our article entitled “Pharmacologicalodkade of dopamine D
receptors by aripiprazole is not associated witlatsii sensitization” in the section
“Material and Method” (section 1.3).

4. Invitro modelization of the effects of dopamine P
receptor density variations, on the response to p#&al

agonists:

The aim of this part of the study was to demonstthat the intrinsic activity of
aripiprazole would vary depending on the density dofpamine [ receptors
expressed in a cellular model where the expressidhe receptor could be tightly

regulated.

Indeed, the molecular cloning of a vast majoritjkobwn GPCRs now permits the
manipulation of the corresponding cDNA sequencasprider to express these
proteins recombinantly in transfected cells. Suelngfected cells expressing these
cell-surface receptors have probably become the widgely used model for GPCR
biochemical and pharmacological studies. More regenhe development of

sophisticated tools for eukaryotic expression adned genes has led to the
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generation of inducible expression systems in wkhehtranscription of the gene of
interest in the transfected cells can be artifigiabntrolled. In these systems, the
sequence of the viral promoter controlling the esgion of the cloned gene
contains additional regulatory elements allowing éxogenous manipulation of the
transcriptional activity. Therefore, the expressadrthe cloned gene can be tightly
controlled through the addition of a chemical inglut the culture medium (Fig.
11) (Koener & Hermans, 2011).

DNA from plasmid 1 (regulator plasmid)
—{ Powy >[Regulatory protein cDNA -

4

INDUCER

akiiniutas, sbdutill o
< modified viral promlolp[ GPCRcDNA }—

DNA from plasmid 2 (inducible ¢loning plasmid)

Fig 11. Typical mechanism of mammalian inducible exression systems.

All commercially available systems consist of twagmids. The first plasmid is used to generatelldine
that constantly expresses the regulatory protdie. §econd plasmid contains the cDNA encoding thERSP
of interest which is cloned under the control ahadified viral promoter. The activity of this proteo is
controlled by the interaction with the regulatoryofein. Depending on the system, this interactisn i
positively or negatively influenced by the chemitgalucer, which is therefore ysed to trigger orresg the
expression of the GPCR.

Therefore, we have cloned the cDNA sequence ofdiygamine B receptor
downstream an inducible promoter of transcriptiona Tet-On system where the

gene transcription is under the control of a regula element, sensitive to
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tetracycline (for more informations, cfr. To ourdkochapter (Koener & Hermans,
2011)). Gene expression depends on the amounttiaicyeline in the culture
medium. When the inducer is absent, gene expressimpressed, whereas when
increasing the concentrations of tetracycline, peme expression is enhanced.
Despite the existence of several inducible expoassystems for GPCRs, the
choice of this system relies on the fact that itnpts high levels of expression of
the cloned GPCR, a tool that was required for twolys Moreover, the addition of a
histone deacetylase inhibitor, sodium butyrate (Wai® doxycycline in the culture
medium was shown to further boost gene expresaitims Tet-On system (Coait
al., 2008; Jermaet al, 2001).

Our aim was to study the biochemical functionapoese to partial agonists of the
dopamine D receptor, aripiprazole in particular, focusing @noore on the first
step of the signalization cascade: the G-proteiivaton, by the use of{S|GTP/S
binding assay. In addition, the responses to ligamere analyzed, as for the striatal
membranes, in classical and in optimized bindingddmns, were NaCl was
omitted and substituted by NMDG. It appears thahsoptimized conditions could

be a tool in order to unravel the functional selecproperties of aripiprazole.

The detailed characterization of the method has peevided in our article entitled
“Increasing the density of the ,D receptor and manipulating the receptor
environment are required to unravel the partiahegqroperties of aripiprazole” in

the section “Material and Method” (section 1.3).
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1.1. Abstract

The partial agonist profile of novel antipsychotgsch as aripiprazole has hardly
been demonstrated in biochemical assays on anissaks. As it is established that
responses induced by dopamineg @ceptor agonists are increased in models of
dopaminergic sensitization, this paradigm was usedrder to facilitate the
detection of the partial agonist properties of iprgzole. At variance with all other
partial and full agonists tested, the partial agbpioperties of aripiprazole were not
revealed in S]JGTH/S binding assays on striatal membranes from hakiger
treated rats. Hence, aripiprazole behaved as agamist, efficiently inhibiting the
functional response to dopamine. Similarly, in batial assays, aripiprazole dose-
dependently inhibited the stereotypies elicited d&yomorphine. However, at
variance with haloperidol, repeated administratioharipiprazole (3 weeks) at the
doses of 10 and 30mg/kg did not induce any up-egmgui or hyperfunctionality of
the dopamine B receptors in the striatum. These data highlighe putative
involvement of other pharmacological targets fopigrazole that would support in
the prevention of secondary effects commonly assedi with the blockade of
striatal dopamine Preceptors. Hence, in additional experiments, prgzole was
found to efficiently promote *}S]JGTP/S binding in hippocampal membranes
through activation of 5-Hj, receptors. Further experiments investigating the
second-messenger cascades should be performedtsoeatablish the functional
properties of aripiprazole and understand the mashaunderlying the prevention

of dopamine receptor regulation in spite of theepbsd antagonism.
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1.2. Introduction

With respect to both clinical and pharmacologicabfies, aripiprazole is
commonly seen as the first member of a new clasmtpsychotics (Burris et al.,
2002). Several compounds showing similar pharmataiiyc properties iim vitro
assays have been synthesized but none of theggesity on the market (Bardin et
al., 2006; Kiss et al., 2010). Beside an antagorasimHT,, receptors, which is a
common characteristic of most atypical antipsyamtithe high affinity of
aripiprazole for 3 receptor has received much attention (Burris e2802; Inoue
et al., 1996). Its unique characteristic likelyieslon a mixed agonist-antagonist
profile at the level of this key pharmacologicaiget. In vitro studies have shown
that aripiprazole behaves as a partial agonistae&eptor, partially mimicking the
response triggered by dopamine (Burris et al., P0@&th a rather low intrinsic
activity at D, receptors, aripiprazole is expected to mainlyascian antagonist at
postsynaptic sites and as an agonist at presynappgis (Centonzet al, 2003;
Lindgren et al, 2003; Tamminga & Carlsson, 2002). Hence, whilpiarazole
inhibits specific behavior induced by,Dagonists, confirming antagonism at
postsynaptic sites (Kohnomi et al., 2008; Semba.e1995), microdialysis studies
in rats and mice have shown that aripiprazole itdhiihe release of DOPA induced
by reserpine, emphasizing on agonism at presynapiioreceptors (Kiss et al.,
2010; Semba et al., 1995). Thereby, aripiprazolexgected to stabilize dopamine
transmission, by decreasing or increasing dopamgimdone in distinct cerebral
areas such as the mesolimbic and the mesocortiaiwpys, respectively
(Tamminga & Carlsson, 2002) . Combined with a mipedfile of antagonism and
partial agonism at the 5-Hf and 5-HT 5 receptors respectively, these effects on

dopamine transmission are thought to support theefiie of aripiprazole in
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psychiatric disorders, improving cognitive and rtegasymptoms while preventing
the occurrence of EPSside effects (Prinssen €1339; Kane et al., 2002).

The partial agonist properties of aripiprazole wamnéally unravelled in studies
focusing on second messengers modulated by dopagorests inn vitro models.
In fact, as D receptors are negatively coupled to adenylyl ggladopamine
decreases cAMP level, and aripiprazole decreadedaitesser extent (Burris et al.,
2002). However, experiments performed in severalety) focusing on a variety of
functional responses, led to inconsistent outcomdesitifying aripiprazole as either
antagonist, inverse agonist, or partial agonisis{€bal, 2006; Jordawet al, 2007a;
Jordanet al, 2007b; Shapireet al, 2003; Urbanet al, 2007b). Nowadays, the
actual pharmacological properties of aripiprazelmain to be clarified as its partial

agonist profile could not be established on anitsalies (Jordaat al, 2007a).

The classical receptor theory predicts that thensic activity of partial agonists is
altered when the density of target receptors isifisad(Hermans et al., 1999; Watts
et al., 1995). Indeed, studies conducted with fesnted cells revealed that the
partial agonist properties of aripiprazole are édyglependent on the existence of a
receptor reserve. Thus, in cells expressing highsithe of receptors, aripiprazole
decreases cAMP level to the same extent as dopawiiile in clones with low
receptors densities, aripiprazole did not elicitMfA decrease, contrarily to the
reference agonist dopamine (Tadori et al., 2008pfizet al., 2009). Therefore, we
hypothesized that the intrinsic activity of ari@pole would be more easily
revealed on hypersensitive rat striatal tissuegreavthe receptor reserve would be
increased. Chronic treatments of rodents with glpamtipsychotics lead to an up-
regulation and a hypersensitivity ob Peceptors, which is evidenced in functional

assays such as guanylyl nucleotide binding stufligsurts et al, 1999c) and
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GTPase assays (Olianas & Onali, 1987). Thereftwe,résponses to aripiprazole
were examined, either in biochemical assays oreimaisioral assessments, and the
results were compared between control and halopdrelated rats. Beside
shedding light on the properties of aripiprazoles approach should also provide
important information regarding changes in the oase to partial agonists when
switching from antipsychotic to aripiprazole, asigtknown that patients could
experience recurrence of positive symptoms (Jorng-Y2009), and motor
disturbances (Koener et al.,, 2007; Wang et al..9p00oth putatively related to
molecular and cellular adaptive processes. Moreameorder to further examine
the properties of aripiprazole, we characterized thnctional responses to,D
receptor ligands on the striatum and the hippocangbuat chronically treated with
aripiprazole, so as to evaluate the receptor réguldollowing a chronic treatment
with aripiprazole.
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1.3. Material and methods

Guanosine 50-(y-[**S]thiotriphosphate {fS]GTRS) (specific activity. of at least
1000 Cimmoat), [*H]spiperone (specific activity of 15 Cimmbl 96-well plate
adapted-GF/B glass fibre filters (Unifilter® GF/Bgnd Microscint 20were
purchased from Perkin Elmer (Zaventem, Belgium)abd gum, dopamine
hydrochloride, R(-)-10,11-dihydroxy-N-n-propylno@porphine hydrochloride
(NPA), (S)-(-)-3-(3-hydroxyphenyl)-N-propylpiperiai hydrochloride ((-)3PPP),
R(+)-3-(3-hydroxyphenyl)-N-propylpiperidine hydrdohide ((+)3PPP), guanosine
diphosphate (GDP), 5’-guanylylimidodiphosphate (GHP)P), 5-
hydroxytryptamin hydrochloride (5-HT), N-[2-[4-(2ethoxyphenyl)-1-
piperazinyllethyl]-N-2-pyridinylcyclohexanecarboxala maleate salt (WAY-
100635) and domperidone, were purchased from Sigxdhich (Bornem,
Belgium). N-methylp-glucamine (NMDG) was purchased from Acros Organics
(Geel, Belgium). Aripiprazole used in functionakags was obtained from Toronto
Research Chemicals (Toronto, Canada) whereas satledripiprazole (Abilify®)
used for animal treatments were kindly providedBigtol-Myers-Squibb (Braine-
I'Alleud, Belgium). The injectable solution of hgleridol (Haldol®, Janssen-Cilag,
Berchem, Belgium) and apomorphine (Denolin, BrussBelgium) were obtained
from the pharmacy of the Cliniques universitaire$. & (Brussels, Belgium). Deep
96-well plates used for binding experiments (Mddtak) were purchased from

Greiner (Wemmel, Belgium).

1.3.1. Animals and treatment

Male Wistar rats, weighing between 250g and 350gWweused, under a 12h on/off
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lighting schedule. Food and water was accessiblé#adm. One cohort of animals
was treated for 21 days with haloperidol (4mg/kg in NaCl 0.9% (w/v)), another
cohort with aripiprazole 10, a third one, with @nazole 30mg/kg aripiprazole
(disaggregated tablets of Abilify in 5% arabic gumdeionised water), and a last

cohort with vehicle (NaCl 0.9% (w/v) or 5% arabigng in desionised water).

After a 4 and 5-day wash-out period for rats tréateith haloperidol and
aripiprazole, respectively, animals were sacrificey CQO, asphyxia. After
decapitation, the brain was immediately removedd aortex, striata and

hippocampus were dissected on ice and frozen &C-86til use.

1.3.2. Behavioral tests

Catalepsy measures were realized, one hour afemtion of haloperidol at day 1,
10, and 20, and six hours after aripiprazole adstriaiion, at day 2, 10 and 20
respectively (Neal-Beliveaet al, 1993). The rat forepaws were placed on a
horizontal bar located 8 cm above the floor (NealnBau et al., 1993). The
latency measured for the rat to remove forepawm ftbe bar is expressed in
seconds (cut-off time 300s). For each measure,uaderwent 5 or 15 trials for
haloperidol- and aripiprazole-treated rats respelti The longest time of latency

on the bar was taken into account for each trisdisa to avoid false negative.

For modulation of dopamine-associated stereoty@esphort of 5 rats has been
treated with haloperidol (4mg/kg), and two cohaft$ rats received vehicle for the
same period of time. After a 4-day wash-out peritite animals were placed
individually in cages, visually separated from eathers. The rats that had been
treated with haloperidol, and 5 of those treateth wehicle received a single dose

of aripiprazole (20mg/kg per os). The additionalefirats treated with vehicle
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received, as negative controls, a single dose ¢tiiciee Sniffing, licking and

climbing were assessed twice, for a period of 6Qrmmmediately and 5h after
aripiprazole administration. Stereotypy score wasaldished as previously
published (Fujikawa et al., 1996; Semba et al. 5)19Puring the same experiment,

rats were observed for partial agonist related Welasuch as yawning.

In addition, in order to evaluate the blocking efgeof aripiprazole on the specific
behavior induced by apomorphine, naive rats receiorally a single dose of
aripiprazole (10 or 30mg/kg) or vehicle. One h rdaspomorphine (1mg/kg) was

injected subcutaneously, and stereotypies weregdaedaluring 60min.

All animal procedures were conducted in strict adhee to the European
Community Council directive of 24 November 1986 -@®/EEC) and Decree of
20 October 1987 (87-848/EEC).
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1.3.3. Preparation of rat striatal, hippocampal and corat

membranes

The day of the experiment, frozen tissues were ¢daen ice and homogenized
using a Teflon/glass homogenizer, in 6ml ice-cddn™ Tris-HCI buffer (pH 7.4).
The homogenate was first centrifuged at 600g famihO The supernatant was
centrifuged again for 10min at 49,000g in order dollect a pellet of cell
membranes. This pellet was washed by addition ohl2df the same Tris-HCI
buffer, and centrifuged for 10min at 49,000g. Twashing procedure was repeated
twice. The membranes were then resuspended in lufflerband protein
concentration was determined by the method of BradfBradford, 1976).

1.3.4.  [*S]GTPS binding assays on rat striatal, hippocampal

and cortical membranes.

The binding experiments were performed in deep 8b-plates. Each well
contained between 10-20 ug protein, resuspendadimal volume of 500pL.
Binding buffer contained 50mM Tris-HCI (pH 7.4), MmEDTA, 5mM

MgCl,, 150mM NaCl, 10uM GDP, 1mM dithiotreitol, and 0.186dium

metabisulfite. When indicated, sodium ions werettadifrom the buffer as
NMDG (100mM) was substituted for NaCl and sodiumtabesulfite was
omitted. In all experiments, receptor ligands rpesasled in the binding
buffer were first added to each well, followed BYS|GTP/S, at the final
concentration of 0.1nM. The binding was initiateg hddition of the

membrane suspension. Each well contained betwedn |8y protein for the
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experiments realized on striatum or hippocampusreds 30ug/well were
used for cortical homogenates. The final volume ve@®uL/well and
incubation was performed at 30°C, for 40min, anthieated by the addition
of 1ml ice-cold washing buffer, made out of TrisdHEH 7.4), 1mM EDTA,
5mM MgCl, with either 150mM NaCl, or 100mM NMDG. The susgien
was immediately filtered through a GF/B glass filiteer adapted 96-well
plate, and washed three times with the washingebuHlters were then dried
overnight at 37°C. Microscint 20 (40uL) was thenled to each well of the
filter plate, and after 24h, plates were counteth s Topcount® Microplate

scintillation and luminescence counter (Perkin E)me

1.3.5. [*H]Spiperone binding assays on rat striatal

membranes.

Striatal membranes (40pg of protein) were incubaitigl [*H]spiperone (0.2nM) in
a final volume of 1ml. Binding buffer contained 50hris-HCI (pH 7.4), 1mM
EDTA, 5mM MgChL 150mM NaCl, 1mM dithiotreitol, and 0.1% sodium
metabisulfite. Ketanserin (0.1uM) was added to eaell, so as to occlude the
binding of the radioligand to the 5-HTreceptors. Non-specific binding was
determined in the presence of domperidone (1uMubation was performed for
60min at 30°C, and was terminated by the additioBnal ice-cold washing buffer
(50mM Tris-HCI (pH 7.4), 1mM EDTA, 5mM MgG| 150mM NaCl). The
suspension was then immediately filtered through/BGlglass fibre filters
(Whatman, Maidstone, United Kingdom) and washedcéwwith the washing

buffer. Filters were then immersed in vials contagn 7ml Pico-Fluor (Perkin

132



Results

Elmer, Belgium), and then shaked before being awumb a liquid scintillation
counter (Tri-Carb 2960 TR, Perkin Elmer).

1.3.6. Data analyses

Data from f°S]JGTP/S binding were analyzed by non-linear regressisinguthe
curve-fitting software GraphPad Prism (GraphPadiv&oe, CA, USA). Values
from vehicle and haloperidol-treated rats were ymed by two-way analysis of
variance (ANOVA) in order to compare on a whole @amtration-response curve,
the interaction between the effect of ligand comegion and previous treatments,
between the two groups. Repeated measures of AN@Wwed by Dunnet’s
multiple comparison test was used to compare tsporese-curves on the rats
treated with aripiprazole with the control rats. e@may ANOVA, followed by
Tukey’s multiple comparisons test, was used whemparing responses to single
concentrations of ligands. When appropriate, Dusnaultiple comparisons test

was used when comparison was restricted to theatont

133



Results

1.4. Results

1.4.1. Functional response induced by dopamine receptor
ligands on striatal membranes from rats pretreateth

haloperidol

The specific binding of*fS]GTR/S induced by dopamine, NPA, (+)-3-PPP, (-)-3-
PPP and aripiprazole was examined on the stria¢ahlonanes of rats pretreated for
21 days with haloperidol 4mg/kg. Analysis of theading parameters (summarized
in Table 1) derived from the concentration-respocseves revealed that the
efficacy of both dopamine and NPA was significartigher when measured on
striatal membranes from haloperidol-treated ratamared to controls (Fig. 1A-B),
while this treatment was without significant infhee on the estimated potency
(ECsq) of these agonists. These results are entirelysistamt with our previous
observations (Geurtet al, 1999c). Likewise, haloperidol pretreatment was
responsible for an increase in the response indbgethe known high efficacy
partial agonist (+)-3-PPP, without affecting itsgrcy (Fig. 1C). At variance with
these results, no significant induction 819JGTP/S binding was observed when
using the low intrinsic efficacy enantiomer (-)-B4® on striatal homogenates from
either naive rats or animal pretreated with halojoér (Fig. 1D). Similarly,
aripiprazole did not elicit any specific binding [3¥S]GTP/S on striatal membranes
from control animals and striatal hypersensitizaticas ineffective in revealing the

documented partial agonist properties of aripipi@gbig. 1E).

Of importance, the experimental conditions usece HHer measuring induction of

[**S]GTRS binding were previously optimized for dopamined aselected
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dopamine agonists (Geurs al, 1999b). Recently, omission of sodium ions in the
buffers (NMDG substituted for NaCl in order to niain ionic strength) was shown
to facilitate the detection of the functional respes to low intrinsic activity partial
agonists (Lin et al., 2006). With respect to thi dgonists dopamine and NPA, and
the partial agonist (+)-3-PPP, a leftward shifttleé concentration-response curves
was systematically observed when tested in NMD@&akng a 10-fold increase in
the estimated potency (Table 1). Moreover, thespamses were also amplified
when measured on striatal membranes from halogdrieted rats compared to
controls (Fig. 1A-C). As reported by Lin and cotie@s (2006), NMDG substitution
for NaCl, resulted in an increased relative effica¢ the partial agonist, and a
decrease in the Emax of the full agonists as coetptr those obtained in the NaCl
containing buffer (Table 1). The influence of chamggthe buffer composition on
the response to dopamine partial agonists was ewvane evident for (-)-3-PPP.
Thus, in the NMDG buffer, this low partial agonvgas found to efficiently induce
the specific °S]JGTP/S binding on striatal membranes from control angrehd
even more importantly in samples from haloperide&ted rats (Fig. 1D, Table 1).
In these modified experimental conditions, the as=ii partial agonist activity of
aripiprazole could not be validated either on cointr on hypersensitized striatal

membranes (Fig. 1E).
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Ligands Euan (%0 of basal) pECq Intrinsic activity relative efficacy o NPA (%)
NaCl NMDG NaCl NMDG NaCl NMDG

Dopamine

Vehicle 136.8+1.7 1348413 4.73+009 5.7040.11* - -

Haloperidol 152.51.7" 145741 2%" 4812007 5.75:0.08" - =

NPA

Vehicle 1259420 120.4+1.6% 6.84+0.13 7.6040.18° 100.0 100.0

Haloperidol 137.542.0° 132,941 45" 7194010 7704 1.4 100.0 100.0

(4)-3PPP

Vehicle 1174+ 84 120.2+13 1.63+021 44540.15° 93.3+09¢ 99.8£0.9*

Haloperidol 12862244 132.0£1.1° 3.6440,17 4.60£0,00* 93.5+]2¢ 99.3408*

(~)-3PPP

Vehicle 1121445 114.240.4 2774039 §25+0.09* = £9.6+03

Haloperidol - 118.240.6 - 53340.00 - 553405

Arpiprazole

Vehicle 101.0£0.9 06,80.4* 8.61+155 10.06£0,49* = =

Haloperidol 100.7£0.9 = 6.96:+0.66 N = =

For each agonist, the EC« and the Ey,, were determined from concentration—response curves performed in buffers containing either NaCl or
NMDG. Data are expressed as mean = SEM of at least three independent experiments, each performed in wiplicate, Dai were analysed by one-
way ANOVA, followed by Tukey's test for multiple comparisons

* Differences between values obtained in a buffer with NMDG w the one in NaCl (p<0,001)

" Differences hetween halopendol and vehicle treated animals (p< 0,001)

“ Differences between values obtamed m a buffer with NMDG 1o the one in NaCl (p<0.01)

4 Stgmificant differences between the pharmacodynamie parameters for (+)-3-PPP and NPA (p<0.001)

Table 1. Phamacodynamic parameters calculated forabamine receptor ligands in
rat striatal membranes.
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Fig. 1 Agonist-induced specific PSIGTPyS binding in striatal membranes from
naive and haloperidol treated animals.

Rats received daily injections of vehicl@r€les) or haloperidol (4mg/kgsquare$ for 21 days. Thereafter,
the specific binding of fS]GTP/S induced by dopaminé\], NPA B), (+)-3-PPP C), (-)-3-PPP D) and
aripiprazole E) was measured on striatal membranes. The assagexfmsmed in a buffer containing NaCl
(filled symbols, solid lingsor in a buffer where NMDG was substituted for Ng@pen symbols, dotted
lines). Data are expressed as percentage of basal biadithare mean + S.E.M. of three to six independent
experiments, each performed in triplicate. For doipa (A) and NPA B), the concentration-response
curves measured on samples from haloperidol-treatsdin both buffers were significantly differénbm
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controls £<0.0001, two-way ANOVA). Also, the concentration{esse curve for (+)-3-PPIE) measured
on samples from haloperidol-treated rats was saanifly different from controls, in NaCl containitgffer
(p<0.05, two-way ANOVA) and in NMDG containing buffefp<0.0001, two-way ANOVA). The
concentration-response curves for (-)-3-PBPdnd aripiprazoleE) in the binding buffer containing NaCl,
was not significantly different on striatal membearfrom haloperidol pretreated rats as comparedngol
(p>0.05, two-way ANOVA). However, these curves werffedent when responses were examined on
striatal membranes from haloperidol pretreatedirathe buffer containing NMDGp&0.0001 andg<0.05

for (-)-3-PPP and aripiprazole, respectively, twayvANOVA).

1.4.2. Aripiprazole inhibits the functional response inded

by dopamine and NPA

The influence of aripiprazole (1uM) or domperidofigtM) was tested on the
specific [°SJGTP/S binding induced by submaximal concentrations apatine
(80uM and 8uM in NaCl and NMDG respectively) andANB.4pM and 0.080uM
in NaCl and NMDG respectively). In the buffer cantag NaCl, domperidone
totally blocked the response induced NPA whereagapanhibition was obtained
for dopamine, emphasizing on the implication ofesttargets than the ,Deceptor
(Fig. 2). Similarly, the response to both agonmstss blocked by aripiprazole.
Remarkably, the inhibition of the response to dopamvas more pronounced than
with domperidone, suggesting that aripiprazoleraxtts with other targets activated
by dopamine, such as the dopamingréceptor. In the buffer containing NMDG,
aripiprazole and domperidone blocked the respondaced by dopamine to the
same extent (Fig. 2C). Similarly, the response @eduby NPA was blocked equally
by both aripiprazole and domperidone, confirming tantagonist profile of
aripiprazole (Fig. 2D). When tested on samples flmtoperidol-treated rats, the
relative increases in the response to dopamineRsy \Were totally abolished in the
presence of domperidone and aripiprazole, indigatirat sensitization essentially

concerns the Preceptor and that other putative targets of doparm the striatum
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are not sensitized. Similar observations were abthiwith (+)-3-PPP and (-)-3-PPP

(data not shown).

1.4.3. Behavioral responses induced by aripiprazole

It has been previously described that the admatistn of dopamine partial agonists
in rats induces a typical yawning behavior (Fujikawt al., 1996). It is also
established that the full dopamine receptor agpabmorphine, induces specific
stereotypies such as sniffing and licking (Kohn@hal, 2008; Minematsu, 1995).
In our experiments, none of these behaviors werneleaged after a single
administration of aripiprazole (5-10-20mg/kg) imtwl| animals (data not shown).
Similarly, no detectable response was evidencedchveuninistrating aripiprazole
to haloperidol-treated rats, indicating that dop@anieceptor sensitization was not
effective in revealing agonist properties for aguipizole in vivo. Noteworthy,
aripiprazole administration dose-dependently irthihi the stereotypies induced by
apomorphine, confirming its antagonist profile andlidating the oral-

administration protocol (Fig. 3).

In order to further analyse the antagonist propsrtf aripiprazole, catalepsy was
tested after oral administration and compared te ftiehavior induced by
haloperidol. In accordance with our previous stad{&eurtset al, 1999c),
catalepsy was first tested 1h after oral admintistneof haloperidol or aripiprazole.
Haloperidol, at the daily doses of 2 and 4mg/kggciteld significant catalepsy,
during at least three weeks (Fig. 4A). As previgu#scribed, the animals became
tolerant to the treatment with the highest doskaddperidol, showing a modest but
significant decrease in catalepsy between day 228n(p<0.05) (Allikmets et al.,
1981; Bernardi et al.,, 1981). In preliminary assays catalepsy was elicited 1h

139



Results

after oral administration of aripiprazole (data sbbwn). Considering a putatively

slow resorption of aripiprazole, and as detailegrievious publications (Kikuchi et
al., 1995; Nakai et al.,, 2003), catalepsy was dssted 6h after the oral

administration. In these conditions, a significaatalepsy was only observed with

rats treated with 30mg/kg of aripiprazole, afterdiys of treatment (Fig. 4B).
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The effects of domperidone (1uM) and aripiprazdieN) on the induction offS]GTP/S specific binding

of dopamine (80uM in NaClA), and 8uM in NMDG C)) and NPA (400nM in NaCIR) and 80nM in
NMDG (D)) were examined on striatal membranes from veHlesed bars or haloperidol (4mg/kg, 21
days) treated rathiétched bars The assay was performed in a buffer containia@€NA,B) or in a buffer
where NaCl was substituted for NMD@,D). In the NaCl buffer, domperidone and aripiprazolebited
partially or totally the response induced by dopamand NPA respectively. A significant differencasw
measured between the effects of domperidone apipearzole on the response induced by dopamine (*
p<0.05,A). This difference was however not observed for NPA0.05, 8) ). In the NMDG buffer, both
domperidone and aripiprazole inhibited to the saxtent the responses induced by dopamine and BPA (
D). Data are expressed as percentage of basal findimd are mean with S.E.M. of 3 independent
experiments, each performed in quadriplicate. ;.e0n significant, *p<0.05, ** p<0.01, *** p<0.001
(one-way ANOVA followed by Tukey’s test for multgplcomparisons).

Stereotypy score

—a— control
=1 aripiprazole 10mg/kg
-0 aripiprazole 30mg/kg

%H\Hﬁ\

'é'é‘“o--o--o--o--o--o--o--o—-u—n

10 20 30 40 50 60
Time (min)

Fig 3. Effect of aripiprazole
administration on the stereotypies
induced by apomorphine.

Sniffing and licking behaviors were examined irsrat
receiving a single subcutaneous administration of
apomorphine (1mg/kg). These stereotypies were
measured on animals treated with vehicle (5% arabic
gum in deionised water; filled squares) and
littermates that had received a single dose of
aripiprazole (10mg/kg, open squares; 30mg/kg, open
circles), 1h before. Data are expressed as mea@ sco
with S.E.M. of 4 independent experiments. A
significant difference was observed between the rat
that received aripiprazole and those receiving
vehicle (*** p<0.001, one-way ANOVA followed
by Tukey's test for multiple comparisons). A
significant difference was also observed between th
groups receiving 10 and 30mg/kg aripiprazofé (
p<0.01).
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1.4.4.

Fig. 4 Catalepsy measures following
chronic haloperidol and aripiprazole
treatment

Catalepsy (decent latency) was measured at day
1, 10 and 20 for haloperidol treated rats (2 and
4mg/kg, A), and at day 2, 10 and 20 for
aripiprazole treated rats (10 and 30mg/kg, B),
respectively 1 or 6 hours after drug
administration. Data were compared with
values obtained with animals treated for three
weeks with  vehicle.  Throughout the
experiment, haloperidol elicited significant
catalepsy compared to control rats and no
statistical significant difference was observed
between rats treated with either 2 or 4mg/kg of
haloperidol (A). Cataleptic behavior tented to
decrease after repeated administration of
haloperidol as descent latency was shorter at
day 20 than at day 2€0.05). No catalepsy
was measured when rats were treated with
10mg/kg of aripiprazole. However, treating the
animals with 30mg/kg of aripiprazole elicited
significant catalepsy only after 10 days of
treatment (B). Data are expressed as the longest
descent latency time in five and fifteen
consecutive trials for haloperidol and
aripiprazole treated rats respectively. Data are
mean with S.E.M. of 6 (haloperidol) and 3
(aripiprazole) independent rats. n.s. = non
significant, *p<0.05, ** p<0.01, *** p<0.001
(one-way ANOVA followed by Tukey'’s test for
multiple comparisons).

Influence of repeated aripiprazole administratiorms

the density and functional coupling of pPreceptors

Repeated administrations of haloperidol resultedainincreased density of,D

receptors in the rat striatum, evidenced by ane@mee in the specific binding of

[*H]spiperone in tissue homogenates (Fig. 5A). Catittg with its antagonist

profile evidenced in the functional assays, th@glor administration of aripiprazole
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at the dose of 10 and 30mg/kg did not significantfjuence the specific binding of
[*H]spiperone as compared to non treated animals BAgp>0.05). Furthermore,
at variance with the results obtained on rats prgsly treated with haloperidol (Fig.
1), the functional response induced by dopamineNP4 was not enhanced on the
striatal membranes of rats treated with aripipr@aZbig. 5 B-C). Hence, at the dose
of 30mg/kg, aripiprazole significantly decreased thnctionality of the dopamine
agonists, both in terms of efficacy (from 146.7.9% to 141.4 + 2.1%»<0.001 for
dopamine and from 130.8 + 1.6% to 127.0 £ 1.9%N®&A, p<0.05) and potency
(from pEGgof 5.9 £ 0.1 to 4.8 £ 0.19<0.05 for dopamine and from 7.90 £ 0.12 to
7.47 +0.15p<0.001 for NPA) (Fig. 5B-C).
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Fig. 5 Influence of repeated
aripiprazole administration on
dopamine receptor density and

sensitivity.

The specific binding of’H]spiperone (0.2 nM) was
measured in striatal membranes from rats treated
with aripiprazole 10 or 30mg/kg for three weeks
and compared with rats treated with vehicle
(control) or haloperidol (4mg/kg) (A). Data shown
are mean with S.E.M. of three experiments,
performed in tri-to hexaplicate. No significant
difference is observed between the rats treateld wit
aripiprazole and those receiving vehicle (n.s.,
p>0.05, one-way ANOVA, followed by Dunnet'’s
test for multiple comparisons). In contrast, the
specific binding of JH]spiperone measured on the
rats previously treated with haloperidol was
significantly higher (*** p<0.001). The dopamine-
(B) and NPA- (C) induced specific binding of
[**S]GTP/S was measured in striatal membranes
from vehicle (closed circles) or aripiprazole tezht
animals (10mg/kg, open squares or 30mg/kg, open
circles) for 21 days. Data are expressed as
percentage of basal binding and are mean + S.E.M.
of four independent experiments, each performed in
triplicate. For dopamine (B) and NPA (C), there was
no significant difference in the concentration-
response curves measured on samples from
aripiprazole 10mg/kg-treated rats and control
animals. However, for both agonists, a significant
difference was observed between the concentration-
response curves obtained on vehicle and
aripiprazole 30mg/kg-treated rgis0.001, repeated
measures of ANOVA followed by Dunnet'’s test for
multiple comparisons).
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1.4.5. Activation of 5-HT receptors by aripiprazole in rat

hippocampal and cortical membranes

With a high density of 5-Hj, receptors, the hippocampus constitutes a relevant
limbic structure to characterize drugs acting oe BHT system (Odagaki &
Toyoshima, 2007). Accordingly, 5-HT elicitetP$]GTP/S binding on hippocampal
membranes from control animals with a maximal efficof 157.2 £ 2.2 % of basal
and a pEC50 value of 6.90 £ 0.09 (Fig.6A). The em@tion of 5-HT eliciting
50% increase in the specific binding f9JGTRS on hippocampal membranes
(0.1 uM) was totally blocked by 0.1uM of WAY10063%,selective antagonist of
the 5-HT;, receptors (Fig. 6B). When testing 5-HT at highenaentrations (0.6
KMM), this inhibition reached 90%, indicating thaher targets than the 5-HJ
receptor, modestly participate in the response ity §data not shown). Mimicking
5-HT, aripiprazole concentration-dependently induspecific {°S]JGTP/S binding
with an efficacy of 114.1+0.9 % of basal and a p@5 7.80 = 0.15 (Fig. 6C).
Confirming an interaction with the 5-HA{ receptor, this partial agonism of
aripiprazole was also inhibited by WAY-100635 (F&P). Finally, the functional
response at 5-HJ receptor was also examined on hippocampal sanmaesrats
that had received aripiprazole for 21 consecutiagsd 10 or 30mg/kg). As shown
in figure 6 A-C, this pre-treatment was withoutrsfgcant influence on the specific
[**S]GTP/S binding induced by either 5-HT or aripiprazole.

The properties of aripiprazole were also examimethe membranes prepared from
the cerebral cortex as this structure also contaidsstantial densities of 5-HAg
receptors (Odagaki & Toyoshima, 2005b; Odagaki &yoRhima, 2005a).
Submaximal concentrations of 5-HT stimulat&B][GTP/S specific binding with
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an efficacy that was much lower than on samples fitee hippocampus (Fig. 7B).
This response was significantly but incompletehhilited by WAY-100635,
confirming the implication of 5-Hj, receptors as well as other receptor subtypes
(Fig. 7B). Dopamine also elicited a functional maspe on these cortical
membranes, which appeared much lower than on sanmgm the striatum (Fig.
7B). Domperidone partially decreased this respoosefirming the involvement of
several receptor subtypes. At variance with 5-H@ alopamine, no significant
increase in [35S]GTFS specific binding was induced by aripiprazole (Fid\).
Hence, the combination of aripiprazole and WAY 18®@lecreased the nucleotide
binding below the basal level, consistent with t@dest inverse agonist properties

of this reference antagonist (Fig. 7B).

146



Results

—o—vehicle Jvehicle
180 A-u-aripiprazolemmgikg 180 [B EZ2 aripiprazole 10mglkg
1704 * "--0-aripiprazole 30mg/kg :zg' I aripiprazole 30mglkg
160- bad
n 150 T 140
3 1404 / 8 130
% 130 5 124
° ° 1104
2 120 E
T 1004 =~ 2 8 ,,,,//f
8 1 T T T T T s 710 —
1) basal 10 9 -8 -7 -6 -5 4 -3 o 5-HT 0.1uM 5-HT 0.1uM
:‘é Logyq [5-HT] § +WAY-100635 0.1uM
% —e—vehicle % Jvehicle
73] e
E‘ 180+ C - aripiprazole 10mglkg & 180 D z@aripiprazole 10mglkg
&5 1709 ~ -0~ aripiprazole 30mglkg 5 :;g' I aripiprazole 30mg/kg
@ 160 7 im0
= 150 1404
1404 130+
! 1204

1104

1204 100,
110+ G_j'g 904
100{ W= - e

— T T T T T T T T 70:
basal 10 9 -8 -7 6 5 -4 3

Logy, [aripiprazole]

aripiprazole 0.1uM aripiprazole 0.1uM
+WAY-100635 0.1pM

Fig. 6 Functional responses to 5-HT and arpipipraze in hippocampal membranes

The functional response to aripiprazole was asdesse[**S|GTP/S binding assays conducted on
hippocampal membranes. Data shown are mean witMSdt three experiments, performed in triplicdte.
comparison with the reference agonist 5-HN), (aripiprazole elicited a partial response-[p) and both
were totally blocked WAY100635 (0.1 puMB( D). B and D also illustrate that in samples prepdogth
animal treated with aripiprazole (10-30mg/kg) fdr @ays, the 5-HT- or aripiprazole-inducedS|GTR/S
binding were not significantly alteredpX0.05, one-way ANOVA, followed by Dunnet's multiple
comparison test and by two-way ANOVA).
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Fig.7 Comparison of the functional
responses to aripiprazole, 5-HT and
--+- aripiprazole in NMDG buffer dopamine in rat cerebral cortex

_| ——aripiprazole in NaCl buffer

In membranes prepared from the rat cerebral cortex,
increasing concentrations of aripiprazole did not
elicit significant change in*{S]GTR/S binding in
either NaCl or NMDG containing bufferpX0.05,
two-way ANOVA) (A). Besides, dopamine (100
uM) and 5-HT (0.6uM) elicited significant

— - . r . y responses which were partially inhibited by
basal -1 -0 9 8 -7 -6 domperidone (1 uM, *<0.05) and WAY100635
Log,, of aripiprazole concentration (0.1uM, * p<0.05), respectively (B). Although
aripiprazole (16uM) did not induce any functional
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1.5. Discussion

The functional G protein coupling of dopamine rdoep in the rat striatum is
enhanced after chronic pharmacological blockadé waloperidol (Geurtet al,
1999c). Herein, this experimental paradigm was usedrder to examine the
pharmacological properties of aripiprazole in arditesues. This third generation
antipsychotic has been essentially characterizedransfected cells where it
behaves as a partial agonist of @ceptors (Burris et al., 2002), or in vivo

models, where electrophysiological and metabolidists described it as an agonist
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at presynaptic B autoreceptors, and an antagonist at postsynaptice€eptors
(Kikuchi et al., 1995; Semba et al., 1995). Howeweochemical evidence for its
partial agonist profile in native tissues remaipsrse, as these properties have
never been demonstrated using classical functessdys such as GTPase measures
or [**S]GTR/S binding studies in animal tissues (Joredral, 2007a; Kisset al,
2010).

As expected, the guanylyl nucleotide exchange iaduxy dopamine, NPA and (+)-
3-PPP was substantially increased on hyperserssisizeatal membranes. This was
however not the case for aripiprazole and for thw Intrinsic activity partial
agonist (-)-3-PPP, for which no functional responsas evidenced. Also,
substituting NMDG for NaCl in the assay buffer, @ahdition known to favor the
detection of G-protein couplings (Lin et al., 2006hhanced the response of the
low intrinsic activity (-)-3-PPP, for which respanswvas further increased on
hypersensitized membranes. However this was notdke for aripiprazole, which
purely displayed antagonist properties either orpensensitized tissue or in
optimized binding conditions. Thus, mimicking threfarence D receptor antagonist
domperidone, aripiprazole inhibited the responsésiced by dopamine and NPA.
Of note, aripiprazole appeared more efficient iocking the response to dopamine
as compared to domperidone, an effect that is stami with the multiplicity of
targets shared by dopamine and aripiprazole (ege@ptor). Such difference was
however not observed in the buffer containing NMB&)gesting that omission of
sodium could alter the recognition of these adddldargets by the ligands tested.
Together with previous reports showing that ariggmie blocks the response
induced by dopamine to the same extent as halapendransfected cells (Kiss et

al., 2010), our data obtained on tissues wherere¢loeptor density is increased
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emphasize on the antagonist profile of aripiprazaieD, receptors. Moreover,
receptor reserve is known to influence the propsrbif partial agonists (Hermans et
al., 1999; Tadori et al., 2009 vivo, receptor reserve was shown to be more
abundant at the level of the,Dreceptor (Meller et al., 1986), mainly at the
somatodendritic level of the dopaminergic neuramnpared to the postsynaptic
D, receptors. In the striatum, bothhd{and D, are expressed at similar densities
(Khan et al., 1998) and one could therefore arfpa¢ the receptor reserve in this

structure is not sufficient to confer an agonisifiee to aripiprazole.

The characterization of aripiprazole in differenbdels has frequently led to
complicated interpretations. Its partial agonisbfie was initially established in
transfected CHO cells expressing the recombinantbeptor and focusing on the
decrease in cAMP production (Buresal, 2002; Jordart al, 2007a; Burriset al,
2002; Jordaret al, 2007a; Jordaet al, 2007b). Nonetheless, inhibition of adenylyl
cyclase was not systematically reproduced wheedest other cell types (Shapiro
et al, 2003; Urbanet al, 2007b). Discrepancies betweeliS|GTR/S receptor
binding assay and other assays measuring the @ativaf downstream effectors
such as cAMP production, calcium release, and ERKsphorylation, could be
explained by the substantial amplification of tespgonse throughout the signaling
cascade (Burriet al, 2002; Jordaret al, 2007a; Jordaret al, 2007b) or by a
functional selective profile of aripiprazole (Urbahal, 2007b). Indeed, activities
of ligands at cloned receptors are commonly exadhiime fibroblast cell lines.
Qualitative and quantitative differences in G-photepartners and their
stoichiometry with one or the other isoform of tleeeptors in cell lines and tissues
may probably explain these discrepant data (€bal, 2006; Jordart al, 2007a) .

In fact, even though aripiprazole has always digalaantagonist properties in
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animal tissues, it promotes MAPK activity, acid @naonic release and decreases
cAMP production in transfected cells, with diffeteafficacies and potencies,
emphasizing on its propensity to distinctly actevageveral signaling pathways
(Jordanet al, 2007b; Shapiret al, 2003; Urbaret al, 2007b). In this respect, the
mechanisms supporting the enhanced detection afoip coupling in the buffer
containing NMDG, described by Lin et al (Lin et,&006) remains unclear. Herein,
leftward shifts of the concentration-response csirwere systematically observed
when testing ligands in the NMDG containing bufigressing on the importance of
the chemical environment on the functional coupli@gnsidering the multiplicity
of coupling of dopamine receptors (Cordeainal, 2001; Hermans, 2003; Nickolls
& Strange, 2004), it is possible that changingdkeerimental conditions favors the
detection of existing but discrete alternative dmgs. Also, qualitative and
quantitative differences in available G-proteintpars could explain discrepant
data when examining the response to aripiprazoteamsfected cells or in striatum

from naive and hypersensitized rats.

In accordance with these biochemical data, typscaffing and licking behaviors
were not observed after administration of aripiptazneither in naive animals nor
in animals with hypersensitized ,Dreceptors after chronic treatment with
haloperidol. This indicates that the intrinsic @ityi of aripiprazole at post-synaptic
receptors is insufficient to trigger the stereoggicommonly observed with
dopamine agonists, even when tested in hypersesgitinimals. Consistent with
these observation, aripiprazole failed to inducent@ateral rotations in 6-
hydroxydopamine-lesioned rats, contrarily to (4pBP (Wood et al., 2006; Kikuchi
et al., 1995). In addition, aripiprazole dose-dejegtly inhibited the behaviors

induced by apomorphine, confirming its antagonistperties (Minematsu, 1995;
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Sembaet al, 1995). Besides, the absence of yawns also sugppuetabsence of
positive intrinsic activity for aripiprazole in treriatum. Indeed, yawns specifically
elicited by partial agonists such as (-)-3-PPP@R{-4395 are thought to reflect an
inhibitory effect through preferential activatiof gresynaptic [ autoreceptors by
ligands with low intrinsic activity (Fujikawa et.all996; Cooper et al., 1989). Even
though biochemical and behavioral data stronglypstpthe antagonist properties
of aripiprazole, it is remarkable that this drugdbg failed to elicit catalepsy, a
typical behavior which is largely documented fopdmine receptor blockers such
as haloperidol. Previous reports (Inoue et al.,71%9even et al., 2005; Kikuchi et
al., 1995; Semba et al., 1995), very high dosesipfprazole were required in order
to evoke a significant cataleptic behavior. Accogly, administration of 30mg/kg
of aripiprazole, herein appeared to alter the ayeerdescent latency time in the
behavioral test. This response showed large vétialand likely reflects the
interaction of aripiprazole with other targets orlehavioral sensitization of the

animals after repeated trials.

Another experimental evidence showing that ari@pla does not exclusively act
as an antagonist of dopamine receptor, is the absehstriatal sensitization that
would be expected after repeated administratiomsisTat variance with the up-
regulation and functional sensitization of striatapamine receptors observed after
chronic treatment of rats with haloperidol, no ajein the density ofH]spiperone
binding or dopamine-induced nucleotide binding wevelenced in samples from
aripiprazole treated animals. These data are irordaace with the lack of
regulation of dopamine receptor mRNAs afd]§piperone binding after chronic
administration of aripiprazole (Inoue et al., 199iMese observations are consistent

with a partial agonism profile since it is docuneghthat partial agonists are less
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likely to induce receptor regulation than full aggis or antagonists (Hoyer &
Boddeke, 1993). Noteworthy, a decreased efficacythef agonists tested was
observed after repeated administrations of aripglea at the highest dosage,
suggesting that this chronic treatment decreage&throtein coupling efficiency of

the D, receptor.

The paradoxical absence of receptor regulationher dbsence of catalepsy in
animals treated with a high affinity drug blockim@, receptor certainly merits
further investigations. In this respect, the desedadopamine turnover caused by
aripiprazole and assigned to a selective agonisnprasynaptic autoreceptors
constitutes an interesting observation (Kiss et 2010; Semba et al., 1995).
Alternatively, these effects could be explained thg complex interactions of
aripiprazole with other molecular targets, in parar 5-HT receptors at which
partial agonism was also evidenced (Joreéaral, 2002; Odagaki & Toyoshima,
2007). Accordingly, partially mimicking the respenso 5-HT, aripiprazole was
herein found to induce35[S]GTPyS binding in rat hippocampal membranes, an
effect that was blocked by a specific antagonisb-#iT,, receptor. In the same
conditions, aripiprazole failed to mimic the respentriggered by 5-HT in
membranes prepared from the cerebral cortex. Thdenines the importance of
reserve receptors when examining the response frimalpagonists, as 5-HE
receptors are known to be 10-fold less abundatiiencerebral cortex than in the
hippocampus (Odagaki & Toyoshima, 2005b; Odagakia§oshima, 2005a). Of
note, the response to 5-HT and aripiprazole in dgpmpal membranes was not
altered in samples from animals treated for 21 eoatve days with aripiprazole,
an observation that is consistent with the abovetimeed concept that partial

agonists do not down-regulate their targets. 5HEceptors are abundant at the
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somatodendritic level of both 5-HT and dopaminerggcrons, and partial agonists
of this receptor, such as aripiprazole, decreas¢Tl Srelease while increasing
dopamine release (Assie et al., 2009). These dgpeffiects could likely explain
the absence of Dreceptor up-regulation after aripiprazole admraisbn as
increased dopamine release could balance the £fié@, receptor blockade while
the decrease in 5-HT release could directly pretbatdopamine receptor up-
regulation (Ishikane et al., 1997).

In conclusion, the present study corroborates previreports identifying
aripiprazole as an antagonist at post-synaptic mopa receptors. The absence of
agonist properties or intrinsic activity of aripgaole was herein further confirmed
in an in vivo model of dopamine receptor sensitization, where filnctional
response to partial agonists is increased. Furthwernconducting the assays in
experimental conditions known to enhance the detecaif low intrinsic activity
partial agonists did not help in demonstratinggaigicant positive intrinsic activity
for this third generation antipsychotic which megrdbehaves as an neutral
antagonist. On the other hand, chronic treatmetit aripiprazole did not elicit any
up-regulation or sensitization of the Eeceptors, further distinguishing aripiprazole
from typical and most atypical known antipsychati@ghile the involvement of
other pharmacological targets should be considereegards of the behavioral and
biochemical data obtained with aripiprazole, thect@pancies between studies
identifying this drug as an agonist or antagonmtld also be explained by the
functional selective profile of the compound. Fertlstudies are required to further
delineate the pharmacodynamic properties of amdgipe and to explain how this
drug differentially influences cerebral dopaminergiathways (Haret al, 2009;

Shapiroet al, 2003; Urbanet al, 2007b). Indeed, emphasizing on the putative
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functional selectivity of aripiprazole, these ded&se questions regarding the use of
appropriate models to characterize the propertiegompounds with complex
pharmacological profiles.
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2. Increasing the density of the 3. receptor and
manipulating the receptor environment are requiredto

evidence the partial agonist properties of aripipraole.
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2.1. Abstract

The clinical efficacy of aripiprazole in the tream of psychosis relies on a partial
agonism at D receptors. As the expression of this receptoedifphysiologically
between pre- and post-synaptic sites and is aftfelcyepathological conditions or
pharmacological treatments, it appears difficultptedict the response to partial
agonists. In addition, the response to this nom&paychotic was shown to depend
on the cell-line and the pathway analyzed, sugggstifunctional selective profile
at the D receptor. This study aims at examining the infeesof receptor density on
the pharmacological properties of aripiprazole.efd tne was developed in which
the expression of the recombinant Eceptor can be tightly manipulated using
doxycycline and sodium butyrate. The potency arfataafy of aripiprazole and
other reference Preceptor ligands were examined IS]JGTP/S binding assays, in
buffers containing either NaCl or N-methyl-D-glucas (NMDG) which is
proposed to enhance G protein coupling. Increatiiegdensity of [ receptors
considerably enhanced th&€$]GTP/S binding induced by dopamine and the full
agonist NPA. In maximally induced cells, the agbrpsoperties of the partial
agonist (-)-3-PPP was revealed in a buffer comgimNaCl, whereas the response to
aripiprazole was not evidenced. Substituting NMD& NaCl promoted the
response to dopamine and (-)3-PPP and was protieref to unravel the partial
agonist profile of aripiprazole. While NMDG substibn for NaCl strongly
enhanced receptor-G protein coupling, these ionanipulations are likely to
influence receptor conformations, thereby modutptine activation of signaling
pathways. Our data obtained with partial agonistsg at the D receptor suggest

that these changes in the experimental conditianddccontribute to reveal the
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functional selective profile of GPCR ligands. Thajso emphasize that the
properties of functional selective ligands do nolyalepend on receptor density but

also on the surrounding environment which likelifeds between brain structures.
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2.2. Introduction

The inhibition of dopamine transmission, throughagonism at b receptors, is a
key aspect in the pharmacological management afhusys (Creese et al., 1976;
Seeman et al., 1976). Side effects resulting frothis blockade can be balanced by
either 5-HTL, antagonism but also by a rapid dissociation frove D, receptor
(Kapur & Seeman, 2001) , a property shared by e#y@ntipsychotics. Recently,
stabilization of the dopamine transmission by coomus endowed with partial
agonism at Dreceptor was proposed as an alternative to theetional receptor
blockade. Several high affinity partial agonists tok D, receptors have been
developed (Bardin et al.,, 2006; Kiss et al., 201@nong which aripiprazole,
launched in 2002, is considered as the first memiferthis new class of
antipsychotics (Burris et al., 2002). Neverthelesgn though the fine-tuning of
dopamine transmission by these compounds is aactie hypothesis to explain
their clinical efficacy (Tamminga & Carlsson, 200®)e ideal intrinsic activity of
these partial agonists remains unclear. Hencepdhigal agonism of aripiprazole at
dopamine receptors in native brain tissue remaimatier of debate (Jordaat al,
2007a; Koeneet al, 2011b).

It is established that the intrinsic activity ofj@en partial agonist varies, depending
on the density of targeted receptors in the tigslegmans et al., 1999; Watts et al.,
1995). Accordingly, when focusing on the modulatidrsecond messengers such as
the inhibition of cAMP accumulation in cells expsagy low levels of the P
receptor, aripiprazole and (S)-(-)-3-(3-hydroxypyigiN-propylpiperidine
hydrochloride ((-)-3-PPP) behave as antagonistsre@se an agonist profile is

clearly evidenced in models where the receptoritdersshigh (Burris et al., 2002;
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Lawler et al.,, 1999; Tadori et al., 2005; Tadoriagt 2009). Inin vivo studies,
aripiprazole was shown to display partial agonigntha presynaptic receptor and
antagonism at the postsynaptic site (Kikuchi et1&895; Kiss et al., 2010; Semba et
al., 1995; Momiyama et al.,, 1996), where high aod Ireceptor reserves are
commonly evidenced, respectively (Meller et al.8@P In addition to the question
of receptor density, the partial agonism of aripgme at dopamine receptors also
depend on the cell line used and the functiongdarse examined (Burrist al,
2002; Jordaret al, 2007a; Shapiret al, 2003; Urbaret al, 2007b). Thus, when
examining the modulation of independent signaliathways in a given cell type,
large differences in the estimated efficacy andepoy of aripiprazole were
reported, suggesting that this drug is endowed Wutittional selective properties
(Shapiroet al, 2003; Urbaret al, 2007b). There is indeed accumulating evidence
for the multiplicity of couplings of the majorityf dGPCRs, including dopamine
receptors, which can be manipulated by such funatieelective ligands (Bosier &
Hermans, 2007; Hermans, 2003; Kiésal, 2002; Mottolaet al, 2002). Guanylyl
nucleotide binding assays, focusing on the firgp $bllowing receptor activation is
an alternative to the measure of downstream reggonkich may involve complex
signaling crosstalks. However, probably due to Isignal-to-noise ratios, the
agonist properties of low intrinsic activity pattiagonists have hardly been
demonstrated by this method (Jordanal, 2007a; Koenert al, 2011b), and
necessitate optimization of experimental protocdlse aim of this study is to
characterize the pharmacodynamic properties ofgbagonists such as (-)-3-PPP
and aripiprazole in comparison to reference agsnist a tetracycline-inducible
mammalian cell line expressing the Deceptor. Using*fS]GTR/S binding assays,

we herein present evidence that enhancing the tgeasithe D, receptor and

161



Results

manipulating the chemical environment differenyiaffect the properties of partial

agonists.
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2.3. Material and methods

2.3.1. Materials

Cell culture medium (Dulbecco's Modified Eagle Meai) and Geneticin
(50mg/mL Stock) were purchased from Gibco-Invitnog@&lerelbeke, Belgium).
Bovine serum was purchased from Thermoscientifioufai, Belgium).
Hygomycin B (50mg/mL Stock) was purchased from Ro¢Brussels, Belgium).
Doxycycline was purchased from Clontech (Westbury, B.eusden, The
Netherlands). Guanosine &-(y-[**S]thiotriphosphate {fS]GTR/S) (spec. act. of
at least 1000 Ci/mMol),H]spiperone (specific activity of 15 Ci/mMol), 96el
plate adapted-GF/B glass fiber filters (Unifilter®F/B), Pico Fluor and and
Microscint 20were purchased from Perkin Elmer (Zaventem, BelyiuDeep 96-
well plates used for binding experiments (Masterkjowere purchased from
Greiner (Wemmel, Belgium). Dopamine hydrochlorig;)-10,11-dihydroxy-N-n-
propylnorapomorphine hydrochloride (NPA), (-)-3-PRfuanosine diphosphate
(GDP), 5’-guanylylimidodiphosphate (Gpp(NH)p), sadh butyrate (NaBu) and
domperidone, were purchased from Sigma Aldrich (Bar, Belgium).
Aripiprazole was obtained from Toronto Research fiibals (Toronto, Canada).
Plastic tubes and Glass fiber filters (GF/B) wergcpased from filter Service

(Eupen, Belgium) and Whatman (Maidstone, Unitedgdiom) respectively.

2.3.2. Generation of the inducible system

The cDNA encoding the mouse,Dreceptor, kindly provided by Dr Emiliana

Borrelli (Institut de Génétique et de Biologie Moldaire et Cellulaire, Strasbourg,
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France) (Guiramand et al., 1995), was cloned iheoNbtl and ECoRV restriction
sites of the pTRE expression vector (Clontech) thedsequence was confirmed by
double strand DNA sequencing. This construct wasdua stable tranfection of
Hela Tet-On cells using Lipofectaminereagent (Invitrogen), according to
manufacturer’s instructions. After selection witd18 (500ug/mL) and hygromycin
(100pg/mL), individual clones were isolated and thar experiments were
conducted with a single clone. This clone (Hela-@atpTRE-DB,) was chosen
considering a low basafPH]spiperone binding when grown in the absence of
doxycycline and a substantial and reproducible ifipelasinding after exposure to
this inducer. Cells were routinely maintained in lliacco’s modified Eagle’s
medium, supplemented with fetal bovine serum (10%),v2% penicillin-
streptomycin (Invitrogen), G418 (250ug/mL) and lymgycin (50pug/mL), at 37°C
in 5% CQ. For binding studies, cells were plated in Peishds and grown in the
absence of the selection antibiotics G418 and hywgomn. When indicated, the
cultured medium was supplemented with doxycycl@X to 3.16pg/mL) for 48h
and NaBu (0.01 to 5 mM) for 24h before harvestimg cells.

2.3.3. Membrane preparation

Confluent cells grown with or without doxycyclinexch NaBu were washed and
scraped from the culture dishes with ice-cold phasp buffered saline (PBS). The
cells were centrifuged and the pellet was frozer8@tC until use. The day of the
experiment, the cell pellet was thawed and homagehafter 10 passages through a
26 gauge needle in 50 mM Tris-HCI (pH 7.4). Thd ogtmbranes were collected
by centrifugation (49,000g) at 4°C and this homaggion/ centrifugation

procedure was repeated twice. The final pellet wemispended in a minimal

164



Results

volume of 50 mM Tris-HCI (pH 7.4) and protein contration was determined by
the method of Bradford.

2.3.4. [*H]spiperone binding assay

Cell membranes (20-40 ug of protein) were incubatigd [*H]spiperone (0.25 nM
in competition studies or 0.0625 to 2 nM in satierabinding studies) in a binding
buffer containing 50 mM Tris-HCI (pH 7.4), 1 mM HB, 5 mM MgCh, 150 mM

NaCl, 1 mM dithiotreitol, and 0.1% sodium metalfise. In some experiments,
NaCl was replaced by 100 mM NMDG and sodium metafiis was omitted. Non-
specific binding was determined in the presencedomperidone (1 pM). In
competition experiments, the competitors (dopamamgiprazole, haloperidol and
(-)-3-PPP) and the G protein disruptor Gpp(NH)p evadded to>H]spiperone in

the wells, before initiating the binding by the amoh of the membranes.

Incubation was performed for 60 min at 30°C, and waaminated by addition of
ice-cold washing buffer (50 mM Tris-HCI (pH 7.4),MdM EDTA, 5 mM MgC),
150 mM NaCl or 100 mM NMDG) and rapid filtrationli@mved by two washes.
Binding assays were performed in a total volum&@d pl in deep 96-well plates
and bound radioactivity was measured after filmatihrough 96-well plate adapted-
GF/B glass fiber filters. Microscint 20 (40pL) wadded to each well of the filter
plates for saturation experiments while for the petition experiments, and
counting was performed by a liquid scintillationuater (Topcount® Microplate

scintillation and luminescence counter, Perkin E)me

2.3.5.  [*S]GTPS binding assay
The binding experiments were performed in deep 6b-wlates. Each well

165



Results

contained 10-25 ug protein, resuspended in a Winlaime of 500uL. Binding buffer
contained 50 mM Tris-HCI (pH 7.4), 1 mM EDTA, /M MgCl,, 150 mM NacCl,
10 uM GDP, 1 mM dithiotreitol, and 0.1% sodium ai@sulfite. When indicated,
NaCl was substituted by 100 mM NMDG and sodium imistafite was omitted. In
all experiments, f'S]JGTP/S, at the final concentration of 0.1 nM was adted
each well, before initiating the binding by addttiof the membrane suspension.
Incubation was performed at 30°C for 40 min anchteated by the addition of 1ml
ice-cold washing buffer (Tris-HCI (pH 7.4), 1 mM EB, 5 mM MgCl, with either
150 mM NacCl, or 200 mM NMDG). The non-specific bimgl was measured in the
presence of 0.1 mM Gpp(NH)p. The suspension waseudinexely filtered through a
96-well plate adapted-GF/B glass fiber filters, amdshed three times with the
washing buffer. After overnight drying, Microsci@0 (40uL) was added to each
well and after 24h, plates were counted with a dop¢® Microplate scintillation

and luminescence counter.

2.3.6. Data analysis

Data were analyzed by non-linear regression, ushey curve-fitting software
GraphPad Prism (GraphPad Software, CA, USA). Valwerived from
concentration-response curves where compared wiagvay ANOVA followed
by Tukey's test for multiple comparison when compgrall data sets, or by
Dunnett’s test for multiple comparison when compgrdata to a control value.

Unpaired student’s t-test was used when compawnogsingle values.
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2.4. Results

2.4.1. Inducible expression of B receptors determined in

[*H]spiperone binding

The expression of the,Dreceptor was examined in cell membranes from Heta
On-pTRE-B, cells cultured for 48h in medium supplemented wdtxycycline.
The binding of {H]spiperone (1 nM) was barely detected in samptesifnon-
induced cells and exposure to doxycyline resultedhiconcentration-dependent
increase in the radioligand specific binding (Flgh) (significant induction with
doxycycline concentrations equal or above 1lpg/mBhaturation curves depicting
[*H]spiperone specific binding (presented in Fig. 4&yealed that increasing the
receptor density was without significant influence the estimated radioligand
affinity (Table 1). At the highest concentrationinflucer tested (3.16pg/mL),B
value reached 12,130 £ 120 cpm/mg protein (cormedipg to approximately 1

pmol/mg protein).

Combining doxycyline with the histone deacetylasaibitor NaBu during the last
24 h of induction was previously shown to enhameeexpression of the target gene
in Tet-On inducible systems (Reeves et al., 206@ofdingly, addition of NaBu to
the culture medium of Hela Tet-On-pTRE;Dcells concentration-dependently
enhanced the specific binding H]spiperone induced by 2 pg/mL of doxycycline
(Fig. 1B). While a robust effect was observed whmmbining NaBu with
doxycycline (5 to 10 fold increased binding val@sscompared to values obtained
with doxycycline alone), we noticed that at thehmgt concentration tested (5 mM,

24h induction), NaBu alone significantly increadbd binding of the radioligand
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(p<0.001).

2.4.2. Functional responses induced by,0igands in Hela
Tet-On pTRE D, cells

The pharmacological properties of agonists andgagonists of the Preceptor
were examined in’{S]GTRS binding assays performed on homogenates from cell
expressing the receptor at different densities. @hglitude of the functional
response induced by dopamine and NPA appeared l\clasgrelated to the
doxycycline concentration (Fig. 2A and B). Thus,emhexpressed as percentage
above the basal nucleotide binding, the estimatedimal efficacy (Eay Of
dopamine and NPA reached respectively from 7.971@% and 7.7 to 61.7% in
samples from cells exposed to 0.01 and 3.16 pg/mtyaycline, respectively
(Table 1). The estimated potency of both ligands nat influenced by the receptor
expression level (Table 1). At variance with theskerence agonists, the maximal
efficacy of (-)-3-PPP and aripiprazole was una#dcby the manipulation of the
receptor densities, as no significant induction[88]GTR/S binding by these

ligands was observed at all doxycycline concemratitested (Fig. 2C and D).
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Fig. 1: Inducible expression of [,
receptors

The specific binding of *H]spiperone was

measured on homogenates from Hela-Tet-On

D2L
cells in NaCl binding buffer.

A. [*H]spiperone (1 nM) binding experiments
were conducted on

cells cultured for 48 hours in the presence of
increasing  concentrations of doxycycline
ranging from 0 to 3.1ug/mL. Shown is a
representation of means with s.e.mean from a
single experiment repeated three times
independently in triplicate.

B. The specific binding of®H] spiperone (2
nM) was determined on cells cultured in the
absence (open bars) or in the presence (closed
bars) of 29/mL of doxycycline for 48 hours,
with or without the addition of NaBu (0, 0.1,
1, 2 and 5 mM) during the last 24 hours. Data
are shown as means with s.e.mean for 3
separate experiments performed in triplicate.
## p<0.001 denotes a significant effect
associated with the addition of NaBu
(comparison with the data obtained without
NaBu), *** p<0.001 denotes a significant
influence of doxycycline for each
concentration of NaBu (one-way ANOVA,
followed by Dunnett's test for multiple
comparisons). déé p<0.001 denotes
difference  between influence of the
combination of doxycycline and NaBu
compared to doxycycline alone
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Fig.2 Influence of the receptor density on the furtonal response induced by
dopamine receptor ligands.

The dopamine (A), NPA (B), (-)-3-PPP (C) and anipimle (D)-induced®S]GTP/S binding was measured
in homogenates of Hela-Tet-On-pTRE;[xells. The experiment was conducted on samplasn frells
cultured for 48 hours in the presence of differ@micentrations of doxycycline (0 to 3.jt§/mL). Data are
shown as means with s.e.mean for 3 separate exg@dnperformed in triplicate. The pharmacodynamic
parameters derived from the concentration-responses are detailed in table 1.

This characterization was pursued in cells wheeerédteptor induction was further
enhanced with NaBu. As expected, combining doxyagcand NaBu substantially

amplified the response to dopamine (Fig. 3A). ksthconditions, both the maximal
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response and the potency of dopamine were incrédabte 3). Thus at the highest
concentration of NaBu tested, the estimated efficzéfcdopamine reached 258.7 +
5.5 % above basal and the potency (pft@as shifted to 6.12 £ 0.06 (as compared
to 5.29 £ 0.12 in the absence of NaBu) (TableiBgly reflecting the development
of receptor reserve. Of importance, in samples famils where expression was
boosted with NaBu, the partial agonist profile 9f3-PPP was unraveled (Fig. 3C).
Thus, addition of NaBu concentration-dependentiijuced the maximal response to
this partial agonist, reaching 28.9 + 1.2 % at lighest receptor density tested
(Table 3). This reveals that the partial agonisififg of (-)-3-PPP depends on the
density of the targeted receptor. Finally, eventhese conditions combining
doxycycline and NaBu, no significant functional pesse to aripiprazole was
evidenced, thus failing to demonstrate the padgdnist properties of this drug.
Hence, aripiprazole behaved similarly as the refezeantagonist haloperidol of
which properties were not affected in all condisotested (Fig. 3D and B,

respectively).
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Fig.3 Effect of enhancing receptor induction witiNaBu on the functional response
induced by dopamine receptor ligands.

The dopamine (A), haloperidol (B), (-)-3-PPP (Cyaripiprazole (D)-induced®j5]GTP/S binding was
measured in homogenates of Hela-Tet-On-pTRE-@lls. The experiments were conducted on sample
from non-induced cells (CTRL) or on cells cultufed 48 hours in the presence of doxycyclingd/2nL)

and NaBu (0, 0.1, 1, 2 and 5 mM) was added to tiire medium during the last 24 hours. Haloperidol
induced {°S]GTP/S binding experiments were realized on non-indwel$ (CTRL), and cells treated with
doxycycline (2uig/mL) for 48 hours and selective concentrationdNaBu (0 and 2 mM) for the last 24
hours. Data are shown as means with s.e.mean fmparate experiments performed in triplicate. The
pharmacodynamic parameters derived from the curnvganels A, C and D are detailed in table 3.
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[H]spiperone specific binding

_Bw {cpm . 107 fmg prot) Ko (PM)
dox (pg mL-1) MaCl |l NMDG HaCl | HMDG
CTRL M.D. M.D. M.D. M.D.
0.01 M.D. 1605 W.D. 1262+79.3
0.10 2202 27141 2129 +68.2 MA£TT*
0.21 4107 35049 1562297 144 E £ 627
0.46 4107 3806 M.D. 3B2+45
1.00 TT+06 7901 G75+323 SBE+1T3
1.33 11.4+£13 g2xD09* 99.8+ 270 51.7+186
1.78 11.7£06 10.7+£19 9652+ 106 E7o+T74w
237 13.1£02 12112 947+ 261 557+103
316 12.1+0.1 12916 921216 527264
dopamine
PECs, Emax [% above basal)
dox (pg mL-1) MaCl | NMDG HaCl HMDG
CTRL 456+033 585+ 071 10.81+£2.01 T04+182
0.01 394+118 B25x011* TO4+£573 21.09 +0.80
0.10 343+0093 598+021* | 26171920 24 44 + 1.87
0.21 434+027 644+012* ] 28121396 3550+ 749
0.46 464+023 594+016* | 4633+499 38.15+228
1.00 439+020 627+018**] 525315325 4457 £ 277
1.33 444+026 630z005"*] 59422761 5561+ 1.01
1.78 480+016 610+x009**] G041+443 53.38+1.63
237 4T71+016 615+009**] 71181532 5598 £172 ™
316 498+012 618+010**] 77.21+3.86 S929+£201 ™
_ — I
NPA
PECs, Emax [% above basal)
dox (pg mL-T) HaCl | NMDG HNaCl | MMDG
CTRL N.D. 8432047 M.D. 1024 +1.86
0.01 T.23+0.80 242=0.18 TT3+£338 1903 £128*
0.10 T20+215 8732013 1478+ 1749 2683+124
0.21 T93+0.58 283047 2460 +6.39 33.92+210
0.46 822+020 849023 34T 2262 3756+284
1.00 8.13+0.90 903 £017 ITT0+£12.34 4861295
1.33 §18+019 884+005* ] 4157+3.33 ST14 2164
1.78 828+013 888£013* 5606 +2.94 £5240+258
237 §24+016 891+016* | 55862361 Go04+372*
316 821+009 B897+011**] G167T+226 58.32+ 240

Table 1. Pharmacodynamic parameters derived from°H]Spiperone and

[*SIGTPyS binding assays on cells cultured in the presenogincreasing

concentrations of doxycycline.

Shown are B. and Ky values from the binding saturation-curves perfatnie NaCl and NMDG
containing buffer. pEg values and g, values were derived from the dopamine- and NPAuded
[**S]GTP/S binding. Data are expressed as means

+ s.e.nwaB fndependent experiments, each

performed in triplicate. At single concentratiorfsdoxycycline, parameters measured in buffers dning
NaCl or NMDG were compared using unpaired Studertést.
denote differences between values obtained inibebuffers; N.D.: not determined.

* p<0.05, ** p<0.01 and ** p<0.001
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dox pEC5n Erru:l:
A

(ng mL") ﬂri|)ipr_aznle 1'-}-3-_F‘FF aripipr_azmle {-}-B-EF'P
CTHL N.D. MN.D. MN.D. N.D.
0.01 N.D. M.D. M.D. N.D.
0.10 N.D. MN.D. MN.D. N.D.
0.21 N.D. M. MN.D. N.D.
0.46 N.D. M.D. MO N.D.
1.00 MN.D. 518+£028 M.D. 235430
1.33 N.D. 5402022 MN.D. 259+25
1.78 N.D. 4868+ 0.30 MN.O. 3IT7+48
2.37 T76+£028 LTT+£023 137+£16 2T5+25
3.16 8.15 + 0.37 5132027 96+15 255436

Table 2. Pharmacodynamic parameters derived from th concentration-response
curves of (-)-3-PPP and aripiprazole in NMDG contaiing buffer.

Data are expressed as means + s.e.mean for 3 imtkygeexperiments, each performed in triplicatd.N.
not determined.

2.4.3. Influence of NMDG on the functional responses
induced by D ligands in Hela Tet-On pTRE B cells

Analysis of the pharmacodynamic parameters derifemm [*H]spiperone
saturation-binding curves revealed that the bindihghis radiolabelled antagonist
was not changed when NMDG was substituted for Nim@ie binding buffer (Fig.
4B). Thus, throughout the range of doxycycline @niations tested, the. B
values measured in the two buffers appeared nérdift (Table 1). Besides, a
modest increase in the affinity ofH]spiperone was measured in the NMDG
containing buffer when examined on cells inducethwiigh concentrations of

doxycycline (Table 1).

As previously evidenced in rat striatal membranksefier et al, 2011b) this

change in buffer composition markedly increasedpittency of dopamine in the
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dopamine
pESD — Emax _
NaCl | NMDG NaCl | NMDG
DOX+ NaBu 5mM | 6.12+0.06™  680+005™ 2587 £ 55 298 1+ 5.0
DOX+NaBu2mM | 5821015 §81:0068™ 1805+ 9.8 2005+ 4.2
DOX+ NaBu 1mM | 5980107  703:0127 1273+ 4.5 1454 + 5.3
DOX+ NaBu 0.1mM | 5.77 +0.20"* 672+008% 482 +36° 703 +18*
DOX 2pg/ml £529+0.12 6.49 +0.34 504425 T16+77
CTRL 416 + 0.87 495+ 152 97+48 137493
rrp
I3'Esu Emax
NaCl I NMD G NaCl | NMD G
DOX+ NaBu 5mM 644 +0.13 665 +0.04 289+12* 1604+19°
DOX+ NaBu 2mM 5.18 + 0.66 657+ 0047 147 +41* 1193+ 197
DOX+ NaBu 1mM 5124014 6600067 158+08™ 928217
DOX+ NaBu 0.imM | 525:145 622 +0.11 45+3.0 £7+197
DOX 2pgiml 548 +0.37 660+0097 63+10 472+157
CTRL N.D. N.D. N.D. N.D.
aripiprazole
F"ESI] Emax
NaCl | NMDG NaCl JNMDG
 DOX+ Nabu 5mM ND. B713+0.11°" ND. 726 +30 ™
DOX+ NaBu 2mM N.D. 548 +0.18 N.D. 473132
DOX+ NaBu 1mM N.D. 862 +0.33 N.D. 24.1+31
DOX+ NaBu 0.1mM N.D. 8.26 + 027 N.D. 211+22
DOX 2pg/ml N.D. 8.05 +0.32 N.D. 270+37
CTRL N.D. N.D. N.D. N.D.

Table 3. Influence of NaBu on the potency and effacy of dopamine receptor ligands.

Shown are pEg and E.. values from the dopamine-, (-)-3-PPP- and arigipiinduced ¥S]GTP/S
binding curves. Data are expressed as means tese.far 3 independent experiments, each performed i
triplicate. * p<0.05 and *** p<0.001 denote sige#int differences with values obtained on cellsurai
with doxycycline alone (2ug/mL) (one-way ANOVA, folved by Dunnett’s test for multiple comparisch).
p<0.05, # p<0.01 and™ p<0.001 denote differences between values obtdiméte two buffers (unpaired

student’s t-test).

[**S]GTRS binding assay, an effect that was also obsemethé other reference

agonist NPA (Fig. 5 A and B, Table 1). Such inceeas the potency of the full
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agonists was not dependent on the density of receps it was observed for all
effective concentrations of doxycycline (Table This effect was also evidenced
when the expression of the receptor was furthestealoby addition of NaBu during
the induction phase (Fig.6, Table 3). Besides, ¢bmparison of the maximal
responses observed in samples from cells exposedfactive concentrations of
doxycycline and/or NaBu revealed that substitutMigDG for NaCl was without

major influence on the efficacy of the agonistalf€ 1 and 3).

At variance with the results obtained with the fgjonists, switching to the NMDG
containing buffer dramatically changed the apparpriperties of the partial
agonists (-)-3-PPP and aripiprazole (Fig. 5C andTbus, on samples from cells
exposed to high concentrations of doxycycline (frtband 1.33 pg/mL and beyond)
or further boosted with NaBu, both compounds effitly promoted the specific
binding of [°S]GTR/S (Table 2 and 3). As documented for dopamine aR4,N
increasing the receptor density was reflected ie #stimated efficacy of
aripiprazole and (-)-3-PPP (Fig. 6C and D, Table M) the highest density of
receptors (doxycycline 2 pg/mL and NaBu 5 mM), mh@ximal responses of these
two partial agonists reached approximately 70 a6@8% above basal value for
aripiprazole and (-)-3-PPP, respectively (a quastenalf of the response observed
with dopamine). Finally, in these optimized corawh (high receptor density and
NMDG containing buffer), no functional response haloperidol were detected,

confirming its antagonist profile (Fig. 6B).
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[*H]spiperone specific binding
(cpm/mg prot)

CTRL

DOX 0.01 pg/ml
DOX 0.10 pg/ml
DOX 0.21 pg/ml
DOX 0.46 pg/ml
DOX 1.00 pg/ml
DOX 1.33 pg/ml
DOX 1.78 pg/ml
DOX 2.37 ug/ml
DOX 3.16 pg/ml

0.0 0.5 1.0 1.5 2.0 2.5
[*Hlspiperone (nM)

qd <« O ¢ 0O OmED> D>

L
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[H]spiperone (nM)

Fig.4 Specific binding of [3H]spiperone on Hela-TeOn-pTRE-D,L measured in
NaCl and NMDG containing buffer.

The specific binding of®H]spiperone (0.05 - 2 nM) was measured on homogsniibm Hela-Tet-On-
pTRE-D,, cells cells in a buffer containing NaCl (A) andhboffer where NMDG was substituted for NaCl
(B). Hela Tet-On B_ cells cultured for 48 hours in the presence ofaasing concentrations of doxycycline
ranging from 0 to 3.146y/mL. Shown are representative of saturation bigpdinrves (means with s.e.mean)
from single experiments repeated three times inukdgatly in triplicate. The pharmacodynamic paramsete
derived from these curves are shown in table 1.
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Fig.5 Characterization of the functional responsenduced by dopamine receptor
ligands in NMDG containing buffer.

The dopamine (A), NPA (B), (-)-3-PPP (C) and anipimle (D)-induced®S]GTP/S binding was measured

in homogenates of Hela-Tet-On-pTRExells in a buffer where NMDG was substituted fa@l The
experiment was conducted on sample from cells @dtufor 48 hours in the presence of different
concentrations of doxycycline (0 to 3imL). Data are shown as means with s.e.mean fegparate
experiments performed in triplicate. The pharmacadyic parameters derived from these curves are
detailed in tables 1 (for dopamine and NPA) antb? (f)-3-PPP and aripiprazole).
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Fig.6 Characterization of the functional responsenduced by dopamine receptor

ligands in NMDG containing buffer on cells inducedwith the combination of

doxycycline and NaBu.

The dopamine (A), haloperidol (B), (-)-3-PPP (CXaaripiprazole (D)-induced®{S]JGTP/S binding was

measured in homogenates of Hela-Tet-On-pTRE-€ells, in a buffer where NMDG was substituted for

NaCl. The experiments were conducted on sample freaminduced cells (CTRL) or on cells cultured 4&
hours in the presence of doxycyclinewg2nL) and NaBu (0, 0.1, 1, 2 and 5 mM) was addethéoculture
medium during the last 24 hours. Haloperidol-indL§&S]GTP/S binding experiments were realized on
non-induced cells (CTRL), and on cells treated wittixycycline (2g/mL) for 48 hours and selective

concentrations of NaBu (0 and 2 mM) for the lasthddirs. Data are shown as means with s.e.mean for 3
separate experiments performed in triplicate. Tharmacodynamic parameters derived from the cunves i

panels A, C and D are detailed in table 3.
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2.4.4. Influence of NMDG on the displacement of

[*H]spiperone binding by dopamine receptor ligands

The consequence of substituting NMDG for NaCl ie bBuffer on the properties of
agonists, partial agonists and antagonists, waseuexamined in>H]spiperone
(0.25 nM) competition binding studies. These expents were conducted on
samples from cells induced with the combinationdokycycline (2 ug/mL) and
NaBu (2 mM). The influence of G protein coupling tre ligand affinities was
further examined using the stable GTP analogue KHgj{, known to indirectly
decrease the affinity of GPCR agonists, by disngp® protein and the subsequent
ternary complex. In the absence of Gpp(NH)p, thevewepicting TH]spiperone
competition by dopamine in the NaCl containing bufibest fitted with a two-site
model (Fig. 7A), with 35% of the receptors showangigh affinity (Table 4). In the
NMDG containing buffer, this fraction was not chadgsignificantly, but the
calculated high and low affinities were substahtiaicreased (Fig. 7B, Table 4). In
the presence of Gpp(NH)p (100 uM), the competitonves for dopamine best
fitted to a single-site model, in both NaCl and containing buffers, with an
estimated pKvalue corresponding to the low affinity sites (Tealdl). Considering
the above mentioned increased potency in the NMB@aining buffer, the KECs,
ratio for dopamine was almost four times highethis buffer as compared to the
standard NaCl buffer (Table 4).

In accordance with its partial agonist propertiedidated in {°S]JGTP/S binding
studies in NMDG containing buffer, the curve fiispiperone binding inhibition
by (-)-3-PPP also fitted with a two-site model (Figr, Table 4), with 17.26 £ 6.57

% of receptors in the high affinity state, andver fitted to a one-binding site in
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the presence of Gpp(NH)p (Fig. 7F, Table 4). Cdesiswith the very modest
partial agonist activity evidenced in for (-)-3-PPH**S]GTP/S binding studies in
NaCl buffer, the H]spiperone binding inhibition curve best fitted dosingle-site
model (Fig. 7E) in this buffer. It is however nothy that Gpp(NH)p slightly
decreased the affinity of the ligand (Table 4). hiddally, as for dopamine, the
Ki/ECsq ratio for (-)-3-PPP was substantially increaseNMDG compared to NaCl
buffer.

As expected for an antagonist (Cordeaixal, 2001; Neve, 1991), haloperidol
displaced {H]spiperone binding with concentration-inhibitionrees fitting with a
single-site model, both in the absence or in tlesgmce of Gpp(NH)p (Fig. 7G and
H, Table 4). Similarly, JH]spiperone binding inhibition curves obtained with
aripiprazole also best fitted with a single-site deloin the absence or in the
presence of Gpp(NH)p, in both NaCl and NMDG budféfig. 7C and D), which
contrasts with the partial agonist properties messin F°S]GTP/S binding studies
in NMDG buffer. The presence of Gpp(NH)p was witheignificant effect on the

estimated affinity of aripiprazole (Table 4).
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Legend of Fig. 7. Effects of NMDG substitution folNaCl on the inhibition of
[3H]spiperone binding by dopamine receptor ligands.

[*H]spiperone (0.25 nM) binding was performed on bgenates of Hela-Tet-On-pTRExDcells cultured

for 48 hours in the presence of doxycyclinggnL) and NaBu (2 mM) for the last 24 hours. Contpoat
curves for dopamine, aripiprazole, (-)-3-PPP arldgeidol, in NaCl buffer are represented respetyivn
A,C,E,G, and in NMDG in B,D,FH. These experimenwsre performed in the absence (squares and full
lines) or in the presence (triangle and dotted) lmfeGpp(NH)p (100uM). Data are shown as means with
s.e.mean for 3 (4 for (-)-3-PPP) separate expetsrgerformed in triplicate. Pharmacodynamic paranset
derived from the curves are represented in table 4.

NaCl
pK; | KJ/ECsp
-GppNHp +ppNHp
pkyy 6.028 + 049
dopamine pky 4.37 £ 0.35 pk;4.33+0.13 309
% Ry 353112766
aripiprazole pK; 8.6 +0.2 pk; 545+ 0.19 N.D.
(-}-3-PPP pK; 56+ 0.13 pk;5.23 £ 018" 0.89
haloperidol pK;542+02 pK; 5.38 £ 0.07 N.D.
NMDG
PK; | K/ECs,
-GppNHp +Gp pNHp
pKe 720 £ 0.39°7
dopamine pk; 4.86 £+ 022 pK. 474 + 0.19% 117.49
% Ry 3508 + 352
aripiprazole pK; 8.27 £ 0.19 pK; 8.032 + 0.16° 28
pky 695+ 093
{-}-3-PPP pky 5.17 £0.22 pk; 5.06 £ 0.33 324
% Ry 17.26 £ 6.57
haloperidol pKIL 5.17 £ 0.22 pk; 554 + 0.08 N.D.
Table 4.
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Legend of Table 4. Pharmacodynamic parameters deréd from competition curves
of [°H]spiperone binding in the presence or in the absee of Gpp(NH)p.

Competition curves were performed on cells cultdedd8 hours in the presence of doxycycline (2Ug/m
and NaBu (2 mM) for the last 24 hours. Shown aréy@fues determined in the presence or in the afesen
of Gpp(NH)p. When the curve fitted best with a thiading site model, pl§ and pK, values are indicated,
as well as the proportion of high affinity sites;JRK/ECso values were obtained using data shown in Table
3. Data are expressed as means = s.e.mean foefendent experiments, each performed in triplicate.
p<0.05 denotes differences between p&lues obtained in the presence or in the abseh&pp(NH)p
(unpaired student’s t-testf. p<0.05 denotes differences between values obtainethe two buffers
(unpaired student’s t-test).

2.5. Discussion

It is well documented that the properties of GPQfRrasts are dependent on the
density of targeted receptor (Hermaatsal, 1999; Wattset al, 1995; Gaziet al,
1999; Kenakin, 1997). Hence, the partial agonistfiler of several B receptor
ligands has been studied on cellular models eximgsdifferent densities of
receptors. Thus, in cells expressing low level®gfeceptors, aripiprazole and (-)-
3-PPP behave as antagonists (Burris et al., 200@prT et al., 2005; Tadori et al.,
2009), whereas when receptor density is high, bothpounds efficiently decrease
cAMP accumulation, at variance with antagonistsolvhiemain silent (Tadogt al,
2009). These observations encouraged us to deweldpt-On based inducible
system in which the expression of therBceptor can be tightly manipulatdchus,
increasing the concentration of the chemical indudb@xycycline in the culture
medium of this cell model efficiently promoted tepression of the Preceptor up
to approximately 1,100 fmol/mgrotein, and addition of NaBu (Cook et al., 2008;
Jerman et al., 2001) further boosted this inducbgrup to 6-7 fold. Focusing on
the activation of G proteins, this study first erapizes the receptor reserve

dependent properties of the partial agonist (-PBRPThus, in classical assay
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conditions (buffer containing NacCl), the agonistgerties of (-)-3-PPP could not be
detected on cells expressing low receptor levelsereas partial agonism was
clearly evidenced when examined on cells whereesgion was robustly induced
with the combination of doxycycline and NaBu. Sudgrease in the relative
efficacy of a partial agonist, as well as the iasexl potency of dopamine in
maximally induced conditions are consistent wité theoretical concepts related to
receptor reserve (Burris et al., 2002; Hermansl.et1l899; Jerman et al., 2001;
Tadori et al., 2005; Tadori et al.,, 2009). Howevat, variance with previous
observations (Burrigt al, 2002; Kenakin, 1997; Tadoet al, 2005; Tadoriet al,

2009), no significant response was evidenced fgipmazole even at maximal
receptor density. In these conditions, aripiprazbles behaved like the reference
antagonist haloperidol, indicating that increasitigg receptor reserve is not

sufficient to reveal its agonist profile.

The omission of sodium and its substitution by NMdmatically changed the
response profile of all agonists tested and ini@dér unravelled the partial agonist
properties of aripiprazole. Thus, in these condgjowhile aripiprazole did not elicit

guanylyl nucleotide exchange in non-induced cé$sefficacy tended to increase
with the receptor density. Also, substituting NMD& NaCl noticeably modified

the response profile of (-)-3-PPP, which behaved hgh-intrinsic activity agonist

at high receptor density. As a mean to replaceusodn assay buffers, the use of
NMDG in the functional evaluation of GPCR ligandashbeen already reported,
including for dopamine receptors (Lin et al.,, 2006)owever, the mechanism
supporting the facilitation of the detection of éfein coupling in these conditions
remains largely unknown. Herein, the omission afigsm from the buffer does not

only promoted the efficacy of partial agonist, also markedly affected the
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pharmacodynamic parameters determined for full esg®nas indicated by a
leftward shift in the concentration-response curggstematically observed for
dopamine and NPA. Through interaction with a higbbynserved aspartate residue
within the second transmembrane domain of the aé@PCRs, sodium ions act as
putative allosteric modulator influencing the aiffynof orthosteric ligands endowed
with an agonist profile (Neve, 1991; Newt al, 2001; Selentet al, 2010;
Pihlavistoet al, 1998; Emmersoet al, 2004). Accordingly, the estimated affinity
of dopamine was increased when omitting sodium iorike assay buffer, an effect
that was however not observed for (-)-3-PPP ang@ipezole. This putative
allosteric influence of sodium ions on agonist lmgd appears insufficient to
explain the leftward shift in concentration-curvasfull agonists or the increased
efficacy of partial agonists in the absence of godias the KECs, ratio of both
dopamine and (-)-3-PPP was significantly higher nvessays where performed in
the NMDG containing buffer. The;HcCs, ratio was previously referred as an index
of receptor/G protein coupling (Cordeaux et alQ20Lin et al., 2006; Gardner et
al., 1996). Hence, corroborating previous reportdicating that sodium ions
decrease the G protein coupling of dopamine recefdtechnell & Seifert, 2010;
Selleyet al, 2000), the present data obtained for dopamine(gr@tPPP indicate
that omitting sodium ions reinforces this coupliag, effect that coincides with an

apparent increase in the receptor reserve.

Despite the abundant literature related to the mflesodium ions on GPCR
activation, the mechanism supporting this ioniduahce remains largely debated.
Hence, halides such as NaCl are thought to supbertigh affinity of GDP for
certain subtypes of G proteins, partially impedthgir activation, especially for

compounds with a low intrinsic activity profile (Qwell & Seifert, 2010). This
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could explain how NMDG substitution for NaCl fatalies G protein activation by
the partial agonists (-)-3-PPP and aripiprazole mutleases the potency of full
agonists, as already proposed (Lin et al.,, 2006)wéver, such increase in
receptor/G protein coupling would also implicate sicreased proportion of
receptors in a high affinity state, an effect tivals not evidenced for all ligands in
[*H]spiperone binding inhibition studies. Althoughnopetition curves for (-)-3-PPP
showed the occurrence of two agonist binding sitetNMDG compared to NacCl,
the percentage of receptors in the high affinigtestvas equivalent in both buffers
when using dopamine as competitor. Furthermorepitieds efficacy evidenced in
the NMDG containing buffer, the;K£Csq ratio for aripiprazole was particularly low
and curves depicting’fi]spiperone binding competition best fitted to age-
binding site model in all conditions tested. Figalllespite an increase in basal
[**S]GTH/S binding in NMDG compared to NaCl (data not showmlicating an
enhancement in receptor/G-protein coupling, comgsunith little partial agonist
activity as (-)-3-PPP should switch from being @dragonists to inverse agonists
(so-called protean agonists), which was not the.césgether, these observations
clearly imply that another biochemical mechanismppsuts the effects of

substitution of NaCl by NMDG on the response tdaiarD, partial agonists.

Beside changing the affinity of agonists, the iat#ion of sodium ions with the
conserved aspartate residue within the transmerabtare of several GPCRs is
likely to influence receptor conformations, theretmpdulating the activation of
selected signaling pathways (Schnell & Seifert, 03elentet al, 2010). Thus,

changing the assay buffer could indirectly altex toupling of the receptor with
certain G proteins while facilitating the interactiwith alternative subtypes upon

activation with appropriate ligands. Consistentmttie concepts of multiplicity of
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coupling (Hermans, 2003) and functional selectiy@gpsier & Hermans, 2007), the
D, and Dsreceptors have been shown to activate distinctdBems in an agonist
dependent fashion (Cordeaekal, 2001; Gazet al, 1999; Laneet al, 2007; Lane
et al, 2008; Nickolls & Strange, 2003; Nickolls & Strag2004). While both
receptor variants interact witho Goi;, Ga;, and Goyz proteins, the long isoform
shows preferential coupling to thexngzandGa;, protein subtypes (Cordeaux et al.,
2001; Gazi et al., 1999; Guiramand et al., 1995d€aux et al., 2001; Gazi et al.,
1999). Indeed, some compounds including dopamide(8)33-PPP appeared to be
more potent when the,Dreceptor was co-expressed in Sf9 cells witly @otein,

as compared to combination withuGrotein subtypes (Cordeaux et al., 2001), an
effect that was similarly observed when fusioning D,. receptor with G protein
compared to @ subtypes (Laneet al, 2007; Nickolls & Strange, 2004). It is
noteworthy that a similar difference in the potermfydopamine was observed in
this previous report when examining the couplingetther Gy, and Ga; protein
subtypes or in the present study when examiningngyblnucleotide exchange in
NMDG or NaCl containing buffers. Additionally, inf® cells co-expressing G-
proteins, or in models of protein fusion, (-)-3-Pi¥haved as a partial agonist when
combining the [ receptor with Go or sometimes @ protein subtypes, whereas
no functional response was elicited withyGor Ga;, proteins (Gazi et al., 1999;
Lane et al.,, 2007). This overview of the literatal@a strongly suggests that the
presence of NMDG or the omission of NaCl in our eaxpents influences the
balance of Gy, and Gy protein couplings of the ) receptor or at least that
changing the experimental conditions may facilitébe detection of discrete
couplings. On that basis, our working hypothesith&t aripiprazole behaves as a

functional selective ligand with an agonist profitavard a subset of G proteins
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interacting with the B receptor. Evidencing this agonism in guanylyl eatide
binding assays requires the use of experimentatlitons that maximize such
coupling or that minimize the coupling to other @teins. Although, aripiprazole
has never been studied on cells combining the segfme of the b receptor and a
specific subtype of G protein, there is accumutpgwidence that aripiprazole acts
as a functional selective compound activating wicstisignaling pathways with
different efficacies and/or potencies (Bureisal, 2002; Shapir@t al, 2003; Urban
et al, 2007b). Considering that dopamine, NPA and (PF3 elicited responses in
both NaCl and NMDG containing buffers, this hypatlsemplies that these ligands
concomitantly activate diverse couplings. Howevtre modifications in the
potency or efficacy of these ligands evidenced wtemted in the NMDG buffer
suggest that these compounds also display somé&duoatcselective properties. Our
data may suggest that substituting NMDG for NaGlldaonstitute a simple and
complementary method to unravel the functionalcile profile of GPCR ligands,

in particular those with low intrinsic activity.

2.6. Conclusions

This study underlines that the type of assay usemlucial in order to establish the
properties of such low intrinsic activity compour(dsrdan et al., 2007). This work
also emphasizes that the receptor environmentydia the subtype of protein
partners, the ionic environment and the cell typeduare extrinsic factors that can
strongly modify the response to partial agonistshef D, receptors. Recombinant
systems show several limitations, as they do ncapiulate the heterogeneity of
native tissue, in which scaffolding elements, régeplustering, receptor dynamic

regulations and protein partners will differ. Howewvthe physiological relevance of
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this study using an inducible model relies firsttba existence of distinct levels of
D, receptor in vivo, as receptor reserve is repottelde higher at the presynaptic
(10 fold higher) than the postsynaptic sites (Eledt al., 1986; Yokoo et al., 1988).

Additionnally, pathological conditions and pharmiagpical treatments (Geurts et
al., 1999; Koener et al., 2011; Seeman 2011) céctatlopamine B receptor
expression and sensitivity and may thereby infleethe response to drug acting as
partial agonists. Secondly, the environment depeinderoperties of these
compounds suggest that their response profile rdifietween cerebral dopamine
pathways. The understanding of the effects in diffebrain structures should bring
further information on the multiple symptoms thaé anainly targeted by these
novel antipsychotics. Finally, our observation thithe agonist properties of
aripiprazole and (-)-3-PPP are largely influenced NaCl suggest that their
pharmacodynamic profile may depend upon neurorslnge or active status. In
fact, intracellular neuronal levels of NaCl are l@xcept during depolarization
conditions. At low NaCl concentrations, the receptdl be in a highly-responsive
state, a situation analogous to the experimentsiumiad with NMDG. When
depolarization occurs, the influx of sodium woulsWwitch off” the receptor and
suppress agonist responses, a situation analogotisetconditions used in this
study with NaCl (Selleyet al, 2000). However, this hypothesis suggests that
intracellular sodium concentrations change theitgbdf the receptor to signal.
Whereas intra- or extra- cellular sodium concermnat influence GPCRs binding
and signaling still remains a matter of debate €fekt al, 2010). Further
investigations need to be performed in order toewstdnd the importance of

sodium ions, in vivo, in the ability of GPCR to sal.
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General discussion

General Discussion

Increasing the density of dopaming &ceptors in the rat striatum, and rendering
receptors supersensitive, both through a chroreatriment of the rodents with
haloperidol did not help to evidence the partiabragt properties of aripiprazole,
even in optimized binding conditions, where NaClkvgabstituted for NMDG. At
variance, optimizing binding conditions and incieggeceptor density in Hela Tet-
On-pTRE-DB, cells was proven efficient in revealing the paréigonist properties
of aripiprazole, which indeed increased with theoant of receptors, in accordance
with the expected theory (Gaet al, 1999; Hermangt al, 1999; Kenakin, 2004;
Watts et al, 1995). Ourin vitro observations here emphasize the environment-
dependent pharmacodynamic properties of aripipeazdh addition, despite
behaving as an antagonist on striatal homogenatesnic treatment of rodents
with aripiprazole did not induce any up-regulation hypersensitization of the
dopamine I3 receptors, nor even cataleptic behavior, conyraoilthe expectations
with a dopamine B antagonist. At variance, these observations coraib the
theory related to partial agonists (Hoyer & Boddek893; Januaret al, 1997).
Contrarily with the suggested partial agonist peotif aripiprazole, the compound
was unable to elicit any dopamine Bgonist-like specific stereotypes behavior,

even on hypersensitized rodents.

This mixed agonist-antagonist profile of aripipriezoalready objectified in
previous studies (Inouet al, 1997; Jordaret al, 2007a; Jordaret al, 2007b;
Kikuchi et al, 1995; Lawleret al, 1999; Mailman & Murthy, 2010; Shapiet al,

2003; Urbanet al, 2007b) appears to be inconsistent with the sinsplecept of
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partial agonism. The contrasting environment-depahdprofile led to the
hypothesis that aripiprazole is “functionally sefee” at the level of the dopamine
D, receptor (Lawleret al, 1999; Mailman & Murthy, 2010; Shapiret al, 2003;
Urban et al, 2007b; Urbanet al, 2007a). The relevance of our experimental
manipulations and their results will be discussedhie light of such hypothesis.
Additionally, we also suggest that the implicatminthe 5-HT, 4 receptor, on which
aripiprazole displays partial agonist propertidayp a major role in the innovating
properties of aripiprazole (Newman-Tancredi, 2019eywman-Tancredi & Kleven,
2011; Ohno, 2011), and constitutes an importartofaic the explanation of our

experimental observations.
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General discussion — Part 1

1. PART 1: Is aripiprazole a partial agonist, an
antagonist, or something more? A deeper analysis ofur

experimental data.

1.1. Understanding the contrasting profile of
aripiprazole between striatum and Hela Tet-On-pTRE-
D.,L cells: a step towards the “functional selective”

hypothesis.

1.1.1. The influence of receptor density and tissue

homogeneity

What is most surprising is the contrasting probleserved for aripiprazole when
tested in the rat striatum or in Hela Tet-on celis.fact, in optimized binding
conditions, where NMDG was substituted for NaCl, significant response to
aripiprazole could be detected on supersensitiaédstriatal tissue, whereas the
compound displayed partial agonist properties omaHet-On-pTRE-B_ cells.
Receptor density may be of importance in such ebsiens. Indeed, when cells are
expressing the same receptor level than striatahlmanes (0.655 fmol/mg protein
(Geurtset al, 1999c)), no response is evidenced on both samplhereas a
functional response to aripiprazole was measuretiela Tet-On-pTRE-R cells
expressing receptor density reaching 1.2 fmol/mggin. In accordance with the

theory concerning receptor reserve, it expected e maximal efficacy of the
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partial agonist will increase (Hermams$ al, 1999; Kenakin, 2004; Wattst al,
1995), an observation that can simply explain whyesponse to aripiprazole is

revealed in such conditions.

Indeed, the receptor density dependent partial iaggmoperties of aripiprazole
have already been highlighted fi$]GTP/S binding assay (Jordaet al, 2007a),
as well as in second-messenger assays (CAMP degrebsth on striatal
membranes and in CHO,Dcells expressing low receptor levels (Jorddnal,
2007a; Tadoriet al, 2009). However, understanding such discrepanosaeen
functional responses on cells and striatum appeal®e much more complicated
than a simple interpretation of receptor densiilesdanet al, 2007a). Despite the
fact that receptor isoforms differ between both glasy as the striatum expresses
both dopamine B and D, receptors, contrarily to the Hela Tet-On-pTRE-€ells,

it is of importance to note that tissue homogendtyquite dissimilar between
samples. Indeed, striatal homogenate consistsumone expressing the dopamine
receptors, but also in other cell types such ad ghd microglial cells, vessels, etc.
Even though dopamine,Cexpressing neurons may hold more receptors that ou
transfected cells, their signal can be masked bybtctkground related to the other
cells, resulting in a low signal-to-noise ratiodancept discussed below). On the
contrary, a culture of Hela Tet-On-pTRE[xells contains exclusively this cell
type, which all express the transfected recept@ind aware of the type of
signalization partners expressed in such type ltd,deis therefore not difficult to
predict the type of partners interacting with thened receptor. On the contrary,
despite knowledge on the signalization partnersesged in the striatum (Meller &
Bohmaker, 1996; Shiet al, 1995), it appears quite challenging to predictciwh

one will actually interact with the dopamine E2ceptors in the striatal membranes,
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due to this lack of tissue homogeneity.

Adding up to this complexity, it is of note to memt that striatal membranes
express both dopamine,LandD,sreceptors. The amino-acid difference between
these isoforms is known to directly influence tloeigling to G-proteins (Cordeaux
et al., 2001; Guiramand et al., 1995; Lane et28l08; Liu et al., 1994; Senogles et
al., 1990), an effect that could hold clues for diféerences observed between cells
and striatum. These considerations further comigidhe interpretation of the
effects of aripiprazole on the striatum, and higfiionce more the gap between
researches on recombinant systems compared tovexmodels (Jordaret al,
2007a; Kenakin, 1997).

1.1.2. Functional selectivity and receptor / G-protein

stoichiometry

Although it is well described that the responsgddial agonists can be influenced
by receptor density, the receptor/G-protein staictetry does not only depend on
receptor expression level but also on G-proteirsigrand availability both in the

native tissue and the recombinant system. Thi®famn largely contribute to the
discrepancies observed between striatal and cefibrenes (Kenakin, 1997; Kilts

et al, 2002; Mottolaet al, 2002; Urbaret al, 2007a).

As already largely suggested in the introductiomt pd the thesis (see section
B.2.3.2. and B.2.3.3.), quite diverse functionalp@nses of ligands, mediated via a
single receptor, have for long been consideredrafas, as such observations
were not consistent with the old concepts of phaolmgy. However, when

considering the theory of “functional selectivityit,is much easier to understand
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that a single ligand, acting at a single recean, display at the same time agonist
and antagonist properties, depending on the pathiatyis considered (Urbast
al., 2007b; Urbaret al, 2007a).

In fact, the application of such theory to the dopee D, receptor was shown for
two compounds: DHX (dihydrexidine) and N-propyl-DHXoth compounds
displayed full agonist properties on some cascadtigsated by the dopamine,D
receptor such as CAMP accumulation decrease, whénes behaved as antagonists
on the behavioral features expected with a dopamagonist (Kilts et al., 2002;
Mottola et al., 2002). In the same way, aripiprazo¢haves as a functional selective
compound, as it activatesin vitro - several intracellular cascades with different
efficacies and potencies (Burms al, 2002; Mailman & Murthy, 2010; Shapiet

al., 2003; Urbaret al, 2007b; Urbaret al, 2007a), behaving as an agonist or an

antagonist depending on the pathway analyzed.

As already mentioned in the introduction part o thesis, it is strongly believed
that functional selective ligands stabilize theeggor in a conformation that only
recruits certain protein partners, whereas otheesnat implicated at all. As a
consequence, the response to functional selescgaads will not only depend on
the ligand itself, but also on the cellular envim@nt, considering the subtype of
signaling partners expressed, and their availglqiilts et al., 2002; Mottola et al.,
2002). In addition, the cellular environment diffebetween native tissue and
recombinant systems (Kenakin, 1997), explaining wasponses to the same ligand

could vary between samples.

Therefore, in the case of a sufficient availabibifythe signaling partners recruited

by the “aripiprazole-receptor” complex in the tisswaripiprazole may reveal its
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partial agonist profile. On the contrary, if theéperred” G-protein recruited by the
receptor conformation is poorly available, evidecthe response to aripiprazole
remains a challenge (Kenakin, 1997; Kiks al, 2002). In this view, one may
predict that depending on the environment in whilbh response is analyzed,

aripiprazole may behave as either a partial agoniah antagonist.

On this basis, we may hypothesize that transducgtiechanisms are amplified in
the Hela-Tet-On-pTRE-R cells, compared to the striatum, due to an ine@eas
availability of certain G-proteins, hence resulting majoring the functional
response to aripiprazole. Indeed, the striatumn®a to express most G-protein
subtypes, such asofp, Gai, Gaiz Goga OF Gogp, Gogra1, Gorr, Ga, and Gis (Meller &
Bohmaker, 1996; Shirt al, 1995; Valerioet al, 1992; Valerioet al, 1993) ,
whereas some cells do not express certain subtyp&s-protein at all. As an
example, CHO cells mainly express;$sand Gz but not Gy, whereas Hela cells
express mainly @G, and Gz, whereas @, is hardly detected (Gettys et al., 1994).
We think that the G-protein “favored” by the ariapole-receptor complex may be

more available and accessible in our recombinasteay, compared to the striatum.

Additionally, the G-protein profile can be alteratlie to rat treatment with
neuroleptic, or due to cell culture treatment vW&BuU, a non-selective enhancer of
gene expression, rendering more unexpected theonsep to such functional
selective ligands. However, the exact consequeniciese treatments on G-protein
expression are not well established, as data iitdrature are quite contradictory.
Indeed, some studies showed no alteration in Gepr@xpression profile following
chronic haloperidol treatment (Meller & Bohmaker996), whereas others

measured a decrease in the expressiompé@ Gis (Shin et al., 1995).
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However, despite qualitative divergence in G-pro&xpression observed between
the striatum and cells, quantitative differencesyméso exist. Nevertheless, the
quantitative measurements are quite difficult ttenpret. First, depending on the
technique used (real-time PCR, or Western-blotfinig¢ data can yield different
results. Secondly, both qualitative and quantietiveasurements do not bring the
most important information: what is the availalyiliof the G-protein for the
receptor? In fact, striatal membrane is not a lggneous mixture of dopamine-D
expressing neurons. The G-proteins of interestbeaexpressed in non,Meurons,
or in other cells, such as glial or endothelialcdh addition, even if present in the
D,-expressing neurons, the G-proteins may not beitechat the vicinity of the

cell membrane, precluding efficient interactiontwtihe ligand-receptor complex.

Moreover, another aspect should be also consid&eceptor reserve is known to
vary depending on the pathway considered (Brinlkalgt2000). Indeed, receptor
reserve is not the same for the dopaminedaeptor coupling to &, or for the D
coupling to G,, or Gujz. Suggesting that the G-protein recruited by theataine
D, receptor in the Hela Tet-On-pTRE cells differanfrthe one recruited by the, D
receptors in the striatum, receptor reserve for“gngiprazole-receptor” complex
may be completely different between both tissuegnefor the same receptor

density, explaining the contrasting responses betvib®th samples.

1.1.3. Signal-to-noise ratio: a parameter that can masketh

functional selective properties of aripiprazole

As already suggested above, it is establishedttieatack of homogeneity in native
tissue compared to recombinant systems expressit@nad receptor, can decrease

signal-to-noise ratio when measuring a functiomslponse to a ligand (Jordanh
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al., 2007a; Kenakin, 1997). As a matter of fact, tigeal background measured on
striatal membranes in our experiments appeare@ tmdre elevated on the striatal
membranes than on the Hela Tet-On-pTRE€d®Ils. Such observation is likely due
to the constitutive activity of several receptobtsypes present in the native tissue,
compared to the cell sample, mainly expressingctbeed dopamine § receptor.
This phenomenon can mask the response inducedvbyntansic activity partial

agonists at the level of a single receptor, intavadissue.

In addition, signal-to-noise ratio has to be coesed from the G-protein point of
view. It is well established thatoZGa, protein subtype has a high basal activity,
due to their own basal activation, and to theiivation by receptors (Milligan,
2003; Selleyet al, 2000). G, has less affinity for GDP, with a higher rate dDI&
release than other G-proteins. It is therefore ¢lasiest to activate, with the highest
level of intrinsic basal activity (Cordeax al, 2001; Milligan, 2003). Accordingly,
the [°S]GTP/S signal will mainly tag such &@Ga, family of pertussis-toxin
sensitive G-proteins (DeLapp, 2004; Milligan, 2Q0B) this view, one can figure
out that agonist-inducedB]GTP/S binding to Gs or Gug; is quite tough to
evidence (Box. 3). Similarly, the agonist-inducedhgine nucleotide exchange that
selectively operates at the level of subtypes ef@y family, such as &; Ga;, or
Gajs, Will also be masked by the elevated basal agta#isociated with the whole
Ga;i/Ga, family (DelLapp, 2004; Milligan, 2003). This makelse response to
functional selective ligands quite challenging todence. However, it is of note
that such signal-to-noise ratio largely dependghenlevel of expression and the
availability of the various G-proteins in the memubes (Milligan, 2003).

In in vitro models, aripiprazole was shown to decrease cAMfraalation, an

effect known to be mediated viaoBGo, proteins (Jordaret al, 2007a). This
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response is cell-line dependent, as aripiprazaledes a weak response in CHO-
D, cells, contrarily to HEK-B_ cells where the response is much higher (Buatris
al., 2002; Jordart al, 2007a; Lawleet al, 1999; Shapiret al, 2003). Suggesting
that this functional effect induced by aripiprazade mediated via one or a few
Ga;/Ga, proteins subtypes, the presence and availabilityuch G-protein between
cell-types will then determine the type of respornté&-protein availability is low
in CHO cells, it explains why aripiprazole behaassa low intrinsic activity partial
agonist on such response. However, despite poatabiigy of the favored G-
protein by the aripiprazole-Dreceptor complex, CAMP response can be easily
detected compared to agonist-inducedSJGTP/S response, due to signal
amplification as a second-messenger element irtdseade (Jordaet al, 20074a;
Jordaret al, 2007b).

In the light of these considerations from the &tere, we suggest that a certain
subtype of G-protein is involved in the responsarpiprazole, such asdz, Goj,
Gaiz Gopa Or Gugp, OF CGog, but that this signal is totally masked by thehieigbasal
activation of the other G-proteins (See Box 3)jaating why no response could be
evidenced on striatal tissue. In addition, as dlyeauggested above, chronic
haloperidol treatment of rodents or exposure to INatan affect G-protein
expression and availability, despite contradicaa on the subject, and limitations
to evidence these phenomenons. On this basis, p@thmssize also that NaBu may
increase the expression of the favored G-proteintigy “aripiprazole-receptor”
complex, contrarily to haloperidol chronic treatrjeam effect that could favor the
detection of the partial agonist profile of ari@pole on Hela Tet-On-pTRE,D

cells.

A valuable experimental tool to consider for ciginfy the properties of aripiprazole
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relies on the use of immunocapture B8]GTP/S binding assay, in order to isolate
the G-protein of interest. When combined with sitaiton proximity assay (SPA),
such technique allows to detect ti&S]GTP'S bound to the captured protein (See
Box. 4) (DeLapp, 2004). Accordingly, it will helgetermining the subtype(s) of G-
protein involved in the response to aripiprazoled asubsequently to other
dopamine D partial agonists as (-)-3-PPP. This techniquethgyuse of specific
antibodies directed against G-protein subtypeswallto only detect the agonist-
induced activation of the tagged G-protein, avadihme noise from other G-
proteins (Cussac et al., 2002; Cussac et al., 2DBUapp et al., 1999; Mannoury et
al., 2007; Mannoury et al., 2008; Mannoury et 2009; Martel et al., 2007; Millan
et al., 2008; Newman-Tancredi et al., 2002; Newrhamneredi et al., 2003;

Newman-Tancredi et al., 2009).

To conclude, we here established that severalfastech as receptor and G-protein
density and isoforms, the intracellular environmant the surrounding of native
tissue, largely influence the response to aripipleazThe compound behaves as a
mixed agonist-antagonist, depending on the enviesrimThe understanding of
such a mixed profile relies on the “functional séile” theory, explaining therefore
why in some conditions, aripiprazole shows an agjoprofile, but not in other
conditions. Interestingly, such profile was onlyealed in our experiments, when
manipulating the ionic environment in which the passe to aripiprazole was
analyzed. This raises the question of the physicédgelevance of these ionic
manipulations. Is NMDG substitution for NaCl a tdot evidencing the functional

selective properties of low intrinsic activity paftagonists of the Preceptor?
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Box 3. Basal and agonist-induced}SIGTPyS binding
Adapted from (Milligan, 2003)
Why is it so difficult to measure agonist-stimulate binding of [3°S]GTPyS to Gs and

Ga/G11 G proteins ? (adapted from (DelLapp et al.,9499)
Binding of F°S]GTP/S (y-axis) to membranes in the absence of agonistdigaepresents a combination |of
guanine nucleotide exchange on the cellular pojpmaif heterotrimeric G proteins (light blue) anther
proteins (e.g. tubulin) that exchange guanine miicles (grey). In most mammalian cell systems |the
pertussis-toxin-sensitive G proteins)@re expressed at higher levels and have significaigher levels of
basal guanine nucleotide exchange than other @ipeotin the example shown, the contributions eo@h
protein element of basal®B]GTP/S binding in the absence of agonist arg:85%; G, 10%; and @Gy,
5% (light green). Thus, although the maximal extehistimulation of binding of fS]GTR/S to G in
response to an agonist (dark green) for an ap@igp@PCR is only fivefold in this example, a sigthet is
easily measured above the basal level is prodiggdontrast, 20-fold stimulation of35]GTP/S binding
to Gs or G/Gy; in response to agonist might be expected to réswnly a small (§ or non-significant
(G4/Gyy) level of nucleotide binding above basal levelsatggies are thus being developed to measurée the
binding of f°S]GTP/S only to specific G proteins. Immuno-capture assag the most selective and dan
potentially be developed as high-throughput screens
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>

GTP Binding Antibody Capture SPA assay Principle Pe’*«

Agonist

Anti-lgG-coated | @ &f
SPA beads | °" s,

protein
Ab

Box 4. figure adapted from Vincent Dupriez, PerkinElmer

Immuno-capture of G-proteins and detection of PSIGTPyS by scintillation
Proximity Assay (SPA)Modified from (DeLapp, 2004)

The antibody-capturéB]GTRS scintillation proximity assay (SPA). The diagrdapicts a single well of
96-well plate containing a membrane preparationribgaan agonist-activated receptor coupled to a
heterotrimeric G protein. The activateesubunit, released from the membrane after initialbation with
detergent (not shown), has bourftdS|GTP/S (depicted as*GTP), which is initially ‘capturedy the
primary anti-G. antibody. Subsequently, the antibody—G-protein mlem is ‘captured’ by the anti-lgG
coated SPA beads”$] bound in close proximity to the beads excitesdtintillant inside the beads to gi
off a light signal that is read by a microplatensitiation counter.

-

=<

e
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1.2. The physiological relevance of sodium omission and
its substitution by NMDG: is such substitution a tml for
revealing the functional selective properties of paial

agonists?

As discussed above, evidence strongly suggestsati@prazole does not simply
behave as a partial agonist, but can be considese functional selective partial
agonist of the dopamine,Deceptor. Interestingly, these properties of th@gound
were brought to light when manipulating the ionmmposition of the experimental
buffers. Indeed, aripiprazole exhibited an agopisfile only upon replacement of
NaCl by NMDG.

Although the effects of sodium ions on “ligand-GRCRomplex affinity and
signaling remain a matter of debate in the curligerature, we suggest that sodium
omission and its replacement by NMDG could favae tloupling of the cloned
dopamine [, receptor to another pool of G-proteins, prefetygdhe “aripiprazole-
receptor” complex (and by (-)-3-PPP). As alreadysidered in the discussion part
of the paper: “Increasing the density of thg Deceptor and manipulating the
receptor environment are required to unravel thdigdaagonist properties of
aripiprazole”, similarities between our data anédvwus publications evoke that
both aripiprazole and (-)-3-PPP induce such a teceponformation, for which
their agonist profile is only detected in the preseof G, protein subtype, but not
or less in the presence of other G-proteins (Caxled al, 2001; Gaziet al,
2003a; Gazet al, 2003b; Laneet al, 2007; Laneet al, 2008; Nickolls & Strange,
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2003; Nickolls & Strange, 2004), corroborating theunctional selective”

mechanism of action of these ligands. fAS[GTP/S binding assay, this effect
appears easier to evidence when NMDG is substitisietlaCl. Whether sodium
omission or the presence of NMDG is responsiblettits mechanism remains an

unanswered question at this stage.

1.2.1. The role of sodium

Na+ modulates the affinity of agonists for theiceptors (Emmerson et al., 2004;
Neve, 1991; Neve et al.,, 2001; Pihlavisto et a998; Puttfarcken et al., 1986;
Werling et al., 1986), an effect that was discusgeeviously in our paper.
Additionally, some studies showed that Na+ decreabe efficacy of partial
agonists of the p opioid and the dopaming Deceptors, whereas its substitution
would help evidencing the agonist profile of théigands in f°S]JGTP/S binding
assays (Lin et al., 2006; Selley et al., 2000)oider to determine if either Na+
omission or its substituent was responsible fohseftect, Selley et al. studied the
functional response to p opioid ligands under V@& of Na+/K+ ratio in the
buffers, whereas Lin et al. explored the effectsNa+/NMDG ratio, and Na+
substitution by K+ or Li+ on the response to paréigonists of the dopamine D2

receptor.

Partial agonists of the p opioid receptor showesiyaificant agonist profile under
low Na+/K+ ratio (Selley et al., 2000), whereas lawrinsic activity D, ligands

appeared ineffective when Na+ was not completelittechfrom the buffers. Only
NMDG substitution helped revealing their agonistogmrty, whereas full
substitution of Na+ by K+ or Li+ had no effect (Liat al., 2006). These

observations indicate that Na+ plays a crucial mlagonist binding and agonist
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response, however, such effect could differ frome do the other receptor,
explaining the contrasting results reported ab&®utf{arcken et al., 1986). Due to
its implication in cell physiology, the use of a Ksubstituent could be of
significance in understanding the impact of intiada environment on receptor
function and signaling, however, the effects linkedhe use of NMDG substituent

are more difficult to translate to cell physiology.

In vivo, extracellular medium contains high concentratiohsla+ compared to K+,
whereas the opposite is true for intracellular cartpent where K+ concentrations

are much higher than Na+ ones.

The great limitation of studies on striatal and ogmbranes, as we performed, and
as cited above, relies on the fact that membraagrients “bath” in the experiment
buffer, meaning that the extra- and intra- celldamponents of the membranes are
both exposed to an identical ionic environmentyefage not respecting physiology.
This brings then a huge bias foP§]GTP/S binding experiments performed on
native tissue or cell membranes (Kenakin, 1997)weéier, researchers have
focused on this matter, and compared the affinity the functional response o
and é opioid receptor agonists on cell membranes, anthtaet cells, modifying
ionic concentrations in the buffers. They showeat the effects of Na+ on agonist
affinity did not depend upon cell membrane fragragah (Puttfarcken et al.,
1986).

The important question therefore is: Is it intr&ddar or extracellular Na+
concentration that regulates the activity of theepgor, and its subsequent

coupling?

Na' ions interact with a highly conserved aspartatsidiee in the second
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transmembrane segment of GPCRs (Martin et al.,;19689e et al., 2001; Selent et
al., 2010). Mutation of this residue prevents régepegulation by Na+, and
profoundly affects the coupling of GPCRs to G-pimdeand second-messengers
(Neve et al., 2001). If this primary site of actimnreached by extracellular Na+
ions, this means that sodium would have littleuafice of receptor functioning, as
extracellular Na+ concentrations in humans aretemtly and tightly regulated in a
certain range, except under pathological conditismsh as cardiac failure, renal
failure, dehydration, or endocrinological pathokgy(Selley et al., 2000). In such a
case, modifying Na+ concentrations in our experit@eronditions would consist in
a greatn vitro apparatus, however without any physiological retee. Data in the
literature are contradictory concerning the primsitg of action of sodium ions, as
some authors suggest an influence of extracelldlat+ (Selent et al., 2010),
whereas others point out mechanisms suggestingfluemce of intracellular ions.
Indeed, increasing intracellular concentrations MNdé+ without affecting the
extracellular one, using of a sodium selective mrare (nomensin), reproduces the
same decrease in agonist response and affinity thenone measured on cell
membranes, indicating that the primary site ofacof sodium may be intracellular
(Martin et al., 1999; Neve et al., 2001; Puttfarclet al., 1986).

If the primary site of action of Na+ is reachedibtracellular ions, fluctuations of
these concentrations at the level of the interraiirane surface would change the
ability of GPCRs to signal. In neurons, during aatpotential, were Na+ and K+
concentrations undergo great flows through the mandy GPCRs signaling may
therefore be constantly changing (Selley et alQ0201t this hypothesis is true,
aripiprazole, depending on the neuronal activitguld either behave as an

antagonist or an agonist, depending on the Na+esdration at the level of the
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internal membrane surface. However, further mobecuksearch needs to be

conducted in order to evaluate the validity of thypothesis.

1.2.2. The role of NMDG:

Despite the crucial role of Nan receptor conformation, and the subsequenttsffec

on agonists

affinity and responses, omission of Naas not sufficient to unravel the partial
agonist properties of aripiprazole both in our expents performed on HelLa Tet-
On-pTRE-DB, cells, and on CHO-£ cells (Linet al, 2006). In both cases, addition
of NMDG in the buffer was necessary in order to suea a functional response to
aripiprazole in "S]JGTP/S binding assay. Moreover, Lin et al. showed tit t
effect of NMDG on the response to aripiprazole watally abolished in the
presence of even very low Naoncentrations in the buffer (Lin et al., 2006). |
fact, modifying the NANMDG ratio did not influence the response to lowrinsic
activity partial agonists of the dopaming Rceptor until Naconcentrations were
brought to zero. It appears therefore, that NMDsglitcould have an influence on
the ability of complex “aripiprazole-receptor”’ taysal. However, this observation
is not consistent for all receptor subtypes, asufar é opioid receptors, agonists
efficacy was only modified by Neomission, whereas the nature of the substituent
(NMDG or KY) in the buffers had no major impact (Puttfarcktml, 1986).

NMDG is not part of any component of the intra-eatra- cellular medium. It has
for long been used in electrophysiological studasa cation substitution, since it
does not cross the cell membrane by ion channksyiag therefore the study of
other ion fluxes (Bello-Reuss, 1982; Palmer & FtjintB88; Petkowet al, 2005;
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Puttfarckeret al, 1986). The use of NMDG, per se, does not havepaggiological
relevance. However, it appears to be a usefulftsadhe study of GPCRs signaling,
particularly for the dopamine QDreceptors, helping to unravel the functional
selective properties of partial agonists. Nevedbg| previous studies have never
pointed out the role of NMDG in GPCRs signaling. spge such a dared
suggestion, the mechanisms underlying the effelcthenionic substituent remain
obscure. Further fundamental research needs terfermed on the topic, in order

to elucidate the exact function of this component.

1.3. Conclusion. Aripiprazole: a functional selective
partial agonist ? Limitations of our methodological

approach to reach physiological relevance.

As discussed above, our data, in the light of mnesly published observations on
aripiprazole strongly suggest that this third gatien antipsychotic is a functional

selective partial agonist of the dopamingerBceptor.

Despite some disadvantages and the possible weakofeshe GTP binding
technique, the advantage of this technique relreshe possibility to runn vitro
standardized assays on samples isolated from dreattienal, which constitutes a
key aspect of our study. However, as discussedelibis type of method is often
subject to issue of signal-to-noise ratio, rendgiiinquite tough to evidence the
pharmacodynamic properties of functional selectws intrinsic activity partial
agonists. Focusing downstream on second or thirdsemger elements in the
cascade could have been interested. However, thesastream elements in the

cascade are subject to amplification and crosslaégos, due to the interaction of
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aripiprazole with a large variety of receptor sygaty in the striatum. The data

obtained with aripiprazole would be rather diffictd interpret.

On the other side, the use of an inducible systanthie expression of dopaming D
receptor allows to counterpass this signal-to-n@see. However, such a method
does not able an estimate of “physiologicab’ leceptor expression levels. Indeed,
it remains quite tough in recombinant system taadpce “physiological” receptor
expression levels, for several reasons relatetidaomplexity of the tissues. First
of all, native tissues are heterogeneous, as nsuawa surrounded by glial,
microglial, endothelial cells, etc..., whereas recoraht expression system
contains only the cells expressing the cloned tece®econdly, receptors likely
undergo dynamic regulation in native tissues, asy tHesensitize and can be
internalized, and combine into clusters, dependomgthe local surroundings.
Although dynamic regulation is known to occur itgmbinant systems, it appears
impossible to reprodude vitro the similar dynamic regulations as in native t&ssu
as the protein partners and scaffolding elemenliscifier between both systems.
Third, even though the receptor levels measuredvdmst native tissues and
recombinant systems could be equivalent; this measloes not bring any
information on the functionality of the receptotkeir location and immediate
micro-environment that are parameters known tongflo affect the response to

agonist ligand, especially functional selectiveahgs.

Therefore, we raise here the great limitation of study and reckon that it is
difficult to appreciate whether the high expresdmrels in recombinant system can

recapitulate some aspects of receptor clusterimgiive tissue.

Our experimental observations highlight thatvitro approaches are relevant to
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study the pharmacodynamic properties of these canmgs) however, a huge gap

persists to translate such findingsvivo.

The considerable dependence of the response padfiseich functional selective
compounds upon environment, suggest that the respprofile of aripiprazole
could vary upon cerebral structures and dopamioepgithways, rendering the
comprehension of the mechanisms of action of tmepounds more complex. We
here suggest that this particular functional salegbartial agonist property at the
level of the dopamine Dreceptor, and the additional implication of pdrdgonism

at the serotonin 5-HJ receptor, can further explain our observations tlo@

biochemical and behavioral effects following a chedreatment with aripiprazole.
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2. PART 2: Functional selective dopamine bpartial
agonism and serotonin 5-HTa partial agonism: a
combination depicting the original profile of

aripiprazole.

As already reported above, chronic treatment witipi@azole does not
induce significant catalepsy. In addition, we shdweat it does not induce
any up-regulation or hypersensitization of the dojp@ D, receptors, an
effect that has also been reported previously herostudies (Inouet al,
1997; Tadokoreet al, 2011).

Although antagonism at the level of the serotonidTs, receptor, a property
that aripiprazole shares with the atypical antipsyics , may play a role,
aripiprazole exhibits a high affinity for the dopiaue D, receptors, indicating
that EPS protection cannot been explained by tlast-6ff dissociation”
theory of the dopamine Jdeceprtor, as suggested for some of the atypical
antipsychotics. We strongly suggest that the foneti selective partial
agonist profile of aripiprazole, a property thatddes not have in common
with any previous antipsychotic, has a crucial uafice in catalepsy and
receptor regulation and sensitization preventiamn.abdition, we largely
referenced in the introduction part of the thethiat agonism at the serotonin
5-HT;, receptor takes part in the prevention againstieyagg. Through the
study of the mechanisms highlighting the effectsarbtonin 5-HT, agonism
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on EPS protection, we also advocate that this taxgéd preclude dopamine

D, receptor regulation and sensitization.

2.1. The role of dopamine B} functional selective partial
agonist properties of aripiprazole in the preventio of

catalepsy, receptor regulation and sensitization:

The lack of receptor up-regulation following chroradministration is consistent
with the classical pharmacological theory regardimg concept of partial agonism.
Indeed, partial agonists, contrarily to antagonists not regulate their targets
(Hoyer & Boddeke, 1993; Januamet al, 1997). Additionally, this effect was
observed following several doses administeredingiom 1.5 mg/kg/d (Tadokoro
et al, 2011) to 10, 30 or 100 mg/kg/d (Inoaeal, 1997; Koeneet al, 2011b), and
following different lengths of treatment, from 1dl 21 days (Tadokoret al, 2011,
Koener et al, 2011b; Inoueet al, 1997), indicating that low or high receptor

occupancy, and cumulative doses, did not const#dtias in this observation.

The lack of biochemical sensitization that we exitl in f°S]GTP/S binding
assay was correlated to the absence of behavisemaitization previously reported
(Tadokoroet al, 2011). Indeed, Tadokoro et al. reported that micraripiprazole
treatment does not major the locomotor activityucetd by methamphetamine,

contrarily to haloperidol.

What stroke us is that aripiprazole, as other amiefs, does not stimulate
[**S]GTH/S binding on striatal membranes, but on the coptlaes not induce any

biochemical or behavioral sensitization to dopamingiscrepancy between
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antagonism on one side, and the absence of receggolation following chronic
treatment on the other side, was already repomedsdrotonin 5-HJ, receptors
(Gray & Roth, 2001)n vitro in heterologous expression systems (Newton & €&]lio
1997) such a# vivo in binding studies on cortical neurons of rat (ivd et al,
1998; Willins et al, 1999). This phenomenon was also described for
cholecystokinin receptor antagonists (Roettgeal, 1997). Despite being classified
as antagonists of their targets, these 5Hantagonists (as clozapine, mianserin,
olanzapine) were shown to down-regulate and inteméhese receptors, an effect
that is totally inconsistent with the expected apis of classical pharmacology,
usually describing antagonists as up-regulators lapgdersensitizators of their
receptors (Buret al, 1977; Hest al, 1988; Hoyer & Boddeke, 1993; Muller &
Seeman, 1978). It was therefore suggested that smm@ounds were endowed
with “collateral efficacy” (Kenakin, 2005; Urbagt al, 2007a), meaning that they
may “stabilize receptor conformations that partitgin only some, but not all, of
the receptor's repertoire of behaviors” (Kenakif02), therefore behaving as
functional selective ligands. These compounds wolighce display positive
intrinsic activity on some pathways implicated eceptor down-regulation and
desensitization, such as receptor phosphorylatio®BKs and recruitment d3-
arrestins (See Box 5) (Gray & Roth, 2001; Hanlelié&nsler, 2002)

In light of the elements discussed here concerthiegserotonin 5-HJ, receptors,

and the evidence of functional selective propentiearipiprazole largely discussed
above, we propose that aripiprazole may also hewkgteral efficacy” on pathways
implicated in receptor regulation and sensitizatidimis hypothesis is further
supported by the study of Tadokoro et al. showirag aripiprazole down-regulates

and desensitizes the dopaming f@ceptor when administered following chronic
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haloperidol treatment (Tadokoret al, 2011), highlighting once more that
aripiprazole behaves as a functional selective cam@. However, the mechanisms

underlying these suggested effects remain obscure.

First of all, it was shown for serotonin 5-bAT receptors, that desensitization
involves phosphorylation of some intracellular damaof the receptor, either
mediated by GRKs, PKA, PKC (and other kinases) yG&aRoth, 2001) (cfr.
section B.2.3.1.3. in the introduction part of ttheesis) (See Box 5). We can
therefore suggest that aripiprazole, by its fumaloselective partial agonist
properties, would maintain a certain dopaminergineton pathways involving these
kinases, mediating a feed-back phosphorylatiorheféctivated receptor, resulting
in desensitization. However, there is no evidemcthé current literature to support
such mechanisms that remain purely speculativestins are co-factors of kinases,
so as to desensitize and subsequently internaPZeR3 (Fergusoat al, 1996)(See
Box 5). However, studies have shown that aripipebardly internalizes dopamine
D, receptors in HEK293-p cells, and that it does not recr@farrestin-2 in this
model (Masriet al, 2008; Urbaret al, 2007b). On the opposite, when GRK-2 and
B-arrestin-2 are over-expressed in HEK293:€ells, aripiprazole is able to induce
receptor internalization (Heuslet al, 2008), contrarily to most typical and atypical
antipsychotic that remained silent. Heusler et démonstrated that the
desensitization process induced by aripiprazole wapendent on the ,D
receptor/GRK-2 or B receptof-arrestin ratio. When the ratio is low, no
internalization happens, whereas when the ratelasated, internalization occurs
(Heusleret al, 2008). The main issue therefore is that no onepecadict the ratian

vivo in different cerebral areas.

Adding up to the complexity, it was also descriltieakt desensitization mechanisms
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did not systematically require receptor phosphdigta or the involvement of-
arrestins (See Box 5) (Gray & Roth, 2001; Roettgeral, 1997) and that the
mechanisms underlying receptor desensitizationdameh-regulation could be cell-
type dependent, differing from one cell to the ottoe the same GPCR (Gray al,
2001).

Secondly, receptor endocytosis is not necessainidseeequisite for receptor down-
regulation. A decrease in receptor gene transoriptin mRNA traduction and
stability, or an increase proteolysis could expkuich phenomenon (Gray & Roth,
2001). We could therefore hypothesize that arigipiea has functional selective
effects on one of these pathways, counterbalandmgamine D receptor up-
regulation (Inoueet al, 1997), however, there is little evidence in thiterature

concerning the implication of aripiprazole in thesechanisms.

Third, it was also evoked that the functional selecpartial agonist properties of
aripiprazole may protect against catalepsy (Kleseal., 2005), despite the lack of
evidence in the literature concerning the biochaimmechanisms underlying such
phenomenon. Nevertheless, as already mentionebeirintroduction part of the
thesis, serotonin 5-HJE receptors are also implicated in catalepsy avaidalVe
thus suggest that this target may have a strongjcation either in the protection
against receptor and behavioral regulation and rsepsitization, probably by
inducing a heterologous desensitization of the dopa D, receptors, meaning that
exposure to agonists of the serotonin 5¢HTreceptor may result in the
desensitization of the cell responsiveness to comg® acting at the Dreceptor
(Gray & Roth, 2001).

Herein, Futamura et al. showed that the attenuadifiact of aripiprazole on
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methamphetamine-induced hyperlocomotion in rodentss blocked by
pretreatment with the specific serotonin 5-KWT antagonist WAY100635,
highlighting the implication of 5-Hi, receptors in the desensitization process
(Futamureet al, 2010).

We below argue that the effects of aripiprazolecatalepsy and receptor regulation
and sensitization protection may involve other wis in which dopaminergic

receptors are one element in the process.
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Box 5.Adapted from (Gray & Roth, 2001)

(A) Current model of desensitization, internalizaticsensitization, and degradation of the protosjfi2-
adrenergic receptor. Following agonist-induced vatibn, the p2-adrenergic receptor is feedba
phosphorylated by kinases such as G protein-couglesbtors kinases (GRKSs) or protein kinase A (PK
resulting in rapid desensitization. Arrestins bitedphosphorylated receptors potentiating deseasiia.
These bound arrestins act as scaffolding protameracting with AP-2 and clathrin, resulting in t
targeting of desensitizegR-adrenergic receptors to clathrin-coated pits. Gi€ase dynamin induces ne
formation of coated pits and their release into théoplasm as clathrin-coated vesicles. These dg
vesicles fuse with early endosomes where the receptay be dephosphorylated by specific phosphst
and recycled back to the plasma membrane fullynsteed or targeted to lysosomes for degradation.

(B) Differential trafficking and regulation of the 5%}, receptor. Following agonist-induced activation,
HT2A receptors are possibly feedback phosphorylated number of different kinases including GRK
protein kinase C (PKC), or calmodulin-dependentakes (camK). Subsequently, 5-44Treceptors are
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internalized via clathrin-coated pits in a dynardapendent but arrestin-independent manner andeart
the early endosomal compartment. Interestinglyestims have been found to be differentially sotted
membrane-bound compartments distinct from interedli 5-HT5 receptors. Internalization of 5-Hi
receptors also occurs following antagonist exposam may mediate the paradoxical down-regulatiob-a
HT, receptors following antagonist exposure.

—h

2.2. The role of serotonin 5-HT;4 partial agonist
properties of aripiprazole in the prevention of caalepsy,

and receptor regulation and sensitization:

Although there are several lines of evidence sugggeshe role of 5-HT in the
sensitization process following degeneration of thagro-striatal pathway
(Kostrzewa, 1995b), data from the literature sugges role of 5-HT targets in the
protection against supersensitization induced pplbckers (Ishikanet al, 1997).
A particular interest was turned on serotonin 5HWeceptors in the protection
against receptor regulation and catalepsy inducgddbpamine [ receptor
blockers.

2.2.1. The role of serotonin 5-HT, receptors in catalepsy

protection

Interest was turned on the serotonin 5;fleceptor in the protection of catalepsy,
as it was observed that 5-lhlagonists such as 8-OH-DPAT or partial agonistéisuc
as tandospirone and buspirone abolish the catalapgsged by typical neuroleptics
(Broekkamp et al., 1988; Ohno et al., 2009). Suateovation was also confirmed
by clinical findings, showing that buspirone ancdhdaspirone attenuate EPS
produced in neuroleptic-treated patients (Geffal, 1991; Mosset al, 1993;
Newman-Tancredi, 2010b; Yoshiéaal, 1998). The degree of catalepsy protection
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induced by dopamine Iblockers is correlated with the intrinsic activity the 5-
HT.n agonist. The highest the agonist activity is, thedter catalepsy will be
reduced (Prinssen et al., 1999; Prinssen et a@2)20t was shown that novel third
generation antipsychotics, withB-HT,, properties are free of cataleptic effects in
rodents (Bardin et al., 2006; Kleven et al., 20@)en in non-human primates, such
D,/5-HT;, compounds induce little motor disturbances (Auclkai al., 2009).
Despite high affinity for the dopamine,Deceptor (much higher than for some
atypical antipsychotics), agonism at serotonin 5Teceptor protects against
catalepsy. However, when the 5-HTreceptors are blocked prior to antipsychotic
treatment with an antagonist (WAY100635), catalesyestored (Bardin et al.,
2006; Kleven et al., 2005). This effect was essdlgtdescribed for third generation
compounds displaying antagonist properties at #weell of the dopamine D
receptor. However, compounds known to have dopaniepartial agonist
properties were less sensitive to the effects ef garotonin 5-HY, blocker, as
partial agonism at the level of,[2lso has effects on catalepsy protection (Klewen e
al., 2005). These observations are in accordaitbeowr data, and can explain why
aripiprazole, even at the high doses we used, gqoogipnore than 90% of the
dopamine D receptors (10 and 30 mg/kg), does not elicit $igamt catalepsy.
Noteworthy, despite a role in EPS prevention, s&rot5-HT,;, agonism does not

affect the antipsychotic properties of dopaminedldckers (Bardin et al., 2006).

However, the balance between dopaming gartial agonism/antagonism and
serotonin 5-HT, partial agonism/agonism is crucial in the protactof EPS. If 5-

HT.an agonism is not sufficient, it will not decreaseoegh the EPS induced by
dopamine B receptor blockade. However, if,[Partial agonism is too elevated, it

will protect against EPS but will not be sufficigntefficient on the positive
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symptoms of the disease. The optimal balance thkmeeds to be defined (See
Fig. 9) (Newman-Tancredi & Kleven, 2011).

In summary, as dopamine, Peceptor up-regulation and hypersensitization pkay
essential role in the development of EPS, we hygxitie that the serotonin 5-lhl'
partial agonist properties of aripiprazole couldotpct against B receptor
regulation.

2.2.2. The role of serotonin 5-HT, receptors in the protection
against D, receptor regulation following chronic treatment i

antipsychotic:

We have shown that chronic 21-day treatment wihi@azole does not induce any
D, receptor regulation or hypersensitization, evethathigh doses of 10 and 30
mg/kg. In addition, chronic aripiprazole treatméatrdly elicited catalepsy in our
study. Although we know that catalepsy protectian dargely be due to the
implication of 5-HT,5 receptors, we also believe that this propertydragffect on
the protection of dopamine,Deceptor regulation and hypersensitization. Tlagm
question relies on the mechanism underlying thiseolation. Can the same
mechanisms explain the protection against catalep®y the lack of Preceptor
regulation? We definitely believe that there isnk,las explained in the following

arguments.

Catalepsy induced by dopaming Eceptor blockade, such as dyskinesia induced
by L-dopa treatment in parkinsonian models of rasleare known to be correlated
to the expression of an early gene and subseqaégt@otein: c-Fos (See Box.1)
(Munozet al, 2009; Natesaet al, 2007; Ohno, 2011). C-Fos appears as a marker
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of dysregulation of dopaminergic transmission ire tkdorsolateral striatum.
Thereafter, c-Fos plays the role of a transcripfaxtor, thought to be involved in
the transcription of the dopamine Eeceptor gene, taking part in the whole process
influencing receptor up-regulation (Stahl S.M., @D0Catalepsy was shown to be
correlated to the level of c-Fos expression indbeso-lateral striatum. When this
level exceeds a threshold of the positive immurainea neurons for the proteins,
catalepsy is always observed, whereas compoundgingl less c-Fos positive
neurons are associated with less catalepsy (Natesah, 2007). Dopamine ,D
partial agonists induce much less c-Fos proteimesgion than pure fblockers, an
effect showed to be correlated with the lack of EPSowever, being a partial
dopamine D agonist does not affect the level of c-Fos expoess the nucleus
accumbens indicating that antipsychotic activityraintained despite the lack of
EPS (Natesan et al., 2007).

Serotonin 5-HT, agonists were shown to decrease the expressicAFoE in the
striatum, pointing out that they counteract theee of dopamine Dreceptor
blockade, a biological marker of the direct implioa of 5-HT;4, agonism in
catalepsy protection. Of note, c-Fos staining was altered in the accumbens
nucleus, indicating that 5-HJI agonists do not decrease the antipsychotic efficacy
of D, blockers (Muno=zt al, 2009; Natesapt al, 2007; Ohneet al, 2008a; Ohno,
2011).

Additionally, we also suggest that the functionalestive partial agonist properties
of aripiprazole may have an impact on c-Fos expyassither. The combination of
both effects, on dopamine ,Dand serotonin 5-HJ, receptors may be
complementary on the expression of biological mad€eEPS in the dorso-lateral

striatum.
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2.2.2.1. Are the pre- or post- synaptic serotonin 5-khI'
receptors implicated in the protection of EPS aneceptor

regulation? What are the mechanisms underlying teects?

Reversal of catalepsy induced by haloperidol waswshto happen following

micro-injections of a serotonin 5-HJ receptor agonist (8-OH-DPAT), directly into
the median and dorsal raphe nuclei (Invernizzi.etl888; Wadenberg et al., 1999).
This effect is likely due to the activation of 5-FATautoreceptors, decreasing the
firing rate of 5-HT neurons, an effect that is kmowo subsequently increase the
firing rate of dopaminergic neurons, and the redeak dopamine in the striatum
(Ichikawa et al., 2001; Invernizzi et al., 1988)uc8 increase in dopamine
concentrations in the synaptic cleft would compeit¢h the blockade of the

dopamine R receptors.

It is well established that activation of serotoBHH T, autoreceptors increases the
release of dopamine in the prefrontal cortex, duart increase in the firing rate of
dopaminergic neurons from the ventral tegmentala aAssie et al, 2009;
Bortolozzi et al, 2007; Bortolozziet al, 2010). However, such outcome has not
always been demonstrated for the nigro-striataladdpe neurons, and results are
contradictory between animal studies using micidgdis, and human PET-scan
studies (Wadenberg et al., 1999), indicating tlmeg implication of presynaptic
serotonin 5-HT, receptors cannot solely account for the preventibcatalepsy

and receptor regulation.

Despite suggestions of an implication of serotobihlT,, autoreceptors in the

protection of catalepsy, several studies demaestrthat the predominant effect
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relies on the activation of post-synaptic 5. Teceptors (Bantick et al., 2005;
Matsubara et al., 2006; Munoz et al., 2009; Ohral.eR2009).

First of all, the effects of 5-Hk agonists on cataleptic behavior were shown to be
independent of serotonergic neurons. Indeed, ddgtruof 5-HT neurons by p-
chlorophenylalanine or 5,7- dihydroxytryptamine 7(R)HT) did not have any
impact on the protective effects of 5-HTagonists on haloperidol-induced EPS,
suggesting that post-synaptic 5-fATreceptors are implicated in the protection of
catalepsy (Neal-Beliveaet al, 1993; Ohncet al, 2008b). Secondly, it is of note
that 5-HT,, agonists are efficient in alleviating EPS bothnieuroleptic-treated
rodents, but also in parkinsonian rodent modelggssting that their effect is
independent of dopaminergic pathways. Indeed, @MHBA lesioned rodents, 5-
HT,A agonists action is independent of dopaminergieptxs, as their effect is not

blocked by antagonists of the serotonin 5¢kieceptor (Matsubara et al., 2006).

Third, simultaneous degeneration of both serotdoeagd dopaminergic neurons,
by a combination of 5,7-DHT and 6-OHDA respectiyely not affect the anti-EPS
action of 5-HT5 agonists. Indeed, 5-H1 agonists decrease the level of dyskinesia
induced by apomorphine in Parkinsonian rodent nedelicating that the effects
of these compounds were together independent otasmrgic and dopaminergic
pathways pathways, and rely on the implication astgsynaptic 5-Hi, receptors
(Matsubareet al, 2006; Munozt al, 2009; Ohno, 2011).

In addition, micro-injections of 5-H agonists directly in the dorsolateral striatum
and in the primary motor cortex significantly aliee haloperidol-induced EPS,
pointing towards the implication of post-synaptieraonin 5-HT, receptors
(Shimizu et al., 2010).
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In Parkinsonian rodent models, these micro-inj@stiof 5-HT; 5 agonists directly in
the primary motor cortex or directly into the stumia reproduces the same effects,
and protects against EPS induced by L-dopa and agumme (Ohno, 2011).

Together, all these observations discredit the oblgerotonin 5-HT, autoreceptors
in the protection of EPS and receptor regulatiowl, suggest a stronger influence of
postsynaptic 5-Hi, receptor in these outcomes.

2.2.2.2. What are the mechanisms underlying the benefits

linked to serotonin 5-HT, agonism?

Activation of post-synaptic serotonin 5-khlreceptors expressed on the cell body
and the nerve terminals of non-serotonergic cowicatal neurons in the primary
motor cortex areas, were shown, in microdialysiglists, to decrease glutamate
release to the striatum, an effect that contribtdebe protection of EPS (Antonelli
et al., 2005; Munoz et al., 2009). It has also mdgebeen shown that 5-HT
activation in the subthalamic nucleus may have icagbn in these effects too
(Matsubara et al., 2006). Such hypothesis is supe@doy the observations that
NMDA antagonist administration, as amantadine, sanificantly decrease the
EPS produced by 6-OHDA lesions (Crosby et al., 2003

Indeed, serotonin 5-HE receptors are coupled toaB5o, protein, and the

activation of the receptor is known to activate &IBhannels, which depolarizes
the neurons (Fig. 12 A). Glutamatergic corticoegtri neurons express 5-EiT

receptors. Their activation depolarizes the cealksgreasing their firing rate, and
their release of glutamate (Fig. 10 A and B ) (Nem-Tancredi & Kleven, 2011;
Ohno, 2011).
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We therefore suggest that such transmission dexregexlifies the input in the
striatum, an effect that could counterbalance tikeanes linked to dopamine,D
receptor blockade (or dopamine receptor stimulaipriL-Dopa or apomorphine).
The integration of such modified input from the taw-striatal neurons with the
abnormal dopaminergic “message” may also countanioal the expression of early
genes such as c-Fos (See Box 1) , implicated imévelopment of catalepsy, and
indirectly in dopamine B receptor regulation. Although there are observable
evidences available on these effects on catalépsgxact mechanisms by which 5-
HT,. agonists alleviate EPS remains controversial (Oéinal, 2008b), and the
mechanisms underlying receptor regulation, or latkegulation are even more
speculative. We hypothesize that the mechanismshiad in EPS regulation are
also involved in the prevention of dopamine fBceptor regulation induced by D
blockade. However, this remains a hypothesis, amthdr research needs to be
conducted, so as to elucidate the impact of thggsstion in the regulation of

dopamine R receptor expression and functionality.

Additionally, despite the suggested higher implamatof postsynaptic serotonin 5-
HT.5 receptors in EPS prevention, studies have raisedhigher importance of
presynaptic 5-H7, receptors in the preclusion of receptor regulatiderein, it was
shown that the decrease in serotonergic neurang find subsequent 5-HT release
was correlated with a decrease in dopamiaeddeptor up-regulation (Ishikane et
al., 1997). As serotonin 5-HI autoreceptor decrease the firing rate of serotpner
neurons, one could also implicate these targethenprotection of dopamine,D
receptor regulation.

To conclude, whereas both pre- and post-synaptma@nin 5-HT 5 receptors have

an implication, further studies are needed, in orte elucidate deeper the
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mechanisms that underlie the prevention of receptg-regulation and

hypersensitization following aripiprazole treatment
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Fig. 12 Adapted from (Ohno, 2011)

A. Signal transduction pathways of 5-HTreceptor

B. Therapeutic mechanisms and action sites of sHifonists and 5-Hk antagonists in ameliorating the
extrapyramidal motor disorders. DA, dopamine; @lutamate;

(+), excitation; (=), inhibition.
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2.3. Can “functional selectivity” explain more of the

action of aripiprazole? Fromin vitro to in vivo relevance:

As already mentioned several times, there is cleadence in vitro, that
aripiprazole does not behave as a “simple parganet’, but as a “functional
selective” compound, as it activates different algmg pathways, in a manner that
is cell-type dependent (Burret al, 2002; Lawleret al, 1999; Mailman & Murthy,
2010; Neve, 2009; Shapiet al, 2003; Urbaret al, 2007b; Urbaret al, 2007a).

There is even more evidence and implications «f glubtle “functional selective”
profile in vivo. Indeed, behavioral data concerning aripiprazoderaconsistent with
the concept of “simple partial agonism” either. the one hand, in in-vivo studies,
aripiprazole was shown to display agonist propgréiethe pre-synaptic site, as it
inhibits the release of dopamine and tyrosine hyylese activity. On the other
hand, it behaved more as an antagonist at thesgasptic level, as it did not
induce specific dopamine Bike stereotyped behavior, and decreased
apomorphine-induced stereotypies (Kiku@tial, 1995; Momiyamaet al, 1996;
Neve, 2009; Sembat al, 1995). These observations cannot be explainea by
difference of efficacy of aripiprazole between ttapamine Ps and B, receptors,
as aripiprazole was shown to display partial aggmsperties on both receptors, as
it decreases cCAMP accumulation in cells expressitiger one or the other isoform
(Burris et al, 2002; Heusleet al, 2008; Jordaet al, 2007a).

In addition, in our experiments where rats were engpnsitized by previous
treatment with haloperidol, aripiprazole was unablelicit specific dopamine D

like agonist stereotyped behavior. Although claassigharmacology would have
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predicted that compounds with agonist or partiaregf action at the dopamine, D
receptors would have behavioral effects similathimse of apomorphine, causing
locomotor stimulation and stereotypes at high do#leis was not the case for
aripiprazole, even on a tissue where receptorsigregulated and hyperfunctional.
Such lack of [Rlike expected behavior had already been reporiad N-
propylDHX. Indeed, this full Dagonist decreases cAMP accumulaiionitro, but
was unable to elicit any stereotyped behavior gents (Kiltset al, 2002; Mottola

et al, 2002) an effect that was explained by its funwicselective profile.

Additionally, our observations were consistent witevious reports examining
aripiprazole in parkinsonian rat models, where thgro-striatal pathway was
degenerated by 6-OHDA. Due to strong hypersensiizaof the post-synaptic
dopamine [ receptors in this model, agonists and partial &geninduce
controlateral turning of the test animal, towards $ide opposite from the 6-OHDA
lesion (leftward turning for a right-side 6-OHDAslen). Aripiprazole was, once
again, ineffective in producing controlateral raias (Kikuchi et al, 1995;
Mailman & Murthy, 2010). Moreover, aripiprazole llantagonized controlateral
turning induced by Bagonists, despite the extremely low dopaminee tin this

model.

These observations are completely contradictonytiat is expected by the theory
concerning partial agonists, but are consistenh wiite concept of “functional

selectivity”.

Indeed, as mentioned for N-propylDHX in the introtan part of the thesis, it is
suggested that aripiprazole stabilizes a certamfocmation of the dopamine ,D

receptor, activating some cascades depending orcehelar environment. We

232



General discussion — Part 2

suggest that such pathways are not involved in khbekaviors that had been
previously observed for other,Dagonists, such as quipirole or apomorphine,
explaining why aripiprazole does not elicit any esy@d behavior. In addition, as
already mentioned for the interpretation of ourchemical data, we can also
suggest that the hypersensitization mechanismsedinto haloperidol previous
treatment have no incidence on the pathways aetivdity the “aripiprazole-
receptor” complex, where the conformation inducedthe drug may not be
“concerned” by supersensitization processes. Weasg that supersensitization
mechanisms caused by either neuroleptic or neusrdggtion may modify P
signaling environment, in a manner that does nfecathe functional properties of
aripirazole (Mailman & Murthy, 2010). This even ra@mphasizes why no specific

behavior could be unraveled despite haloperidot@ament of the rodents.

These observations support the concept that tmmsid activity of aripiprazole
markedly depends on the signaling environment & dopamine B receptor
(Lawler et al, 1999; Shapiret al, 2003; Urbaret al, 2007b; Urbaret al, 2007a).
The lack of behavioral responses to aripiprazolthenabove cited models, reveals
how “fascinating” it is to observe that this fumgtal selectivity phenomenon
“translates’in vivo (Mailman & Murthy, 2010). The next steps in resgawill be to
learn more about which behavioral effects medidgdhe dopamine Preceptors

are activated by functional selective ligands.
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General Conclusions. Translation of laboratory

conclusions to the complex switching issue

Despite the important implication of serotonin 5-qi Teceptors in the particular
profile of aripiprazole, evidence from our study,dccordance with the literature,
suggests that aripiprazole hagfidnctional selective partial agonist propertieisT
property, still hardly detectable vivo on the behavior and on striatal membranes,
was evidencedn vitro. Although we suggest that NMDG substitution forQNla
appears to be a relevant tool to study the funati@elective properties of such
compound, these observations raise more questimmseming the complexity of
the pharmacodynamic properties of aripiprazole.eé&u ionic environment
modifications, such as in resting or activated oesy could further modify the

response profile of this ligand.

As already mentioned above, the translationnoVitro data to rodents is quite a
challenge, and the gap is even higher when consgléhe translation of such

findings to human biology and behavior. The disargpdata between recombinant
cells and native tissues is one example of thiatgmnitation in our study. In fact,

the use of an inducible expression system for aedloGPCR does not reproduce
“physiological” receptor expression levels, for el reasons related to the
complexity and heterogeneity of native tissues. (Bfart 1, section 1.3. of the
general discussion). Indeed, the clustering ofpexs, the regulation mechanisms
of the receptors and the scaffolding and partneteprs will quite differ between

recombinant systems and native tissues. Therei@eaise here the great limitation

of our study and reckon that it is difficult to appiate whether the high expression
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levels in recombinant system can render some aspaictanimal or human

physiology.

In addition, huge dissimilarities exist between ewd brain anatomy, receptor
sequence, and behavior, indicating that behavstualies performed on rodents can
not reflect at all the complexity of human biocheatiand behavioral response to a
compound. Our experimental observations highlighat tin vitro approaches

consider a relevant tool to study the pharmacodymapmoperties of these

compounds; however, a huge gap persists to trenslah findingsn vivo.

Evidence shows that the properties of aripipratarigely depend on the type of cell
and environment, suggesting that this antipsychaotauces dissimilar effects
throughout brain areas, balancing between a mix¢gganist-agonist profile upon
dopaminergic pathways such as the nigro-striat&saoorticolimbic and tubero-
infundibular pathways. In fact, the type of cetlseir surroundings, the density of
receptors, the protein partners, and the endogeneusotransmitters, constitute

several factors that can affect the response pipaaizole.

Based on these considerations, it is suggestedhit vivo effects of a “functional
selective” compound can be unpredictable. In adiditin patients suffering from
pathological conditions, such as movement disordehizophrenia, bipolar
disorder, etc., where the pathological status bglfit may already induce several
adjustments in receptor densities and neuronar@mwvient, may even modify the
response to functional selective compounds. In ra@lecwe, it is easily
understandable that the therapeutic switch fronpsythotic to aripiprazole can be
unpredictable. Although hypersensitization of doparD, receptors by previous

haloperidol treatment may have an effect that weewmt able to demonstraiie
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vivo by the methods we used, such theory needs nowe tcobsidered in the
perspective of a “functional selective” point okewi, were some pathways will be
activated, some other over-activated, and othemarersilent. The next challenge
will be to find out how to measur@) vivo, this selectivity in pathway activation.
Understanding the biochemical and clinical effeofsone pathway activation,
compared to another, is a challenge for tomorroev@ét al, 2009). The ability to

activate selectively one signaling pathway or @fiex system over another would
greatly reduce the complexities inherent in dregttment, and potentially alleviate

unwanted side effects (Lawlet al, 1999).

Additionally, it is of note to consider that thepdonine B receptor is not the only
target involved in the response profile to aripgma. One could also suggest that
the implication of other targets such as the sarnté-HT.g, 5-HT,c, dopamine B,
adrenergiar;,and many others, targeted by aripiprazole cowdd play a role in the
clinical outcome observed with this compound, remdethe understanding of the

pharmacodynamic profile of aripiprazole more totglinderstand.

As a consequence, this switching issue is much roomplex than expected and
cannot be completely explained by the simple theexgecting an increase in
partial agonists intrinsic activity on a hypersémed tissue. In addition, on a
clinical point of view, studies on the switchingadegies revealed that no one is
superior to the other, as no differences in seagneliects were observed between

patients undergoing abrupt withdrawal or cross4tiaggCase)et al, 2003).

This thesis emphasizes that the effects and sidetefof novel third generation
antipsychotics cannot be predicted by their acttonone or the other receptor

subtype anymore. One should nowadays considerivieesity of the whole system
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in which the compound acts. Characterizing the wmiop vivo properties of
functional selective ligands is a challenge thatl \wwopefully be met in the

following years.
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Perspectives

When starting into research, one should know tH&no four years are not
sufficient in order to understand all the questicaised by a project. Some will say
that a whole life is often not enough! This reshaproject leaves several open
guestions, that will need further investigationsst-of all, what is/are the G-
protein(s) subtype(s) implicated in the responsaripiprazole on the Hela-Tet-On-
pPTRE-D,, cells? Is/are any G-protein(s) implicated in tesponse to aripiprazole
on the striatum, or does aripiprazole effects ddpem non-G-protein dependent

pathways?

Secondly, what is the role of NMDG? Does it favbe tcoupling of GPCRs to
different G-protein subtypes that the one recruitetthe presence of sodium? Can it

be a widely used tool to evidence functional sélegbroperties of ligands?

Third, can aripiprazole recruit different signalipgthways, depending on dopamine
D, receptor density? Do the signaling pathways aiet/éby aripiprazole differ
between Rsand B, receptor? These are lots of remaining questitias,could for
some of them be approached by immune-capture Itaiioin proximity assay (SPA)
as already mentioned above in the discussion, anthé cloning of the short
isoform of the dopamine Dreceptor, Bs into an inducible system, as we

performed for B,.
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