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Abbreviations

AC : Adenylate Cyclase

ADHD : Attention deficit/hyperactive
disorder

ANOVA : Analysis of variance

ATP : Adenosine triphosphate

BAC: bacterial artificial chromosome
BLA: Basolateral amygdala

BPD: Bipolar disease

cAMP : Cyclic adenosine monophosphate
CeA: Central nucleus of the amygdala
cKO : conditional knockout

CPP: conditional place preference
CPu: Caudate-putamen nucleus

D1R: Dopamine receptor 1

D2R: Dopamine receptor 2

DA: Dopamine

DNA : Deoxyribonucleic acid

DLS : Dorsolateral striatum

DMS : dorsomedian striatum

DOR: Delta opioid receptor

DS : dorsla striatum

eGFP : enhanced green fluorescent protein

Enk/PENK : Enkephaline/ Enkephaline gene

GABA: y-aminobutyric acid

GAD: generalized Anxiety disorder
GDP: Guanosine diphosphate
GTP: Guanosine triphosphate
GPCR: G protein-coupled receptor
HD: Huntington disease

Hipp : Hippocampus
HPC:Hippocampus

i.p. : intraperitoneal

KO: knockout

LD: light-dark test

LGP: Lateral globus pallidus

MGP: medial globus pallidus
MOR: Mu opioid receptor

MPH: methylphenidate

MSNs: medium spiny neurons
Nac: Nucleus accumbens

NSF: Novelty suppressed feeding
SNc: substancia nigra compacta
SNr: substancia nigra pars reticulate
OF: open field

p.o.: per os

PCR: polymerase chain reaction

PD: Parkinson’s disease



PFC: Prefrontal cortex
PKA : protein kinase A
PKC : protein Kinase C
PPI: prepulse inhibition

gPCR: quantitative polymerase chain
reaction

RNA: Ribonucleic acid

SP: Substance P

STN: subthalamic nucleus

vmHPC: Ventromedian Hippocampus
VS : ventral striatum

VTA: ventral tegmental area

WT: wild type




Introduction

In the next pages | recapitulate the most important fundamentals to understand the main results of

my thesis.

In chapter 1| describe the functional anatomy of the striatum and basal ganglia nuclei system. | also
review the functions of medium spiny projection neurons including classical as well as recent

literature.

Chapter 2 describes the semiology, animal models and treatments of some of the best known motor

and neuropsychiatric basal ganglia disorders.

Chapter 3 defines G-protein coupled receptors (GPCRs) exemplifying some of the related
intracellular mechanisms. Most importantly, this section summarizes the literature regarding the

orphan GPCR GPR88.






Chapter 1:

The striatum & basal ganglia nuclei

The Striatum is the main input structure of the basal ganglia, a group of subcortical nuclei that
integrate information about context, actions and outcomes to shape adaptive behavior (Ena et al.,,
2011, Macpherson et al., 2014). It receives glutamatergic projection from the cortex, hippocampus
and thalamus and projects to output basal ganglia nuclei that regulate thalamo-cortical projections.
Also, modulatory dopaminergic neurons from the ventral tegmental area and substancia nigra pars
compacta projects to the striatum which in turn regulates these midbrain nuclei activity through
feedback projections. The striatum is well known for its role in motor control and pathophysiology
of motor disorders such as Parkinson’s or Huntington diseases (DelLong, 1990, Wichmann and
Delong, 1996, Gittis and Kreitzer, 2012). Furthermore, this structure has alsobeen shown to control
cognitive functions such as learning and memory, attention and motivation, and is particularly
known to regulate reward processing. In fact, striatal dysfunctions are found in several
neuropsychiatric disorders such as schizophrenia and hyperactive disorder/Attention deficit

(Heimer, 2003b, Heimer, 2003a, Kravitz et al., 2015)

Functional anatomy of the striatum

Based on its afferent and efferent cortical projections, the striatum was initially divided into dorsal
(caudate-putamen in rodents) and ventral (Nucleus Accumbens and Olfactory tubercles) striatum
(DS and VS respectively) sharing the same cytoarchitecture and biochemical composition (Heimer,
2003b, Heimer, 2003a, Devan et al., 2011) (Figure 1). The term “limbic striatum” has been used to
refer to the VS as it receives projections from Allocortical (including enthorinal and piriform cortex,
hippocampus and amygdala) and mesocortical (including prefrontal cortex) areas (Heimer, 2003b,

Heimer, 2003a, Lynd-Balta and Haber, 1994, Alexander et al., 1986).
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Figure 1: Schematic representation of striatal connectivity and main functions of striatum sub-
regions in rodents. Four regions of rodent striatum are indicated by label and color; the color gradient
approximates the gradient of afferent projections (Voorn et al., 2004). Corresponding colors in other
structures represent general projections topography. Projections from dopamine neurons in the ventral
tegmental area (VTA) and substancia nigra pars compacta (SNc) are shown in red. Abbreviations: DLS,
dorsolateral striatum; DMS, dorsomedian striatum;VSc: core of the ventral striatum; VSs, shell of the ventral
striatum; SNr, substancia nigra pars reticulate; P, pallidum; STN, subthalamic nucleus; dH, dorsal
hippocampus; vH, ventral hippocampus; ENT, entorhinal cortex; BLA, basolateral nucleus of the amygdala;
CN, central nucleus of the amygdala; IL, infralimbic; PL, prelimbic; OF, orbitofrontal; CG, cingulate; PP,

parietal, SMA, sensorimotor. Adapted from (Gruber and McDonald, 2012)

Furthermore, the Nucleus accumbens (Nac)canbe segregatedinto a central and dorsal part_
the Core_and a surrounding lateral, ventral and medial part_ the shell regions. This distinction is
made on a neurochemical (stronger immunoreactivity for calcium-binding protein, calbindin D28Kc
within the core) as well as anatomical basis (distinct afferent projections) (for detailed review please
refer to (Groenewegen et al., 1999)). The VSis thought to be involved in motivational processes and
has been shown to encode the prediction of rewarding stimuli. For instance, lesions of the Nac
impair previously acquired conditional response to food-paired conditional stimuli (Liljeholm and
O'Doherty, 2012, Blaiss and Janak, 2009, Parkinson et al., 1999, Kelley, 2004, McBride et al., 1999).

On the other hand, the dorsal region of the striatum is mainly known for its role in motor and



instrumental learning (Balleine et al., 2009, Jankowski et al., 2009, Atallah et al., 2007, Liljeholm and
O'Doherty, 2012). Additionally, the DS can be further divided into dorsolateral Striatum (DLS)
receiving projection from sensorimotor cortex, whereas association cortices project to dorsomedial
striatum (DMS). The DMS seems required for initial stages of motor skill and goal directed
(instrumental) learning, whereas the DLS is more engaged in habit acquisition (Grafton etal., 1995,

Miyachi et al., 2002, Yin et al., 2009, Liljeholm and O'Doherty, 2012, Balleine et al., 2009).

In addition to these topographically organized cortical afferences, the striatum also receives
ascending glutamatergic projection from the thalamus, dopaminergic modulation from the
Substancia nigra pars compacta (SNc) and ventral tegmental area (VTA), as well as serotoninergic
release from the Dorsal Raphe. Moreover, dopaminergic releaseis regulated by feedback projection
of striatal neurons to dopaminergic cell groups in the VTAand SNc (Heimer, 2003b, Heimer, 20033,
Devanetal., 2011, Lilieholm and O'Doherty, 2012, Gerfen and Surmeier, 2011, Do et al., 2012, Voorn
et al., 2004).

Although not discussedin detail here, another interesting striatal compartmentalization is
the Path-Matrix distinction. The striatal “patches” (or “striosome”) are interconnected zones
embedded in the surrounding striatal matrix. At a neurochemical level, patches are differentiated
by their p-opioid receptors enrichment as well as their weak acethylcholinesterase staining (among
others, for detailed review refer to (Crittenden and Graybiel, 2011)). Interestingly, while both
compartments contain Medium Spiny Neurons (MSNs_ see below) projecting to both main output
structures of the striatum, the patch compartment is thought to contain the only striatal neurons
projecting directly to the substancia nigra pars compacta thus providing a direct loop to control

dopamine release (Gerfen, 1992, Crittenden and Graybiel, 2011, Lopez-Huerta et al., 2015).

Cell population and the classical basal ganglia model

In rodents, the striatum is composed of about 90-95% of medium sized perikaryon densily spined
cells called Medium spiny neurons (MSNs) and 5-10% of medium to large aspiny GABAergic and
cholinergic interneurons. The MSNs integrate cortical and modulatory information and send
GABAergic projections to downstream basal ganglia nuclei. According to their projection sites and

the proteins they express these neurons form the striatonigral direct (co-expressing dopamine D1
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receptors_D1R, Dynorphin and Substance P) or the Striatopallidal indirect pathway (co-expressing
dopamine D; receptors_D2R, Enkephalin and adenosine Axa receptor_A>aR). Striatonigral pathway
MSNs project monosynaptically to the medial globus pallidus (MGP) and substancia nigra pars
reticulata (SNr). Striatopallidal MSNs project to the lateral globus pallidus (LGP) and reach the SNr
and MGP by synaptic relay through the subthalamic nucleus (STN) (Figure 2) (Gerfen and Surmeier,
2011, Lobo et al., 2006, Lobo and Nestler, 2011, Ena et al., 2011, Schiffmann et al., 1991, Gerfen et
al., 1990).

aD2R
aD1R

Glutamatergic

Dopaminergic

Figure 2: Schematic representation of the activation of Direct (A) and Indirect (B) projection pathways in
the rodent dorsal striatum. (A) Direct pathway neurons promote movement decreasing inhibition of the
thalamus. (B) Activation of the indirect projection pathway leads to the inhibition of the thalamus and
consequent thalamo-cortical pathway. Excitatory (glutamatergic) synapses are represented in « arrow »
shape. Inibitory synapses (GABAergic) are represented by a bar. Modulatory (dopaminergic) synapses have
round shape. Dashes linesindicate inactivity of the projection while bolded lines express increased activity.
Abreviations: LGP, MGP: |lateral and medial globus pallidus respectively; STN: subthalamic nucleus; SNc, SNr:
Substancia Nigra pars compacta and reticulata respectivelly; VTA: ventral tegmental area. Shematic
representation based on Voorn et al., 2004; Gerfen and Surmeier, 2011; Albin et al., 1989; Calabresi et al.,

2014.

Fifteen years ago, researchers hypothesized a dual organization of the striatum and basal
ganglia output. According to this classical model the direct and indirect projection pathways have
opposite but balancing roles in the control of motor behavior. Activation of striatonigral MSNs

11



would inhibit GABAergic neurons of the SNr and MGP leading to a disinhibition of the
thalamocortical glutamatergic neurons. Thus, activation of the striatonigral pathway is thought to
promote movement (Figure 2A). Conversely, inhibition of the LGP by striatopallidal GABAergic
neurons would disinhibit the glutamatergic neurons of the STN. Consequent activation of the MGP
and SNr GABAergic neurons would hence inhibit the thalamus and therefore reduce locomotor
activity. (Fig 2B)(Albin et al., 1989, Ena et al., 2011, Calabresi et al., 2014, Valjent et al., 2009).
However, the clear identification of the differential function of the two MSNs subpopulations has

been limited by their morphological similarities and heterogeneous distribution in the striatum.

The emergence of recent cell-type specific methodology including Bacterial artificial
chromosomes (BAC) transgenesis, optogenetics and viral transgenesis has allowed to specifically
target striatonigral and/or striatopallidal neurons. These techniques have allowed a better
understanding on MSNs subtypes specific functions. For instance, the use of BAC reporter mouse
lines in which EGFP or tdTomato (green and red fluorescent proteins) are expressed under the
control of D1R or D2R promoters (Drd1a and Drd2 respectively) has allowed to confirm the projection
pattern of the basal ganglia model. Also, these mice have finally permitted the establishment of the
proportion of MSNs expressing D1R, D2R or both (tablel) (Valjent et al., 2009). Despite the general
confirmation of the neuronal segregation previously proposed, these new methodologies have also

allowed some interesting new insights.

Tablel: Estimation of cell populations in the striatum of EGFP-expressing BAC transgenic mice

(Valjent et al., 2009) (drd1a: Dopamine receptor 1 promotor; drd2: dopamine receptor 2 promotor)

For instance, in Drd2-eGFP mice, labeling was not only found in LGP but also in cholinergic

interneurons as well as in neurons of the SNc and VTA, the latter corresponding to autoreceptors

Dorsal striatum NAc core NAc shell
Neurons (% of total cells) 70 80 75
MSNSs (% of total cells) 68 78 73
% MSNs with active drd7a only 52 53 47
% MSNs with active drd2 only 43 41 36
% MSNs with active drd7a and drd2 5 6 17

located in dopaminergic neurons (Gong et al., 2003, Shuen et al., 2008). Moreover, while all MSNs

projecting to the SNr expressed D1R (and very few D2R) some D1R-EGFP-expressing fibers projected
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to the LGP (Matamales et al., 2009). This result could either imply that neurons co-expressing DiR
and D2R project to the LGP or that striatonigral MSNs extend collateral fibers to the LGP. This latter
hypothesis is in agreement with the report of Cazorla et al (Cazorla etal., 2014) in which they found
that increased excitability of the indirect pathway induced the growth of direct pathway bridging
collaterals inthe LGP. This possible interaction between direct and indirect pathway has important
implication when interpreting behavioral regulation elicited by cell-type specific MSNs manipulation

(Cazorla et al, 2015)

It is important to notice that these subpopulations of MSNs projections were originally
characterized in dorsal striatum and projections from the Nac may not segregateina similarmanner
(Figure 3). In fact, both D1R and D2R-expressing MSNs in the Nac (which have similar co-expression
pattern then DS MSNs) project to the ventral pallidum (VP) which has intra and extra-basal ganglia
projections (Kupchik et al., 2015). As such, projections to the VP are thought to functionally
correspond to both direct and indirect pathway as they may oppositely regulate reward-seeking

behavior (discussed below) (Gerfen, 1992, Nicola, 2007, Smith et al., 2013).

‘

-

direct & indirect
pathways

Basal Ganglia )

Figure 3: Schematic representation of Nac output pathways. MSNs from the Nac core project to the
dorsolateral ventral pallidum (dIVP) while Naccshell project to the ventromedial part of the VP (vmVP). The
dIVP sends direct projections to the Substancianigra (SN) orthrough the subthalamicnucleus (STN, solid red
lines) and, toa smallerextendalso projects to the mediodorsal thalamus (MD, dashed lines). Neurons from
the vmVP also project to the MD and the ventral tegmental area (VTA). D1-expressing MSNs (but not D2-
MSNs) from both core and shell project to the VTA. (Smith, R.J. et al, 2013)
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Modulation of glutamatergic inputs onto direct and indirect MSNs by
dopaminergic projections

Electrophysiology and anatomical reports revealed distinct physiological properties of MSNs
subtypes and show that striatopallidal cells are intrinsically more excitable and present smaller
somatodendritic trees than striatonigral neurons (Kreitzer and Malenka, 2007, Gertler et al., 2008,
Do et al., 2012, Gerfen and Surmeier, 2011). At rest, both MSNs subtypes are generally inhibited
(“down state”) until membrane depolarization by excitatory glutamatergic release (switching to an
“up state”). Dopamine is thought to oppositely regulate glutamatergic transmissionin distinct MSNs
subtypes based on their differential enrichment in excitatory DiR or inhibitory D2R. Briefly,
activation of DiR (acting through Gs and Goif) facilitates glutamatergic transmission by somatic
depolarization through increased L-type Ca?* channels flow and decreased K* currents. Oppositely,
D2R stimulation increases outward hyperpolarizing K* channels and decreases dendritic Ca%
currents reducing the excitability of striatopallidal neurons (Hiroi et al., 2002, Grace et al., 2007,
Gertler et al., 2008, Gerfen and Surmeier, 2011, Do et al., 2012, Surmeier etal., 2007). Additionally,
D2R stimulation diminishes glutamate presynaptic release and AMPA receptor currents on MSNs
(Hernandez-Echeagaray et al., 2004, Bamford et al., 2004, Gerfen and Surmeier, 2011, Do et al.,,
2012). Also, dopamine receptors are believed to differentially respond to phasic or tonic dopamine
neurons firing. In fact, DA phasic firing modulates low-affinity D1R and is assumed to be crucial in
reward related behavior. Conversely, tonic DA firing stimulation of high-affinity D2R has been shown
to be suppressed by aversive stimuli (Grace et al., 2007, Mirenowicz and Schultz, 1994, Mirenowicz
and Schultz, 1996, Ungless, 2004, Ungless et al., 2004). Also, DA striatal depletion has been found
to selectively decrease spine density and glutamatergic synapses in striatopallidal MSNs (Day et al.,
2006). Thus, changes in DA levels in the striatum differentially alter activity in the direct and indirect

striatal output pathways.

Striatal projection neurons in motor controland motivational processes

Motor control: Converging evidence support the opposing influence of striatopallidal and
striatonigral neurons in motor output systems. While bilateral optogenetic excitation of the
striatopallidal pathway decreased locomotor initiation (Kravitz et al., 2010), ablation or disruption
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of these neurons increased motor activity (Durieux PF, 2012, Bateup et al., 2010, Durieux PF, 2009)
thus confirming the inhibitory functions of the indirect pathway. In contrast, optical stimulation of
striatonigral MSNs increased locomotion while disruption or ablation of these neurons had the
opposite effect. Evidence using inducible cell-target injection of diphtheria toxin (DT) further
suggests a differential role of striatopallidal and striatonigral neurons in acquisition and expression
of motor skill learning (Durieux PF, 2012). Inducible ablation of striatopallidal neurons delayed the
acquisition of rotarod task but had no effectin a previously acquired motor skill. However, injection
of DT in striatonigral neurons impaired motor skill learning regardless of the training extension and
also disrupted performance of a previously learned motor sequence. Interestingly, a recent report
(Cui et al., 2013) shows that direct and indirect pathway MSNs are concurrently activated when
animals initiate an action. However, rather than refuting the classical model, these recent findings
propose a more comprehensive view of basal ganglia function. According to this updated model co-
activation of both pathways is necessary for action selection and initiation as well as inhibition of
competing motor programs. In this case, hyperactive behavior or early motor skill impairments
observed after indirect pathway inactivation could result from the lack of inhibition of unwanted

motor program (Cui et al., 2013, Macpherson et al., 2014).

Motivation and goal-directed behavior: Recent findings alsosupport a distinct role of direct/indirect
pathway in mediating reinforcement and punishment processes. While optogenetic activation of
the direct pathway was shown to increase reinforcement (mice persistently activated a trigger that
elicited further direct pathway bilateral illumination), inactivation of these neurons by reversible
neurotransmission blockage decreased conditional place preference (CPP) to appetitive stimuli
(cocaine and chocolate). In contrast, activation of indirect MSNs induced transient punishment
(mice transiently avoid the trigger that would illuminate the indirect pathway) while transmission
blockage of this pathway impaired aversive behavior having no effect on reinforcement (Kravitz et
al., 2012, Hikida et al., 2010). Interestingly, it was also shown that DiR inhibition (D1R antagonist
SCH23390) and D2R activation (D2R agonist quinpirole) in the Nac mimics the deficitin reinforcement
and punishment (respectively) caused by neurons transmission blocking (Hikida et al., 2013).
Accordingly, silencing of VTA DA neurons evoked aversive responses to preferred dark room, and

this response was abolished by D2R but not D1R knockdown (Danjo et al., 2014).

15



In contrast to the studies reported above in which inactivation of the striatopallidal neurons
had no effect on CPP, silencing of this pathway in rats (Ferguson et al., 2011) and mice (Durieux et
al., 2009) led to an increased amphetamine induced sensitization and CPP respectively. Similarly,
Lobo et al (2010) demonstrated that activation of the indirect pathway decreased cocaine
conditioned CPP while direct pathway MSNs activation had the opposite effect (Lobo et al., 2010).
In Summary, data suggest that striatonigral transmission promotes reinforcement whereas
striatopallidal inhibits drug reinforcement. Also, striatopallidal transmission is critical for aversive

learning and avoidance behavior.

Interestingly, a distinct role of Accumbens projection neurons was also demonstrated in
social interaction behavior alsoconsidered as aform of reward. Recent studies in mice demonstrate
that intra-Nac infusion of D1R but not D2R antagonist blocked the pro-social effectelicit by increased
DA levels in the Nac. Most importantly, optical activation of striatonigral MSNs was sufficient to
increase social behavior and sucrose preference or reversed social avoidance induced by social
defeat stress. Conversely, striatopallidal MSNs activity induced social avoidance after subthreshold
social defeat stress.(Francis et al., 2015, Gunaydin et al., 2014) This data have important implication
by unrevealing new cell-specific functions of MSNs and extending this field to affective disorders

research.
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Chapter 2:

Basal Ganglia disorders

Basal ganglia disorders englobe several neurological diseases characterized by abnormalities in one
or more components of basal ganglia circuit consequently displaying alteration in motor behavior,
psychiatric signs and, in some cases, cognitive impairment. Although dysfunction in other brain
regions are often alsopresent, basal ganglia malfunctions are central to the pathophysiology of such
diseases. The term “basal ganglia disorders” classically refer to motor disorders such as Parkinson
and Huntington diseases that clearly arise from neurodegeneration in one or several basal ganglia
structures (Albin et al., 1989, Wichmann and Delong, 1996). However, with the development of
new research tools and the gain in understanding of basal ganglia function and malfunction, a
growing number of researchers include neuropsychiatric diseases in the family of basal ganglia
disorders. Also, although not listed as cardinal symptoms, the majority of patient affected by motor
disorders such as Parkinson or Huntington’s disease exhibit psychiatric symptoms (Ring and Serra-

Mestres, 2002, Crittenden and Graybiel, 2011, Cazorla et al., 2015, Lobo and Nestler, 2011).

In the present section we will review some of the most common and well-studied striatal-
related neuropsychiatric and motor disorders. A focus will be made on rodent research especially
on mouse behavioral phenotypes related to such disorders. Animal models of human diseases are
designed to (1) test hypothesis about the mechanism of the disease and (2) predict treatment
response in human patients. To be considered as valid, an animal model should fulfill three main
standard criteria: construct, face and predictive validity. Construct validity postulate that the
method by which the model is constructed should be based on the known etiology of a disease. This
criterion is especially difficult to satisfy as for most diseases the etiology is largely unknown. Models
that best achieve this criteria use known gene variants or risk factors associated with diseased
human populations. Face validity refers to the ability of an animal model to reflect anatomical,

biochemical, neuropathological or behavioral features of the human disease. Given the difficulties
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in diagnosing psychiatric disorders in humans, added to the absence of specific markers and the
subjective and heterogeneous nature of symptoms, most of the animal models of psychiatric
disorders capture specificaspects rather than recapitulate all components of the syndrome studied.
Predictive validity indicates that a treatment currently used in a human disease should have the
same efficacy in an animal model of such disease and, for some authors, the model’s performance
should help predict human phenomenon (Nestlerand Hyman, 2010, Razafshaetal., 2013, Fernando

and Robbins, 2011, Wong and Josselyn, 2015, Crawley, 2000, Belzung and Lemoine, 2011).

Parkinson’s disease

Parkinson’s disease (PD) is a neurodegenerative disorder characterized by the triad rigidity, tremor
at rest, and bradykinesia (slowness in the performance of voluntary movements). This chronic
disease has a progressive course and postural instability is also seen at a later stage of the disease.
All patients with PD do not experience all three cardinal symptoms and two major subtypes have
been defined: akinetic-rigid and tremor-dominant. PD is rarely seen in people under 40 years old
and the American prevalence for people over 65 years old is of 1,6% (Xia and Mao, 2012, Beitz,
2014). Non-motor-related symptoms are often experienced at any stage of the disease and include
anxiety, sleep disturbance, depression, constipation, hallucinations and a progressive decline of
cognitive functions (sometimes leading to dementia)(Chaudhuri and Naidu, 2008).

The main pathological process giving rise to PD’s symptoms is a massive loss of nigrostriatal
dopaminergic (DA) neurons and the development of lewy bodies mainly composed of a-synuclein.
Motor symptoms do not become apparent until 60-80 % loss of striatal dopamine. Also,
neurodegeneration and a-synuclein are also found in the locus ceruleus, hypothalamus, cerebral
cortex and central and peripheral components of the autonomic nervous system (Goedert et al.,,
2013, Le et al., 2014). Degeneration of nigral DA neurons is thought to create animbalance between

direct and indirect pathways of the basal ganglia resulting in a shift of the balance to the indirect
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pathway with increased excitation of the Medial globus pallidus (alsoreferred as internal globus

pallidus _GPi) and substancia nigra pars reticulata (SNr) (Wichmann and DelLong, 1996) (Figure 4)

A Physiological condiion B Parkinson's disease
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Figure 4: Schematic representation of the direct/indirect pathway classical model in the physiological
condition and in Parkinson’s disease. (A) In the physiological condition, DA arising from Substancia nigra pars
compacta (SNpc) is thought to activate D1-expressing MSNs of the direct pathway (red lines) andto inhibit
D2-expressing MSNs of the indirect pathway (bluelines). The output nucleiinternal globus pallidus (GPi) and
Substancianigra pars reticulata (SNpr) project to the thalamus whichin turn sends efferents that complete
the cortico-basal ganglia-thalamo-cortical loop. (B) In Parkinson’s disease, degeneration of nigral neurons
reduces DA receptor stimulation in striatal MSNs. The Imbalance between direct and indirect pathways
results into abnormal activation of output nuclei and over inhibition of thalamic neurons projecting to the

cortex. (Calabresi et al., 2014)

Heritable genetic factors are responsible for more than 10 % of PD cases (“familial PD”) and
while several genes including a-synuclein, parkin and VPS35 have been identified, the mechanisms
through which these genetic defects cause neurodegeneration are still largely unknowns (Klein and
Westenberger, 2012) . Also, various environmental risk factors such as exposure to manganese,
solvents and some pesticides have been identified and associated with hallmarks of PD such as

mitochondrial dysfunction and aggregation of a-synuclein (Chin-Chan et al., 2015).
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There are mainly two kinds of animal models of PD: genetic models based on the known
geneticvariants found in PD patients and neurotoxic models that used either neurotoxin with known
mechanisms (e.g. 6-OHDAand MPTP) or pesticides/herbicides ( e.g. rotenone, paraquate) identified
as risk factors for PD (Le et al., 2014). Behaviorally, animal models of Parkinson disease should at
least present deficient motor coordination and balance as measured in the accelerating rotarod and
balanced beam; decreased locomotion and grip strength as well as catalepsy. Striatal concentration
of dopamine and its metabolites 3, 4-Dihydroxyphenylacetic acid (DOPAC) and homovanillic acid
(HVA) should be decreased and DA neurons loss should be verify. Finally, the presence of lewy

bodies canbe measured by a-synucleinimmunoreactivity (Valadas etal., 2015, Baptista etal., 2013).

Using 6-OHDA-mediated depletion of DA nigrostriatal neurons, Day and colleagues showed
that striatal DA depletion leadto a selective decrease of indirect pathway’s spines and glutamatergic
synapses (Day et al., 2006). Interestingly, these authors also found that indirect pathway neurons
are intrinsically more excitable than direct pathway neurons and that DA depletion increases this
asymmetry (Day et al., 2008). Accordingly, optogenetic studies indicate that bilateral excitation of
indirect pathway neurons elicited parkinsonian state (increased freezing, bradykinesia and
decreased locomotor initiation) (Kravitz et al., 2010). However, data indicating concurrent activation
of both pathways during action initiation and the presence of axonal bridging collateral functionally
linking both pathways should be considered when interpreting new data regarding Parkinson

disease (Cazorla et al., 2015, Cui et al., 2013, Calabresi et al., 2014).

The gold standard in the treatment of PD consists of a DA replacement using the DA
precursor L-DOPA. However, this treatment does not prevent the progression of the disease andis
often associated with motor fluctuations and dyskinesia (involuntary movements). This treatment
is often accompanied by DOPA decarboxylase inhibitors (reduce conversion of L-DOPA to dopamine
in peripheral tissue thus reducing undesirable adverse effects) or catechol-O-methyl transferase
(COMT) inhibitors. Other pharmacotherapies include dopamine agonists targeting dopamine post-
synaptic D2 receptors. Deep brain stimulations of the subthalamic nucleus (STN) or GPi are realized
in patients with persistent motor symptoms despite optimal pharmacological therapy (Tarazi et al.,,
2014). Viral vector gene therapies aiming at restoring normal functioning of the STN also represent

new promising therapeutic leads (Kaplitt et al., 2007)
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Huntington’s disease

Huntington’s disease (HD) is an autosomal dominantly inherited progressive neurodegenerative
disease caused by aninstable CAG repeat expansion in the huntingtin gene (HTT). This disease leads
to a prominent loss of GABAergic medium spiny neurons in the striatum accompanied by cortical
projection neuronal loss in the deep layer cortex (Chang et al., 2015). Clinically, HD is described by
the triad: motor dysfunctions, psychiatric symptoms and cognitive decline. While the age of onset
of motor symptoms (between the ages of 30-50 years) is inversely correlated with the length of CAG
repeats, this is not the case for psychiatric and cognitive decline which can develop sooner than

motor dysfunctions (Stine et al., 1993, Vinther-Jensen et al., 2015).

Motor abnormalities in HD include chorea (a dance-like involuntary movement) which is the
major motor symptom of this disease, bradykinesia and rigidity. In later stages of the disease,
symptoms such as dystonia (involuntary muscles contractions), abnormal postures or dysphagia
(difficulties swallowing) may also arise (Folstein et al., 1986). In rodents, HD’s motor dysfunctions
may be assessed by evaluation of spontaneous activity and general locomotion. Also, the use of
rotarod, balance beam test, climbing test, and footprint or gait analysis may reveal information
about motor coordination of the rodent model (Brooks and Dunnett, 2009, Pouladi et al., 2013).
Cognitive deficits may be evident in the early stages of HD and include memory decline (visuospatial,
procedural and episodic) measured in animal models of HD through a number of behavioral test
such as the Morris water maze, Barnes circular maze and novel object recognition. Associative
learning has also been studied through use of classical and operant conditioning (Pouladi et al.,
2013). Lastly, sensorimotor gating deficits were also found in HD patients (Geyer, 2006).
Sensorimotor gating refers to the inability of filtering non-relevant information and to allocate
selective attentional resources to salient stimulus. Deficient sensorimotor gating is thought to
underlie attentional and information processing problems. This process can be evaluated in humans
and rodents in a very similar way using the prepulse inhibition test (PPI). In rodents, PPI testis used
both as a tool to validate animal models of psychiatric diseases characterized by sensorimotor gating
deficits and as a way to better understand key elements of the pathophysiology of such disorders.
(Swerdlow and Geyer, 1998, Swerdlow et al.,, 2000, Powell et al., 2012, Geyer, 2008) Patients
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suffering from HD may also present psychiatric symptoms such as depression, anxiety, impulsivity
and aggressive behavior. Moreover, hallucinations, delusions and psychosis may occur in advanced
stages of the disease (Rosenblatt, 2007) . Depression like behavior has been demonstrated in
transgenic mice models of HD using the forced swim test and the sucrose preference test (Pang et

al., 2009).

Despite the known etiology of the disease and the development in understanding the
pathophysiology of neuronal death, HD remains without a cure and treatment are directed toward
symptoms of the patients and aim at improving their life quality (Kumar et al., 2015). For instance,
clonazepam (benzodiazepine) might be prescribed for symptoms suchas chorea, dystonia or rigidity
while antipsychotic drugs may attenuate psychosis and irritability. SSRI’'s are also frequently

prescribed to control anxiety and depression (Ross and Tabrizi, 2011) .

Schizophrenia

Schizophrenia is a complex and disabling disorder that affects more than 1% of the worldwide
population. The disorder often onsets in late adolescence or early adulthood and typically persists
throughout life (Nestler and Hyman, 2010, Tsai and Coyle, 2002). Symptoms are classified in three

major clusters: negative, positive and cognitive symptoms.

Negative symptoms include social withdrawal and diminished motivation.
Hypodopaminergic states in the frontal cortical terminals as well as mesolimbic dopamine
hypofunction resulting in abnormal ventral striatum function are thought to contribute to these
symptoms (Davis et al., 1991, Murray et al., 2008, Bolkan et al., 2015). In animal models, one way
to assess these symptoms is a social interaction test reflecting social withdrawal and diminished
motivation to social reward as observed in schizophrenic patients (Razafsha et al., 2013, Crawley,
2000, Duncan et al., 1999, Bubenikova-Valesova et al., 2008, Samsom and Wong, 2015). Positive
symptoms are psychotic behaviors characterized by the presence of abnormal processes such as
hallucinations, delusion and stereotyped behavior. These symptoms are thought to be related to
excessive mesolimbic dopaminergic release in ventral as well as dorsal striatum (Davis etal., 1991,

Duncan et al., 1999). In healthy subjects, increased dopamine release induced by amphetamine
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intake can mimic psychotic states. Moreover, in schizophrenic patients low doses of
psychostimulants can exacerbate psychotic symptoms suggesting a sensitization of dopamine
systems (Bell, 1965, Davis et al.,, 1991). In rodents, increased basal or amphetamine induced
locomotion and motor stereotypies are considered as models of positive symptoms as they are
correlated to hyperdopaminergic states (Carlsson et al.,, 2001, Wong and Josselyn, 2015,
Bubenikova-Valesova et al., 2008). Cognitive symptoms such as working memory and sustained
attention deficits are thought to result from cortical dysfunction. More precisely, abnormal function
of the prefrontal cortex during the performance of executive function tasks in fMRI studies have
been suggested to contribute to such symptoms (Karlsgodt et al., 2010). In rodents, cognitive
impairments can be measured through the use of a delayed nonmatch to place task or a maze task
measuring working or spatial memory (e.g. morris water maze, T-maze) (Wong and Josselyn, 2015,
Bubenikova-Valesova et al., 2008, Razafsha et al., 2013, Samsom and Wong, 2015). Another

common symptom in schizophrenia is the deficit is sensorimotor gating.

Schizophrenia is thought to result from the interplay between genetic risk factors and
environmental influences. Many studies suggest a high hereditability of this disease and a variety of
genetic (e.g. DRD2) and environmental risk factors (e.g. prenatal viral exposure or autoimmune
reactions) have been identified (Schizophrenia Working Group of the Psychiatric Genomics, 2014,
Gottesman and Erlenmeyer-Kimling, 2001, Dean and Murray, 2005). Finally, at a neurochemical
level, schizophrenia symptoms are thought to result from interplay of altered monoaminergic,
Glutamatergic and GABAergic transmission (Lillrank et al., 1995, Lipska, 2004, Carlsson et al., 2001,
Tsai and Coyle, 2002, Duncan et al., 1999, Wong and Josselyn, 2015, Nestler and Hyman, 2010).

Typical and atypical antipsychotics are the most commonly used pharmacological
treatments for schizophrenic patients. Typical antipsychotics refer to substances such as haloperidol
that directly acts on blocking Dopamine 2 like receptors (D2, D3 and D4 dopamine receptors) while
atypical (second generation) treatments such as risperidone and clozapine also blocks 5-HT2A
serotonin receptors. However, in addition to their unwanted side effects, these medications have
been reported to majorly act on positive symptoms being ineffective in cognitive and negative

deficits (Fenton et al., 2003, Geyer, 2008, Miyamoto et al., 2012)
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Attention deficit/ Hyperactivedisorder (ADHD)

Attention deficit/hyperactivity disorder (ADHD) is among the most common neuropsychiatric
disorders (5-10% of children worldwide) with average age of onset at 7 years old and persisting
through adolescence into adulthood for a great majority of patients. Clinically, symptoms are
characterized by various combinations and degrees of the triad: Hyperactivity, Impulsivity and
Attentional deficits (Faraone et al., 2003, Russell, 2007, Leo and Gainetdinov, 2013, Fernando and

Robbins, 2011, Rader et al., 2009, Dopheide and Pliszka, 2009).

The existences of various subtypes of ADHD (predominantly inattentive subtype,
predominantly hyperactive/impulsive subtype, and combined subtype) added with the high
variability between subjects have limited the establishment of a theoretical rationale for the
neurobiology underlying ADHD. Models often propose deficient inhibitory control in interaction
with executive function but also altered reward sensitivity and motor control (Barkley, 1997,
Dopheide and Pliszka, 2009, Sagvolden et al., 2005, Tripp and Wickens, 2012) . Neuroimaging studies
show reduced volume and decreased activation of the prefrontal and anterior cingulate cortices, as
well as right caudate in ADHD patients during a response inhibition task (Dickstein et al., 2006,
Valera et al., 2007). These abnormalities are thought to result in altered inhibitory control and
reward processing respectively. Also, in a monetary delayed incentive task, adults and adolescents
with ADHD show reduced activation of the ventral striatum in response to a cue predicting
reinforcement (Scheres et al., 2007, Strohle et al., 2008). Furthermore, impulsive rats were shown

to have reduced D2/D3 dopamine receptors biding in the ventral striatum (Dalley et al., 2007).

In rodents, hyperactivity is typically measured in a homecage or in an open field although
the latter is a more valid model of hyperactivity since it involves a novel environment. As this
symptom in children develops gradually when a situation becomes familiar, rodent models should
not display hyperactivity in a novel environment but rather develop it over time (Sagvolden et al.,,
2005, Samsom and Wong, 2015). Motor Impulsivity is measured in rodents using operant tasks such
as the five choice serial reaction time tests (5-CSRTT) and is operationalized as bursts of response

not resulting in increased number of reinforcement (Fernando and Robbins, 2011, Sagvolden, 2000,
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Sagvolden et al., 2005). Like hyperactivity, motor impulsivity is not present in novel situation or
environments (Sagvolden et al., 2005). Likewise, the most common and well validated test to
measure sustained attention is the 5-CSRTT in which accuracy of response is considered as an
operational measure of sustained attention (Zimmermann et al., 2014, Sagvolden et al., 2005,
Samsom and Wong, 2015, Sagvolden, 2000, Russell, 2007, Leo and Gainetdinov, 2013). Finally, PPI
is also disrupted in ADHD subjects and is therefore used as a tool in the research and validation of

animal models of ADHD (Kohl et al., 2013, Feifel et al., 2009, Woo et al., 2014)

Clinical studies indicate that ADHD has a significant genetic component involving several
genes implicated in dopamine (dopamine receptor 4, Drd4; dopamine receptor 5, Drd5; and
dopamine transporter, DAT) Norepinephrine (Norepinephrine transporter, NET) Glutamatergic
(SNAP-25: protein required for transmitter release) and serotoninergic (serotonin transporter, SERT)
transmission (Gizer et al., 2009, Kim et al., 2008, Faraone and Khan, 2006, Purper-Ouakil et al.,
2011). The etiology of this disorder most likely involves several genes in interaction with
environmental factors. Several environmental risk factors have been identified and englobe
prenatal exposure to tobacco, alcohol and other drugs or pregnancy/birth complications (Purper-

Ouakil et al., 2011, Pineda et al., 2007, Thapar et al., 2003).

Pharmacological treatment of ADHD normally requires monoaminergic psychostimulants
such as Methylphenidate (MPH) and Amphetamine (AMPH) or the catecholaminergic nonstimulant

atomoxetine (Leo and Gainetdinov, 2013, Sagvolden et al., 2005, Rader et al., 2009)

Bipolar Disorder (BPD)

Bipolar disorder (BPD), also known as manic-depressive illness, is a chronic disease affecting 1-4%
(depending on the subtype, see below) of the world’s population and is characterized by episodes
of mania with or without depression. This disease is classified into Bipolar | (one or more manic
episodes) and Bipolar Il (one or more hypomanic episodes and at least one depressive episode).
Bipolar | is frequently accompanied by depressive episodes; in bipolar I, hypomanic episodes are

defined as less severe forms of mania (Gould and Einat, 2007, Angst, 2013). The age of onset is not
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clearly defined as some people have their first symptoms during childhood, while others may

develop symptoms late in life (Young, 2005, Youngstrom et al., 2005).

This illness has a progressive and accelerating course with worsening of the clinical
symptoms, reductions of inter-episode duration and response to treatment with the progression of
the disease (Berk et al., 2011, Strejilevich et al., 2015). Furthermore, enlargement of the lateral
ventricles with the recurrence of episodes has alsobeen reported (Strakowski et al., 2002, Brambilla
et al., 2001). BPD is known for its high hereditability (~ 90%) and recent genome-wide association
studies have identified several new robust risk variants which are currently being studied (Shinozaki
and Potash, 2014, Kennedy et al., 2015). Neuroimaging studies have identified several volumetric
and functional abnormalities in networks involving the prefrontal cortex, the anterior cingulate
cortex, the striatum, the pallidum, the thalamus and the amygdala. It is hypothesized that altered
prefrontal cortical regulation of limbic areas result in maladaptive emotional response and cognitive
impairments (Chen et al., 2011, Maletic and Raison, 2014). Additionally, changes in oligodendroglia
levels and alterations in GABA, Glutamate and monoamine transmission where also reported with
glutamatergic alterations being the most consistent evidence (Kondo et al., 2014, Jun et al., 2014,

Maletic and Raison, 2014).

Given the cyclic nature of the episodes and the inconclusive knowledge about the
pathophysiology of this disease, the development of animal models of BPD has been very limited.
Some investigators have attempted to generate cycling models but with incomplete validity with
most studies working on symptom-based models. Symptoms of mania are operationalized in
rodents as basal hyperactivity, supersensitivity to the locomotor effects of psychostimulants,
increased aggressive behavior, changes in sleep pattern or increased goal directed and risk-taking
behavior (Gould and Einat, 2007, Nestler and Hyman, 2010, Geyer, 2008). Excessive dopamine
neurotransmission has been associated with the development of manic symptoms and the most
often used rodent models of mania involve psychostimulant treatments (Berk et al., 2007, Nestler
and Hyman, 2010). BPD patients also present cognitive impairments such as deficits in sustained
attention and sensorimotor gating, both measurable symptoms in rodents (see sections above)
(Perry et al., 2001, Bora et al., 2009). Moreover, patients affected with BPD often suffer from

medical comorbidities such as cardio-and cerebrovascular disease and metabolic and endocrine
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disorders which, added to increased suicide risk, severely reduces life expectancy of these patients

(Mclntyre et al., 2004, Mclntyre et al., 2008, Chang et al., 2011).

Pharmacological treatment of BPD is generally episode-driven and polypharmacology is a
common practice. Although mood stabilizers such as lithium or valproate are standard treatments
in BPD, antipsychotics and antidepressants are frequently used. These treatment’s efficiency is
however very limited especially when it comes to cognitive impairments and several new

treatments are currently being assessed (Konstantakopoulos et al., 2015).

Anxiety disorders

While fear is an adaptive reaction to an immediate and real danger, anxiety is a response to a threat
or a potential danger accompanied by a heighten state of arousal and vigilance. Normal anxiety has
a preservative function mediating avoidance behavior towards potentially harmful stimuli. This
process becomes pathological when there are quantitative (excessive response to threatening
stimuli) or qualitative (anxiety response to non-threatening stimuli) variations. Anxiety disorders are
the most common psychiatricdisorders (up to 29% of lifetime prevalence rates) being characterized
by a sustained state of apprehension in the absence of immediate fear frequently accompanied by
cognitive impairments (Newby et al., 2015). Clinically, anxiety disorders include generalized anxiety
disorder (GAD), phobias, post-traumatic stress disorder (PTSD), panic and obsessive-compulsive
disorder (OCD) (although, in the fifth edition of the Diagnostic and statistical manual of American
psychiatric association, the letter two disorders have been removed from the anxiety disorder

category) (Belzung and Griebel, 2001, Craske et al., 2009, Aupperle and Paulus, 2010).

Pavlovian fear conditioning has been extensively used to understand the etiological basis of
anxiety disorders (Craske et al., 2009, Mineka and Zinbarg, 2006). The amygdala has been repeatedly
shown to regulate the acquisition and expression of conditioned fear (Davis, 1992, Wilensky et al.,
2006) and patients suffering from anxiety show enhanced amygdala activation that positively
correlates with the severity of the pathology (Stein et al.,, 2007). Furthermore, functional
neuroimaging in human indicate that, in patients suffering from GAD, the activation pattern of

structures such as the insula, caudate nucleus, anterior cingulate cortex or ventromedial prefrontal
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cortex (vmPFC) fail to discriminate between conditioned stimulus paired with an unconditioned
stimulus and a non-paired similar stimulus, suggestive of excessive fear generalization(Cha et al.,
2014, Dunsmoor and Paz, 2015). Finally, based on human neuroimaging data, a model of the
neurocircuitry underlying PTSD postulates that hyperresponsitivity of the amygdala and insufficient
inhibitory control of the vmPFC over the amygdala contribute to deficient extinction of the

conditioned fear response. (Rauch et al., 2006).

Avoidance behavior of a perceived threatening stimulus can be measured in rodents using
several well validated anxiety models of innate (unconditioned) anxiety (more frequently used in
transgenic mice). This is the case of the open field (OF), the elevated plus-maze (EPM) and the light-
dark test. These “ethological tests” use the natural approach/avoidance conflict in which a rodent
tendency to explore novel environment is confronted to the innate drive to avoid brightly
illuminated and expose areas (Bailey and Crawley, 2009, Razafsha et al., 2013, Nestler and Hyman,
2010, Aupperle and Paulus, 2010). Optogenetic studies applied to the EPM and OF showed that
stimulation of basolateral amygdala (BLA) neurons projecting to the central nucleus of the amygdala
(CeA) has anxiolytic effects while inhibition of these neurons has the opposite (anxiogenic) effect
(Tye etal., 2011, Tye and Deisseroth, 2012). Furthermore, usingthe same strategy, it was alsoshown
that stimulation of BLA neurons projecting to the ventral hippocampus (vHPC) increased anxiety in
the OF and EPM tests (Felix-Ortiz et al., 2013). These authors also show that the activation of BLA-
vHPC similarly reduces social behavior suggesting a common neural mechanism. Indeed, patients
suffering from GAD present social dysfunction and, in some cases, anxiety may be directed to social
functioning (social anxiety disorder) (Schneier, 2006). As such, social interaction tests such as the
intruder-resident or the Crawley test should be included in research on anxiety related processes
(Allsop et al., 2014). Other, more complex, conflict tests such as the novelty suppressed feeding or
Vogel test use natural biological needs and anxiogenic conditions to create a conflict (Bodnoff et al.,

1989, Dulawa et al., 2004, Razafsha et al., 2013).

Current treatments for anxiety disorder include selective serotonin reuptake inhibitors
(SSRIs) and serotonin and norepinephrine reuptake inhibitors (SNRIs). These drugs, also used in the
treatment of depression, are effective for some anxiety disorders but some patients are resistant to

these treatments. Despite their severe side effects, benzodiazepines remain an effective alternative
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to SSRIs. Also, compounds acting on glutamatergic transmission have been shown to be effective in
the treatment of some types of anxiety disorders. Also, functional imaging studies are revealing

brain areas affected in specific anxiety disorders and providing new direction for “disorder-specific

“treatments (Farb and Ratner, 2014).
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Chapter 3:
The orphan receptor GPR388

G coupled proteinreceptors

G-coupled protein receptors (GPCRs) are a family of seven-transmembrane domain proteins that
activate through various extracellular ligands including nucleotides, peptides, biogenic amines, light
or glycoprotein. On the basis of their sequence and structure, GPCRs are currently classified into 5
families with unique ligand biding properties: Glutamate, Rhodopsin, Adhesion, Frizzled/Taste2,

Secretin. (Huang and Thathiah, 2015, Oldham and Hamm, 2008, Lagerstrom and Schioth, 2008)

GPCRs are associated with G proteins in the plasma membrane that form heterotrimeric
composed of three subunits: alpha (a), beta (B) and gamma (y) (Figure 5). In the absence of signaling,
all subunits form a heterodimer and the asubunit is bound to the nucleotide guanosine diphosphate
(GDP). When activated by an extracellular signaling molecule, GPCRs change their conformation
triggering an interaction between the receptor and a nearby a subunit which dissociate from the By
subunit complex and replace the GDP by a guanosine triphosphate (GTP) nucleotide. At this point,
both subunits groups can interact with other membrane proteins involved in signal transduction. G
proteins can interact with various enzymes affecting the production of hundreds or even thousands
of second messenger molecules. Based on the sequence and function of their a subunits,
mammalian heterotrimers are typically divided into four main classes: Gs, Gi/o, Gq and G12. Although
not detailed here, G protein can interact with multiple effectors leading to a variety of cellular
responses including growth, death, transcription, cellular depolarization or hyperpolarization as well
as retrograde message to regulate pre-synaptic neurotransmitter release (Figure 6). (Huang and
Thathiah, 2015, Galandrin et al., 2007, Lodish, 2004, Kristiansen, 2004) In the present section only

few of the best known G proteins actions are presented.
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Regulation of cAMP levels

The best study intracellular mechanism drive by G proteins is the regulation of intracellular cAMP
levels. Gs and Gi/Go respectively activate and inhibit adenylyl cyclase (AC) enzyme which, when
stimulated, catalyzes the synthesis of the second messenger cyclic adenosine monophosphate
(cAMP) from molecules of adenosine triphosphate (ATP). cAMP in turn disinhibit the catalytic
subunit of the protein kinase A (PKA) which phosphorylates a number of proteins involved in signal
transduction and regulation of gene expression. In addition to the a subunit free By-subunit also
interacts with AC either increasing or decreasing the enzyme's activity, depending on the particular

By complex and the isoform of the cyclase.

Activation of Phospholipase C

Ggq subunit can activates the enzyme Phospholipase C that in turn catalyzes the synthesis of two
second messengers: diacylglycerol (DAG) and inositol triphosphate (IP3). IP3 elicit Ca%* release from
the endoplasmic reticulum, while DAG diffuses along the plasma membrane where it may activate
protein kinase C (PKC). Once activated, PKC phosphorylates target proteins which may result in the

facilitation of neuronal transmission.

Direct interaction with ion channels

By interacting with ions channels, G proteins directly modulate the membrane potential and
neuronal excitability. Inhibitory GPCRs are thought to decrease the probability of membrane
depolarization by inhibition of voltage-gated Ca?* channels and activation of an inward rectifying K*
channel. Although some subtypes of ai/ can mediate this direct interaction, By complex is the more
important mechanism in this process. Gs proteins can alsostimulate L-type Ca?*channels thereby

increasing their probability of opening in response to membrane depolarization.
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Additionally, GPCRs can also act independently of G-protein involvement and thus modulate
different signaling pathways, desensitization, internalization, recycling and degradation; all of which
can contribute to the biological actions of ligand bound receptors (Gether, 2000, Maudsley et al.,
2007, Kelly et al., 2008) . Further complexity is added by the discovery that some GPCRs can form
homo or heterodimers which may result in unique signaling complexes (Oldham and Hamm, 2008,

Ghanemi, 2015, Park et al., 2008).

Given their structure and function, more than 36% of currently marketed drugs target GPCRs
(Rask-Andersen et al., 2011, Oldham and Hamm, 2008). This receptor superfamily is composed of
approximately 1000 members among which more than 140 have unknown endogenous ligands
(Levoye et al., 2006). These so-called orphans GPCR offer great promise as they may not only provide
novel therapeutic target but alsoelucidate signal transduction pathways allowing for new strategies

in drug design (Ghanemi, 2015, Rask-Andersen et al., 2011, Levoye et al., 2006).

The orphan receptor Gpr88

When the orphan G-protein coupled receptor Gpr88 was identified in 2000, Mizushima et al noted
its “remarkable evolutionary conservation in primary structure”. Indeed, 95% of this orphan
receptor’'s genes is identical between humans and rodents (Mizushima K, 2000). Likewise, the
expression pattern of this receptor is very similar across species. While never detected outside of
brain tissue, Gpr88 expression was systematically higher in the striatal region (caudate-putamen
and nucleus accumbens) of human, non-human primates and rodent (Mizushima K, 2000, Massart
R, 2009, Becker et al., 2008, Ghate et al., 2007, Logue et al., 2009, Quintana A, 2012) (see Figure 7
for expression in mice). Although less extensively, transcripts were also present in the olfactory
tubercle, amygdala and lower levels were found in the neocortex of non-human primates and
rodents (Logue et al., 2009, Massart R, 2009, Mizushima K, 2000, Quintana A, 2012). Additionally, in
mice, the amygdalar expression was identified as central but not basolateral amygdala (Becker et

al., 2008) and Gpr88 mRNA was also present in the inferior olive nucleus
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Figure 7: Gpr88 expression in adult (10 weeks old) wild type mice. /n situ hybridization (ISH) with
nonradioactive Dig-dUTP-labeledantisense GPR88riboprobesin coronal sections. (A) High labelling of Gpr83
in caudate-putamen (striatal region) and (B) olfactory tubercles. (C) Weaker expression in the central
amygdalar nucleus. (D) Sparse detection of Gpr88 mRNA in the neocortex. (ISH and image acquisition by

Anne Robé, unpublished data)

(Mizushima K, 2000, Logue et al., 2009, Quintana A, 2012). Within the striatum, Gpr88 transcripts
were enriched in neurons expressing Penk (marker for indirect pathway medium spiny neurons) and
Pdyn (marker for direct pathway medium spiny neurons) but absent in non-neuronal cells of mice

and rat (Quintana A, 2012, Massart R, 2009, Komatsu et al., 2014).

The presence of this receptor in interneurons is still uncertain given the lack of agreement
between reports (Van Waes V, 2011, Massart R, 2009, Quintana A, 2012) but several authors
currently use Gpr88 promotor to specifically target MSNs (Naydenov et al., 2014, Zhang et al., 2014,
Hisatsune et al.,, 2013). GPR88 immunosignal was detected in the somatodendritic neuronal
compartment most frequently in asymmetrical synapses (Massart R, 2009). Overall, GPR88 is

thought to be located in glutamatergic post-synaptic densities of medium spiny neurons (MSNs).

Gpr88 is expressed as soon as E18 (Allen brain atlas) displaying highest transcript levels in
juvenile rats (post-natal day 25) and decreasing thereafter towards adult levels, suggestive of a role
in the development of striatal physiology (Van Waes V, 2011). Indeed, phosphorylated DARPP-32
Thr-34 (Dopamine- and cAMP-regulated phosphoprotein essential for MSNs functioning (Gould and

Maniji, 2005, Svenningsson et al., 2004)) was enhanced in the striatum of Gpr88 Knockout (KO)
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animals, suggesting altered dopaminergic and glutamatergic transmission (Logue et al., 2009).
Moreover, basal as well as amphetamine-induced in vivo dopamine levels were altered in mutant
mice (Logue et al., 2009) while nigrostriatal dopamine depletion by 6-OHDA in wild type (WT)
animals was shown to downregulate striatal Gpr88 (Massart R, 2009). In addition to alteration of
the dopaminergic system, deletion of this receptor was found to reduce Rgs4 expression and 33
GABAa subunit levels in the striatum suggesting abnormal Gai/Gaqg GPCR and inhibitory signaling
respectively. Lack of Gpr88 also led to increased phosphorylation of GIluR1 AMPA glutamate
receptor subunit facilitating glutamatergic signaling. In agreement with these findings,
electrophysiological data indicate reduced GABA-induced response as well as enhanced
postsynaptic response to glutamatergic stimulation in mice lacking Gpr88, indicative of increased
MSNs excitability (Quintana A, 2012). However, the precise mechanism by which GPR88 regulates
MSNs transmission is still largely unknown. Moreover, extrastriatal GPR88 function has never been

addressed.

Behaviorally, lack of Gpr88 was shown to increase locomotor activity and impair motor
coordination and balance in mice (Quintana A, 2012). Moreover, Gpr88 KO mice present cognitive
deficits displayed by impaired learning of a Morris water maze and active avoidance task (Quintana
A, 2012) as well as deficient acoustic prepulse inhibition reversed by antipsychotic drugs (Logue et
al., 2009). In agreement with an altered dopaminergic transmission, reports indicate enhanced
locomotor response to amphetamine (Logue et al., 2009, Quintana A, 2012) and increased
stereotypies after apomorphine administration (Logue et al., 2009). Conversely, a GPR88 agonist 2-
PCCA was shown to decrease Amphetamine-induced hyperactivity (Jun-Xu et al., 2013).
Additionally, while haloperidol (D2R antagonist) and SKF-82197 (D1R agonist) were less potent in
mutant mice, quinpirole (D2R agonist) increased (instead of decreasing) locomotion in these mice
(Quintana A, 2012, Logue et al., 2009). Finally, deleting Gpr88 in the Nacc of a neurodevelopment
rat model of schizophrenia (neonatal phencyclidine treatment) abolished amphetamine-induced
hyperlocomotion (Ingallinesi et al., 2014). This result further supports the relevance of GPR88 and

in the regulation of basal ganglia-related behaviors and dopaminergic transmission.
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In animal models of substance abuse, chronic morphine treatment as well as protracted
abstinence from distinct drugs of abuse altered Gpr88 expression (Le Merrer et al., 2012a, Befort et
al., 2008). Gpr88 mRNA levels in rodents was also shown to be regulated by chronic restraint stress
(Ubaldi et al., 2015) lithium and valproate (mood stabilizers used in bipolar disease treatment)
(Brandish et al., 2005, Ogden et al., 2004) as well as several antidepressant treatments (Bohm et al.,,

2006, Conti et al., 2007).

In sum, Gpr88 KO animals present hallmark behavioral phenotypes of several
neuropsychiatric disorders such as schizophrenia and Attention/hyperactivity disorder
(Hyperactivity, stereotypies, sensorimotor gating and learning deficits) as well as basal ganglia
motor disorders (deficient motor coordination). Moreover, pharmacological studies in rodents also
suggest a role of GPR88 in drug addictions, bipolar disorder and depression. Finally, in a genetic
associationstudy, Del Zompo et al found a positive associations between Gpr88 and subpopulations

of Schizophrenia and Bipolar disease patients and their relatives (Del Zompo et al., 2014).
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Chapter 1: Behavioral and biochemical

alterationsin mice lacking GPR88

The following chapteris divided in two parts:

1)

2)

Manuscript 1 (published: Meirsman et al., 2015) describes the full Gpr88 KO and shows, in these
mice, biochemical and structural alteration in the striatum and other brain regions. Also, we show
behavioral alterations in a large set of tests and a partial deficit reversal by a delta opioid receptor
antagonist.

Section 2 briefly describes a collaboration with the laboratory of Dr. Laura Harsan in Freiburg. In this
experiment we examined whether the hyperactivity phenotype of Gpr88 KO mice is reversed by the

gold standard treatment in attention deficit/hyperactivity disorder (Methylphenidate).
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1) Mice lacking GPR88 show motor
deficit, improved spatial learning and
low anxiety reversed by delta opioid

antagonist

Manuscript 1: A.C. Meirsman, J. Le Merrer, J. Diaz, D. Clesse, B.L. Kieffer, J.A.J. Becker

Biological Psychiatry (2015) in press
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2) Hyperactivity of Gpr88 KO mice is
reversed by methylphenidate

In the following pages | present preliminary data that are part of a collaboration with the laboratory
of Dr. Laura Harsan in Freiburg (University Medical Center Freiburg). Gpr88 KO animals show
locomotor hyperactivity, with failure to habituate to a novel environment, a behavioral hallmark of
animal models for Attention-Deficit/Hyperactive Disorder (ADHD). The knockout mice also present
neurobiological alterations in both striatum (caudate-putamen and nucleus accumbens) and
prefrontal cortex (Meirsman et al., 2015), both structures highly implicated in the pathophysiology
of Attention-Deficit/Hyperactive Disorder (ADHD) (Russell, 2007). As such, the project addresses
functional connectivity in live mutant animals using resting state fMRI and the potential link with
ADHD neuroimaging data. As a complement, and to further validate Gpr88 KO as a potential genetic
model for ADHD, | tested whether Methylphenidate (“ritaline”), the gold standard treatment in
ADHD, is able to reverse the hyperactive phenotype of Gpr88 KO animals (Rader et al., 2009,

Sagvolden et al., 2005).
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Hyperactivity of Gpr88 KO mice is reversed by methylphenidate

Materials and Methods

Animals

For open field locomotor activity recording Gpr88”- young adults (8-10-weeks) male (N=13 WT, N=
10 KO) and female (N=8 WT, N= 4KO) were used. Mice were genotyped using PCR-based genotyping
with the following primers: 5'GAAGAGTGA AACCACAGGTGTGTACAC3',5'GTT TGTTTCCTCACT GGC
TGA GAG TC 3' for GPR88 **and 5' GTC CTAGGT GTG GAT ATG ACCTTAG 3', 5' GTT TGT TTC CTC
ACT GGC TGA GAG TC 3' for GPR8S 7.

Mice were housed in groups of three to five in atemperature and humidity controlled animal
facility (21+£2°C, 45+5% humidity) on a 12 hrlight/12 hr dark cycle (lights on at 7:00 h) with ad libitum

access to food and water. All animal used were bred in-house.

Open Field (OF) locomotion and drug

Open Field locomotor activity was measured in four equal square arenas (50 x 50 cm) separated by
35 cm-high opaque grey Plexiglas walls. Activity was measured during five daily sessions of 30 min.
Methylphenidate hydrochloride (Sigma, France) (MPH) was dissolved in sterile isotonic saline
solution (NaCl0.9%) and injected in a volume of 10 ml/kg at a dose of 3mg/kg. Mice received asingle
intraperitoneal (i.p) injection of either saline solution or MPH 15 min before being placedin a dimly
lighted (10lux) open field in each daily session. Locomotor activity was automatically recorded via
an automated tracking system(videotrack; View Point, Lyon, France). Only movements which speed

was over 6 cm/s were taken into account for this measure.
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Figure 1: Hyperactivity of Gpr88 7~ mice is reversed by acute methylphenidate (MPH)

administration. When placed for a daily 30 min session in the open field saline treated Gpr88 -/- mice
traveled a longer distance than control saline animals. Upon MPH administration 15min before open filed
locomotion WT animals presentan increased foward locomotion while this treatment decreased locomotion
in KO animals. Line graphs represent the mean distance traveled (cm) over each 30 min session Data are
represented asmean + SEM. Gpr88+/+ Saline vs Gpr88+/+ MPH (*): three stars p < 0.001. Gpr88”* Saline vs
Gpr88” Saline (S) two stars p<0, 01; Gpr88/ Saline vs Gpr887*MPH (8§) (Sidak’s multiple comparison test)

Results and discussion

Gpr88 /- hyperactive behavior is reversed my Methylphenidate

To verify whether acute methylphenidate (MPH) treatment could reverse the hyperactive
phenotype of Gpr88”/- animals we started with low MPH doses based on previous reports in mice
(Zimmermann et al., 2014, Humby et al., 2013). Pilot experiments using 1 or 2 mg/kg of MPH
indicated that these concentrations do not alter locomotor activity of Gpr887- animals while causing
a slight locomotion increase in wild type littermates (not shown). When tested with 3mg/kg Gpr88
/~mice displayed decreased locomotion in the open field 15 min after drug injection while 4mg/kg
slightly increased these mice locomotion (not shown). Consequently, we treated Gpr88”- mice (n=7

for saline, n=7 for MPH) and wild-type controls (n=10 for saline, n=11 for MPH) with a 3mg/kg
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injection, and measured locomotor activity (see method, Figure 1). Two-way ANOVA revealed a
significant treatment (F (9, 155) = 8,244; p<0, 0001) and Genotype x treatment interaction effect (F (s,
155) = 22,19; p<0,0001). The spontaneous hyperactive behavior of Gpr887/- mice in a familiar
environment is shown by post hoc Sidak multiple comparison test, indicating significant differences
between saline WT and KO mice from the second to the last session day (for detailed statistical
information please refer to table 1). This is consistent with the described hyperactive phenotype of
these mutant mice (Quintana A, 2012, Meirsman et al., 2015). Also, during the first four sessions,
KO saline animals traveled the same distance as WT mice treated with 3mg/kg of MPH,
demonstrating the stimulatory effect of MPH on WT animals. MPH-treated KO mice, on the other
hand, showed a trend to lower activity compared to KO saline mice (not significant), and did not
significantly differ from WT saline animals. The latter finding shows reversal of the hyperactive
phenotype of KO animal by methylphenidate, at least partially. It is possible that chronic MPH
treatment, as recently performed by D’Andrea et al (2015) would fully reverse the Gpr88 KO mice
phenotype (D'Andrea etal., 2015). We conclude that Gpr88’- mice present both face and predictive

validity to model the hyperactivity dimension of ADHD.
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Table 1.

effects of (3 mg/kg) or saline treatment in Gpr88™ and Gprgg*”* animals
Groups Two way ANOVA Sidak Multiple comparisation test
Gprés** Gprég™ " " Genotype x - . . . . .
St 5

Saline Saline Gpr88*"* MPH | Gpr88™ MPH Genotype Treatment Treatment Comparisation Session 1 Session 2 Session 3 Session 4 ession
Gprag+/+ Saline vs Gpras-/- Saline ($) (155)= 2,998; N.S. (155)= 4,410; p<0,01 (155)=4,310; p<0,01 t(155)=4,441; p<0,01 t(155)=4,541; p<0,01
Gprag+/+ Saline vs Gpr88+/+ MPH (*) (155)=6,048; p<0,0001 (155)=8,473; p<0,0001 (155)=7,214; p<0,0001 (155)=8,249; p<0,0001 (155)=9,316; p<0,0001

F (1, 155) = 0,6803 F (9, 155) = 8,244 F (9, 155) = 22,19
6M,4F 6M, 1F 7M,4F am, 3F 2041 > <0,0001 2<0,0001 Gprag+/+ Saline vs Gprgs-/- MPH (155)=0,5046 ; N.S. (155)=2,293; N.S. t(155)=2,016; N.S. (155)=3,284; N.S. (155)=3,461; N.S.
Gprss-/- Saline vs Gprgs-/- MPH t(155)=2,299; N.S. t(155)=1,952; N.S. (155)=2,115; N.S. t(155)=1,067 ; N.S. (155)=0,9957 ; N.S.

Gpr88-/- Saline vs Gpr88+/+MPH (§) (155)=2,409; N.S.

t(155)=3,162; N.S.

t(155)=2,126; N.S.

t(155)=2,928; N.S.

t(155)=3,790; p<0,05




Chapter 2: Cell-specificand time

controlled knockout of Gpr88

The following chapteris divided in three parts:

1)

2)

3)

Manuscript 2 (in preparation) describes the successful conditional striatopallidal-specific Gpr&88
knockout (KO). In thisreport we compared emotional phenotypes of full and conditional Gpr88 KO.
Results show decreased anxiety-like behavior in both mice line tested but increased novelty
approach and impaired fear conditioning in full but not conditional KO.

Section 2 focuses on GPR88 regulation of motor functions. In this report we tested motor
coordinationaswell aslocomotorresponsesin full Gpr88KO mice, conditional striatopallidal Gpr88
KO mice and in a knock-down of Gpr88 in the striatum of adult mice. We show that motor
coordinationis regulatedby GPR88in the adult brain. Also, results indicate that striatopallidal GPR83
regulates motor coordination, hyperactivity and dopamine-driven locomotion.

In section 3 | describe several attempts to induce the deletion of Gpr88in the adult mouse whole
brain using CreER™ approaches. Unfortunately, despite several mouselines and protocols tested we
were unable to reach satisfactory results. The results discussed in this chapter should nevertheless
be useful for future experiments aiming at knocking out any gene of interestin a time-controlled

manner.
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1) GPR88 in striatopallidal neurons

enhances anxiety-like behaviors

(In preparation)
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Abstract

Background. GPR88 is an orphan G protein-coupled receptor (GPCR) highly expressed in striatal
medium spiny neurons of both striatopallidal and striatonigral pathways. Previous studies show that
total brain deletion of this receptor decreases anxiety-like behaviors, demonstrating that GPR88
modulates emotional responses. Here we used a conditional gene knockout approach to test

whether GPR88 in striatopallidal neurons contributes to this phenotype.

Methods. We generated conditional Gpr88 knockout mice in striatopallidal neurons using A2aR-Cre-
driven recombination. We compared emotional responses of conditional knockout mice with full

Gpr88 KO mice, and evaluated signaling properties of several striatal Gi/o-coupled GPCRs.

Results. Gpr88 mRNA was selectively decreased in D2R neurons of the striatum and central
amygdala. Accordingly, GPR88 signaling was decreased by 40% in the striatum. Both total and
striatopallidal Gpr88 KO mice showed similarincreased locomotor activity, and decreased anxiety
levels in light-dark, elevated plus-maze, marble burying tests, and in a social interaction test. In
contrast, total but not conditional KO mice showed enhanced preference for a novel environment
and decreased novelty-suppressed feeding, as well as impaired conditioned fear responses,. We
alsofound that delta and mu opioid, metabotropic glutamate and D> dopamine receptor signaling

was modified in the striatum of conditional KO mice.

Conclusion. We conclude that the previously reported anxiogenic activity of GPR88 operates at the
level of striatopallidal neurons, possibly through modulation of other GPCRs. We also show for the
first time that GPR88 activity regulates approach behaviors and conditional fear, however these

behaviors are not mediated by striatopallidal receptors.

Keywords: striatopallidal medium spiny neurons; G-protein coupled receptors; anxiety-like

behaviors; fear
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Introduction

G protein-coupled receptors (GPCRs) are the target for about 40% marketed drugs, and are major
players in biomedicine (Rask-Andersen et al., 2011). Orphans GPCRs, whose ligands remain
unknown and functions have been little studied, offer great promise (Ghanemi, 2015, Rask-
Andersen et al., 2011, Levoye et al.,2006). The orphan GPCR GPR88 has been implicated in a number
of behaviors related to psychiatric disorders. Mice lacking Gpr88 present a complex behavioral
phenotype that includes motor coordination deficits, reduced PPI, stereotypies and altered cue-
based learning (Logue et al., 2009, Massart R, 2009, Quintana A, 2012, Ingallinesiet al., 2014). These
behaviors can all be related to the strong enrichment of GPR88 in the striatum (Liljeholm and
O'Doherty, 2012, Lewis and Kim, 2009, Swerdlow et al., 2001). In humans, the Gpr88 gene was
associated with bipolar disorders and schizophrenia (Del Zompo et al., 2014). Recently, we found
that Gpr88 deletion in mice also decreases anxiety-like behavior, implicating this receptor in
emotional processing and in evaluation of environmental stimulivalue. Concordant with this finding,
Gpr88 expression was shown regulated by antidepressant and mood stabilizer treatments in both
rodent models and humans (Brandish et al., 2005, Ogden et al., 2004, Bohm et al., 2006, Conti et
al., 2007).

Several lines of evidence suggest that GPR88 alters behavior by modulating striatal
transmission. In the striatum (dorsal and ventral), Gpr88 expression is limited to striatonigral (co-
expressing dopamine D1 receptors_DiR and Substance P) and striatopallidal (co-expressing
dopamine D2 receptors_D2R and adenosine A2areceptor_A2aR) medium spiny neurons (MSNs) and
regulates excitability of these neurons possibly by acting on glutamatergic, GABAergic and
dopaminergic receptors activity (Logue et al., 2009, Quintana A, 2012). Conversely, glutamatergic
and dopaminergic depletion differentially alters Gpr88 expression in the striatopallidal versus
striatonigral pathways (Logue et al., 2009). However, the precise mechanism by which GPR88
regulates MSNs transmission to alter behavior is still largely unknown. In recent years, research on
MSNs subtypes function has revealed that these two neuronal populations differentially regulate
not only motor behaviors but also responses to rewarding and aversive stimuli. For instance, it has

been suggestedthat altered striatopallidal pathway (D2R-MSNs) transmission may disrupt inhibitory
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controls and avoidance in a decision conflict task (Hikida et al., 2010, Hikida et al., 2013). Moreover,
studies in humans and rodents suggestthat the dopamine D2R modulates reward and emotional
processing (Pecina et al., 2013, Brandao et al., 2015, Hranilovic et al., 2008) while activation of D2R-

expressing striatopallidal neurons induced depressive like behavior (Francis et al., 2015).

To gain better understanding of how GPR88 in striatopallidal MSNs regulates emotional
processing, we generated a conditional knockout (cKO) of Gpr88 in neurons expressing A2AR, also
known to express D2R. We compared behavioral responses of mice lacking Gpr88 in striatopallidal
neurons with full Gpr88 Knockout (KO) animals using behavioral tests measuring anxiety-like
behaviors and fear responses. We show that the conditional deletion of Gpr88 decreases anxiety-
like behaviors without affecting fear responses. Also, and as reported in full KO mice, deletion of
Gpr88 in striatopallidal neurons was sufficient to increase delta opioid receptor activation, possibly
contributing to the low anxiety phenotype (Meirsman et al., 2015). Finally, we report decreased
metabotropic glutamatergic and DR activation, which were absent after complete deletion of

Gpr88.

Materials and Methods
Animals:

Gpr88-floxed mice (Gpr88™/fx), full Gpr88 KO (Gpr887) (Meirsman et al., 2015) and Adora2a-Cre
mice (Durieux PF, 2009) were produced as previously described. Briefly, Gpr88 #/fix mice, in which
exon 2 is flanked by a loxP site (upstream) and a Lox-FRT neomycin-resistance cassette
(downstream) were crossed with CMV-Cre mice expressing Cre recombinase under the

cytomegalovirus promoter. This led to germ-line deletion of Gpr88 exon 2.

To generate a conditional KO of Gpr88 in Striatopallidal medium spiny neurons (Gpr88A2A-=re)
Adora2a-Cre mice were crossed with Gpr88™/fix mice (Durieux PF, 2009). First generation animals
expressing the Cre under the control of A;a promotor (Gpr88 A2ACre/*) were crossed a second time
to eliminate the wild-type Gpr88 gene (Gpr88~24re), All mice were generated at Institut Clinique de

la Souris-Institut de Génétique et Biologie Moléculaire et Cellulaire.
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Mice were genotyped using PCR-based genotyping with the following primers:
5'GAAGAGTGA AACCACAGGTGTGTACAC3',5' GTT TGT TTC CTC ACT GGC TGA GAG TC 3' for GPR88
**and 5'GTC CTA GGT GTG GAT ATG ACCTTAG 3', 5' GTT TGT TTC CTC ACT GGC TGA GAG TC 3'
for GPR88 7~ and Gpr8842ACre, To verify the presence of Cre and Myosine (the latter as a positive
control) the following primers were used: 5’ GAT CGC TGC CAG GAT ATA CG 3’, 5’CAT CGC CATCTT
CCAGCAG 3’ and 5 TTA CGT CCATCG TGG ACA GC 3’, 5'TGG GCT GGG TGT TAG CCT TA 3.

Mice (male and female) aged 9-15 weeks where bred in house and grouped-house 3-5
animals per cage. Animals where maintained on a 12hr light/dark cycle at controlled temperature
(22+1°C). Food and water were available ad libitum throughout all experiments. All experiments
where approved by the local ethic comity (CREMEAS, 2003-10-08-[1]-58). For all experiments
Gpr88"2A-Cre mice were compared to their littermates (Gpr88™/f%) and Gpr887- mice were compared
to Gpr88** mice. An independent cohort of naive animals was used for each behavioral paradigm,
except for the fear conditioning that was performed in the same cohort as the Light Dark test 48h

after the latter. All behavioral testing was performed and analyzed blind to genotypes.
Tissue preparation and fluorescent in situ hybridization

Mice (n= 4 Gpr88M/fx; 4 Gpr88~2A-Cre) were sacrificed by cervical dislocation and fresh brains were
extracted and embedded in OCT (Optimal Cutting Temperature medium, Thermo scientific,
Waltham, MA, USA) frozen and kept at -80°C. Frozen brains were coronally sliced into 20um serial
sections by using cryostat (CM3050 Leica, Wetzar, Germany) and placedin superfrost slides (Thermo
scientific, Waltham, MA, USA). In situ hybridizations were performed using the RNAscope® Multiplex
Fluorescent Assay. GPR88 probes were coupled to FITC while D1R and D2R probes were coupled with

Tritc and Cy5 respectively.

Relative expression of Gpr88 in D1R and D2R positive cells

Image acquisitionwas performed with the slide scanner NanoZoomer 2 HT and fluorescence module
L11600-21 (Hamamatsu Photonics, Japan). To verify the specific excision of Gpr88 in striatopallidal

neurons In situ hybridization images were analyzed using NDP viewer software. For each brain, 4
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slices were selected: two slices for the Caudate-Putamen (CPu) (Rostral: + 0,98mm from Bregma;
Caudal: -0,58mm from Bregma) one slice for the nucleus accumbens (Nac) (+ 1,34mm relative to
Bregma) and one slice for the central nucleus of the Amygdala (CeA) (-1, 22 from Bregma). For each
structure, regions of interest (ROls) were determined by drawing two-dimensional boxes with
defined surfaces. Counting was performed on one ROI with a surface of 1mm? for the Nac, 0,250
mm? for the CeA and two ROI of 0,5mm? for the each CPu slice (to include both Dorsomedian and
dorsolateral Striatum, see Figure 1). Counting was balanced between right and left hemispheres. To
evaluate expression of Gpr88 in D1R and DzR expressing cells, counting was performed manually
using the NDP view counting add-up. First, cells expressing D;R but not D>R were marked and
counted. For each D1R positive cell, co-expression of Gpr88 was verified and counted separately.
This process was repeated for D2R mRNA positive cells. Relative Gpr88 expression is represented as
a percentage of total DiR or D2R positive cells counted [(number DiR or D2R expressing cells co-
expressing Gpr88 x 100)/ total number of D1R or D2R expressing cells]. Given the lack of difference
in Gpr88 expression between lateral and medial CPu (supplementary table 1), relative percentage

of each was pooled for graphical representation and statistical analysis.
[35S]-GTP,S binding assay

[S35]-GTPyS assays were performed as previously described (Pradhan et al., 2009). Briefly, to
evaluate the activation of GPR88 in Prefrontal cortex (PFC), Caudate-Putamen (CPu), Nucleus
Accumbens (Nac), central nucleus of the amygdala (CeA) and Hippocampus (HPC), structures were
punched in 6 animals of each genotype (3 males 3 females) as previously described (Le Merrer et
al., 2012a) and pooled for membrane preparation .To perform [S35]-GTPyS assays on whole
striatum mice were sacrificed by cervical dislocation and both striatum were rapidly manually
removed, frozen in dry ice and stored at -80°C until use. Three membrane preparations were used
per genotype, gathering tissue from three animals each (males and females). Results are expressed
by meaning measures from the three membrane preparation. All assays were performed on
membrane preparations. Membranes were prepared by homogenizing the tissue inice-cold 0.25 M
sucrose solution 10 vol (ml/g wet weight of tissue). Samples were then centrifuged at 2500 g for 10
min. Supernatants were collected and diluted 10 times in buffer containing 50 mM TrisHCI (pH 7.4),

3 mM MgCl2, 100 mM NacCl, 0.2 mM EGTA, following which they were centrifuged at 23 000 g for
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30 min. The pellets were homogenized in 800uL ice-cold sucrose solution (0.32 M) and kept at -
80°C. For each [35S]GTPyS binding assay 2ug of protein per well was used. Samples were incubated
with and without ligands, for 1 hour at 25°C in assay buffer containing 30 mM GDP and 0.1 nM
[35S]GTPyS. Bound radioactivity was quantified using a liquid scintillation counter. Bmax and Kd
values were calculated. Non-specific binding was defined as binding in the presence of 10 uM GTPyS

and binding in the absence of agonist was defined as the basal binding.
Drugs

The GPR88 agonist compound 19 (Meirsman et al., 2015) was kindly synthetized by Prestwick
Chemicals (lllkirch, France) and dissolved in water (-)-Quinpirole hydrochloride (D2/3 agonist) and
SNC-80 (delta opioid receptor agonist) were obtained from Tocris (Bristol, UK) and dissolved in
isotonic saline solution (NaCl 0.9%) and 100% DMSO respectively. Carbamylcholine chloride
(carbachol, non-selective cholinergic agonist) DAMGO (mu opioid receptor agonist) and Glutamate

were obtained from Sigma (St Louis, USA) and dissolved in water.
Behavioral analysis

Open field locomotion: Mice were placedina dimly lit (15 Lux) open field arena placed over a white
Plexiglas infrared-lit platform. Locomotor activity was recorded during 30 minutes via an automated
tracking system (videotrack; View Point, Lyon, France). Only movements which speed exceed 6 cm/s

were taken into account for this measure.

Fear conditioning: Experiments were conducted in four dimly lighted operant chambers (28 x 21 x
22 cm, Coulbourn Instruments, Allentown, US), with a Plexiglas door and a metal bar floor connected
to a shocker (Coulbourn Instruments). Chambers had a permanent house-light and were equipped
with a speaker for tone delivery. An infrared activity monitor, used to assessanimal motion, was
placed on the ceiling of each chamber. The activity/inactivity behavior was monitored continuously
during 100 ms period. Data are expressed in duration of inactivity per sec and the total time of
inactivity displayed by each subject during training and testing sessions was counted. The procedure
was similar as previously described (Goeldner et al., 2009). Briefly, the first day animals underwent

one conditioning session and, the second day, contextual and cued fear conditioning were tested.

74



The conditioning session was initiated with a 4-min habituation period followed by a 20 s long tone
of 20 KHz/75 dB (conditional stimulus, CS) coupled with a 0.4 mA footshock (unconditional stimulus,
US) during the last second. Two minutes later, a similar CS-US pairing was presented and the mice
were removed from the apparatus 2 min after the footshock. The following day, mice were exposed
again to the conditioning chamber and immobility was measured during 4 min to assess contextual
fear conditioning. The same day, 5 h after context fear was measured; cued fear conditioning was

assessed in modified chambers.

Light-Dark Test. The light/dark apparatus is composed of two rectangular compartments (20 x 20 x
14 cm) separated by a tunnel (5 x 7 x 10 cm) (Imetronic, Pessac, France). One compartment is
constituted of black floor and walls dimly lit (5 lux), whereas the other is made of a white floor and
wallsintensely lit (1000 lux). The apparatus is equipped with infrared beams and sensors. Mice were

placed in the dark compartment and behavior was automatically recorded for 5 min.

Elevated plus-maze (EPM). The EPM was a plus-shaped maze elevated 52 cm from base, with black
Plexiglas floor, consisting of two open and two closed arms (37 x 6 cm each) connected by a central
platform (6 x 6 cm). The experiments were conducted under low-intensity light (15 lux). Movement
and location of the mice were analyzed by an automated tracking system (Videotrack; View Point,
Lyon, France). Each mouse was placed on the central platform facing a closed arm and observed for
5 min. Anxiety-like behavior was assessed by measures of the time spent and number of entries in
closed and open arms of the maze, and related time and activity ratios (time spent or distance
traveled in open arms/total time spent or distance in arms). Risk-taking behavior was evaluated by
analyzing the time spent in the distal part of the open arms (time spent in the last 1/3 of the open
arm) and the number of head dips (total number of head dips and head dips from the distal part of
the open arms). Finally, the distance traveled in the maze was used as measures of locomotor

activity.

Social interaction test. Social anxiety was assessed on an open field (50 x 50 cm) dimly lit (<10 Lux)
using naive wild type mice of the same age and weight as interactors. On the first day, all mice were
individually placed in the open field arena and left for a 10 min period of habituation. The next day

mice were placed in the open field arena with aninteractor and a 10 min sessionwas recorder. Nose
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and paw contacts as well as following and grooming were measured. If aninteractor failedto engage

in any interaction data from the respective mice were exclude from analysis.

Marble burying. The marble burying test was carried out using 20 small glass marbles (15 mm)
evenly spacedin atransparent single cage (21 X 11 X 17 cm) over 4cm sawdust bedding. The cage
was covered by a plastic lid in a room illuminated at 40 Lux. The mice were left in the cage for 10

minutes and the number of unburied marbles was counted.

Novelty preference. Novelty preference was assessed in unbiased computerized boxes (Imetronic,
Pessac, France) previously described (Le Merrer et al., 2012b). Briefly, apparatus was composed of
two chambers separated by a central alley. Two sliding doors separated the compartments from the
central alley. Chambers differed in global shape (but same total surface), and floor texture. Mice
were confined to one of the chambers (familiar chamber) for 15 min before being placed in the
central corridor for 5 min. Then, both sliding doors were opened and mice were allowed to freely
explore the apparatus. Time spent in each chamber was recorded and novelty preference was

calculated as the percentage of time spent in the unfamiliar compartment.

Novelty suppressed feeding test. All mice were subjected to fasting 24 h before the beginning of
the test but water was provided ad libitum. 30min before the beginning of the test, mice were
isolatedto increase anxiogenic conditions. During the test, 3 food pellets (regular chow) were placed
on asquare piece of white filter paper positioned in the center of a brightly illuminated (60Lux) open
field (50 x 50 cm) filled with approximately 2 cm of sawdust bedding. Each mouse was placed in a
corner of the open field facing the open field wall. The latency to the first bite of the food pellet was
recorded (defined as the mouse sitting on its haunches and biting the pellet with the use of its
forepaws). The Cut off time was defined as 15 min. After the test was over the animal was placedin

his homecage and left alone for 5min. The food intake during this period was scored.

Statistics: All data are expressed as mean group value * standard error of the mean (SEM) and
analyzed using Student’s test or two-way ANOVA whenever it was appropriate. When relevant, data
were submitted to Sidak’s or Turkey’s multiple comparison post-hoc analysis. The criterion for
statistical significance was p < 0.05. All statistics were performed using GraphPad Prism 6 (GraphPad

Software, Inc, USA).
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Results

Gpr88 A24-¢r¢ mice show decreased Gpr88 mRNA levels in D2R neurons of Caudate-Putamen,

Nucleus Accumbens and Central Amygdala.

To conditionally delete Gpr88 exon 2 in striatopallidal D2R-MSNs we crossed mice carrying two LoxP
sites flanking the second exon of the Gpr88 gene with mice expressing the Cre recombinase under
the control of the striatopallidal specific Adora2a gene promoter (see methods). Then, we
quantified Gpr88-expressing DiR-positive and D2R-positive neurons in Gpr88 ¥/fix (control) and
Gpr88 #2A-Cre (conditional KO) mice using triple in situ hybridization. Quantitative analysis was
performed in four brain regions, including rostral Caudate-Putamen (CPu), caudal CPu, Nucleus
accumbens (Nac) and Central nucleus of the amygdala (CeA) (Figure 1 A, supplementary Figure 1
and supplementary table 1 for detailed statistical analyses). In control animals, GPR88 was present
in virtually all striatal D1R (96,76 %+0,28) and D2R (96,44%+0,74) expressing cells, as well as in the
few cells co-expressing the two dopaminergic receptors. The latter greatly varied across structures
and slices and were difficult to quantify (data not shown). In the CeA of control animals, Gpr88 was
expressed in fewer D1R-positive (68, 31%+13,24) and D2R-positive (78,26%+11,77) cells compared
to striatum, and did not significantly differ in DiR and D2R expressing cells (t)=0,56; p=0,59).
Expression of the Cre in A2aR expressing neurons had no effect on Gpr88 expression in DiR
expressing neurons in any of the structures analyzed. In contrast, the number of Gpr88—positive
cells was strongly reduced in D2R expressing MSNs of rostral ((25,89%+7,86); t)=9,004; p<0,001)
and caudal CPu ((40,24%+2,68); t=19,68; p<0,0001) as well as in Nac ((40,08%+11,66); te)=4,736;
p=0,0032). Also, mice expressing the Cre in A2aR expressing neurons had significantly lower number
of Gpr88-positive cells in D2R-MSNs of the CeA (34,33%+8,2) compared to control animals (te)=3,06;
p=0, 02). Together, the data indicate that conditional Gpr88 A?4"¢ mice show a selective decrease

of Gpr88 transcript levels in D2R MSNs of striatum and CeA.

Gpr88 A2A-tre mice show decreased GPR88 agonist-induced [S35]-GTPyS binding
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To measure the consequences of Gpr88 gene knockout at protein level, we performed GPR88
agonist-induced [S35]-GTPyS binding assays in Gpr88*2Atr¢ mice and their controls, as well as in total
Gpr887- (negative control) (Figure 1B). Structures were chosen based on AzaR expression
(Schiffmann et al., 1991, Schiffmann and Vanderhaeghen, 1993). We found a significant genotype
effect in the CPu (Gpr88 M¥/fix . 427%+22,61; Gpr88~2~A-Cre: 282 2%+15,46 ; F(2,30=61,56; p<0,0001),
Nac (Gpr88 f/fix : 342,4%+9,13; Gpr88"2A-Cre: 205,1%+5,54; F(2,30=152,9; p<0,0001) and CeA (Gpr88
fix/fix: 170,3%+5,90; Gpr88A2ACre: 141,2%+6,18; F(2,30=37,48; p<0,0001) (see Supplementary Table 2).
Post hoc analysis (Turkey multiple comparisons) revealed significant differences between Gpr88*-
Cre and Gpr88™*/fx for the two highest agonist concentrations (10° M and 10°M) in the CPu, Nac and
CeA. This result demonstrates that the selective Gpr88 gene KO in D2R-expressing cells, observed at
MRNA level, translates into a significant reduction of protein levels in all regions of high GPR88
expression. Although the approach does not discriminate GPR88 signalingin D1R and D2R-expressing
cells, the approximatively 40% reduction on CPu membranes likely reflects the specific and almost
complete Gpr88 gene KO in D2R cells, which represent approximatively 40% of the dorsal striatum

population of dopamine receptor-expressing neurons (Valjent et al., 2009)

Our previous study of full Gpr88 KO mice showed that signaling properties of several Gi/o-
coupled GPCRs was modified upon Gpr88 deletion (Meirsman et al., 2015). To test whether Gpr88
deletion from striatopallidal neurons also altered striatal Gi/Go-coupled receptors
neurotransmission we performed [S35]-GTPyS binding assays on whole striatum of Gpr88424-¢¢ and
their control (Figure 1C). As in total Gpr88 KO mice, the conditional Gpr88 deletion increased delta
(Gpr88 /fix . 140,3%25,29; Gpr88"2ACre: 215%+9,7; F1,24)=22,56; p<0,0001) and mu (Gpr88 /i .
157,4%+5,79; Gpr88"*~Cre: 192,5%+6,49;F1,24)=83,84; p< 0,0001) opioid receptor activation.
Interestingly, conditional Gpr88 KO mice showed decreased activation of metabotropic
glutamatergic receptors (Gpr88 f*/fx . 188,5%+12,6; Gpr88"2ACre: 152,5%+8,57; F1,24)=22,59; p
<0,0001) and Quinpirol (D2/D3 receptor agonist) induced activation (Gpr88 f*fix . 143,3+7,04;
Gpr88h?~-Cre: 131,9+3,23; F1,24)=6,361; p=0,0187) as compared to control littermates, which was not
detected in total Gpr88 KO mice (Meirsman et al., 2015). Carbachol (Muscarinic m2/m4 agonist)-
induced dose dependent response was not affected by Gpr88 specific deletion. (Detailed analysis in

Supplementary 3) (19). Together, these data indicate that the striatopallidal Gpr88 deletion impacts
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GPCR signaling differently from the entire striatopallidal/striatonigral deletion, suggesting distinct

modulatory roles of GPR88 in the two main MSNs populations.
Both total and A2A-conditional Gpr88 gene deletion increase basal locomotor activity

Previous studies have demonstrated increased basal locomotor activity in total Gpr88 KO mice
(Quintana A, 2012, Meirsman et al., 2015). We compared general locomotor activity in total and
conditional KO mice. Animals were individually placed in a dimly lit open field and analysis of mean
forward locomotion revealed a significantincreasedactivity for Gpr88 7~ as well as Gpr88 A2A-Cre mice
(Figure 2 and detailed statistical analysis of behavioral tests in supplementary table 4 and 5).
Deletion of Gpr88 in striatopallidal neurons is therefore sufficient to recapitulate the

hyperlocomotor phenotype of GPR88 KO mice.
Both total and A2A-conditional Gpr88 gene deletion decrease anxiety-like behavior

Complete deletion of Gpr88 in mice decreased anxiety levels in several models of anxiety-like
behavior (Meirsman et al., 2015). To examine whether this behavior is dependent on GPR88 in
striatopallidal MSNs we evaluated anxiety-like behaviors of Gpr88 A2ACre and Gpr88 7~ mice in the
standard light-dark and elevated plus maze test. Results indicate that both full and conditional KO
entered more frequently and spent more time exploring the aversive illuminated compartment of
the light-dark apparatus (Figure 3A-D, Table S4 and S5). In the elevated plus maze, total and
conditional deletion of Gpr88 increased the percentage of distance and time traveled in the open
arms (Figure 3E-J, Table S4 and S5). Also, both mutants spent more time in the distal part of the
open arm and displayed higher number of total and distal head dips. There was no total distance

traveled difference between mutants and control mice.

Anxiety can affect social behavior and the social test is considered as measure of social
anxiety (Toth and Neumann, 2013). When scored for social interaction (Figure 3 K-R), both mutant
lines show increased nose and paw contact and followed their interactor more frequently than
control littermates. Also, Gpr88 7~ displayed decreased number of grooming episodes. Together,
these data confirm our previous report indicating decreased anxiety-like behaviors in Gpr88 7~ mice

(Meirsman et al., 2015) and show for the first time a similar phenotype in Gpr88 A2Ar¢ mice.
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A2A-conditional Gpr88 gene deletion increases avoidance but does not regulate approach

behaviors

Altered anxiety can be explained by animbalance between approach-related and avoidance-related
drives (Aupperle and Paulus, 2010). To further investigate the role of GPR88 in approach-avoidance
conflict based anxiety tests we decided to measure avoidance and approach behaviors separately
in both mice lines. Marble burying constitutes an unconditioned defensive behavior aiming to avoid
threats, reversed by anxiolytic drugs (De Boer and Koolhaas, 2003). When placed in an novel caged
with 20 marbles full and conditional KO buried significantly less marbles then their control
littermates (Figure 4 A, B).When evaluating the motivation of mice for the exploration of novel
instead of familiar environments (Figure 4 C and F, table S4 and S5) we observed a significant
increase in novel environment exploration for Gpr88 7 mice but not Gpr88 #24re mice. Moreover,
in the novelty suppressed feeding test (Figure 4 D, E, G, H) Gpr88 7~ but not Gpr88A2A-€re show
decreased latency to feed. This data suggest that total but not conditional Gpr88 deletion regulates

both approach and avoidance behaviors.

Total but not conditional Gpr88 gene deletion impairs fear conditioning

Fear and anxiety are tightly interconnected processes and fear circuitry has been shown to be
altered in anxiety disorders (Stein et al., 2007). To evaluate whether Gpr88 deletion affects fear
learning and expression we tested mice in a fear conditioning paradigm (Figure 5 A-F, Table S4 and
S5). During conditioning (Figure 5 A, D), post-shock immobility increased regardless of the genotype
suggestive of successful US-CS conditioning. When tested for contextual fear (Figure 5 B, E), Gpr88
7 displayed significantly less immobility than control animal while Gpr88424<re immobility scores
were similarto Gpr88 /fx mice. A similar profile was found when mice were presented with a US-
paired tone (Figure 5 C, F). In fact, ANOVA indicates a significant genotype effect for Gpr88 7~ cue

testing and post hoc analysis (Sidak's multiple comparisons test) indicates a significant immobility
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decrease for both cues presented. Like context fear measure, cue presentation led to similar
immobility score between Gpr88424¢re and their control. Overall, these data indicate that complete

but not striatopallidal deletion of Gpr88 impairs fear expression in mice.

Discussion

In the present study we show that GPR88 in the striatopallidal pathway regulates anxiety-like
behavior without affecting fear responses and drive toward novelty or food. In situ hybridization
and GTPyS binding data indicate that Gpr88 was efficiently deleted in neurons expressing the D2R
of Gpr88424€re gnimals in dorsal as well as ventral striatum and, to a smaller extent, in the central
nucleus of the amygdala. Importantly, GPR88 levels in D1R-MSNs were intact in Gpr88424-t¢ mice
when compared to control mice not expressing the Cre recombinase. The selective, although not
fully complete deletion of Gpr88 in D2R MSNs of Gpr88424-t"¢ mice is consistent with the previous
characterization of Adora2a-cre mice showing specific expression of Cre recombinase in most but
not all D2R-MSNs (Durieux PF, 2009, Durieux PF, 2012). Furthermore we confirm previous data

indicating that GPR88 is present in virtually all D1R and D2R expressing MSNs (Quintana A, 2012).

Converging evidence support the inhibitory function of striatopallidal pathway neurons in
motor output systems. Optogenetic bilateral excitation of these neurons was shown to decrease
the initiation of locomotor activity (Kravitz et al., 2010), while ablation or disruption of these
neurons increased motor activity (Durieux PF, 2012, Bateup et al., 2010, Durieux PF, 2009). Several
reports (Logue et al., 2009, Quintana A, 2012) including our own work (Meirsman et al., 2015)
indicate that Gpr88 gene deletion leads to general hyperactive behavior. In the present report we
show that deletion of striatopallidal Gpr88 increases locomotor activity in a novel environment. This
observation suggests that GPR88 in striatopallidal neurons normally acts as a brake on animal
exploration, likely by facilitating the demonstrated inhibitory function of striatopallidal neurons on
locomotor activity. Mechanisms underlying the positive modulatory role of GPR88 on striatopallidal

neurons remain to be clarified. Another observation is that total and conditional KO mice show a
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similar magnitude of hyperactivity, when tested under the same experimental conditions. Genetic
inactivation of striatopallidal GPR88 is therefore sufficient to recapitulate the entire hyperactivity
phenotype, suggesting that GPR88 receptors in the striatonigral pathway poorly contribute to this

behavior.

In a previous report we showed that Gpr887- mice present decreased anxiety-like behaviors
(Meirsman et al., 2015). Also, recent reports suggest that D2R and striatopallidal MSNs regulate
emotional processing and goal directed behavior (Pecina et al., 2013, Brandao et al., 2015,
Hranilovic et al., 2008, Kravitz et al., 2012, Francis et al., 2015). Here, we confirm the low anxiety of
Gpr88’ mice and further extend the phenotype to social anxiety. Furthermore, we show that
deletion of striatopallidal Gpr88 is sufficient to induce an emotional phenotype similar to the low
anxiety observed in full KO animals. In the light-dark and elevated plus maze both Gpr887 and
Gpr884%4tre mice displayed similar decreased anxiety-like behaviors with increased exploration of
the light compartment/open arm of the apparatus. Note this anxiety phenotype cannot be
explained by their overall hyperactive behavior since the total distance traveled did not differ from
control animals. Further, both total and conditional deletion of Gpr88 seemed to decrease social
anxiety in the social interaction tests. Given the comparable emotional phenotype of full and
conditional Gpr88 KO animals in these behavioral assays, our data suggest that GPR88 in

striatopallidal but not striatonigral neurons regulate anxiety-like behaviors.

In these anxiety tests the tendency to avoid threatening stimuli (bright light/exposed arms)
is confronted with the inner driver toward exploration and this conflict is thought to inhibit
exploration (36). As such, the low anxiety phenotype of mice lacking GPR88 could result from
increased drive toward novelty exploration, decreased avoidance of a threatening environment, or
both factors. We therefore evaluated avoidance behavior in the marble burying test that measures
ethological defensive burying (De Boer and Koolhaas, 2003, Borsini et al., 2002). Both Gpr88”- as
well as Gpr8842A-t"¢ mice buried less marbles than control littermates, showing decreased defensive
burying consistent with reduced threat avoidance in these mice. To tackle approach behavior, we
assessed novelty preference in both KO lines. Total but not conditional KO showed enhanced
preference for the novel compartment, when presented a choice for novel or familiar environment.

Similarly, in the novelty suppressed feeding test, total KO but not conditional animals showed lower
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latency to start eating. In this test, both approach and avoidance component are enhanced by
starving and neophagia respectively. The absence of phenotype of Gpr88#24t¢ mice in these two
tests could therefore be explained by unaltered motivation towards new environment or food
reinforcement. Taken together, these results suggestthat GPR88 in striatopallidal neurons regulates

avoidance rather than approach behavior.

MSNs from both dorsal striatum and NAc have been implicated in reward and aversive
behavior (Durieux PF, 2009, Hikida et al., 2010, Hikida et al., 2013). In line with our hypothesis,
recent reports suggesting that D1R-MSNs encode predictive reward and mediate approach behavior,
while D2R-MSNs mediate aversive and defensive behavior (Hikida et al., 2010, Hikida et al., 2013,
Durieux PF, 2009, Calabresi et al., 2014, Hranilovic et al., 2008, Kravitz and Bonci, 2013, Kravitz and
Kreitzer, 2012, Kravitz et al., 2013, Kravitz et al., 2012). For instance, D2R-MSNs transmission
blockage in the Nac was found to disrupt aversive but not appetitive learning (Hikida et al., 2010,
Hikida et al., 2013). Interestingly, in a previous report we show that Gpr88 deletion decreases
striatal dopamine levels and downregulates D>R-MSNs gene markers (e.g. Drd2, Adora2, Cnrl,
Foxpl, Rgs4, Gpr6, Nrdal, Penk) (Meirsman et al., 2015) while, in the present report, we show
decreased D:R and glutamatergic signaling in mice lacking GPR88 in D2R-MSNs. Additionally,
pharmacological blockage of D2R was shown to decrease striatopallidal neurons excitability while
its upregulation has the opposite effect through the down regulation of Kir channels (Cazorla et al.,,
2014, Cazorla et al., 2012, Chanet al., 2012). Based on these findings, we may therefore hypothesize
that Gpr88 in D2R-MSNs normally increases neuronal transmission thereby enhancing avoidance
behavior. Also, results from Gpr887- showing both decreased avoidance behavior and increased
novelty and food approach suggest that GPR88 in D1R-MSNs neurons normally regulates approach

behavior.

Finally, we tested fear responses of Gpr88 total and conditional mice for the first time. Total
but not selective deletion of Gpr88 in striatopallidal neurons impaired both context and cue fear
responses. Reduced fear responses in total KO mice is in agreement with altered cue-based learning
previously reported in Gpr88 KO animals . The lack of phenotype in Gpr8842A-¢¢ mice may be due to
DiR MSN-, rather than D;R MSN-mediated mechanisms contributing to these behaviors.

Alternatively, and because central amygdala functioning is essential in acquisition and expression of
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fear conditioning (Wilensky et al., 2006), the partial GPR88 deletion at the level of the amygdala
may be insufficient to alter fear responses. Further studies using viral approaches will define the

precise role of GPR88 function in amygdala-mediated fear responses.

In sum, our results confirm previous reports indicating that GPR88 modulates MSNs
functioning and regulates anxiety behaviors, and further identify modulatory roles of GPR88 in the
striatopallidal pathway. The mutant Gpr88#24¢"¢ mouse line is a first step towards understanding
circuit mechanisms underlying GPR88 function in the brain. Future studies will evaluate the role of
GPR88 in D1R-MSNs, and how this receptor regulates the striatonigral/striatopallidal balance.
Finally, further demonstration of GPR88 implication in anxiety-related behaviors and threat
evaluation definitely posit GPR88 blockade as a new target for treatment of anxiety-related

disorders (Aupperle and Paulus, 2010).
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Legends to figures:

Figure 1: Molecular characterization of conditional Gpr88424-¢r¢ mice. (A) Cell counting on triple
fluorescent in situ hybridization. (a-d) Quantification of GPR88 mRNA decrease in D2R (red) but not
D1R (blue) expressing neurons in the CPu(a, b) Nac (c) and CeA (d) of mice expressing the Cre under
the control of Axa receptor. Percentage of Gpr88 expression was calculated based on the total
number of D1iR or D2R positive cells counted [(number DiR or D2R-expressing cells co-expressing
Gpr88 x 100)/ total number of D1R or D2R expressing cells]. See more details in Suppl Figure 1. (B)
Decreased activation of GPR88 in several brain regions: GPR88-mediated [3°S]-GTPyS binding is
decreased in the CPu, Nac and central amygdala of mutant animals. (C) Altered striatal GPCRs
signaling in mutant mice: [3>S]-GTPyS binding assay shows facilitated delta (SNC80) and mu
(DAMGO) opioid receptor function in striatal membranes of Gpr88424<r¢ mice, whereas signaling
properties of metabotropic glutamate (glutamate) and D2 dopamine receptors (quinpirole) is
decreased in these animals. Data are presented as mean + SEM. (A) n=4 Gpr88™/fix; 4 Gpr88A2ACre,
solid stars: one star p < 0.05, two stars p < 0.01, three stars p < 0.001 (Student t test). (B) n=3
Gpr88™/fix; 3 Gpr88A2A-Cre; 3 Gpr88 - ;Text stars: one star p < 0.05, two stars p < 0.01, three stars p
<0.001 (post-hoc :Tukey's multiple comparisons test). (C) n=3 Gpr88*/fix: 3 Gpr88*24-Cre ; Open stars:

one star p < 0.05, three stars p < 0.001 (genotype effect on two-way ANOVA)

Figure 2: Increased Locomotor activity in both total and conditional Gpr88 KO mice. When placed
individually in a dimly lit open field for 30 min, both total and conditional knockout traveled alonger
distance then their control littermates. (A and C) Line graphs show the distance traveled (cm) in 5
min bins over a 30 min session. (B and D) Bar graphs show the average total distance traveled (cm)
over the 30 min sessions period. Data are represented as mean + SEM. (A) n= 10 Gpr88™/fix; 10
Gpr882A-Cre (C) n=12 Gpr88 **; 12 Gpr88 7 ; Open stars: three stars p<0.001. (B and D) Solid stars:

one star p < 0.05, two stars p < 0.01, three stars p < 0.001 (Student t test).
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Figure 3: Anxiety-related responses are similarly decreased in total and conditional Gpr88 KO
mice. Total and conditional Gpr88 KO mice enter more frequently (A and C) and spent more time (B
and D) in the light compartment of the light-dark test. In the elevated plus-maze Gpr88 7~ and
Gpr882A-tre mice present higher open arms exploration ratios (E and H) , more frequent total and
distal head dips (F and |) and increased time spent in the distal zone of the open arms (G and J) when
compared to their control littermates. Social interactions were evaluated in a dimly lighted open
field with wild type naive mice of the same age and gender (K-R). Both mutant animals display
increased number of nose (K, O), and paw (L, P) contacts, as well as increased following behaviors
(M and Q). Gpr88 7~ but not Gpr88*2A-€re engaged less frequently in grooming episodes than control
animals (N and R. Data are presented as mean + SEM.(A and B) n=11 Gpr88 **; 10 Gpr88 7~ ;(C and
D) n=9 Gpr88/fix, 11 Gpr88*2*<re; (E-G) n=9 Gpr88 **, 11 Gpr88 7 (H-J) n=13 Gpr88*/fix; 12
Gpr8824-Cre; (K-N) n=6 Gpr88 **; 6 Gpr88 7; (0-R) n=9 Gpr88*/fix; 10 Gpr88A2A-Cre; Solid stars: one

star p < 0.05, two stars p < 0.01, three stars p < 0.001 (Student t test).

Figure 4: A2A-conditional Gpr88 gene deletion increases avoidance but does not regulate
approach behaviors. In the marble burying test (A and B) both KO mice bury less marbles than
controls. When assessing novelty preference total (C) but not conditional (F) KO spent more time in
the novel compartment when compared to their littermates. In the novelty-suppressed feeding test,
Gpr887- mice display shorter latencies to start eating in the center of the arena compared to
Gpr88** animals (D), eating normally when placed back in their home cage (E). Gpr88224-€re exhibit
similar latencies to start eating (G) and home cage food intake (H) than Gpr88™/fx mice. Data are
presented as mean + SEM. (A) n=7 Gpr88 **; 7 Gpr88 7~; (B) n=9 Gpr88™/fix; 7 Gpr88*2A-Cre (C) n=7
Gpr88 **; 7 Gpr88 7 (F) n=6 Gpr88™/fx; 8 Gpr8824<re; (D) n=7 Gpr88 **; 7 Gpr88 7 (G) n=11
Gpr88i*/fix: 11 Gpr88A2A-Cre; Solid stars: one star p < 0.05, two stars p < 0.01 (Student t test)

Figure 5: Total but not conditional Gpr88 gene deletion impairs fear conditioning. To assess
whether Gpr88 deletion affect fear response we tested mice in a fear conditioning test. During the
conditioning session (A, D), mutant and control animals displayed similar levels of immobility before
and after tone-shock pairing when compared to control mice. 24h later, Gpr88”- mice displayed
significantly lower context fear than Gpr88** mice (B). The percentage of immobility of Gpr88”- was

also decreased when tested for Cue fear memory (C). Deletion of Gpr88 in striatopallidal neurons
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didn’t affect context (E) or Cue (F) fear memories; (A-C) n=10 Gpr88 **; 10 Gpr88 7 (D-F) n=11
Gpr88M/fix; 11 Gpr88*24-€re ; Solid stars: one star p < 0.05 (Student t test). Text stars (*): one starp <

0.05, two stars p < 0.01 (post-hoc: Sidak's multiple comparisons test)
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GPFSB AZA-Cre pr’BS Fix/Fix

D,R
positive cells

Gpr38
positive cells

Merge

Supplementary Figure 1: Selective deletion of Gpr88 in D,R expressing MSNs of the rostrolateral CPu of Gpr8g
Aza-re mpjce (left panel) but not control animals (right panel). Triple fluorescent in situ hybridization probing DLR
{A and B, probe labelling in orange) D,R (red; C and D} and Gpr38 (green; E and F). In Gpr88§ ™™ animals Gpr8§
co-localizes with both D,R (merge: H} and D,R mRMNA (merge: J). In contrast only O,R (merge: |} but not D;R (G} co-
localize with Gpr88 mRNA in Gpr88 #2%= mice . White and yellow arrows indicate exemples of D,R and ;R
positive cells respectively. Dapi staining (blue} was used to label all cells nuclei. (Scale bar: 25um).
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A2A-Cre

Table S1: Cell counting and statistical analysis on triple in situ hybridization in the Cpu, Nac and CeA of Gpr88 ulpix (n=4) and Gpr88 (n=4)
CPu
Rostral Caudal
% of Gpr88in mouse line Lateral Median Mean ttest Lateral Median Mean ttest Nacc ttest CeA ttest

Gpreg "™ 96,69:0,33 96,86£0,94 96,780,58 t(6)=1,02; 97,21£0,89 97,19:0,70 97,2£0,4 t(6)=1,955; 96,30£0,48 t(6)=2,41; 68,3113,24 1(6)=0,556;

D1R positive cells T e T e
Gprgg "4 ¢ 93,50+3,01 96,95+0,99 95,23+1,40 p=0,35 98,20+0,23 94,19+0,86 96,2+0,32 p=0,09 83,5945,25 p=0,0525 76,67+7,06 p=0,5977

Gpreg "™ 96,58+1,22 97,07£1,36 96,83+1,21 1(6)=9,004; 96,83£0,92 96,21£1,12 96,52+0,99 t(6)=19,68; 95,98+1,85 t(6)=4,736; 78,26+11,77 t(6)=3,06;

D2R positive cells S 0l o e
Gprsg "% 24,38+5,58 27,41+11,09 25,89+7,86 p=0,0001 40,22+3,41 40,25+3,74 40,24+2,68 p<0,0001 40,08+11,66 p=0,0032 34,33:8,2 p=0,0221




Table S2. Statistical analysis: GPR88 agonist-induced [35S]-GTPgS binding of Gpr88™ "™ versus Gprgés “**°* and Gpré8  mice

Bmax EC50 Two-way ANOVA
Agonist
Structure Gprgg ™™ Gpr8g*?~ | % of decrease| Gpr8g™” Gpr8g ™™ Gprgg #4-cre Gprss™ Genotype effect | concentration
effect
F(2,30)=0,3714 |F(5,30)=2,328
PFC 141,2+#1,5 125,442,68 11,19 93,93+14,2 9,90E-05 0,00002076 1,29E-09 (2,30)=0, ( )
p =0,6929 p =0,0617
F(2,30)=61,56 |F(5,30)=59,68
CPu 427422,61 282,2+15,46 40,10 103,7+3,4 8,33E-06 1,05E-05 7,829E-07 ( ) ( )
p<0,0001 p <0,0001
F(2,30)=152,9 |F(5,30)=107,1
Nac 342,4+9,13 205,1+5,54 33,91 88,03+7,6 9,91E-06 9,17E-06 1,654E-08 ( ) ( )
p <0,0001 p <0,0001
F(2,30)=37,48 |F(5,30)=43,02
CeA 170,345,90 141,246,18 17,09 96,5616,4 1,27E-05 1,45E-05 6,712E-07 (230 ! ( )
p <0,0001 p <0,0001
F(230)=1,9 | F(5,30)=6,30
HPC 116,8+6,86 106,6+6,29 8,73 99,83+3,4 3,90E-05 1,03E-05 4,325E-08 ( ) ( )
p=0,1669 p =0,0004




Table S3. Statistical analysis: agonist-induced [35S]-GTPyS binding of Gpr88™/* versus Gprgé8 “?*°® in the Sti

Bmax (%) EC50 Two-way ANOVA
Agonist
Agonist | Gpres™™ | Gprsg*?#c* | Gpres™™ | Gpreg#?#* | Genotype effect | concentration
effect
L F(1,24)=6,361; | F(5,24)=43,98;
| 143,317,04 131,943,23 2,47E-06 8,946E-07
Quinpiro s IR ' ' p =0,0187 p< 0,0001
F(1,24)=22,56; | F(5,24)=3587:
SNC-80 157,445,79 215+9,7 8,548E-07 6,585E-07
p< 0,0001 p< 0,0001
F(1,24)=83,84; | F(5,24)=57,31;
DAMGO 140,3+5,29 192,5+6,49 4,858E-07 7,597E-07
31, 25, 2 2 p <0,0001 p <0,0001
F(1,24)=1,037; | F(5,24)=108,3;
Carbachol 280,8+8,74 244,9+8,56 2,39E-06 1,31E-06
arbacho p=0,3186 p <0,0001
F(1,24)=22,59; | F(5,24)=32,76;
Glut t 188,5£12,6 152,5+8,57 9,31E-06 5,45E-06
utamate LS 1958 ' ' p < 0,0001 p < 0,0001




Table S4. Statistical analysis: Behavioral analysis of Gpr88

A2A-Cre

versus Gprag™/"*

Two-way ANOVA

Food ingestion in home cage

p=0,67

Test Animals Parametres Student t-test Genotype intra-session Interaction
Conditionin F(1,20)=1 F(1,20)=23,25 F(1,20)=1,19
8 p=0,33 p=0,0001 p=0,29
o 11WT (6M,5F) ] (20)=1,14;
F dit
ear conditioning | 0\ o (6M,5F) Context testing 020,27
Cue testin F(1,20)=1,06 F(1,20)=2 F(1,20)=1,85
8 p=0,31 p=0,17 p=0,19
) 10WT (7M,3F) 10 ) t(10)=15,60; | F (1, 108) = 28,93 | F (5, 108) = 0,1184]F (5, 108) = 0,1194
Open Field F d t
pen Fe KO (6M, 4F) owardlocomotion <0,0001 p<0,0001 p=0,98 p=0,98
. t(18)=1,90;
Lentency to enter light compartment (LC) =0,07
) OWT (4M;5F) o t (18)=3,01;
Light-Dark 11 KO (6M;5F) Number of entries in the LC =0,008
e t(18)=3,11;
9
% of time in the LC =0,006
) t(23)=2,37;
Number (nb) of open arms (OA) entries £=0,026
L t(23)=4,13;
9
% time in the OA =0,0004
) . t(23)=3,43;
9
% of distance travaled in the OA £=0,0023
. t(23)=3,54;
Elevated Plus- | 13 WT(8M,5F) Nb of total head dips (HD) p=0,0017
Maze 12 cKO (6M,6F = .
¢ ) Nb of HD in the distal zone of the OA £(23)=2,95;
p=0,0072
L . t(23)=2,76;
Time in the distal zone of the OA p=0,011
. t(23)=0,09;
Total arm entries =0,925
. t(23)=0,14;
Total distance traveled =0,386
t(17)=3,39;
Nose contact 0,004
Paw contact t7)=273;
Social interaction 9WT(6M,3F) p=0,014
test 10cKO (4M,6F) Followi t(17)=2,72;
ollowing 020,014
Groomin t(17)=1,04;
8 p=0,325
Novelty BWT(4M,2F) % time in the novel compartment t(12)-1,43;
preference 8cKO(5M3F) ° P p=0,17
IWT(7M,2F X t(14)=3,28;
Marble burrying 7cKO((2M5F; Nb of marbles burried (p:ZJ,OOS
(20)=0,07
Lat to feed
Novelty supressed| 11WT (7M,4F) atency totee p=0,29
feeding 11cKO (6M,5F) t(20)=0,43;




Table S5. Statistical analysis: Behavioral analysis of Gpr88'/' versus Gpr88

+/+

Two-way ANOVA

Food ingestion in home cage

p=0,702

Test Animals Parametres Student t-test Genotype intra-session Interaction
o F(1,18)=2,95 F(1,18)=17,05 F(1,18)=0,99
Condit
onditioning p=0,10 p=0,0006 p=0,33
Fear conditionin 10WT (7M,3F) Context testi 1(18)=2,36;
81 10K0 (6M,4F) ontextiesting p=0,029
Cue testin F(1,18)=8,89 F(1,18)=0,017 F(1,18)=1,67
g =0,008 p=0,89 p=0,21
onen Field 12WT (7M,4F) 12 Foward locomotion t(10)=6,65; F(1,132) =52,72 | F(5, 132) = 2,250 | F(5, 132)=0,1312
P KO (6M, 6F) p <0,0001 p <0,0001 p=0,0530 p=0,98
. t(19)=1,17;
Lentency to enter light compartment (LC) 20,26
) 11WT (7M;4F) o t (19)= 2,46;
Light-Dark
igl arl 10 KO (7M;3F) Number of entries in the LC 20,023
I t(19)=2,84;
9
% of time in the LC =001
] t (18)= 2,96;
Number (nb) of open arms (OA) entries 10,008
L t(18)=2,71;
o
% time in the OA £=0,015
% of distance travaled in the OA £(18)=3,05;
p=0,007
. t(18)=3,05;
Nb of total head dips (HD
Elevated Plus- | 9 WT(5M,4F) of total head dips (HD) p=0,007
Maze 11 KO (7M,4F; = :
( ) Nb of HD in the distal zone of the OA t(18)=2,81;
p=0,012
L . t(18)=2,17;
Time in the distal zone of the OA £=0,043
Total arm entries t(18)=0,65;
p =0,52
. t(18)=0,43;
Total distance traveled =0,675
t (10)= 10,12;
Nose contact <0,0001
Paw contact t(10)=3,94;
Social interaction 6WT(3M,3F) p =0,0028
test 6KO (3M,3F) followi t (10)= 12,03;
oflowing p<0,0001
. t(10)= 2,28;
Grooming 20,045
Novelty TWT(4M3F) 0w t(12)=2,31;
ti th | t t
preference 7KO(3M4F) % time in the novel compartmen p =0,039
7WT(2M,5F . t(12)=2,42;
Marble burrying 7KO((4M3F)) Nb of marbles burried (p:)0,032
t(12)=2,92;
Lat to feed
Novelty supressed| 7WT (3M,4F) atencytotee p=0,013
feeding 7KO (4M,3F) t(12)=0,39;
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Role of GPR88 in the regulation of motor function

Introduction

Among brain orphan G protein coupled receptors (GPCRs), GPR88 shows highestand most restricted
expression in the striatum, a crucial region in motor control (Liljeholm and O'Doherty, 2012,
Quintana A, 2012). Within the striatum, Gpr88 is expressed specifically in the vast majority of
medium spiny neurons (MSNs) of both the striatonigral (co-expressing dopamine D1 receptors_D1iR
and Substance P) and striatopallidal (co-expressing dopamine D2 receptors_D2R and adenosine Aza
receptor_AzaR) pathways. Previous reports show decreased basal dopamine (DA) levels (Logue et
al., 2009) and motor coordination deficit in Gpr887- animals (Quintana A, 2012, Meirsman et al.,
2015) suggesting that this receptor may be implicated in development of Parkinson’s disease
symptoms. Inan animal model of this disease, DA depletion was shown to decrease dendritic spines
and glutamatergic synapses selectively on striatopallidal but not on striatonigral MSNs (Day et al.,
2006). Interestingly, DA depletion was also shown to increase striatopallidal Penk expression
(Asselinetal., 1994, Salin et al., 1997, Murer et al., 2000) and dendritic excitability (Day et al., 2008)
while Gpr88 expression in these neurons was decreased by DA depletion (Massart R, 2009).
Likewise, while the DR agonist quinpirol decreased locomotion in wild type animals, Gpr887- mice
showed an opposite increased locomotor response (Quintana A, 2012) as well as—a decreased
sensitivity to haloperidol (Logue et al., 2009) overall suggesting altered D2R transmission in mice
lacking GPR88. However, to date, no report has focused on the specific role of GPR88 within each
MSNs subpopulation in the regulation of associated behaviors. To examine GPR88-mediated motor
functions specifically in striatopallidal MSNs, we created conditional Gpr88 #?4¢ mice and
compared their motor performance to those of Gpr887 animals (manuscript 2). Noteworthy, similar
experiments are underway to test GPR88 control over motor function at the level of striatonigral

MSNs.

Another important behavioral consequence of Gpr88 deletion is the hyperactivity trait

displayed in the open field (Meirsman et al., 2015) and activity chambers (Quintana A, 2012). In
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addition to the hyperactive phenotype, Gpr887- mice also display increased amphetamine-induced
locomotor responses, both hallmark phenotypes for schizophrenia (Geyer, 2008, Duncan et al.,
1999, Bell, 1965). While Parkinson’s disease is a late onset neurodegenerative disorder,
schizophrenia is thought to result from neurodevelopmental dysfunctions (Rapoport et al., 2005).
Accordingly, in mice, Gpr88 is expressed as soon as E18 (Allen brain atlas http://mouse.brain-
map.org/) displaying highest striatal transcript levels in juvenile rats (post-natal day 25) and
decreasing thereafter towards adult levels, suggestive of a role in the development of striatal
physiology (Van Waes V, 2011). To elucidate whether the motor phenotypes of Gpr887- mice result
from a tonic or a developmental role of GPR88, we induced the Gpr88 gene knock-down specifically
in the striatum of adult mice using a viral approach and compared behavioral performance of total

knockout animals (Gpr887) with those of striatal adult knock-down animals (AAV-Cre).

The present chapter addresses two distinct questions: first, we tested the contribution of
developmental/tonic roles of striatal GPR88 in motor phenotypes, which are observed in the total
GPR88 animals. Second, we addressed the specific role of striatopallidal GPR88 in these motor
phenotypes, independent on whether the mechanism involves developmental or tonic GPR88

functions.

Motor coordination deficits were found in all three mouse lines, although to different
extents. Our results suggest that motor coordination is regulated by striatopallidal GPR88, and that
this behavior is controlled by tonic GPR88 activity in the adult brain. In contrast, the hyperactive
behavior observed in Gpr887- and Gpr88 #24€re, but not AAV-Cre mice, seems to be a developmental
phenotype of GPR88 in striatopallidal neurons. Finally, we found strikingly similar altered D1R- and
D2R-agonist induced locomotion in full and striatopallidal Gpr88 KO mice suggesting that GPR88

deletion in one MSN population alters DA transmission in both indirect and direct pathways.

Materials and methods
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Animals

Mice (Male and female) were bred in house as described previously (please refer to manuscript 2 of
the present section). Briefly, we generated both total and conditional mice using Cre-LoxP strategy.
The Gpr88”- line was obtained by crossing Gpr88-floxed mice (Gpr88™/fix) with CMV-Cre mice. The
conditional KO (cKO) of GPR88 in striatopallidal MSNs (Gpr88#24r¢) was obtained by crossing
Gpr88™/fx mice with Adora2a-Cre mice (Durieux et al., 2009). Gpr88 gene deletion in a region and
time-specific manner was achieved using bilateral stereotaxic injections of AAV-Cre-eGFP (AAV-Cre
mice) or AAV-eGFP (control mice) in the striatum of adult Gpr88-floxed mice. Animals were group
housed (3-5 animals/cage) in a 12h dark/light cycle (lights on at 7am) at controlled temperature

(22+1°C). Water and food were available ad libitum. Animals were aged 10-15 weeks when tested

Three successive cohorts were prepared by stereotaxic AAV-Cre injection in order to test
stereotypies then the rotarod, with a resting period of 48h. For open field assessment, only one of
the three cohorts was used and locomotion was measured 48h after rotarod assessment. For Gpr88
/- and Gpr88#2A€re, one and two cohorts of animals respectively were used to test stereotypies,
rotarod “easy” and open field locomotion in this order and separated by a resting period of 48h.
Two separated cohorts of these animals underwent rotarod “hard” and dopaminergic agonist-
induced locomotion in this order and separated by a resting period of 48h. For basal and haloperidol-

induced catalepsy, naive mice from both Gpr887- and Gpr88 A?A<€re mouse lines were used.

Generation of viral vectors

Recombinant adenoassociated virus serotype 1 (AAV1) viral vectors were generated expressing
enhanced green flourescent protein (eGFP) and Cre (AAV1-Cre-eGFP) under the control of CMV
promoters. Control vectors encode for eGFP alone (AAV1-eGFP). AAV1 vectors were generated by
triple transfection of AAV-293 cell line (Stratagene) using (i) either pAAVeGFP or pAAV-Cre-eGFP, (ii)
pAAV-RC (Stratagene) containing rep and cap genes of the AAV1 and (iii) pHelper (Stratagene)
encoding for the adenoviral helping functions. Following 2 days cells were collected, lysed and
treated with Benzonase (50 U/ml, sigma, 30 nm, 37°C). Viral vectors were purified by iodixanol
gradient ultracentrifugation (Zolotukhin etal., 2002) followed by dialysis and concentration against

Dulbecco phosphate buffered saline (PBS) using centrifugal filters (Amicon Ultra-15 Centrifugal Filter
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Devices 50 K). Viral particles were quantified by real time PCR using a plasmid standard pAAV-eGFP.
To achieve comparable working concentrations, viruses were diluted in Dulbecco-PBS buffer to a

final concentration of 3x10'! viral genomes per ml (vg/ml) and finally stored at -80 °C until use.
Stereotaxic surgery

Gpr88™/fx mice were anesthetized with an intraperitoneal (10 mi/kg, i.p.) injection of
ketamine/xylazine (Virbac/Bayer, 100/10 mg/kg) dissolved in sterile isotonic saline (NaCl 0.9%) and
mounted onto a stereotaxic frame (Unimecanique, France). AAV1-Cre-GFP vectors and control
AAV1-eGFP vectors (with titers of 4, 9x1012 and 2, 6 x102 of infectious units/ml respectively) were
injected bilaterally into the striatum (Coordinates relative to bregma: Anterior-Posterior =+ 0.7 mm;
Medial-Lateral =+2 mm; Dorsal-Ventral = -4, 5 mm and -4 mm) according to the mouse brain atlas
(Paxinos and Franklin, 2001) (Figure 1A). A Volume of 1.5 ul of AAV vectors per site of injection was
delivered (i.e. 3 pl in each striatum) bilaterally with a slow injection rate (0, 1 ul/min) through a 30-
gauge stainless steel cannula attached to a stereotaxic arm and connected to an infusion pump.
After the first injection was completed, the injector was left in place for 10 min before placing the
cannula at the second point of injection. When the two injections were completed the cannula was
left for anadditional 5min to minimize backflow while withdrawing the injector. All of the behavioral
experiments were conducted 4 weeks after AAV vector injections to allow sufficient time for viral
vector transduction, Cre expression and GPR88 turnover. For verification of GPR88 reductions, the

striatum of all experimental mice were dissected and stored at -80°C before [S35]-GTPyS assays.
[35S]-GTP,S binding assay

GTPyS assays on membrane preparations were performed as previously described (Meirsman et
al., 2015). Briefly, mice were sacrificed by cervical dislocation and both striatum were rapidly
removed, frozen indry ice and stored at-80°C until use Membranes were prepared by homogenizing
the tissue inice-cold 0.25 M sucrose solution 10 vol (ml/g wet weight of tissue), centrifuged at 2500
g for 10 min. Supernatants were diluted 10 times in buffer, following which they were centrifuged
at 23 000 g for 30 min. The pellets were homogenized in 800uL ice-cold sucrose solution (0.32 M),
aliquoted and kept at - 80°C until further use. For each [35S]GTPyS binding assay 2ug of protein per

well was used. Samples were incubated with and without ligands, for 1 hour at 25°C in assay buffer
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containing 30 mM GDP and 0.1 nM [35S]GTPyS. Bound radioactivity was quantified using a liquid
scintillation counter. Bmax and Kd values were calculated using Microsoft Excel Software. Non-
specific binding was defined as binding in the presence of 10 uM GTPyS and binding in the absence

of agonist was defined as the basal binding.

Drugs

The D1R agonist SKF81297 and D2R agonist Quinpirole (Tocris, UK) were dissolved in isotonic saline
solution (NaCl 0.9%) and injected subcutaneously in a volume of 10 ml/kg. Control animals received
saline. Haloperidol (Haldol®, Janssen, Australia) was dissolved in isotonic saline solution and pH was
adjusted to 5.5-6. Mice were injected intraperitoneally with 1,5mg/kg 30min before catalepsy
assessment. The GPR88 agonist “compound 19” (Meirsman etal., 2015) used in [S35]-GTPyS essays

was kindly synthetized by Prestwick Chemicals (lllkirch, France).
Rotarod

In the present chapter we will present results from two different rotarod session: an “easy” version
and a “hard” version. In both sessions mice were placed on a rod accelerating from 4 to 40 rpmin 5
min and remained at maximum speed for the next 5 min. Light intensity in the room was inferior to
10 Lux. Mice rested a minimum of 1min between trials to avoid fatigue and exhaustion. When mice
hang on the rod instead of running they were left for one complete turn but the timer was stopped

if the mice engaged in a second consecutive turn.

Easy: In the “easy” condition, the rod was covered with insulation tubing, which external perimeter
was 5 cm. On the first day mice were habituated to the apparatus and trained to run on the rod for
a minimum of 150 sec at a constant speed of 4rpm. The next four days, mice were tested for three

trials a day.

Hard: In this condition, tubing was removed and external perimeter of the rod was 3 cm. Unlike the
“easy” condition, mice were tested for four trials every day during six consecutive days. The first
day, mice were placed on the rod at constant speed of 4 r.p.m. until achieving 90sec without falling

from the rod. Animals were scored for their latency to fall (in seconds) in each trial.

Open field locomotion
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Mice were placed in a dimly lit (15 Lux) open field arena placed over a white Plexiglas infrared-lit
platform. Locomotor activity was recorded during 30 minutes via an automated tracking system
(videotrack; View Point, Lyon, France). Only movements which speed exceed 6 cm/s were taken into

account for this measure.
Stereotypies

Mice were individually placed in clear standard cages (21x11x17 cm) filled with 3-cm deep fresh
sawdust for 10min (15 Ix). Numbers of rearing, burying, grooming, circling episodes and total time

spent burying were scored by direct observation.
Basal and haloperidol induced catalepsy

Mice were placed individually so that their forelimbs rested on a wooden bar (0,2cm diameter)
placed 4, 5 cm above the floor. Time recording started once the mice was placed and ended with
the first forepaws movement. The assay was repeated three times and the average catalepsy time
was calculated. 24h later, haloperidol (1,5mg/kg, i.p.) was injected 30 minutes before catalepsy

assessment.
SKF and Quinpirole induced locomotion

To assess locomotor response to dopaminergic agonist mice were first placed in individual cages for
one hour before being injected subcutaneously with either Dopamine 1 receptor (D1R) agonist SKF
(2,5mg/kg) or Dopamine 2 receptor (D2R) Quinpirole (0,1 mg/kg). Locomotion was immediately after
assessedfor lhour. Distancetraveled was analyzed by an automated tracking systemequipped with

an infrared-sensitive camera (videotrack; View Point, Lyon, France).
Statistics

Student t test (mean open field locomotion, stereotypies, catalepsy scoring) and two-way ANOVA
(rotarod, drug induced locomotion) were used whenever it was appropriate. All statistical analysis

were realized using GraphPad Prism 6 (GraphPad Software, Inc, USA).
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1. Role of adult striatal GPR88 in motor responses

Results
Virally-mediated GPR88 gene deletion in the adult striatum

Targeted deletion of GPR88 in a region and time-specific manner was achieved upon local AAV-
mediated Cre recombinase delivery in the striatum of Gpr88™/x mice. Figure 1A shows viral
expression at the site of injection three weeks after surgery (no behavioral assessment in this mice).
To quantify the decrease in GPR88 protein activity we used the agonist stimulated [35S]-GTPyS
binding assays and measured GPR88 activation in all animals after completion of the behavioral
experiments (Figure 1B). On average, GPR88 activity was significantly decreased in AAV-Cre mice
compared to control AAV-eGFP-injected mice (Emax 513, 23 + 10, 03% AAV-eGFP; 347, 81 +10, 67%
AAV-Cre mice). For each AAV-Cre individual animal, percentage of maximal activation relative to
mean maximum activation of control animals was calculated, and animals showing maximal GPR88
activation > 70% were removed from all statistical analysis. In situ hybridization performed on a
separate group of virally-treated individuals showed a clear dorso-ventral reduction in Gpr88 mRNA
level in mice injected with AAV-Cre covering the entire lateral striatum (Figure 1C). Taken together,
these observations demonstrate that the viral approach leads to efficient functional loss of about

50% striatal GPR8S.

Rotarod

To investigate whether Gpr88 deletion in the striatum of adult mice alters motor coordination we
tested both Gpr887- and AAV-Cre-treated mice in the rotarod for five consecutive days (Figure 2A
and B). As total KO mice (F (1,168) = 2,283; p<0,0001), AAV-Cre mice showed impaired performance
in the rotarod. Performance increased across trials for both groups (F (11,312) = 3,039; p=0,0007) and
ANOVA indicates a significant treatment effect for AAV-injected mice (F (1,312)= 70,57; p<0,0001),
demonstrating that the striatal deletion of Gpr88 in adult mice impairs motor coordination. Motor
skill learning, which is also impaired in total KO mice (interaction: F (11, 168) = 14,48; p<0,0001), was

not altered by the viral Gpr88 knock-down under these conditions ( interaction: F (11,312) = 0,74;
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p=0,699) . In fact, post hoc comparison (Sidak's multiple comparisons test) indicates no significant
difference in the last rotarod session for AAV-Cre mice suggesting that these mice learned the task.
These results suggest that Gpr88 knock-down in the adult striatum impairs motor coordination

without affecting motor skill learning.
Open field locomotion

We then tested the previously reported hyperactive phenotype of Gpr88 7 mice in the open field
for 30 min, and examined whether AAV-Cre mice showed a similar behaviorin a parallel experiment
(Figure 2D-G). Total KO mice showed increased open field locomotion (F (1, 132)=52,72; p<0, 0001),
as expected. For virally-treated animals, ANOVA using treatment and time as factors (Figure 2 F)
reveals a significant treatment effect (F (1,72)=4,37, p=0,04) while, contrarily to Gpr88 7- mice, post
hoc comparison indicates no significant differences for none of the 5 min beams. Analysis of mean
forward locomotion throughout the 30 min session (Figure 2 G) reveales no difference between
AAV-Cre treated mice and their control (t(10) =1, 66; p=0, 13) indicating no hyperactive phenotype
in these mice. Together, results suggest that the GPR88 knock-down in the adult striatum does not

induce the hyperactive behavior seen in Gpr887- animals.
Stereotypies

Dysfunctions in striatal circuits are associated with the appearance of motor stereotypies (Lewis and

Levitt, 2002). In this experiment, we show stereotypic behaviors that we had previously
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Figure 1: Conditional deletion of Gpr88 in the Striatum of adult (8 weeks) mice, Figure 1A shows the
injection sites (left panel) and the diffusion of the eGFP protein induced by AAV infection (Right panel).
Dapi staining was used to label all nuclei. Agonist stimulated [355]-GTPyS binding assays (B) indicate that
AAV-mediated Cre expression resulted in the decrease of GPR88 activation (black circdes). Mice with
receptor activation higher than 70% (red circles) were exduded from analysis. In situ hybridization (C)
were realized in mice injected with AAV-eGFP (right panel) or AAV-Cre-eGFP (left panel) and shows a
clear reduction of Gpr88 mRNA throughout dorsal and ventral striatum, but higher decrease in lateral

versus medial dorsal striatum. (Scalebar: 2,5mm)
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reported including decreased rearing and burying episodes (Meirsman et al., 2015)(Figure A-E).
These behaviors, however, were not observed upon Gpr88 deletion in the adult mice’s striatum

(Figure 3K-0)

In summary, the viral deletion of Gpr88 in the striatum of adult mice induces motor
coordination deficits observed in total KO mice, but does not induce detectable motor skill learning

impairments, hyperlocomotion or stereotypies.

Discussion

To determine whether GPR88 plays a developmental or tonic role in striatal motor functions we
created an AAV-mediated striatal gpr88 knock-down and tested behavioral responses in these mice.
In situ hybridization and [S35]-GTPyS essays indicate that gpr88 was efficiently, although not totally,
knocked-down throughout dorsal and ventral striatum. Notably also, i) approximately 50% of striatal
Gpr88 was deleted, ii) the remaining Gpr88 mRNA was concentrated in the dorsomedian (DMS)
striatum. Our behavioral data indicates that this partial deletion was sufficient to decrease motor
coordination in the rotarod, suggesting that GPR88 activity in the adult mice tonically regulates
motor coordination. This result has important implications, as newly developed GPR88 may indeed

improve motor coordination with therapeutic potential for Parkinson disease (Tarazi et al., 2014)

AAV-Cre injected mice showed an initial impairment in the rotarod test, which reversed to
control levels during the last trials, indicating that these animals ultimately learned the task. In
contrast, the constitutive deletion of Gpr88 not only impacts motor coordination as soon as the first
trial, but also alters the ability to learn the task. The DMS is known to be required for initial stages
of motor skill learning, whereas the dorsolateral striatum (DLS) is more engaged in habit acquisition
(Yin et al., 2009, Liljeholm and O'Doherty, 2012, Luft and Buitrago, 2005). Our data are therefore
consistent with the notion that Gpr88 deletion in the DMS of AAV-Cre-treated adult mice was
sufficient to impair motor coordination, as reflected by altered initial motor skill abilities, and that

intact GPR88 in the DLS allowed learning the task along sessions.
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When placed in an open field, AAV-Cre mice showed anincrease in locomotor activity when
compared to control animals, but this increase was not significant throughout the session. This
result suggests that lack of GPR88 in the adult striatum does not cause basal hyperactivity as seen
in Gpr88 - mice. Likewise, a previous report using lentiviral-mediated Gpr88 silencing inthe nucleus
accumbens showed no alteration of basal locomotion (Ingallinesi et al., 2014). Altogether, these
results suggest that spontaneous high locomotor activity in Gpr88 7- mice is a developmental
phenotype. GPR88 therefore may contribute to the development of neural wiring within
locomotion-associated networks, most likely at the level of striatum (Van Waes V, 2011). Similarly,
unchanged stereotypic behaviors in AAV-treated adult mice, contrasting with strongly enhanced
stereotypies in total GPR88 KO mice, suggest that GPR88 contributes to the organization of neural
networks subserving these behaviors during development, with minimal impact later in adulthood.
Note that in both cases (hyperlocomotion and stereotypies), we cannot exclude that GPR88 has a

tonic role but the receptor knock-down was insufficient to reveal a behavioral phenotype.

On the other hand, hyperactivity observed in the very first 10 minutes of the test suggest
that deletion of Gpr88 later at adulthood may alter striatal physiology leading specific modification
of initial exploration behavior. This observation deserves further investigations, as a tonic GPR88
role in exploratory behavior may have implications in the development of GPR88 drugs for

therapeutic purposes.
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Figure 2: Motor coordination and open field locomotion in full KO (A, D, E) striatal knock-down (B, F,
G) and conditional KO (C, H, I). Rotarod assessment (left part, A-C) show impaired motor coordination in
full KO (N=8 KO; 8 WT) and striatal knock-down (N= 11 AAV-eGFP; 13 AAV-Cre) but not conditional KO
of Gpras in striatopallidal neurons (N=13 Gpreg M, 12 Gprss #24-0=), When placed in an open field (D-
1} both Gpr88 +* (N= 12 KO; 12 WT) and Gpr88 A2+ (N= 10 Gpr88 F*™ 10 Gpr88 ## -t} displayed
increased locomaotion. AAV-Cre mice (N= 7 AAV-eGFP; 7 AAV-Cre) locomotion ANOVA also revealed a
significant increased locomaotion. However, when comparing mean forward locomotion throughout the
session no significant difference was found. Line graphs show the distance traveled (cm) in 5 min bins
over a 30 min session (D-H). Bar graphs show the average total distance traveled {cm) over the 30 min
sessions period (E-}). Data are represented as mean + SEM. Solid stars: three stars p < 0.001 (Student t
test). Open stars: one star p=0, 05; three stars p < 0.001 |Genotype effect, Two-way ANOVA)}

115



Steréotypies

O GprBg~* A B c D E
m GorEs L
70 12 €0 Az 15 :
v
gg ¥ 10 & =0 gl
S - a a
2w * ' * i o 10
= ok £ & @ 30 hod 8 -
[%‘ 30 g o = . £
20 & 4 § 29 E 4 O £
10 2 a 10 c2
o
[ AAV-eGFP
B AAV-Cre F G H I J
- o A 5
') o
g n
29 B 5 3 T "
= E 2 B £y
£ 20 E e 8 2 =
@ & £ o o2
i 5 a r £
2 £ 1
o
B Gpraghem
2A-Cmm
e ot K L M N 0
E:4| * 8 - w5 2 .
= £ g <
2 - £ 4 B 10 B g &
= 5 o = e
g 0] g ) v = g
& Q 2 E s £ a 4
20 5 £
o o

Figure 3: Spontanecus motor stereotypies. Full KO (A-E} display increased burying duration (D) and
number of cirding {E) but decreased number of rearing (A} and grooming (B) (N=12 KO; 12WT). Deletion
of Gpr88 in the striatum of adult mice had no effect on spontaneous motor stereotypies (F-J} (N= 15
AAV-2GFP; 13 AAV-Cre). Gpr88 424t mice also show decreased number of burying (M) but these mice
present increased number of rearing (K} and drcling (Q) (N=9 Gpr38 ™% 11 Gpr8g #24C*), Data are
represented as mean + SEM. Solid stars: one star p < 0.05, two stars p < 0.01, three stars p < 0.001
|Studentttest).
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2. Role of striatopallidal GPR88 in motor responses

Results

Conditional deletion of GPR88 in striatopallidal neurons.

The conditional Gpr88424€r¢ mice are described in manuscript 2. In these mice gene knockout is
targeted to MSNs from the striatopallidal pathway, and occurs in embryonic stages whenthe A2AR

promoter becomes active (Svenningsson et al., 1999, Schiffmann and Vanderhaeghen, 1993).
Rotarod

We compared motor coordination and motor skill learning performance of Gpr88 - and
striatopallidal conditional (Gpr88 A24€’¢) animals using the exact same conditions (Figure 2 A and C).
For both mouse lines, performance increased across trials (Gpr88 7~ : F (11,16s) = 9,040; p<0,0001;
Gpr88 A4Cre: F (11, 276)=2,973; p<0,0001). Results indicate a difference between genotypes for Gpr88
7 mice (F @1, 168) = 2,283; p<0,0001) but no genotype effect was detected the Gpr88 A2ACre ine.
Additionally, total but not conditional deletion of Gpr88 alsoled to aninteraction between genotype
and trial effect (F (11, 168) = 14,48; p<0,0001). (Data from Gpr88 7~ published in (Meirsman et al.,
2015)). These data suggest that, in contrast to the total Gpr88 knockout, the conditional deletion of
striatopallidal Gpr88 does not alter motor coordination, at least with standard experimental

conditions.
Rotarod “hard”

To further confirm that deletion of Gpr88 in striatopallidal neurons has no effect in motor
coordination we tested Gpr88 A?A"¢ mice in a harder version of the rotarod testand compared the
performance of these mice with Gpr88 7 mice (Figure 4 A and B). Under these conditions,
performance was reduced, and both Gpr88 #24€re and Gpr88 - mice presented a clear motor
coordination deficit (genotype effect; Gpr88 *: F (1,17)=22,39; p=0,0002; Gpr88 #2ACr¢: F (1,17)=22,48;
p=0,0002) while control littermates seemed to correctly learn the task (trial effect; Gpr88 7: F (23,
391)=1,77; p=0,016; Gpr88 A?4Cre: F (23,391)=3,13; p<0, 0001). Additionally, both mice lines failed to
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learn the task (interaction: Gpr88 7: F (23,391)=2,16; p=0,0017; Gpr88 A2ACre: F (23, 391)=3,22; p<0,0001)
suggesting impaired motor skill learning. We conclude that the striatopallidal Gpr88 deletion also
impairs motor coordination and motor skill learning, although not as drasticallyas observed in Gpr88

7 mice.
Open field locomotion

Gpr88 A2ACreand Gpr88 - were placed in an open field and forward locomotion was recorded for 30
min (Data from manuscript 2) (Figure 2 D, E, H and |). ANOVA using genotype and time as factors
revealed a significant genotype effect for both mouse lines (Gpr88 7 F (1,132) =52,72; p<0,0001;
Gpr88 A2A4Cre: F (1 108)=28,93; p<0,0001). Also, analysis of mean forward locomotion (Figure 2 E and
|) revealed a significant genotype difference for Gpr88 7~ (t (10) = 6,65; p<0,0001) as well as Gpr88
A2A-Cre myjce (t (10) =15,60; p <0,0001). In sum, full and conditional deletion of Gpr88 in striatopallidal

neurons both lead to similar hyperactive behavior in mice.
Stereotypies

When spontaneous stereotypies were recorded, both total and conditional KO mice showed
abnormal behaviors compared to control littermates (Figure 3 A-E and K-O). As we had previously
reported (Meirsman et al., 2015) Gpr88”- mice displayed decreased number of rearing (t(22)=5;
p<0,0001), grooming (t(22)=2,91; p=0,0082), and burying episodes (t(22)=3,49; p=0,0021) and also
spent more time burying (t(9)=4,31; p=0,002) due to markedly longer episodes than controls, as well
as increased frequency of circling (t(22)=5,22; p<0,0001) (data published in Meirsman et al., 2015) .
Gpr88 A?4Cremice alsopresented increased number of circling (t (18) =2, 28; p=0,035) and decreased
number of burying episodes (t (18) =2, 13; p=0,047), the duration of these burying was not
significantly different then their control littermates. In contrast with full KO animals, Gpr88 A2A-¢re
mice displayed increased number of rearing (t (18) =3, 51; p=0, 0025). Lack of Gpr88 in striatopallidal
neurons, therefore produces modifications of stereotypic behaviors that differ from those observed

in total KO mice.
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Figure 5: Responses to dopaminergic drugs in full and conditional KO. When tested for basal catalepsy

conditional (C) but not full KO presented increased latency to move in the bar test. The same result was

obtained when mice were injected with 1,5mg/kg (i.p) of haloperidal 30 min before bar testing (B and
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While guinpirole decreased locomotion in wild type animals, this drug increased locomotion of full (N=6
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comparison test).
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In summary, deletion of Gpr88 in striatopallidal neurons leads to a hyperactive phenotype
similar to full KO animals, while motor coordination deficits and stereotypic behavior differ from

Gpr88” mice.
Basal and Haloperidol induced catalepsy

In order to determine whether Gpr88 deletion in striatopallidal neurons alters response to
haloperidol we tested Gpr88 7 and Gpr88 #24re, and their control littermates, in basal as well as
haloperidol-induced catalepsy (Figure 5 A-D). When assessed for basal catalepsy, Gpr88A2A4-¢re (t (27)
=2,23; p=0,03) but not Gpr88 7 (t (15) =2,03; p=0,06) mice showed significantly higher latency to
move when compared to controls. A similar result was obtained when mice were injected with the
D2R agonist haloperidol (Gpr88 #2ACre: t (27) =2,28; p=0,03; Gpr88 7 : t (15) =0,17; p=0,86),
suggesting that GPR88 in striatopallidal neurons influences cataleptic responses in a manner that is

undetectable when both striatonigral and striatopallidal receptors are deleted.
Locomotion under dopaminergic agonists

To investigate the effect of Gpr88 deletion in striatopallidal neurons in the response to
dopaminergic agents we compared locomotor responses of Gpr88 7~ and Gpr88 #24€re mijce after
administration of D1R-and D2R-agonists (Figure 5 Eand F). As previously reported (Quintana A, 2012,
Logue et al., 2009) full Gpr88 deletion altered response to dopaminergic agonist (F (1, 42) =33,69;
p<0,0001). When compared to control animals, Gpr88 7~ mice showed increased locomotion after
SKF 81297 (t (42) = 2,63; p<0, 05) and quinpirol (t (42) =5,91; p<0,0001) administration. Likewise,
locomotor responses to both SKF 81297 (t (60) =4, 30, p <0,001) and quinpirole (t(60)=3,07; p <0,01)
were significantly enhanced in Gpr88 #?A-¢"¢ mice when compared to their littermates (F (1,60)=21,24;
p<0,0001). These results show that the striatopallidal Gpr88 deletion recapitulates behavioral
deficits of the total GPR88 knockout, suggesting that this receptor population controls the

locomotor effects of DA agonists.
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Discussion

To examine the role of striatopallidal GPR88 in motor functions we used a conditional KO mice
expressing the Cre recombinase under the control of the striatopallidal-specific Adora2a gene. In
the previous section(Manuscript 2) we showed that Gpr88 was selectively deleted in D2R expressing
neurons throughout DMS and DLS in rostral and caudal Caudate-Putamen. Interestingly, the
conditional KO mice showed no motor coordination deficit in the “easy” rotarod condition.
However, when the task was made more difficult (see methods) Gpr88 #24r¢ mice showed both
motor coordination and skill learning deficits, which were comparable to Gpr88 “-animals. Together
these tests revealed that Gpr88 #?At"*mice showed lower performance on the rotarod, although not
as pronounced as in full KO animals, indicating that the striatonigral GPR88 deletion partly
contributes to the overall rotarod deficit in Gpr88 7~ mice. A previous report (Durieux PF, 2012)
shows that ablation of striatopallidal MSNs caused task impairment only during initial trials but did
not affect later performance in the rotarod. On the other hand, the same report indicates that
ablation of striatonigral MSNs lead to motor coordination and skill learning deficits, as seenin both
total and Gpr88 #?*‘r¢mice in our study. It is possible, therefore, that the GPR88 deletion in
striatopallidal neurons partially mimics the deletion of striatonigral neurons in Durieux’s study, and

involves a similar disruption of the striatopallidal/striatonigral balance.

Overall, our data showing that deletion of striatopallidal Gpr88 induces a motor coordination
and skill learning deficit, although not to the same extent as for Gpr88 - mice, suggesta possible
role of striatonigral GPR88 in the observed phenotype. This hypothesis may be further tested using
electrophysiological analysis of D1R- and D2R-type MSNs in Gpr88424€r¢ mice. Also, the analysis of
mice lacking GPR88 in striatonigral neurons will further help deciphering the exact contribution of

the two receptor population in motor coordination and motor skills learning.

When placed in an open field Gpr88 A?ACremice displayed hyperactive behavior throughout
the testing session with similar levels than full KO animals, suggesting that GPR88 activity in
striatopallidal neurons fully accounts for the hyperactive phenotype. Several studies have reported
that ablation (Durieux PF, 2009) or disruption (Bateup et al., 2010) of striatopallidal neurons caused

open field hyperactivity in mice. Similar consequences of striatopallidal GPR88 ablation or entire
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neuron ablation suggestthat GPR88 is key to support striatopallidal neuron activity. It is likely that
GPR88, expressed on most MSNs, modulates both striatonigral and striatopallidal pathways, and
exerts a complex modulatory role on the DiR/D2R neuron balance, which in turn has distinct
consequences on the different behavioral outcomes depending on striatum activity (see general
discussion). Once again, it would be interesting to know if mice lacking Gpr88 in D1R-MSNs present

a similar or opposite phenotype in the open field.

Finally, Gpr88 #?#r¢mice also presented increased number of stereotypies namely rearing.
While the neurobiological mechanism underlying stereotypies are still unknown, dysregulation of
cortico-striato-thalamo-cortical circuitry are thought to be associated to these behaviors (Lewis and
Kim, 2009). Interestingly, Tanimura et al (2010) reported that stereotypies may result from
decreased striatopallidal transmission and that adenosine agonists reversed this pathological
behavior (Tanimura et al., 2010, Tanimura et al., 2011). It is therefore possible that a similar

mechanism occurred in Gpr88 A4 <rémice.

Catalepsy scoring results surprisingly showed that Gpr88 #?Atmice presented higher
catalepsy than control animals. When placed on the bar, some mutant mice freezed on the bar for
long periods (more than 300sec for some trials) to, immediately after, jump from their place. Also,
these mice presented higher sensitivity to haloperidol with higher catalepsy scores after
administration of this D2R antagonist. These results clearly suggest compromised striatopallidal
transmission and altered dopaminergic sensitivity in mice lacking striatopallidal GPR88. However,
further investigation are needed to fully explain the mechanisms underlying simultaneous presence
of hyperactivity and increased catalepsy in these mice. In previous reports Gpr88 /- animals
(Meirsman et al., 2015, Logue et al., 2009) were shown to have decreased dopaminergic basal levels
in the striatum, which could result in supersensitization of dopamine receptors. Accordingly, when
administered with either D1R or D2R agonists, both full and conditional KO presented an increased
locomotor response. While basal dopaminergic levels were never measured in Gpr88 #?Atemice,
binding assays results (Manuscript 2) suggest altered D2R receptor activation in these mice. Future
studies using D1R-Cre driven Gpr88 deletion to study dopaminergic agonist-induced locomotion will
help us gain a better understanding of the mechanisms underlying GPR88 modulation of dopamine

receptor and medium spiny neurons transmission.
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Conclusion

In sum, motor coordination deficits were found in all the mouse lines, including full GPR88 knockout,
conditional GPR88 striatopallidal knockout and adult striatum GPR88 knock-down animals. We
conclude that GPR88 likely plays a tonic role in motor coordination atthe level of striatal networks.
These findings have important implications in therapeutic approaches to striatal motor diseases
such as Parkinson’s or Huntington disease, and newly developed GPR88 agonists should be tested

towards restoring impaired motor coordination.

In contrast, the hyperactivity detected in Gpr887- and Gpr88 A?ACremjice was absent in AAV-
Cre mice suggesting that GPR88 regulates this behavior through a developmental role. Hyperactivity
in Gpr88°%*tremice suggest decreased striatopallidal transmission as a consequence of Gpr88
deletion but further studies are needed to clarify this point. Also, as for Gpr887-, Gpr88 A2ACremice
show altered D1R (SKF) and D2R (Quinpirole) agonist-induced locomotor response. As such, GPR88
in the striatopallidal pathway regulates locomotion and exploratory behavior, possibly by enhancing

sensitivity to dopamine.

Overall, these results shows that GPR88 regulates the development of striatal circuitry, its
function in the adult, and also shows cell-autonomous activities that strongly influence the complex

striatopallidal/striatonigral interplay.
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Gpr88-CreERT2: Inducible conditional knockout

Introduction

According to the Allen Brain Atlas, Gpr88 mRNA is found as soon as E18 (http://mouse.brain-
map.org/). In the rat striatum, the receptor expression achieves highest transcript level at P25 and
decrease thereafter toward adult levels (P70) (Van Waes V, 2011). GPR88 may therefore be involved
in brain development, particularly at the level of corticostriatal circuits (Massart R, 2009). As a
consequence, constitutive deletion of the Gpr88 gene may have developmental consequences,
whose contributions are indistinguishable from receptor function in the adult when interpreting

phenotyping data.

In particular, the constitutive Gpr88 deletion in mice (total Gpr88 Knockout, KO: Gpr88 7°)
causes motor dysfunction such as increased locomotion and stereotyped behavior, as well motor
coordination deficits. Constitutive absence of GPR88 also leads to deficits in sensorimotor
integration and decreased levels of anxiety (Meirsman et al., 2015, Logue et al.,2009). Interestingly,
these behavioral deficits represent cardinal phenotypes of animal models of psychiatric disorder
such as schizophrenia, attention deficit/hyperactivity disorder or bipolar disease. Accordingly,
genetic association studies in humans show a positive association between Gpr88 and bipolar as
well as schizophrenia diseases (Del Zompo et al., 2014). Considering the recognized (Lewis and
Levitt, 2002, Ronald et al.,, 2010, Rapoport et al., 2005) neurodevelopmental origin of these
neuropsychiatric disorders it is essential to determine whether behavioral phenotypes observed in
total Gpr88’/- mice arise from developmental reorganization in the absence of receptor, tonic
activity of the receptor in the adult, or both. In our previous study using AAV-Cre mediated Gpr88
deletion in the striatum (see section 2 of the present chapter), we showed that a 50% GPR88 knock-
down in the striatum of adult mice impairs motor coordination, highlighting a tonic function for
GPR88. However, this result does not reveal other potential tonic activities of GPR88 in the striatum
that require low receptor levels, and does not clarify whether GPR88 in other brain structures have
a tonic function. To fully dissociate developmental from tonic GPR88 roles across the vast array of
behaviors regulated by this receptor (Meirsman et al., 2015), it would be necessary to delete the

Gpr88 gene in adult mice, and across all structures where the receptor is expressed. Given the
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scattered and sometimes sparse localization of GPR88 in the brain, the AAV-mediated approach is
not ideal. Development of the CreER™ technology, however, has been instrumental for this purpose,
and allows gene excision (i) at the time decided by the experimenter and (ii) in cells targeted by the

Cre-ER™ promoter (Metzger and Chambon, 2001, Feil et al., 1996).

The Cre recombinase is an enzyme derived from the P1 bacteriophage that mediates
recombination between loxP sites. The Cre/LoxP-recombination system has been extensively used
to generate conditional KO animals in target cells of interest, by placing the Cre recombinase under
the control of a cell or tissue-specific promoter (Kuhn and Torres, 2002) in any part of the body,
including the nervous system (Gaveriaux-Ruff and Kieffer, 2007). The Cre/LoxP system was made
inducible by placing a fusion protein of the Cre recombinase with a mutated ligand-binding domain
of the human estrogen-receptor (CreER™). The fused Cre enzyme is thus retained in the cell
cytoplasm and remains inactive. (Metzger and Chambon, 2001, Feil et al., 1996). Cre-mediated
recombination is then induced by administration of tamoxifen or its metabolite 4-hydroxitamoxifen,
which binds to the estrogen receptor allowing CreER translocation to the nucleus. Additionally,
when placed under the control of a cell-specific promotor, Cre-mediated deletion is both site and
time controlled. This strategy has allowed inducible gene knockout in neurons (Erdmann etal., 2007,
Weber et al., 2015), glia (Mori et al., 2006, Leone et al., 2003) as well as other somatic tissues (Sohal
et al., 2001). Generally, efficient recombination requires a treatment of 1-2mg/day during at least 5
to 15 days (Brake et al.,, 2004, Weber et al., 2001, Imayoshi et al., 2008, Lau et al., 2011).
Unfortunately, systemic tamoxifen administration has low brain penetration, and was shown to
cause cell toxicity as well as deficient learning behavior (Higashi et al., 2009, Vogt et al., 2008).

Tamoxifen delivery needs therefore to be optimized for efficient gene excision with minimal toxicity.

In the present study, we aimed to delete Gpr88 throughout all brain regions of the adult mice
using the CreER™ system. Three novel neuron-specific inducible transgenic Cre-driver lines had been
constructed at the mouse clinic institute, and had not been characterized as yet. We therefore bred
floxed Gpr88 mice with each line, in order to induce the gene KO in adult animals, and test whether
behavioral deficits described in Gpr88 /- (Logue et al., 2009, Quintana A, 2012, Meirsman et al.,,

2015) are also detected when Gpr88 is deleted during adulthood.
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Materials and Methods

Generation of Gpr88-Cre-ERT:2 mice

Mice expressing the Cre-ER™ under the control of brain specific SRY-box containing gene 2 (Sox2),
Neurofilament light polypeptide (NeFL) and Enolase2 (Eno 2) promotors were obtained from the

Institut Clinique de la souris (lllkirch, France; http://www.ics-mci.fr/mousecre/index ). These mice

resulting from BAC transgenesis were crossed with Gpr88-floxed mice to obtain Gpr88-NeFL-Cre-

ER™, Gpr88-Sox2-Cre-ER™ and Gpr88-Eno2-Cre-ER™ (Figure 1).
Subjects and Treatment.

Male and female mice aged 8 weeks in the beginning of the treatment were bred in-house. Animals
were group housed and maintained on a 12hr light/dark cycle (lights on at 7:00 AM) at controlled
temperature (22+1°C). Food and water were available ad libitum throughout all experiments expect
during the novelty suppressed feeding test. All experiments were analyzed blind to genotypes. All

experimental procedures were reviewed and approved by the local ethic comity.

Tamoxifen was dissolved in 10 % Ethanol absolute and 90% Sunflower oil. Control animals
received vehicle solution (10% Ethanol, 90% sunflower oil). Protocols of tamoxifen administration
used in each mouse line are detailed in Table 1. Given tamoxifen toxicity, treatments were tested as
to minimize total tamoxifen administration. For each mouse line, PCR on genomic DNA was
performed in order to verify treatment and site-specific Gpr88 excision. Then, if the latter was
confirmed, Gpr88 expressionand receptor activation were quantified 3 weeks after the lastinjection

by gPCR and [S35]-GTPyS respectively.

Genomic PCR
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All PCRs were run one week after the lastinjection to allow complete genomic excision. Tissue from
tail, lungs and striatum were collected and PCR was run in order to test for deletion of Gpr88 exon
2. We used one forward primer (5' GTC CTAGGT GTG GAT ATG ACC TTA G 3') and one reverse primer
(5" GTTTGT TTC CTC ACT GGC TGA GAG TC 3') to detect the excision (216pb). Two to three mice per

treatment were used for each PCR analysis.
Real-time quantitative PCR analysis

All RT-gPCR were run 3 weeks after the last injection of tamoxifen to allow RNA downregulation
after Gpr88 excision. Brains were removed and striata were manually dissected. Tissues were
immediately frozen on dry ice and kept at-80°C until use. RNA was extracted and purified using the
MIRNeasy mini-kit (Qiagen, Courtaboeuf, France). cDNA was synthetized using the first-strand
Superscript Il kit (Invitrogen®, Life Technologies, Saint Thomas, France). qRT-PCR was performed in
triplicates on a LightCycler 480 Real-Time PCR (Roche, Manheim, Germany) using iQ-SYBR Green
supermix (Bio-Rad, Marnes-la-Coquette, France) kit with 0.25ul cDNA in a 12.5 pul final volume.
Gene-specific primers were acquired from sigma Aldrich (Saint-Quentin Fallavier, France). Relative
expression ratios were normalized to the level of HPRT and the 2-AACt method was applied to

evaluate differential expression level. For PCR analysis two to five mice per treatment were used.
[35S]-GTPyS binding assays

All functional assays were run 3 weeks after the last injection of tamoxifen to permit degradation of
pre-existing GPR88. To perform GTPyS assays mice were sacrificed by cervical dislocation and the
whole striatum was bilaterally removed, frozen in dry ice and stored at -80°C until use. All assays

were performed on membrane preparations.
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Figure 1: Schematic representation of Gpr88 inducible mouse lines.

(A} Exon 2 of the Gpr88 gene is flanked by LoxP sites in the Gpr88™F* mouse line. (B) These mice
where bred with 3 mouse lines expressing the Cre-ER™ under the control of 3 strong brain specific
promoters (Allen brain atlas http://mouse.brain-map.org/). (C) When Cre+ offspring is treated with
tamoxifen, the Cre enzyme translocates to the nucleus and deletes the flanked exon 2.

Tablel: Summary of tamoxifen treatment administered to Gpr88 inductible mouse lignes.
i.p.: intraperitoneal; p.o.: peros.

Protocol delivery

Protocol 1
Frotocol 2
Protocol 3
Protocol 4
Protocol 5%

Protocol 6%

ip.
Lp.
po
po
Lp.

p.o.

1mg
1 mg
10mg
5mg
5mg

5mg

100 pL
100 pL
300pL
150pL
150pL

150pL

Quantity Volume Treatments Total
finjection finjection

Iday fday
2 2mg
2 2mg
1 10mg
2 10mg
1 amg
1 Smg

— Gpr88- Gpr88- GprB8-
d Sox 2- Eno2- MNeFL-
3Y$  Cre-ER™ Cre-ER™ Cre-ER™

5 X X

15 X X
2 X
5 X
] X
5 x

* These protocels lead to tamoxifen-specific mortality and where immediatly abandened (not shown)
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Membranes were prepared by homogenizing the tissue in ice-cold 0.25 M sucrose solution
10 vol (ml/g wet weight of tissue). Samples were then centrifuged at 2500 g for 10 min. Supernatants
were collected and diluted 10 times in buffer containing 50 mM TrisHCI (pH 7.4), 3 mM MgCl2, 100
mM NaCl, 0.2 mM EGTA, following which they were centrifuged at 23 000 g for 30 min. The pellets
were homogenized in 800uL ice-cold sucrose solution (0.32 M), aliquoted and kept at - 80°C until
further use. For each [35S]GTPyS binding assay 2ug of protein was used per well. Samples were
incubated with and without ligand, for 1 hour at 25°C in assay buffer containing 30 mM GDP and 0.1
nM [35S]GTPyS. Bound radioactivity was quantified using a liquid scintillation counter. Bmax and Kd

values were calculated using

Microsoft Excel Software. Non-specific binding was defined as binding in the presence of 10

UM GTPyS and Basal binding was defined has binding in the absence of agonist.

Behavioral experiments

To assess behavioral responses mice expressing (Cre+) or not (Cre-) the CreER™ were used. For each
genotype, one group was treated with vehicle (oil) while the other group was treated with
tamoxifen. Mice underwent subsequently elevated plus maze (Dayl), habituation to the open field
for 10 min (day 2), social interaction (day 3) stereotypies recording (day 4), marble burying (day 5),
novelty suppressed feeding (day 8 to 10), accelerating rotarod (day 15-19), grip and string tests (day
22).

Elevated plus-maze (EPM). The EPM was a plus-shaped maze elevated 52 cm from base, with black
Plexiglas floor, consisting of two open and two closed arms (37 x 6 cm each) connected by a central
platform (6 x 6 cm). The experiments were conducted under low-intensity light (15 lux). Movement
and location of the mice were analyzed by an automated tracking system (Videotrack; View Point,
Lyon, France). Each mouse was placed on the central platform facing a closed arm and observed for
5 min. Anxiety-like behavior was assessed by measures of the time spent and number of entries in
closed and open arms of the maze, and related time and activity ratios (time spent or number of

entries in open arms/total time spent or number of entries in arms). Risk-taking behavior was
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evaluated by the percentage of time spentin the distal part of the open arms (time spentin the last
1/3 of the open arm/total time inarms) and the number and duration of head dips (total number of

head dips and head dips from the distal part of the open arms).

Social interaction test. Mice were placed in the open field under deem light condition (<10 Lux) with
a naive wild time control animal with the same genetic background. The session lasted 10min and
was recorded by a videotrack system (Videotrack; View Point, Lyon, France). In total four behavioral

parameters were analyzed: nose and paw contact, following and grooming.

Spontaneous motor stereotypies. For spontaneous motor stereotypies scoring, mice were gently
placedin a single house cage filled with approximately 2 cm of animal bedding and observed for 10
min in a deem light environment. The following parameters were directly scored: number of
rearings, burying, grooming, circling and head shakes episodes. The total duration of the burying

episodes was also measured.

Marble burying test. The marble burying test was carried out using 20 small glass marbles (15 mm)
evenly spacedin atransparent single cage (21 X 11 X 17 cm) over 4cm sawdust bedding. The cage
was covered by a plastic lid in a room illuminated at 40 Lux. The mice were left in the cage for 15
minutes and the number of unburied marbles was counted. The total number of marbles buried was

considered as an index of anxiety levels.

Novelty suppressed feeding test. All mice were subjected to fasting for 24 h before the beginning
of the test but water was provided ad libitum. 30min before the beginning of the test, mice were

isolated to increase anxiogenic conditions.

During the test, 3 food pellets (regular chow) were placed on a square piece of white filter
paper positioned in the center of an open field (50 x 50 cm) that was filled with approximately 2 cm
of animal bedding. Each mouse was placed in a corner of the open field. The latency to the first bite
of the food pellet was recorded (defined as the mouse sitting on its haunches and biting the pellet
with the use of its forepaws). The cut off time was set at 15 min. After the test was over the animal

was placed in his homecage and left algone for 5min. The food intake during this period was scored.
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Accelerating rotating rod test (“easy”). Coordination, equilibrium, and motor skill acquisition were
tested using an accelerated rotating rod (Panlab, Barcelona, Spain) test. Briefly, mice were placed
on the rod covered with insulation tubing in three trials every day for a period of 4 days. The rod
accelerated from 4 to 40 rpm in 5 min and remained at maximum speed for the next 5 min. Animals
were scored for their latency to fall (in seconds) for each trial and rested a minimum of 1min

between trials to avoid fatigue and exhaustion.

Muscular strength measurement: Grip test. Mice placed on the grid of a dynamometer (BioSeb,
Chaville, France) and were pulled by their tails in the opposite direction. The maximal strength
exerted by the mouse before losing grip was recorded. The mean of three measurements allowing

30 sec of recovery time between each of them was calculated.

String test. The apparatus was a length of string (50cm) pulled taut between two vertical supports
and elevated 40 cm surface. The mouse was placed on the string on his forepaw at a point midway

between the supports and the latency for the animal to place his hindpaws on the string was rated.
In situ mRNA hybridization

In situ hybridization using nonradioactive Dig-dUTP-labeled antisense GPR88 riboprobes were
performed on cryostat sections (25 um) of Gpr88-Eno2-Cre-ERT> treaterd and not treated with 1mg
of tamoxifen twice a day during 15 days (protocol 2). Mice were sacrificed 4 weeks after tamoxifen
treatment. The GPR88 riboprobe (717 bp) encompassed the entire exon 2 and the 50 150-bp portion

of exon 3.

The sections were fixedin4 % PFA (in PBS, pH 7.4) for 10 min at room temperature, washed
in PBS three times for 3 min each, acetylised (acetic anhydre 1%, triethanolamine 2%, Tween 3%,
1M HCI 5%) for 10min at room temperature and then washed in PBS three times for 3 min each. The
slides were dehydrated in 1 min successive baths : 60%, 75%, 95%, 100% EtOH, 100% CHCI3, 95%,
100% EtOH before an overnight hybridization at 70 °C with 1uL/150 pL labeled antisense probe in
hybridization buffer (50 % deionized formamide , 20x SSC 2%, 50% Dextran,50X Denhardt, yeast
tRNA 1%).
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After two post-hybridization washes with 2x SSC Tween 20 (10 %) (1h at 70°C and 5 min at
Room temperature) the sections were washed in PBS three times for 10 min each. The sections were
then treated for 1 h with blocking solution [10 % Normal Goat serum (1M Tris pH7.5, 5M Nacl)] and
incubated with Antidig Ab (1:2500 in blocking solution) for 2 hours. The sections were washed three
times for 10 min eachwith 1M Tris pH7.5, 5M Nacl solution where they were stored at 4°C. The next
day all section were washed in 5M Nacl, 1M MgCl2, 1M Tris pH9.5, Tween 20 (10%) before visualized
in dark with bromochloro-indolyl phosphate and nitrobluetetrazolium (Amresco). After they
developed sufficient color, the reaction was stopped by a wather wash. The sections were stored at

Room Temperature until ordered, and mounted on to pertex coated slides.

Results

Molecular analyses are shown in Figure 2 and behavioral analyses in Figure 3.

|. Gpr88-Sox2-Cre-ER™

Protocol 1: 2mg/day-5days i.p.

1) Gpr88 excision in Sox2-Cre-ER™ mice is not treatment-specific

PCR results show, for both treatments, the presence of a 216 bp band (Figure 2A), indicating that
exon 2 of the Gpr88 gene was excised in both tamoxifen and vehicle groups. Experiments in this

mouse line were therefore stopped.
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Il. Gpr88-Eno2-Cre-ER™

Protocol 1: 2mg/day-5days i.p.

1) Protocol 1 leads to treatment-specific Gpr88 excision in Eno2-Cre-ER™

Genomic PCR results indicate the successful tamoxifen-specific Gpr88 excision (Figure 2B).
Intriguingly, Gpr88 gene excision was also deleted in lung tissue (data not shown). Since Gpr88

expression is restricted to the brain, we proceeded to further analysis at protein level.
2) GPR88 receptor signaling is not altered by tamoxifen treatment in protocol 1

Agonist induced [35S]-GTPyS results (Figure 2C) indicate no difference in agonist-induced receptor

activation between mice treated with tamoxifen or vehicle.

Protocol 2: 2mg/day-15days i.p.

1) Mice treated with protocol 2 show decreased Gpr88 mRNA and receptor activation.

Three weeks after the last tamoxifen injection, mice were sacrificed and striata were removed for
both RNA extraction and membrane preparation. Results indicated that this treatment leads to
reduced mRNA levels by RT-gPCR (t (9) = 2,25, p=0,051) (Figure 2D), although in situ hybridization
analysis did not allow the detection of reduced mRNA signal on striatal slices of tamoxifen-treated
animals (Figure 2E). We further tested GPR88 signaling and found a detectable reduction of the
agonist-induced [35S]-GTPyS signal, which was variable across individuals (with average decrease of
+ 24%, see Figure 2F). We therefore generated of animal cohorts treated with this protocol for

subsequent behavioral studies.
2) Deletion of Gpr88 by protocol 2 does not produce behavioral deficits

The overall behavioral analysis, including rotarod, revealed no difference between mice treated with

tamoxifen or vehicle (Figure 3). Experiments in this mouse line were therefore stopped.
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Figure 2: Summary of protocols and mouse lines tested for tamoxifen-induced Gpr88 gene excision (genomic PCR)
and reduction of GPR88 signaling (GTPgS assay) in the striatum of adult mice. Protocal 1 in Gpré8-Sox2-Cre-ER™
mice show tamoxifern-independent exdsion of Gpr88 (A). In Gpr88-Eno2-Cre-ER™ protocol 1 led to tamoxifen-
dependent Gpr&& gene excision (B} but no decrease in receptor signaling {C). On the contrary, protocol 2
successfully led to a partial decrease of GPRB8 signaling (F) and small decrease in mRNA levels (D) althought not
detectable in in situ hybridization imaging (E). Protocol 2 also led to successful tamoxifen-dependent excision of
Gpré8 in Gpr88-NeFL-Cre-ER™ (5] but the mRNA level remained unchanged (GTPyS was not tested). In the case of
per ostamoxifen administration {protocol 3 & 4) Gpr&8 transcript levels (H) and receptor activity (1) were unaltered
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Figure 3: Mo behavioral consequences of tamoxifen-induced Gpr88 KO in adult mice. The Gor88-Eno2-Cre-
ER™ line that responded to tamoxifen was tested in a five-test battery. The four groups of mice (Cre-vhe n=11. Cre-
tmed n=13, Cre+vhe n=11; Cre+tmxf n=17, treatment protocel 2} were tested for (A) exploration and anxiety levels in
the elevated plus maze, and no difference was found between genotypes or treatments. (B} In the social interaction
test, four behavioral parameters were evaluated. and no genotype or treatment effect was found. (C ) No difference
were found when scoring motor stereotypies. Testing animals in other anxiety tests, including (D) marble burrying or
(E} novelty suppressed feeding, indicates no effect of tamoxifen treatment or genotype. Finally, moter coordination
and muscular strenght were assessed in the (F) rotarod, (G) string and (H) grip tests revealing no significant
difference across the groups (Two-Way ANOVA)
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I11. Gpr88-NeFL-Cre-ER™

Protocol 2: 2mg/day-15days i.p.

1) Protocol 2 leads to treatment- and site-specific Gpr88 excision in NeFL-Cre-ER™

PCR results depicted in Figure 2G show treatment specific excision of Gpr88 in the striatum. Also,

the deletion was tissue specific not affecting tissue from lungs (data not shown).
2) Gpr88 expression is not altered by tamoxifen treatment in protocol 2

Protocol 2 had no effect on Gpr88 mRNA levels (Figure 2H).

Protocols 3 & 4: 10mg/day_2days & 5mg/day_5 days p.o

1) Gpr88 expression and receptor activation were not modified by tamoxifen treatment

None of the per os protocols tested in Gpr88-NeFL-Cre-ER™ enabled Gpr88 mRNA (Figure 21) or

protein decrease (Figure 2J)

Discussion

In the present chapter we presented several attempts to induce the knock-down of Gpr88 in the
adult mouse brain, and none of them was successful. There are many possible explanations for

failure in these experiments, and we will discuss some of them.

Sox2 is a transcription factor essential for the maintenance of pluripotency of
undifferentiated embryonic stem cells. Sox2 signaling is crucial for development, notably the

nervous system (Arnold et al., 2011) and was chosen to ensure excision in adult neurons although
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it has been detected in placodal epithelium, gut endoderm and developing eye (Brazel et al., 2005,
Wood and Episkopou, 1999). Despite its strong expression during embryogenesis, we hoped that
the CreER™ fusion would remain silent during development, and be induced under tamoxifen
treatment at the adult stage only. It seems that, in this case, Cre expression was leaky, as is

sometimes the case with strong promoters (Garcia-Otin and Guillou, 2006)

Enolase 2 (or neuron-specific enolase_ NSE) is a glycolytic enzyme found in most neurons
and neuroendocrine cells (Forss-Petter et al., 1990, Rosenstein, 1993), and the Enolase 2 (Eno2)
promoter was chosen on this basis. Using Eno2-Cre transgenic mouse lines, Cinato and collaborators
(2001) showed that the Cre was highly expressed in the cerebellum and cortex with lower
expression in other areas of the brain. Also, using a LacZ reporter mouse line, these authors
demonstrate Cre activity (although low) in the caudate-putamen under the control of this promoter
(Cinato et al.,, 2001). In accordance, our experiments show successful, although very partial,
decrease of GPR88 signaling activity in tamoxifen-treated Gpr88-Eno2-CreER™. The limited efficacy
of tamoxifen across individuals, even upon the strongest treatment protocol, may be due to low
strength of this promoter in neurons of the striatum, either because of the promoter itself or due
to unfavorable integration site of the transgene in this particular line. Alternatively, GPR88 mRNA
and protein turnover may be unusually slow, and analysis at later time points may reveal a more

complete Gpr88 KO.

The Gpr88 KO was partial but nevertheless detectable. We therefore underwent behavioral
testing. When using AAV-Cre injection in the striatum of adult Gpr88 floxed mice (see section 2 of
the present chapter) we found that partial knockdown of Gpr88 in the striatum was sufficient to
impair motor coordination. As such, it was expected that tamoxifen treatment in Gpr88-Eno2-Cre-
ER™* mice would, at the very least, lead to decreased latency to fall from the rotarod. Surprisingly,
the overall behavioral analysis, including rotarod, reveals no difference between mice treated with
tamoxifen or vehicle. One explanation could be that all of the tested behaviors have a
developmental origin. This conclusion, however, would contradict our data from virally-mediated
Gpr88 knockdown, as well as our own observation that acute treatment with a selective GPR88
agonist enhances animal performance on the rotarod (unpublished). The most likely explanation is

that Gpr88 KO in the tamoxifen treated-GPR88-Eno2-Cre-ER™ line is not sufficient to alter any
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behavior. Interestingly a recent paper, published after these experiments were stopped, reported
another Eno2-CreER™ driver line, with Cre expression restricted to the cerebellum and dentate
gyrus of the hippocampus, and no detectable signal in the striatum or other Gpr88-expressing areas
(Pohlkamp et al., 2014). Although our Eno2-CreER™ line is a different transgenic line, this study
strengthens the notion that Eno2 promoter activity is weak at the level of the striatum. The

characterization of our line with reporter mice would be one way to confirm this hypothesis.

Neurofilament light polypeptide (NeFL) assembles along with neurofilament heavy and
medium polypeptide into neurofilaments, the main structure of the cytoskeleton in mature neurons
(Calmon et al., 2015). This promoter was selected on the basis of high expression of NeFL in adult
neurons. However, despite successful genomic deletion of Gpr88 in the striatum of tamoxifen-
treated mice, Gpr88 expression levels and receptor signaling remained unchanged, and this was the
case for all three protocols tested. It is possible that the genomic site of transgene integration did
not allow efficient CreER™ expression. In fact, we tried more aggressive protocols leading to high
lethality (Table 1) and In situ hybridization analysis of Gpr88 mRNA in brain slices showed a
detectable qualitative decreased of Gpr88 expression (data not shown). However, these protocols

were abandoned due to ethical issues.

In conclusion, attempts to characterize inducible neuronal Cre-driver lines, which would allow
time-controlled Gpr88 KO, were not continued. Obviously, the screening of more founder lines, and
improvement of tamoxifen efficacy in the brain are required to pursue this goal. Should progress be
done inthe future, these lines may prove invaluable tools to tackle gene function in the developing

animal, and the genetic bases of neurodevelopmental disorders.
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Abstract

Background. GPR88 is a G protein-coupled receptor (GPCR) highly expressed in medium spiny
projection neurons of the striatum, a brain region implicated in neuropsychiatric disorders
characterized by deficient sensorimotor gating. In previous reports, mice lacking Gpr88 were shown
to present several behavioral abnormalities relevant to schizophrenia, including acoustic prepulse
inhibition (PPI) deficits. In the present study we investigated whether the sensorimotor gating deficit
observed in Gpr88 7  animals extend to visual modalities, and further examined the role of

striatopallidal GPR88 in the regulation of sensorimotor gating.

Methods. We tested both total Gpr88 knockout mice and conditional Axa-Gpr88 knockout mice in
striatopallidal neurons for performance in acoustic and visual PPl. Also, we evaluated general

inhibitory process by testing GAP detection in the two mouse lines.

Results. We show that the full deletion of Gpr88 impairs acoustic as well as visual sensorimotor
gating. Also, we show that this deficit is not the result of a general inhibition deficit. Furthermore,
we demonstrate that deletion of Gpr88 in striatopallidal projection neurons is not sufficient to
disrupt neither acoustic nor visual PPI, suggesting that these receptors are not implicated in the

regulation of PPI.

Conclusion. Our results definitely implicate GPR88 in the pathophysiology of sensorimotor gating
disorders such as schizophrenia. Also, our data suggest that GPR88 in striatopallidal neurons co-
expressing the dopamine 2 receptor do not regulate this process, suggesting a possible role of

striatonigral GPR88 in sensorimotor gating.

Keywords: Cross-modal PPI, schizophrenia, striatopallidal GPR88, GAP detection.

Introduction
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GPR88 is an orphan G-protein coupled receptor (GPCR) highly enriched in the dorsal (caudate-
putamen, CPu) and ventral striatum (nucleus accumbens, Nac and the olfactory tubercle) (Logue et
al., 2009, Massart R, 2009, Quintana A, 2012). The distinctive pattern of Gpr88 expression has
generated considerable excitement regarding the physiological role of this receptor and its potential
implication in brain diseases. Human genetic studies reported a positive association between Gpr88
and schizophrenia as well as bipolar disorder, thus pointing to this receptor's gene as a strong
candidate for these psychiatric conditions (Del Zompo et al., 2014). Accordingly, studies using full
knockout (KO) mice for GPR88 showed that the lack of receptor produces behavioral phenotypes
relevant to schizophrenia, such as sensorimotor gating deficits, psychomotor agitation, enhanced
behavioral responses to dopamine psychostimulants (apomorphine and amphetamine) and
impaired cue-based learning (Quintana A, 2012, Logue et al., 2009). The sensorimotor gating deficits
as well as increased sensitivity to apomorphine-induced stereotypies could be prevented by
pretreatment with the typical and the atypical neuroleptics, haloperidol and risperidone,
respectively (Logue et al., 2009). More recently, Ingallinesi et al. (2014) showed that local ablation
of GPR88 into the nucleus accumbens produces no behavioral alterations in normal rats, but could
attenuate the schizophrenia-related phenotypes (the hyperlocomotion in response to
amphetamine and the social novelty discrimination deficit) induced by neonatal administration of
PCP (Ingallinesi et al., 2014). Altogether these studies suggest that GPR88 may play role in the
pathophysiology of schizophrenia, but further studies are needed to substantiate GPR88 has a target

for this complex disorder, and understand the underlying circuit mechanisms.

Prepulse inhibition of acoustic startle reflex (PPI) is considered one of the few schizophrenia-
related behavioral measure that has been modeled in animal research. Acoustic PPl refers to the
attenuation of a startle reflex response to a loud acoustic startling stimulus (pulse) when it is
preceded shortly by a weak stimulus. PPl is a time-linked phenomenon that reflects a transient
activation of a ‘protective gate’ triggered by the detection of the prepulse allowing the processing
of the prepulse to occur without disruption by the succeeding pulse and thus prevent the organism
for information overload (Geyer et al., 2002). PPl impairments have been reported in patients with
schizophrenia and in several other neuropsychiatric disorders linked to dysfunction of the cortico-

striato-pallido-thalamo circuitry, such as Tourette’s syndrome, Huntington’s disease and attention
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deficit/hyperactivity disorder. (Powell et al., 2012, Swerdlow et al., 2000, Geyer, 2006, Geyer, 2008).
Previous studies showed impaired sensorimotor gating in Gpr887 mice (Logue et al.,2009), but data
relied solely on the use acoustic PPl paradigms. PPl is a multimodal phenomenon where the
prepulse and the startling stimulus can be presented in either the same or different sensory
modalities (Swerdlow et al., 2000). As demonstrated by numerous studies, the neural substrates
subserving PPl varies greatly with stimuli modality (Swerdlow et al., 2001, Ces et al., 2012). Also, the
PPI deficits reported in schizophrenia patients are evident across multiple sensory modalities (Braff
et al., 2001). Here we tested whether the acoustic prepulse inhibition deficit observed in Gpr88 -
animals extends to visual PPI, and therefore generalizes across modalities. In addition, we tested KO
animals in a GAP detection paradigm, involving a brief interruption of continuous background noise
prior to presentation of the startling pulse, to examine whether the Gpr88 KO produces a more

general inhibitory dysfunction.

Gpr88 expression in the striatum is confined to medium spiny projection neurons (MSNs)
commonly segregated into two subpopulations based on receptor expression and their projection
targets. MSNs of the direct striatonigral pathway express dopamine D1 receptors (D1R) and project
to the substantia nigra pars reticulata and the internal segment of the globus pallidus, whereas
MSNs of the indirect striatopallidal pathway contain dopamine D2 (D2R) and adenosine A2A
receptors and innervate the substantia nigra pars reticulata via the external segment of the globus
pallidus (GPe) and subthalamic nucleus (Calabresi et al., 2014, Quintana A, 2012, Logue et al., 2009,
Massart R, 2009). These two populations of MSNs are known to differentially participate to striatal
functions as they are coupled to output pathways with opposing properties. To tackle circuit
mechanisms of GPR88 function, we recently developed conditional Gpr88 knockout mice lacking the
receptor selectively in D2R-expressing neurons (Gpr88/24¢r¢), We found that this mouse line
recapitulates several phenotypes observed in the total Gpr88 KO mice, indicating that GPR88 in
striatopallidal neurons regulates these behaviors. These include increased locomotion and
exploratory behavior (manuscript 2) as well as impaired motor coordination and altered locomotor
response to dopaminergic agonists (in preparation). Here, we further investigated whether Gpr88

deletion in D2R-expressing MSNs also modulates sensorimotor gating processes.
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Altogether, the goal of this study was to test total Gpr88 KO mice (Gpr88 7*) and Gpr8842A-<Cre
conditional KO mice, and their controls, in acoustic and visual PPIs, as well as in GAP detection. Our
data indicate that Gpr88 ¥ mice show a deficit in the two PPl modalities, but this is not observed for

Gpr882A-re KO. The two lines otherwise show normal GAP detection.

Materials and Methods
Animals

Mice (male and female) aged 10-15 weeks where bred in house and grouped house 3-5 animals per
cage.Animals where maintained on a 12hr light/dark cycle atcontrolled temperature (22+1°C).Food
and water were available ad libitum throughout all experiments. All experiments where approved
by the local ethic comity (CREMEAS, 2003-10-08-[1]-58). For all mouse line used construction as well

as total or conditional knockout were described previously (Meirsman et al., 2015)(manuscript 2).

Mice were genotyped using PCR-based genotyping with the following primers:
5'GAAGAGTGA AACCACAGGTGTGTACAC 3',5' GTT TGT TTC CTC ACT GGC TGA GAG TC 3' for GPR88
+/+and 5' GTC CTAGGT GTG GAT ATG ACCTTAG 3',5' GTT TGT TTC CTC ACT GGC TGA GAG TC 3'
for Gpr88 7~ and Gpr8842A<Cre, To verify the presence of Cre and Myosine (the latter as a positive
control) the following primers were used: 5 GAT CGC TGC CAG GAT ATA CG 3’, 5'CAT CGC CAT CTT
CCAGCAG 3 and 5 TTA CGT CCATCG TGG ACA GC 3’, 5TGG GCT GGG TGT TAG CCTTA 3’.

Apparatus

Testing was carried in six startle reflex devices (SRLAB, San Diego, CA, USA). Each device consisted
of a ventilated sound-attenuated cubicle equipped with an animal enclosure (a Plexiglas cylinder
with 5.1 cm outside diameter mounted on a Plexiglas platform). A high-frequency loudspeaker,
placed 28 cm above the animal enclosure produces both a continuous background noise (65 dB) and
the various acoustic stimuli. A piezoelectric accelerometer attached to the Plexiglas platform detects

and transduces the movements of the animals within the cylinder. The visual stimuli (flashes of
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lights) were provided by a visual kit consisting of 10 white LEDs (5mm in diameter/5600 m.c.d.; Marl
International Optosource, Cumbria, Los Angeles, CA) and mounted on the top of the cylinder. Before
each PPl session piezo accelerometer sensitivity, acoustic and visual stimuli levels were calibrated.
Startle amplitude were obtained from the recording of 65 readings of 1ms beginning at the stimulus

onset.
General procedure

Each mice cohort were submitted to PPI testing in the following order: acoustic PPI, visual PPl and
GAP detection paradigms. Resting period of at least 2 days was used between two successive PPI

testing.

Acoustic PPl procedure: The session starts by a 5 min acclimation period followed by 5 consecutive
startling pulses (white-noise 110-dB/40 ms) that were excluded from the analysis. Ten different trial
types were then presented in a random order: startling pulse alone; eight different prepulse trials
in which either 10 ms long 70, 80, 85, or 90 dB stimuli were presented alone or preceded the startling
pulse by 50 ms, and finally one trial in which only the background noise (BN) was presented to
measure the baseline movement in the Plexiglas cylinder. Inter-trial intervals lasted 20 sec in

average (15-25 sec).

Visual PPI procedure: The session starts by a 5 min acclimation period followed by 5 consecutive
startling pulses (white-noise 110-dB/40 ms) that were excluded from the statistical analysis. Eleven
different trial types were then presented: startling pulse alone, visual prepulse (1000 Lux/20 ms)
presented alone or atvarious intervals (2, 10, 20, 50, 100, 200, 500, and 2000 ms between prepulse
offset and pulse onset) before the startling pulse, and finally a trial in which only the BN was
presented. All trials were applied 10 times and presented in random order with aninter-trial interval

of 20 sec in average (15-25 sec).

Gap detection procedure: The session started by a 5 min acclimation period followed by 5
consecutive startling pulses (white-noise 120-dB/40 ms) that were excluded from the statistical

analysis. Ten different trial types were then presented: startling pulse alone, a brief silent gap of
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various durations (5, 10, 15, 20, 25, 30, 35 and 40 ms) inserted immediately before the startling
pulse, and a trial in which only the BN was presented. All trials were applied 10 times and presented
in random order with an inter-trial interval of 20 sec in average (15-25 sec).

PPl performance was expressed as percentage decrease in the amplitude of basal startle reflex
caused by presentation of the prepulse (% PPIl) according to the following formula: % PPl =100 *
[(startle response for pulse-alone) - (startle response for prepulse + pulse)]/ startle response for
pulse-alone. The magnitude of the acoustic startle response and the reactivity to the acoustic
prepulses was calculated as the average response to all of the pulse-alone and prepulse-alone trials,

respectively.

Statistics: For all PPl sessions data were analyzed by two-way ANOVA with genotypes as the
between-subject factor and the stimuli parameters (prepulse intensities, prepulse-pulse intervals
and gap durations) as the repeated measures. Posthoc comparisons were carried out using
Bonferroni's multiple comparisons test whenever the two-way ANOVAs indicated statistically
significantmain or interaction effects. For Basal startle reactivity and mean PPI percentage unpaired
Student t testwere used. All statistics were performed using GraphPad Prism 6 (GraphPad Software,

Inc, USA) and the accepted level of significance was p<0.05.

Results
Deficient acoustic prepulse inhibition in total Gpr887- but not Gpr8842A-<re KO mice

As depicted in Figure 1 A the prepulse inhibition percentage (PPl %) increased with increasing
prepulse intensity for Gpr88 7~ as well as control littermates (F3, 102)= 258,7; p < 0,0001) attaining

higher levels when a prepulse of 90dB was presented (For detailed statistical analysis refer to
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supplementary table 1). ANOVA indicates a significant genotype effect for Gpr88 7~ mice compared
to wild type littermates (F1, 34) = 11,96; p = 0,0015). Post hoc comparison revealed significant
differences for prepulse intensities of 80 and 85dB (80dB: t(136)= 2,98; p<0,05; 85dB: t(136)=3,5;
p<0,01) When comparing mean total PPI levels (Figure 1 B) there was also a significant difference
between Gpr88 7~ animals and their control (t(34) =3,44; p=0,0016). This genotype differences were
not due to an altered startle reactivity as Gpr88 7~ and control animals present the same startle

reactivity (t (34) =0,42; p=0,679) (Table 1).

Similar to Gpr88 7 mice, Gpr88 #2A-Cre and their control present increased levels of PPl % with
increase in prepulse intensities (F 3,48)=135,6; p < 0,0001) (Figure 1 C). However, deletion of Gpr88
in striatopallidal neurons did not altered PPI levels in cKO mice for none of the prepulse intensities
tested (F(1,16) = 1,12; p=0,305). As depicted in Table 1 control and experimental animals from cKO

mouse line present similar levels of basal startle reflex (t(16) = 0,14; p=0,89).

Deficient visual prepulse inhibition in total Gpr887- but not Gpr8842A-<re KO mice

When tested for visual PPI, Gpr88 7 mice and their control presented higher levels of inhibition for
visual stimuli presented 20ms before the pulse, and decreasing thereafter (Figure 2A). ANOVA
therefore revealed a significant prepulse-to-pulse interval effect (F (7,238)= 18,17; p<0,0001) Two-
way ANOVA also revealed a significant difference between Gpr88 ** and Gpr88 7~ mice (F (1, 34) =
4,134; p=0, 0499). Multiple comparison shown a significantdifference for visual prepulse presented
20ms before the pulse (t (272) =3, 67; p<0, 01). When comparing global levels of PPl % regardless of
the prepulse-to-pulse interval (Figure 2 B) Student t testalsoindicates a significant PPl % decrease
for Gpr88 7~ mice (t(34)= 2,048; p=0,048). Analysis of baseline startle reactivity (Table 1) show no

significant difference between control and experimental animals (t (34) = 0.14; p=0, 89).

Conditional KO animals presented a visual PPl profile similar to full KO animals with higher
PPI levels for visual stimuli presented 20ms before the pulse (Figure 2 C) (F (7,112) = 9.47; p< 0,0001).
However, there was no genotype effect (F (1,16) = 0,69; p= 0,419) or global PPl % differences (t (16)
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=0,84; p=0,41) for this mouse line (Figure 2 D). Similarly, Gpr88 #?4r¢ present similar startle reflex

levels (Table 1) than their control animals (t (16) =0,64; p=0,53).

Normal gap detection in total Gpr887- and Gpr8842A-<re KO mice

Figure 3A shows an increased GAP detection with increasing GAP duration for Gpr88 7~ mice and
their control littermates (F (7,238)=313,8; p < 0,0001). When compared to wild type animals, Gpr88
7/~ mice present a systematic lower GAP detection for higher GAP duration (>20ms). Consistently,
ANOVA show aninteraction between GAP duration and genotype effect (F(7,238)=2,111; p =0,0432).
However, there was no genotype effect (F (1,34)=0, 69; p =0, 41) nor significant difference in global
GAP detection for Gpr88 7~ (t (34) = 0,88; p=0,39). As for acoustic and visual PPl there was no
difference in startle reactivity (t (34) = 0,66; p=0,52)

As for Gpr88 7~ mice, conditional KO animals presented increased GAP detections for higher
GAP durations (Figure 3B) (F(7,112)=129,12; p < 0,0001). However, genotype (F(1,16)= 1,36; p =0,26),
interaction effect (F (7,112)= 0, 64; p = 0, 72) or differences in global GAP detection (t (16) = 1,26;
p=0,23) were absent for the Gpr8842A-"e conditional KO (Figure 2C and Figure 2F). Once again, cKO

and control animals displayed similar startle reflex levels (t (16) = 0.26; p=0,799).

Discussion

In the present report we confirm the acoustic prepulse inhibition deficit of Gpr88 7 reported
previously (Logue et al., 2009) and further demonstrate that the sensorimotor gating deficit extends
to visual prepulse. Importantly, we show that these deficits do not require GPR88 in striatopallidal

pathway MSNs.
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Previous reports indicate that lack of GPR88 increases basal locomotor activity and alters
responses to dopaminergic drugs (Quintana A, 2012). Furthermore, Logue et al report a deficit in
acoustic PPI reversed by antipsychotic drugs in Gpr887- mice, suggesting for the first time a role of
this receptor in the pathophysiology of schizophrenia (Logue et al., 2009). In agreement, Gpr88 7
mice in the present study showed a general decrease in acoustic PPl percentage significant for
prepulses of 80 and 85 dB, despite a normal startle reflex and acoustic prepulse reactivity. When
presented with a visual prepulse at different intervals from the startling pulse mice exhibit a
prepulse facilitation (increased startle reactivity) for shorter intervals (2 and 10ms) but a decrease
in startle reactivity for visual prepulses presented 20-2000ms before the pulse. General visual PPl is
decreased in Gpr88 7 animals with highest differences from control when the visual flash is
presented 20ms before the acoustic startle. Once again, this impairment in sensorimotor gating
cannot be attributed to changes in startle or prepulse reactivity as Gpr88 deletion had no effect on
this parameters. While background noise (BN) was shown to facilitate acoustic startle reflex (ASR),
interruption of the BN is considered a form of GAP detection acting on inhibitory circuits in the
brainstem to decrease startle reactivity (Ison et al., 1998, Ouagazzal et al., 2006). When testing mice
in a GAP detection sessions, we corroborate previous findings showing that the presentation of a
GAP in the background noise inhibits the startle reflex (Ison and Allen, 2003). This inhibition
increased for higher GAP duration, with KO and control animals displaying similar levels of startle
reactivity. This result thus indicates that the deficient acoustic and visual PPl observed in Gpr88”
animals result from a deficient sensorimotor gating rather than from a general inhibition deficit. The
transcriptional, cellular, and neurochemical modifications, previously identified in the striatum of
Gpr887- mice and including downregulated dopamine D2R-MSN and glutamate signaling marker
genes, low dendritic spine density, and DA contents (Meirsman et al., 2015), may contribute to

sensorimotor gating processes involving GPR88.

In human as in rodents there is converging evidence supporting the importance of
dopaminergic transmission acting via D2R in the control of PPl (Swerdlow et al., 2000, Swerdlow and
Geyer, 1998, Swerdlow et al., 2001, Powell et al., 2012). For instance, it has been shown that
amphetamine does not disrupt PPl in mice lacking D2R whereas DiR deletion has no effect on

amphetamine-mediated PPI disruption, suggesting a prominent role of D2R and indirect pathway in
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the regulation of PPI (Ralph et al., 1999). Another pharmacological study showed that administration
of the D2-like receptor agonist quinelorane in mice disrupts visual PPl (Ces et al., 2012), and
altogether, we anticipated that mice lacking striatopallidal GPR88 would show significant
impairment of both acoustic and visual PPIs, as do total knockout animals. Our data, however, show
no detectable deficit for these animals. It is possible that selective deletion of Gpr88 in the
striatopallidal projection pathway was not sufficient to impair sensorimotor gating regardless the
sensory modality. Alternatively, the lack of sensorimotor gating deficit in Gpr88424-¢"¢ mice may
indicate that GPR88 activity in D2R neurons does not influence this particular function of
striatopallidal neurons. Noteworthy is our observation of motor phenotypes in these conditional
knockout mice (in preparation), strongly suggesting that GPR88 in this pathway does not modulate

sensorimotor gating but regulates other aspects of D2R MSN function.

We cannot exclude that GPR88 contributes to sensorimotor gating via receptor activity at
the level of D1R MSNs. In line with this hypothesis, pharmacological activation of D1R-like receptor
was shown to decrease both acoustic and visual PPl in mice (Ces etal., 2012, Ralph-Williams et al.,
2002), demonstrating the possible implication of striatonigral neurons also. A final possibility is that
lack of GPR88 in both MSNs is necessary to disrupt PPI. Future investigations using conditional KO
of Gpr88 in striatonigral pathway MSNs expressing D1R will help us understanding how GPR88 in
MSNs subpopulations regulates sensorimotor gating. Finally, and independently from MSN activities
in adult animals, the contribution of GPR88 for the normal development of neural circuits underlying
sensorimotor gating remains to be clarified, particularly when considering GPR88 as a target for

drug design to effective treatments of sensory gating-related mental disorders.
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Legends to figures

Figure 1: Acoustic prepulse inhibition (PPI)in mice lacking Gpr88. Full (A) (N=19 Gpr88 */*, 17 Gpr88
/) and conditional (C) KO animals (N=8 Gpr88 ¥/, 10 Gpr88 A2A-Cre) present increased PPI levels with
the increasing prepulse intensities. When compared to control littermates Gpr88 7~ show impaired
general PPI (B) with significant decrease for prepulses of 80 and 85 dB (A). However, Gpr88 A2A-Cre
mice present normal acoustic PPl (C and D). Data are represented as mean + SEM. Solid stars: two
stars p < 0.01 (Student t test). Text stars: one star p<0, 05; two stars p < 0.01 (Bonferroni's multiple

comparisons test)

Figure 2: Visual prepulse inhibition (PPI) in mice lacking Gpr88. Full (A) and conditional (C) KO
animals present visual PPl for prepulses presented between 10 and 200ms. When compared to
control littermates Gpr88 7(N=19 Gpr88 **, 17 Gpr88 *°) show impaired visual PPl (B) with
significant decrease for prepulses presented 20 ms before the pusle (A). In contrast, Gpr88 A2A-Cre
mice (N=8 Gpr88 /fix, 10 Gpr88 #24-Cr¢) display visual PPl levels similar to their control littermates (C
and D). Data are represented as mean * SEM. Solid stars: one star p < 0.05 (Student t test). Text

stars: one star p<0, 05 (Bonferroni's multiple comparisons test)

Figure 3: GAP detection in mice lacking Gpr88. Full (A) (N=19 Gpr88 */*, 17 Gpr88 ") and conditional
(C) KO animals (N=8 Gpr88 f*/fix, 10 Gpr88 A2A-Cre) present an increased inhibition of the startle
reactivity for increasing duration of the background noise interruption. When compared to wild type
animals there was no significant difference in the percentage of GAP detection for full (A and B) or

conditional (C and D) KO animals. Data are represented as mean + SEM.
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Table 1. (Acoustic PPI): Baseline activity (background noise, BN), reactivity to the acoustic prepulse and
startle reflex response of Gpr88/- and Gprg88*2A-Cre:

Mouse line Prepulse intensity (dB) Pulse
BN 70 80 85 90 110-dB/40 ms
WT  4,2t0,6  4,5t0,7 6,310,6 8,310,7 22,8+4,0 283,7423,0
Gpr88’
KO  4,1+0,6 4,4+0,7 7,440,8 11,6+1,6 38,055 297,2422,6

WT  2,240,5 2,610,4 9,943,1  20,146,0 70,8%14,4 318,4467,7
G pl..88A2A -Cre
ckO  2,6%0,3 2,8t0,4 4,4+0,9 10,944,2  31,0+12,9 330,4+54,1

Table 2. (Visual PPI): Baseline activity (background noise, BN), reactivity to the visual prepulse and startle
reflex response of Gpr88”/- and Gprg8g~2A-cre

Mouse line Visual Prepulse (1000Lux/20ms) Pulse
BN Prepulse alone 110-dB/40 ms
WT 8,210,8 8,1+0,9 292,3+24,6
Gpr88/-
KO 7,120,6 7,410,7 296,9+23,0
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WT 6,4+1,0 5941,1 190,2+44,2
G pr88A2A -Cre
ckO 8,4+1,6 8,2+1,4 249,3+43,1

Table 3. (GAP detection): Baseline activity (background noise, BN) and startle reflex response to the pulse
of Gpr88/- and Gpr88"2Acre

Mouse line Pulse
BN 120-dB/40 ms
WT 448 +0,2 335,36 £ 6,3
Gpr88”
KO 559+0,3 361,4 +6,9
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Table S1: statistical analysis of PPI sessions in Gpr88 7 and Gpr88

A2A-Cre

mice

Student t-test

Repeated measures ANOVA

Student t-test

Acoustic Startle Genotype
. ype/ prepulse effect Interaction Mean PPI
Reactivity treatment effect
Mouse line PPI Session
Acousti 1(34) = 0,42 F(1,34)=11,96 | F(3,102)=258,7 | F(3,102)=1,192 t (34) =3, 44
coustic p =068 p =0,0015 p <0,0001 p =0,3168 p=0, 0016
Gpr88 o’ Visual t(34) = 0,14 F(1,34)=4,134 F (7,238) = 18,17 F (7, 238) = 1,820 t(34)= 2,048
n=19 WT, 17 KO p =089 p =0,0499 p <0,0001 p =0,0841 p=0,048
GAP 1(34) = 0,66 F(1,34)=0,6944 | F(7,238)=3138 |[F(7,238) =2111 t(34) =0, 88
p =052 p =0,4105 p < 0,0001 p =0,0432 p=0, 39
Acoustic t(16) = 0,14 F(1,16) =1,120 F(3,48)=1356 | F(3,48)=0,8784 t(16) = 1,026
p =0,89 p =0,3057 p <0,0001 p=0,4589 p =032
Gpr88 A2A-Cre
h ) t(16) = 0,64 F(1,16)=0,6857 | F(7,112)=9469 |F(7,112)=0,3704 1(16) =0, 84
n=8 WT, 10 cKO Visual p =053 p =04198 P <0,0001 p=09178 =0, 41
GAP t(16) = 0,26 F(1,16)=1,356 | F(7,112)=1295 |F(7,112)=0,6388] 1t(16)=1,26
p =0,80 p =0,2613 p < 0,0001 p =0,7229 p=0, 23
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General Discussion

Inthe presentdiscussion | willoverview the results presentedthroughoutthis thesisand putitinthe context
of the recentliterature. Mostimportantly, | will discuss the relevance of these findings to the understanding
of GPR88 function and future directions that may contribute to this knowledge. For this matterthis section
will be divided in three parts: (1) GPR88 KO mice and basal ganglia disorders (2) Tonic and developmental
role of GPR88 and (3) GPR88 regulation of Medium Spiny Neurons (MSNs) activity.

1. GPR88 KO mice and basal ganglia disorders.

Functional abnormalities within the striatum and basal ganglia circuits have been shownin several
neuropsychiatricand motordisorders(Ringand Serra-Mestres, 2002). Along with dopaminergicD;Rand DR,
the adenosine A2areceptorandthe orphanreceptors GPR6 and GPR52, GPR88 is one of the most abundant
non-odorant G protein-coupled receptorsin the rodent striatum (Komatsu, 2015). Given the high and almost
specificexpressionof Gpr88throughout dorsal and ventral striatal regionsitis not surprising that deletion of

this receptor’s gene results in abnormal behavioral outcomes characteristic of basal ganglia disorders.

The first behavioral report using GPR88 knockout (KO) animals postulates that these mice could
constitute a valid animal model for schizophrenia disorder (Logue et al., 2009). In fact, in this report, the
authors showed increasedapomorphine-induced stereotypies as well as sensitization to the locomotor effect
of d-amphetamine. Most importantly, they found prepulse inhibition (PPI) deficits reversed by both typical
and atypical antipsychotics further demonstrating that lack of GPR88 induces phenotypes relevant to
schizophrenia. Accordingly, another report confirmed the increased response to amphetamine-induced
locomotion in Gpr88 KO animals and further shows initial learning deficits in these animals (Quintana A,
2012). The association study indicating a positive correlation between Gpr88 and schizophrenia
subpopulations finally established the importance of GPR88 in the study of the pathophysiology of
schizophrenia (Del Zompo et al., 2014). In Manuscript 1 we confirmed the increased basal locomotion of
Gpr88 KO mice and further demonstrated that these mice present stereotypic behavior. Furthermore, we
showed forthe firsttime alterations in the prefrontal cortex (PFC) of mutantanimals(e.g. downregulation of
Drd2 and Drd3) furthersuggesting that these animals may constitute a valid animal model of schizophrenia

disorder. Unlike schizophrenic patients; we found decrease and unaltered dopamine levels in the Caudate-
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Putamen (CPu) and Nucleus Accumbens (Nac) respectively which could either result from different
measurement techniques or different physiological alteration. Also, in Manuscript 2, we showed that Gpr88
KO mice present increased drive toward social interaction, which contrasts with the social withdrawal
observed in schizophrenic patients suggesting that lack of GPR88 does not model this symptomatic

dimension.

In chapter 3, we confirmed the sensorimotor gating deficits shown by Logue and collaborators and
furtherextenditto visual stimuli. PPl deficits are not exclusive to schizophrenicpatients and are also seen,
for instance, in attention deficit/hyperactive disorder (ADHD) patients (Feifel et al., 2009). Accordingly, as
observed in ADHD patients, we also showed (see chapter 1 section 2) that mutant mice presented
hyperactive behavior in familiar environments, reversed by Methylphenidate treatment. Accordingly, the
dopamine transporter (DAT) gene (Slc6a3) was found to be down- and up-regulatedin the CPu and Nac of
Gpr88 - mice respectively (Manuscript 1). Unfortunately, to our knowledge, impulsive or attention deficit
phenotypes were neverassessed inthese mice. Relevant to both schizophreniaand ADHD research, further
studies could include afive choice serial reaction time test (5-CSRTT) assessing both impulsive behaviorand
sustained attention. Moreover, further investigation on PFC activity (e.g. c-fos counting) in Gpr88 KO could
also help understandingthe mechanismsunderlying the general behavior of these mice. Infact, itis possible
that a PFC hypofunction underlies behavioral disinhibition observed in mutant animals (Valera et al., 2007,
Maleticand Raison, 2014). These investigations on executive functions could also determine whether Gpr&88
KO mice represent a valid model of mania. Indeed, in addition to the genetic association found between
Gpr88 and bipolardisorder (BPD) patients, lack of this receptor causes general hyperactivity, supersensitivity
to psychostimulants andincreased exploratory behavior. So far, existing data are still poorto determine the
relevance of this receptor in BPD research. Also, brains of GPR88 mutant mice show no gross
cytoarchitectural abnormalities (Logue et al., 2009) as observed in advanced BPD patients. The low-anxiety
phenotype found in several well validated tests suggests a susceptibility for risk-taking behaviors but more
appropriate measures (e.g. lowa Gambling Task) are needed to validate a model of risk-taking (Manuscript
1 and 2). This low-anxiety phenotypeis actually quite puzzling when considering the overall behavioral
phenotype of Gpr88 7 mice. First, as shown above, these mice present several behavioral outcomes
comorbid to various psychiatric diseases but high rather than low anxiety is also often reported in such
pathologies. Also, while pharmacological activation of GPR88 could be considered as a potential target for
the treatment of schizophrenia, ADHD or mania, anxiety disorder patients would benefit from

pharmacological blockage (ratherthan activation) of GPR88. As such, before considering activation of GPR83
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as a potential treatment for psychotic symptoms, possible side effects such as increased anxiety should be

assessed.

Besides the psychiatric symptoms modeled by Gpr88 deletion, mutant mice also presented motor
coordination deficits observed in several reports and different rotarod sessions (Quintana A, 2012)
(Manuscript 1 and chapter 2 section 2). Additionally, 6-OHDA-induced depletion of dopamine neurons
(pharmacological model of Parkinson’s disease) decreased and increased striatopallidal and striatonigral
Gpr88 expression respectively (Massart R, 2009). Consistently, deletion of Gpr88 was found to decrease
dopamine levels and spine density in the dorsal striatum further suggesting that this receptor’s activation
could constitute a relevant pharmacological target for Parkinson’s disease (PD) (Manuscript 1) (Logue etal.,
2009, Deutch etal., 2007). Assuch, despite the absent of neurodegeneration or catalepsy in GPR88 KO mice
added to the increased (rather than decreased) locomotor initiation, data suggest that GPR88 may be
involvedinthe cellular mechanisms arising from DA depletionin PD. Moreover, striatal Gpr88 re-expression
reversed the motor coordination deficit observed in full KO animals (Quintana A, 2012) and virally-mediated
deletion of Gpr88 in adult mice decreased motor coordination (chapter 2 section 2). Therefore, future
investigations should verify whether GPR88 agonist administration in rodent models of Parkinson’s disease

improve motor coordination deficits.

2. Tonic and developmental role of GPR88

Many psychiatric disorders such as schizophrenia and ADHD are thought to originate from
neurodevelopmentalabnormalities(Lewis and Levitt, 2002, Ronald et al., 2010). On the contrary, Parkinson’s
or Huntington’s disease have late onsets and are the consequence of neurodegeneration. Gpr88 expression
starts during embryonic phases and is highly regulated during post-natal development suggesting a role in
development of striatal physiology (Van Waes V, 2011). As such, it is possible that phenotypes observed in
constitutive KO animals are the consequence of GPR88 absence during development rather than during
adulthood. Unrevealing the tonic vs developmental role of GPR88 would bring us a step closer to

understanding its role in neuropsychiatric and motor disorders.

After constitutive and total deletion of Gpr88, Quintana et al (2012) showed that re-expression of
Gpr88 in adult mice’s striatum reversed the hyperlocomotion and motor deficits thus indicating that this
receptor regulates such functions in the adult striatum. In our lab, using a virally-mediated knockdown

approach we deleted Gpr88in the adult mice striatum (chapter 2 section 2) and confirmed that this
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receptortonically regulates motor coordination. However, we tested other emotional phenotypes shown to
be altered in full KO animals (e.g. Elevated plus maze, Open Field exploration, novelty suppressed feeding)
but found no differences with control mice injected with AAV-eGFP. (Data notshown). It is possible that (1)
GPR88 regulates these behaviors during developmental stages, (2) deletion of Gpr88 (+50%) was not
sufficient to induce such phenotypes, or (3) these behaviors are not regulated by GPR88 in the striatum.
Consideringthislatter possibilitywe tried to develop aninducible deletion of Gpr88 in the whole adult brain
using CreER™ approach. As described in section 3 of the Chapter 2 we were unfortunately not able to
significantly delete Gpr88 using this approach. However, a recent report suggest that GPR88 in the adultrat
Nac regulates phenotypes modeling schizophrenic symptoms (PCP-induced hyperlocomotion and defident
social novelty discrimination) further confirming that GPR88 may represent a novel target addressing
psychoticand cognitive symptoms (Ingallinesietal., 2014). Future studies should consider the importance of
clearly determining the function of striatal and extra-striatal GPR88 in the adult brain if we aim a

comprehensive understanding of this receptor’s functioning throughout the brain.

3. GPR88 regulation of Medium Spiny Neurons (MSNs) activity

Figure 1 summarizes our hypothesis on the role of GPR88 in striatopallidal and striatonigral neurons

based on our data from full and A2A-conditional Gpr88 KO mice.

Within the striatum, GPR88 is found in both Enkephalin (Penk, selectively expressed in
striatopallidal neurons co-expressing D2R) and substance P (SP, selectively expressed in striatonigral
neurons co-expressing DiR) expressing cells, mainly in post-synaptic domains contacting
asymmetrical synapses suggesting a potential role in modulating excitatory inputs on MSNs
(Massart R, 2009, Quintana A, 2012). Electrophysiological studies on Gpr887 animals revealed
increased firing rates in MSNs of KO animals accompanied by increased and decreased
Glutamatergic and GABAergic transmission respectively (Quintana A, 2012). Added to the decreased
cyclic Adenosine monophosphate (cAMP) in Gpr88-expressing cells (data not shown) and the GPR88
agonist-induced dose-dependent [S35]-GTPyS response in striatal membranes (functional assay
used to measure Gi/o but not Gs dependent GPCR activity), overall, data suggest that GPR88 is

coupled to a Gi/o protein.
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The precise mechanism underlying GPR88 regulation of MSNs function still remains to be
understood. Within MSNs, dopamine (DA) afferent inputs acting on Di1Rincreases intracellularcAMP
facilitating glutamatergic transmission therefore increasing striatonigral transmission and SP
expression. On the contrary, dopamine acting on D2R decreases membrane potential and
presynaptic glutamatergic release therefore decreasing striatopallidal transmission and Penk
expression. Consequently, DAergic depletion increases Penk expression and striatopallidal
transmission while decreasing SP expression and striatonigral transmission (Murer et al., 2000).
Intriguingly, dopamine depletion has the opposite effect on Gpr88 expression. In fact, this receptor
is upregulated and downregulated in striatonigral and striatopallidal neurons respectively (Massart
R, 2009). Gpr88 full deletion downregulated genes selectively expressed in striatopallidal neurons
(Adora2a, Gpr6, Drd2 and Penk) while having no effect on striatonigral-specific Pdyn (Manuscript
1). This result suggests a possible decrease of striatopallidal activity in Gpr88”- mice. Accordingly,
full KO animals show increased locomotion as observed in striatopallidal depleted mice (Durieux PF,
2009, Durieux PF, 2012, Bateup et al., 2010). Alternatively, this increased locomotion could be the
result of increased striatonigral transmission. When Gpr88 is selectively decreased in striatopallidal
neurons, mice display the same hyperactive phenotype than full GPR88 KO animals further
suggesting decreased striatopallidal transmission. Also, in agreement with a decreased
striatopallidal transmission, we showed that both full and conditional KO animals display decreased
avoidance behavior and increased stereotypies previously suggested to be regulated by these
neurons (Hikida et al., 2010, Tanimura et al., 2010, Tanimura et al., 2011). On the other hand only
full KO show increased approach behavior shown to be mediated by activation of striatonigral
neurons (Manuscript 2). A previous report has suggested that deletion of Gpr88 may increase the
sensitivity of post synaptic D2R (Logue et al., 2009). This could in fact explain the decreased
expression of Adora2a, Gpr6, Drd2 and Penk found in full KO animals and the decreased
glutamatergic transmission in Gpr88 A?AC'¢ mjce. Also, an increased sensitivity of post-synaptic
dopaminergic receptors could result increased response to dopaminergic agents. In Gpr88 A2A<re
mice, the increased SKF-induced (D1R agonist) locomotion could be the consequence of a general
locomotor disinhibition (mediated by decreased striatopallidal transmission) but a possible

compensatory alteration in
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Figure 1. Schematicrepresentation of a hypothetical mechanism underlying behavioral outcomes observed
in mice lacking GPR88. If GPR88 directly or indirectly inhibits dopamine (DA) receptors activity (A), deletion
of the receptor gene would increase their activity. In striatopallidal neurons increased D2R activity would
decrease MSNs transmission leading to increased locomotion, decreased avoidance behavior and impaired
motor coordination (B and C) (Durieux et al, 2012; Bateup et al 2010). In striatonigral MSNs (B), increased
D1R activity would oppositely lead to increased activity of striatonigral transmission. This would (also)
increase locomotion as well as goal-directed behavior (Bateup et al. 2010; Hikidaetal. 2010). A conditional

KO mice of GPR88 in striatonigral neurons would help confirm this model.

striatonigral MSNs in these mice should not be excluded. The lack of increased sensitivity to
haloperidol in Gpr88 7~ mice could result from an increased striatonigral transmission counteracting
D2R mediated pro-cataleptic effects. It is also likely that GPR88 regulation of MSNs transmission
involves more complex mechanisms that indirectly implicate dopamine receptors activity. In fact,
further investigations are needed to validate the hypothesis of increased dopamine receptors
activity in KO mice. For instance, if striatonigral transmission is enhanced by Gpr88 deletion, then
approach or goal-directed behaviors should also be increased. A more suitable way for assessing
approach behaviors would include place preference for either cocaine or chocolate as measured in
previous studies (Hikida et al., 2010, Hikida et al., 2013, Kravitz and Kreitzer, 2012, Kravitz et al.,
2012) . Also, increased and decreased striatonigral and striatopallidal transmission respectively

would ideally be measured with electrophysiological approaches.

In sum, data suggests that lack of GPR88 in striatopallidal neurons decreases transmission in
this particular MSN population, but further investigations are needed to validate this hypothesis.
This in progress project will include studying the effect of Gpr88 deletion in DiR-expressing

striatonigral neurons.
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Conclusion

In the present thesis we extend knowledge of GPR88 function not only in the striatum but in
extrastriatal regions. Moreover, for the first time, we aim to elucidate the role of this receptor within

different MSNs subpopulations.

Behavioral and pharmacological results confirmed the importance of GPR88 in basal ganglia
disorder and show for the first time involvement of this receptor in anxiety-like behaviors. In fact,
we clearly show that GPR88 regulates striatal and extrastriatal physiology and neurotransmitter
release. Future studies should continue to investigate the role of GPR88 in extrastriatal areas and
regulation of monoamine release and receptors activation. Also, we show that GPR88 in
striatopallidal MSNs regulates anxiety-like behaviors and motor functions but has no impact on
sensorimotor gating. Finally, the conditional KO approach suggests that this receptor may regulate
MSNs function in opposite ways and, most importantly, open new avenues for further studies

ultimately leading to a full and comprehensive understanding of GPR88 function.
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Résumé étendu de Theése

GPR88 est un récepteur couplé a protéine G (RCPG) orphelin exprimé dans le systeme
nerveux central principalement au niveau du striatum (caudé-putamen, Cpu et noyau Accumbens,
Nac) et de I'amygdale centrale (CeA). Actuellement peu d’études adressent le réle de GPR88 in vivo.
Des études montrent une régulation de I’expression de GPR88 suite a des traitements antidépressifs
et des régulateurs d’humeurs. De plus Logue et collaborateur (2009) propose que l'invalidation de
I’expression de GPR88 pourrait conduire a une pathologie de type schizophrénique. L’ensemble de
ces données suggére que GPR88 pourrait jouer un role important dans le développement et/ou
I’expression de pathologies psychiatriques. Ces troubles atteignent une population jeune dont les
soins représentent d’énormes investissements de la part des familles et de I’Etat. Le DSMIV compte
aujourd’hui plus d’'une dizaine de catégories de troubles psychiatriques dont les causes restent a
élucider. La recherche dans le domaine des pathologies psychiatriques représente ainsi un des

grands axes de recherche scientifique en France et dans le monde.

Mon projet de these a pour but d’étudier dans le temps et dans I’espacela fonction de GPR88
dans le développement et/ou I’expression de troubles psychiatrique (e.g. schizophrénie, trouble

obsessionnel compulsif, trouble de I’attention/hyperactivité) et moteurs (e.g. Parkinson).

Notre laboratoire a créé une lignée de souris knockout (KO) constitutive pour GPR88 (GPR88
) et montré que celles-ci présentent des phénotypes caractéristiques de modéles de pathologies
psychiatriques comme la schizophrénie (déficit du filtre sensorimoteur, hyperactivité motrice,
exacerbation de I'effet locomoteur des amphétamines, stéréotypies, diminution de I'anxiété avec
augmentation de la prise de risque), ainsi que de pathologies motrices comme la maladie de

Parkinson (déficit de coordination motrice).

Jai contribué a cette étude en examinant si GPR88 interagit avec d’autre RCPG inhibiteurs. Nous
avons évalué les réponses [S35]-GTPyS induites par des agonistes spécifiques sur des membranes
de striatum de souris GPR88”-. Nous avons testé I'activation des récepteurs a la dopamine D2,
mGIuR glutamatérgique, m2/m4 muscariniques ainsi que les récepteurs opioides Delta et Mu.
L’analyse du profil d’activation de ces RCPG inhibiteurs nous indique que la délétion de Gpr88 mene
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a une forte augmentation de I'activation des récepteurs opioides Delta et Mu. Cette information
nous a permis de montrer que la diminution d’anxiété et le déficit de coordination motrice
présentée par les souris GPR88”" sont restaurés par I’administration d’un antagoniste du récepteur

opioide Delta (Naltrindole) (Figure 1).
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Figure 1: La délétion de Gpr88 cause une augmentation de lactivation du récepteur opioid Delta partiellement
responsable d’une diminution des comportement du type anxieux. (A) Les essais [S35]-GTPYS sur des membranes de
striatum de souris mutantes et sauvages indiguent une augmentation de la transmission Mu (a) et Delta (b) chez les
souris Gpr88 . (B) Certain phénotype du labyrinthe en croix surélevé comme l'augmentation des « stretch attend
postures » (b) et des « head dips » (c) effectué dans la zone distale de Iapparatus sont contrecarrés par a
d’administration chronigue d’un antagoniste du récepteur Delta (Naltrindol). De méme, la diminution de neophagie des
souris Gpr88 7~ est contrecarré par Fadministration de I'antagoniste Delta (C). Les données sont représentées en
moyenne + SEM. Les étoiles ouvertes représentent les ANOVA a 2 facteurs et les étoiles noires représentent I'analyses t
de student. Une étoile: p<0.05; 2 étoiles: p<0.01; 3 étoiles: p<0.0001

Nous avons ensuite décidé de nous pencher sur les mécanismes cellulaires de GPR88 dans
le striatum. Cette région est la structure d’entrée des ganglions de la base, un systeme de noyaux
sous-corticaux fortement impliqués dans le contréle moteur et les processus motivationnel, et dont

le fonctionnement est altéré dans des pathologies aussi bien motrices que psychiatriques.

Les neurones de projection du striatum peuvent étre divisés en deux populations selon la
structure de projection et les récepteurs exprimés. On y distingue ainsi la voie Directe (Striato-

Nigral) qui co-exprime le récepteur a la dopamine D1 (D1R) et a la substance P ; et la voie Indirecte
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(striato-pallidale) qui exprime le récepteur D2 (D2R), A2a et Enképhaline. L'Ensemble des données
de la littérature suggéere un role antagoniste de ces deux voies de projection ; cependant, plusieurs
études récentes mettent le modele classique en cause et soulignent I'importance des possibles
interactions entre ces deux voies pour le bon fonctionnement des circuits des ganglions de la base.
De facon intéressante, et contrairement a la plupart des récepteurs exprimés dans le striatum,

GPR88 est fortement exprimé dans les deux voies de projections.

Afin de mieux comprendre le réle de ce récepteur au sein du striatum nous avons développé
un knockout du géne dans chacune des deux populations principales du striatum (voies directe et
indirecte) par une approche Cre/Lox. Nous avons commencé par croisé des souris Gpr88fiox/flox gyec
des souris exprimant la cre-recombinase sous controle du promoteur du récepteur Aza (Gpr887f X
Adora2-Cre_ cKO de la voie Indirecte). La vérification, par marquage d’hybridation in situ, de la
délétion du géne du récepteur GPR88 (A2a—GPR88), nous a montré une diminution de I’ARNm de ce
gene spécifiquement dans les neurones exprimant le récepteur D2R dans le striatum (dorsal et
ventral) ainsi que dans le noyau centrale de I'amygdale (Figure 2). J'ai caractérisé le knockout du
gene dans cette lignée et ai procédé a I’étude du profil d’activation des RCPG inhibiteurs sur ces
souris knockout conditionnelles. Nous avons testé |"activation des récepteurs a la dopamine D2,
mGIuR glutamatergique, m2/m4 muscariniques ainsi que les récepteurs opioides Delta et Mu. Les
résultats montrent que la délétion conditionnelle de Gpr88 meéne aussi a une forte augmentation
de l'activation des récepteurs opioides Delta et Mu ainsi qu’a une altération de I'activation du
récepteur a la dopamine D2 et une diminution de I'activation des RCPG du glutamate (mGIuR). La
caractérisation comportementale de cette lignée nous a permis de montrer que la délétion de Gpr88
dans la voie indirecte est suffisante pour causer une forte diminution de I’anxiété, sans affecterles

réponses physiologiques de peur.
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Figure 2: La délétion sélective de Gpr88 dans les neurones exprimant le récepteur a la dopamine D2 (A) méne a
une diminution du comportement du type anxieux. (A) comptage cellulaire sur triple hybridation in situ avec
sonde fluorescente. (a-d) La quantification de 'ARNm de Gpr88 montre une diminution de celui-ci dans les
neurones exprimant D2R (rouge) mais pas D1R (bleu) dans le caudé-putamen (Cpu: a,b) noyau accumbens (Nac: ¢)
et amygdale central (CeA: d) des souris exprimant la Cre sous le controle du promoteur du gene Adoro2a (Gpr88
A24-0r) | & pourcentage d’expression de Gpr88 a été calculé par rapport au nombre total de cellules comptés
exprimant D1R ou D2R [(nombre de cellules éxprimant D1R ou D2R co-exprimant Gpr88 x 100)/ nombre totale de
cellules éxprimant D1R or D2R]. Quand les souris Gpr88 #24-“¢ sont placés dans un labyrinthe en croix surélevées
elles montrent un pourcentage supérieur de distance et temps passé en bras ouvert que leurs congénéres (a).
Aussi, ces souris mutantes plongent leurs tétes dans le vide (« head dips ») plus souvent (b) et passent plus de
temps que les souris controles dans la zone distale des bras ouvert (c). Les données sont représentées en moyenne
+ SEM. Les étoiles noires représentent 'analyses t de student. Une étoile: p<0.05; 2 étoiles: p<0.01; 3 étoiles:
p<0.0001

Lors de la caractérisation de la lignée Gpr88’ nous avions aussi vérifié que ces souris
présentent des déficits séveres de coordination motrice. Afin de vérifier les mécanismes par
lesquels GPR88 régule la coordination motrice nous avons réalisé le knockout conditionnel (cKO)

inductible de Gpr88 chez I’adulte.

Pour ce faire j'ai réalisé des injections stéréotaxiques de virus recombinant associés a |’adénovirus
(AAV) codant pour la Cre recombinase dans le striatum de souris GPR88 floxés adultes. Cette
approche consiste a réaliser des injections stéréotaxiques de virus recombinant associés a

I’adénovirus (AAV) codant pour la Cre recombinase sur des souris GPR88 floxés adultes.
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Au long de ma premiere année de thése j'avais déterminé les coordonnées stéréotaxiques, la
souche virale, et le temps nécessaire a l'invalidation génomique et fonctionnelle du récepteur
GPR88 dans le striatum. Les expériences fonctionnelles sur des échantillons de striatum nous ont
permis de montrer une diminution de 43% de |’expression du récepteur 4 semaines apres l'injection

du virus.

Ainsi, j’ai généré des cohortes expérimentales composé de souris injectées avec de I’AAV-Cre-eGFP
(groupe expérimentale, N= 24) ou de I’AAV-eGFP (souris controles, N=22). Chaque cohorte a été
soumise a une batterie de tests comportementaux, s’étendant sur 4 semaines, incluant des tests
émotionnels (ex : Elevated plus maze) et moteurs (ex : Rotarod). A la fin de chaque batterie de tests
les striatum de chaque souris étaient prélevés pour effectuer des essaies GTPyS permettant de

guantifié le pourcentage de diminution de I'activité du récepteur GPR88.
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Figure 3: Excision conditionelle de Gpr88 dans le striatum de souris adult (8 semaines). La figure 1A montre le site
d’injection basé sur I'atlas paxinos (panel de gauche) et le signal eGFP suite a I'injection du virus associé a I'adenovirus
(AAV). Les noyaux cellulaires ont été marqués au DAPL Les essais [**S]-GTPyS réalisés suite aux tests
comportementaux montrent que l'expression de la Cre par l'injection d’AAV a mené a une forte diminution de
|'activation de GPR88 (cercles noirs). Toutefois, les souris dont I'activation de GPR88 était égale ou superieure a 70%
de l'activation des souris controle ont été exclus de toute analyses statistique (cercles rouges).
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Nous avons ainsi montré que sila déletion de Gpr88 dans le striatum de la souris adulte cause un
déficit de coordination motrice, cette délétion n’affecte pas les phénotypes émotionnels de ces
souris. Le premier résultat nous permet d’affirmer que GPR88 posséde une fonction tonique qui
régule les fonctions motrices chez le rongeur. Quant au dernier, différentes explications peuvent
surgir : soit GPR88 ne posseéde pas de fonction tonique sur les processus émotionnels, soit cette
fonction (tonique) est exercée par des récepteurs GPR88 exprimés dans d’autres structures

cérébrales.
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Figure 4: Diminution de la coordination motrice suite a I'injection d’AAV-Cre chez la souris. Quatre semaine aprés
les injections stéréotaxiques les souris expérimentales (AAV-Cre) et controles (AAV-Cre-eGFP) ont été placés sur un
rotarod et la latence pour tomber de celui-ci a été mesuré. LANOVA montre une diminution significative du temps
passé sur I'apparatus pour les souris AAV-Cre. Les données sont représentées en moyenne + SEM. Les étoiles
ouvertes représentent les ANOVA a 2 facteurs. Une étoile: p<0.05; 2 étoiles: p<0.01; 3 étoiles: p<0.0001

Afin de vérifier si GPR88 possede un rble tonique dans d’autres structures cérébrales nous avons
généré des animaux GPR88 cKO inductible en croisant les animaux GPR88 floxés avec une souris
transgénique exprimant une Cre-recombinase inductible par le tamoxiféne (CreER'™) sous le
contréle d’'un promoteur neuronal : I’'Enolase 2 (ENO2-CreERT2). Dans un premier temps, j’avais
déterminé que 15 jours d’exposition au tamoxiféne entrainait non seulement une excision robuste
et reproductible du géne codant pour GPR88, mais aussi une diminution de 41% de la réponse GTPyS

induite par un agoniste spécifique du récepteur.

Ainsi, j’ai générée des cohortes expérimentales et soumis les souris a une batterie de tests incluant
des tests émotionnels et moteurs (ex: Elevated plus maze, Rotarod). Considérant nos résultats

indiquant un réle tonique de GPR88 dans le striatum sur la coordination motrice, I’absence totale
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de phénotype par l'approche Cre-ERT2 suggére que excision généré par cette technique est
insuffisante pour révéler un phénotype. Ainsi, j’ai testé différentes doses et voies d’administration
de tamoxiféne afin d’aboutir a une excision supérieur a celle que nous avions obtenue
précédemment (Table 1). Malheureusement, nous ne sommes jamais aboutis a des niveaux

satisfaisant d’excision et ce projet a été abandonné.

Tablel: Résumé des traitement aux tamoxiféne administré a differentes lignées de souris

i.p.: intraperitoneal; p.o.: per os.

.o . Gpr88- Gpr88- Gpris-
Quantité Volume Traitements Total nbde Sox 2- Eno?- NeFL-

Protocole voie . . . . . . . : .
linjection /injection ljour ljour  jour Cre-ER™ Cre-ER™ Cre-ER™

Protocol 1 ip. 1 mg 100 pL 2 2mg 5 X X

Protocol2  ip. 1 mg 100 pL 2 2mg 15 X X
Protocol3  p.o 10mg 300uL 1 10mg 2 X
Protocol4d  p.o. 5 mg 150pL 2 10mg 5 X
Protocol 8 ip. Smg 150uL 1 5mg 5 X
Protocol 6* p.o. 5mg 150uL 1 5mg 5 X

* Ces protocoles ont mené & une toxicité excessives et ont été immeédiatement abandonnés pour des raison éthiques

Finalement, nous avons aussi voulu vérifier si I’excision constitutive de GPR88 dans la voie Indirecte
du striatum suffisait pour causer un déficit moteur. Jai comparé les souris GPR88”" et A2a—GPR88
dans un test de coordination motrice (rotarod) avec deux degrés de difficultés. Les résultats
indiquent que siles souris GPR887 présentent des déficits de coordination motrice dans les deux
conditions et indépendamment de la difficulté de la tache, les souris A;a—GPR88 présentent un
déficit uniquement dans les conditions de difficulté accrue. Ce résultat suggére que GPR88 dans la
voie indirecte du striatum participe a la régulation de la coordination motrice en interaction avec

GPR88 exprimé dans la voie directe du striatum.

Pour vérifier cette hypothése il estimpératif d’évaluer I'impact de’ I'absence de GPR88 dans la voie

directe sur la coordination motrice. Pour ce faire, nous développons couramment une souris
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knockout constitutive conditionnelle de GPR88 dans les neurones de la voie directe du striatum

(GPR88f X D1-Cre).
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Figure 5: coordination mortice chez les souris KO total et conditionels . Les deux lignées de souris ont
&té testés pour une version plus dificil du rotarod ol le cylindre, plus fin, est plus dificil 3 accrocher. Avec
ce protocol les KO total (&) (N=10 KO et 9 WT) et conditionels (B} (N=9 Gprig f&fx 10 Gprag A24-0e)
presentment un deficit de coordination mortice. Les données sont représentée en moyenne + SEM. 3

étoiles: p<0.001 (effet genotype, Two-way ANOVA)

Aussi, nous avons testé les effets locomoteurs des agonistes des récepteurs D1 (D1R,
spécifiguement exprimé au niveau de la voie directe) et D2 (D2R, spécifiquement exprimé au niveau
de la voie indirecte) a la dopamine sur les souris GPR887- et A2a—GPR88. Nous avons observé que,
en absence de GPR88 dans la voie indirecte du striatum, les souris présentent une sensibilité
augmentée aux effets locomoteurs de I’agoniste des récepteurs D2 a la dopamine mais aussi de
I’agoniste des récepteurs D1 a la dopamine. Ce résultat suggére que la délétion de Gpr88 au sein de

la voie indirecte peut avoir causé des altérations au niveau de la voie directe. Un résultat similaire a
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été obtenue avec les souris GPR88™-. Aussi, nous avons testé la catalepsie induite par I’antagoniste
du récepteur 2 a la dopamine (halopéridol) sur les souris GPR887- et A,a—GPR88. Les résultats de
cette analyse montrent que la délétion de Gpr88 dans la voie indirecte augmente la sensibilité aux
effets cataleptiques de I'administration de I'antipsychotique halopéridol. Ce résultats n’a pas été
observé sur les souris GPR88”- qui présentent laméme catalepsie que les souris contrdles. Ensemble
ces résultats montrent que la délétion de Gpr88 sur les deux voies ou uniqguement sur la voie

indirecte du striatum n’a pas le méme effet sur le fonctionnement des récepteurs a la dopamine D2.

Le r6le de GPR88 ne se limite pas au processus moteurs et émotionnel. En effet, j’ai confirmé
que I’absence ubiquitaire de GPR88 menait a un déficit du filtre sensorimoteur (mesuré par le test
du Prépulse inhibition_PPI) et ceci sur plusieurs modalités sensorielles (auditif, visuel et gap
détection). Der plus nous avons montré que ce déficit n’est pas lié a un déficit général d’inhibition.
Le test du PPI est utilisé chez I’humain pour le diagnostic de plusieurs pathologies psychiatriques.
Chez le rongeur, ce test est utilisé sous des conditions quasiment identiques et constitue un outil
primordial dans I'étude de pathologies neuropsychiatriques. Nous avons donc voulut vérifier si
GPR88 dans la voie indirecte du striatum jouaient un role dans le phénomene d’inhibition du
prépulse. Nos études nous ont permis de montrer que la délétion constitutive de Gpr88 dans la voie
indirecte du striatum ne suffisent pas a causer un déficit d’inhibition du prépulse, indépendamment

de la modalité sensorielle.
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Figure 5: Déficit d'inhibition du prepulse (PPI) acoustique chez les souris Gpr88 “~. (A) En accords avec des
données publiée, les souris Gpr88 7 présentent un déficit de PPI significatif pour les prépulse de 80 et 85 dB. (B)
Contrairement au KO total, les souris Gpr88 #24-C présentent les mémes valeures de PPl que leurs congénérent
suggérant un filtre sensorimoteur inaltéré. Les données sont représentées en moyenne + SEM. Les étoiles de texte
représentent 'analyse post hoc suite a 'ANOVA. Une étoile: p<0.05; 2 étoiles: p<0.01; 3 étoiles: p<0.0001.

Par ailleurs, j'ai aussi montré que I|’administration aigue de methylphénidate (traitement
pharmacologique du trouble de déficit de ['attention avec hyperactivité, TDAH) réduit
I’hyperactivité motrice des souris GPR887- confirmant I'importance de ce récepteur dans I’étude

des mécanismes liés au TDAH (non publié).

En conclusion, mon projet de thése a permis de positionner de fagcon décisive le récepteur
GPR88 comme une nouvelle cible pour le traitement de plusieurs troubles. Nous avons pour la
premiere fois montré que ce récepteur joue un role dans les processus liés a I'anxiété. Aussi, nos
données montrent que ce role serait joué par les récepteurs situés dans les neurones striataux
exprimant le récepteur D2R. Aussi nous avons montré que GPR88 interagie fonctionnellement avec
le récepteur opiacé Delta et que I'excision du géne de GPR88 dans les neurones D2R du striatum
suffit a augmenté I’activation du récepteur Delta. Au niveau moteur, nous avons prouvé qu’une

altération de ce récepteur chez I'adulte peut étre liée aux déficits de coordination motrice observés
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en clinique. Aussi, nos résultats suggérent que GPR88 régule la coordination motrice par une action
combiner dans les neurones striato-pallidaux et striataux-nigraux. . Cependant, le délétion de ce
récepteur uniquement au niveau striatopallidal suffit pour altérer les réponses aux agents
dopaminergiques.  Ces résultats innovant permettront non seulement d’approfondir nos
connaissances sur les processus liés a I'anxiété mais aussi I’envisagement de nouveau traitement

pour les troubles associés.
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~ Aura Callia Carole MEIRSMAN

- Réle du récepteur orphelin
GPR88 dans les pathologies
psychiatriques et motrices

Résumé

GPR88 est un récepteur couplé aux protéines G orphelin exprimé principalement au niveau
du striatum spécifiquement dans les neurones moyens épineux de la voie striato-nigrale et
de la voie striato-pallidale.

Premierement nous avons étudié les souris Gpr88 KO et montré des altérations
biochimiques, structurales et comportementales. Aussi les résultats montrent que
I'hyperactivité des souris Gpr88 KO est diminuée par 'administration de méthylphénidate.
Deuxiemement nous avons montré que la diminution des comportements liés a 'anxiété
dépend de GPR88 dans la voie striato-pallidale et que la coordination motrice est régulée
par GPR88 dans le striatum adulte (injection AAV-Cre) et dans la voie striato-pallidale
Dernierement, nous avons confirmé un déficitd’inhibition du prépulse chez les souris Gpr88
KO, mais aussi montré que celui-ci s’étend a la modalité visuelle et n'est pas lié a un déficit
général d’inhibition ou a la délétion de Gpr88 dans les neurones striato-pallidaux.

Mots clefs: récepteur couplé a protéine G; Anxiété; coordination motrice; inhibition du
prepulse; striatum; neurones moyen epineux.

Résumé en anglais

Among brain orphan G protein-coupled receptors, GPR88 shows high expression mainly in
the striatum specifically in medium spiny neurons of both the striatonigral and striatopallidal
pathways

First, we examine full Gpr88 KO mice and show biochemical, structural and behavioral
alterations. Results also show that the hyperactivity phenotype of Gpr88 KO mice is
reversed by Methylphenidate.

Second, we show that Gpr88 in striatopallidal neurons (cKO approach) exerts anxiogénic
activity and that motor coordination is regulated by GPR88 in the adult brain (AAV-Cre
approach) and in the striatopallidal pathway.

Finally, we confirmed previous data showing impaired acoustic prepulse inhibition in Gpr88
KO mice and further show that this deficit is not the result of a general inhibition deficit or of
the lack of GPR88 in striatopallidal neurons.

Keywords: G protein coupled receptor; Anxiety; motor coordination; prepulse inhibition;
striatum; medium spiny neurons.
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