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ABSTRACT

All drugs of abuse yield a greater release of dopamine in a cerebral structure called
striatum. This structure is involved in motor control, but also in behaviors motivated by
reward. Locally, striatal neurons are modulated by cholinergic interneurons (CINs). CINs
have the particularity to express the vesicular glutamate transporter type 3 (VGLUT3) on
top of the one for acetylcholine (VAChT). Therefore, these interneurons have the ability
to release both glutamate and acetylcholine. In the striatum, VGLUT3 is also found in
some serotonergic fibers. A genetic study revealed that the mutation rate of the gene
encoding VGLUT3 is increased in human addicts. Moreover, mice lacking VGLUT3
(VGLUT3—/~) are pre-sensitized to cocaine, and present functional alterations in the

striatum. Thus, VGLUT3 is involved in the response to drugs of abuse.

My work consisted in characterizing the effects of another psychostimulant, the
amphetamine (AMPH), on VGLUT3~/~— mice. This study revealed that VGLUT3—/~ mice
display locomotor sensitization to AMPH, to a higher extent than control mice. At high
dose, psychostimulants produce abnormal movements called stereotypies. We observed
that VGLUT3/~ mice are more resistant to AMPH-induced stereotypies. Further
investigation showed that the glutamate released by CINs seems involved in these

stereotypies, but not the serotonergic source.

Our result reveals an unsuspected role of the glutamate released by CINs in abnormal

movements that are the hallmark of several pathologies.

Keywords:

VGLUT3 ; striatum ; amphetamine; stereotypies; locomotor sensitization.






RESUME

Toutes les drogues entrainent une libération accrue de dopamine dans une structure
cérébrale nommée striatum. Cette structure est impliguée a la fois dans le controle
moteur et dans les comportements motivés par les récompenses. Localement, les
neurones striataux sont modulés par des interneurones cholinergiques (CINs). Les CINs
ont pour particularité d’exprimer le transporteur vésiculaire du glutamate de type 3
(VGLUT3) en plus de celui de I'acétylcholine (VAChT). Par conséquent, ces interneurones
sont capables de libérer du glutamate et de I'acétylcholine. Dans le striatum, VGLUT3 est
également retrouvé dans certaines fibres sérotoninergiques. Chez des patients
toxicomanes, le taux de mutation du géene codant VGLUT3 est augmenté. De plus, les
souris qui n‘expriment pas VGLUT3 (VGLUT3~/~) sont pré-sensibilisées a la cocaine, et
présentent des changements fonctionnels dans le striatum. VGLUT3 est donc impliqué

dans la réponse aux drogues d’abus.

Mes travaux de recherche ont consisté a caractériser lI'effet d'un autre
psychostimulant, I'amphétamine (AMPH), chez les souris VGLUT3~/—. Cela a permis de
montrer que ces souris présentent une sensibilisation locomotrice a I’AMPH, plus forte
que les controles. A forte dose, les psychostimulants entrainent |’apparition de
mouvements anormaux appelés stéréotypies. Nous avons observé que les souris
VGLUT3~/~ sont plus résistantes aux stéréotypies induites par I’AMPH. Une étude plus
approfondie a montré que le glutamate libéré par les CINs semble intervenir dans ces

stéréotypies.

Ces résultats révélent un role jusque-la insoupconné du glutamate libéré par les CINs

dans les mouvements anormaux, qui sont la signature de diverses pathologies.

Mots-clés:

VGLUT3 ; striatum ; amphétamine ; stéréotypies ; sensibilisation locomotrice.
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INTRODUCTION

T Y BRI T Wl T SR, S k.
PART 1.
GLUTAMATE: A FUNDAMENTAL
NEUROTRANSMITTER - -

Glutamic acid (Glu, or E) is one of the twenty-one proteogenic a- amino acid found in
eukaryotes. Like all amino acids, it is a fundamental structural unit to build proteins. In
humans, it can be classified as a non- essential amino acid, because it can be produced

from the transformation of a- ketoglutarate, a citric acid cycle intermediate.

Ritthausen initially discovered this amino acid by first digesting gluten with sulfuric
acid (Ritthausen 1866), and subsequently named it glutamic acid; he later confirmed this
result by digesting other vegetable proteins (Ritthausen 1869). But the first description
of its constitution, structural and chemical properties came years later, in 1890, with
Wolff's work (Wolff 1890): its formula was demonstrated to be CsHsNO4 (Figure A.1a).

This amino acid carries a carboxyl group on its side chain (Figure A.1b).
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Figure A.1: L-glutamic acid and L-glutamate structures
a. L-glutamic acid structural formula (from Wolff 1890). b. L-glutamic acid molecular

representation. c. L-glutamate structural formula.

At physiological pH, the side chain is deprotonated, which provides the amino acid the
property of being negatively charged (pK.=4.45 for the y- carboxyl group; Nagai et al.
(2008)). This anionic form of glutamic acid is called glutamate (Figure A.1c). Thanks to
its negative charge, glutamate is quite hydrophilic based on the hydropathy index (Kyte
and Doolittle 1982). Like the other amino acids, the clear majority of glutamate in the
body is the levogyre enantiomer, or L- glutamate. Therefore, unless specifically denoted
by the appropriate prefix, all amino acids and other optically active substances
mentioned are understood to be naturally occurring isomers, and the term glutamate will

be referring to L- glutamate thereafter.



Glutamate is an essential amino acid for its metabolic role. In addition, it is also the
most abundant excitatory neurotransmitter in the vertebrate nervous system (Erecinska

and Silver 1990). Moreover, it is the precursor of y- aminobutyric acid (GABA).

1. Generalities about neurotransmission

The human brain contains about 86 billion neurons and virtually the same number of
glial cells (Azevedo et al. 2009, Herculano-Houzel 2009). Against Golgi's reticulare
theory, which stated that brain is a continuum, Ramon y Cajal introduced at the end of
the nineteenth century the notion that brain cells are unique elements that are arranged

into networks to communicate together.

In the vertebrate central nervous system (CNS), neurons communicate with one
another by a combination of electrical and chemical signals - the latter are called
neurotransmitters. Neurons can be classified according to the neurotransmitter(s) they
release. Nerve endings contain specialized organelles called synaptic vesicles (SVs) that
are loaded with neurotransmitters. When the presynaptic terminal is depolarized, SVs
fuse with the plasma membrane and release their content in the synaptic cleft.
Neurotransmitters then bond to their specific receptors. The nature and localization of
these receptors determine the recruitment of second messengers and is followed by
intracellular signaling cascades. To end the signal, neurotransmitters are either

reuptaken, degraded, or diffuse out of the synaptic cleft.

To be considered as a neurotransmitter, a chemical substance must

1 Be present in the presynaptic terminal
2 Be released in a calcium- dependent manner
3 Act on specific targets

4 Be mimicked / inhibited by application of specific ago- / antagonists

Excitatory synapses are morphologically different from inhibitory synapses. In their
presynaptic element, SVs are small and rounded. The post-synaptic element contains a
zone that appears dense to electrons (Figure A.2). This area rich in proteins is called
post- synaptic density (PSD). PSD is particularly prominent at excitatory synapses and

for that reason asymmetrical synapse is a hallmark of excitatory neurons (Figure A.2).



Figure A.2: Electron micrograph of an excitatory synapse
in the mouse neocortex

The presynaptic element (pre) contains synaptic vesicles (yellow
arrowheads) filled with glutamate. Glutamate is released into the synaptic
cleft (sc). The postsynaptic element on this illustration (post) contains two
PSDs (red arrows). Scale bar = 200 um.

Adapted from Korogod et al. (2015)

2. History of glutamate identification as a neurotransmitter

It is well established since the fifties that glutamate is highly abundant and plays an
important role in the CNS (Krebs 1935, Krebs et al. 1949, Schwerin et al. 1950). The first
evidence that glutamate was involved in neurotransmission came in the early 1950s.
First, glutamate was shown to be involved in the occurrence of seizures in patients
suffering from petit mal epilepsia (Goodman et al. 1946, Wager 1946, Pond and Pond
1951). Later on, Hayashi revealed the ability of glutamate to trigger convulsions in
humans, monkeys and dogs (Hayashi 1952, 1954). Interestingly this study also reported
a toxic effect of high dose of glutamate. About the same time, glutamate was identified
as the precursor for GABA (Roberts and Frankel 1950). Hayashi demonstrated that GABA
antagonizes glutamate- induced seizures in dogs (Hayashi 1959). In 1954, Cole &
Oikemus showed that intraperitoneal injection (i.p.) of glutamate in anaesthetized mouse
has a stimulant effect (Cole and Oikemus 1954). In the late fifties, it was found that
glutamate has the ability to depolarize and excite individual neurons in the spinal cord
(Curtis et al. 1959, 1960). This established that glutamate is a potent major excitatory
neurotransmitter in the CNS. Glutamate was then found to be enriched in synaptosomes

and transported into synaptic vesicles (Kuhar and Snyder 1970, Disbrow et al. 1982).



At that time, data had accumulated showing that glutamate met the criterions
required for a molecule to be considered as a neurotransmitter, as written by Fonnum
(1984):

"Glutamate satisfies today to a large extent the four main criteria for classification as
a neurotransmitter: (1) it is pre-synaptically localized in specific neurons; (2) it is
specifically released by physiological stimuli in concentrations high enough to elicit
postsynaptic response; (3) it demonstrates identity of action with the naturally occurring
transmitter, including response to antagonists; and (4) mechanisms exist that will

terminate transmitter action rapidly.”

After suspicions about a potential role as neurotransmitter in the fifties, followed by
twenty years of doubts, it was settled in the eighties that glutamate is definitely the main
excitatory neurotransmitter in the CNS. Since, glutamate has remained one of the most

studied transmitters in neuroscience (Figure A.3).
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Figure A.3: Term “glutamate” occurrence in the literature since 1912

3. Glutamate receptors and related signaling

In the brain, more than 70% of synapses are glutamatergic (as depicted in
Figure A.4; Purves et al. (2012)). Once in the synaptic cleft, glutamate exerts its action
by stimulating glutamate receptors. There are two kinds of glutamate receptors:

ionotropic glutamate receptors (iGluRs) and metabotropic glutamate receptors (mGIuRs).
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Figure A.4: Schematic view of a glutamatergic synapse

Glutamate is accumulated in SVs and released in the synaptic cleft. Glutamate then binds to post-
and pre- synaptic receptors. Binding to iGluRs (NMDAR, AMPAR, KAR) induces ions movements. In
contrast, mGIuR activation triggers intracellular cascades mediated by G- proteins. To terminate
the signal, glutamate is removed from the cleft by plasmalemmal transporters located on glia and
neurons.

3.1 Ionotropic glutamate receptors

Ionotropic glutamate receptors are glutamate- gated ion channels permeable to
cations (Na*, K*). Once activated, they mediate a fast transmission of signal, by inward
or outward ion movements. In the mammalian brain, iGIuRs are the most prevalent type

of glutamate receptors, roughly expressed by 70% of the synapses (Purves et al. 2012).

Three main classes of iGIuRs have been discovered, and named after their specific
agonists: N- methyl- D- aspartate (NMDA), a- amino- 3- hydroxy-5- methylisoxazole-4-
propionic acid (AMPA) and kainate (KA). Recently, a forth category of iGIuR has been
discovered, called & receptors. This subtype is quite atypical because it is not activated
by glutamate (orphan receptor; Hepp et al. (2015)). Interestingly, more potent agonists
for each receptor subtypes have been discovered, but NMDAR, AMPAR and KAR

nomenclature has been retained (Lodge 2009).



All iGluRs are composed of 4 subunits, whose combination confers particular
properties (affinity for ligands, ionic conductance, trafficking, intracellular interactions,
desensitization). Their dysfunctions have been related to pathological states such as

stroke, epilepsy, neuropathic pain or schizophrenia (Niciu et al. 2012).

Most excitatory central synapses coexpress AMPA and NMDA receptors. AMPA
receptors mediate a fast excitation (Figure A.5a), whereas NMDA receptors generate a
much slower and longer- lasting current besides fluxing Ca?* (Figure A.5b). Thus, in
response to specific patterns of presynaptic activity, the ratio between these two types of
receptors at a synapse will influence the time course and summation of synaptic
currents, and also the amount of Ca?* entry (Watt et al. 2000). The magnitude of Ca?*
entry in the postsynaptic element largely determines whether long- term potentiation
(LTP) or depression (LTD) of AMPARs occurs (Paoletti et al. 2013, Zhu et al. 2013).
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Figure A.5: Glutamate excitatory post- synaptic current has two components

a. Presynaptic stimulation leads to a strong and fast inward current that slowly decreases and is
long- lasting in the postsynaptic neuron voltage- clamped at - 70 mV. When CNQX is added
(selective AMPAR competitive antagonist), the fast- component is blocked. b. The addition of AP5
(selective NMDAR competitive antagonist), blocks the slow component of the EPSC.

Adapted from Watt et al. (2000)

NMDARs exhibit a voltage-dependent block by extracellular magnesium (Mg?*). This
Mg?*-block can be relieved by a prior cell depolarization, often mediated by AMPAR
current (Nowak et al. 1984). Unlike NMDARs, AMPARs are impermeable to Ca?* due to a
constitutive glutamine/arginine editing of their GIuA2 subunit (Gan et al. 2015). Thus,
the presence of calcium-permeable GluA2-lacking receptors at the synaptic membrane

will confer dramatic excitability properties to the postsynaptic element.



e iGluRs and synaptic plasticity

Synaptic plasticity is a mechanism that gives rise to a long-lasting and
activity- dependent modification of synaptic strength (1 in LTP, | in LTD). It is believed
that LTP and LTD underlie many forms of learning and memory (Lamprecht and LeDoux
2004, Takeuchi et al. 2014). Dysregulation of synaptic plasticity probably contributes to a
wide range of brain disorders (Irving and Harvey 2014, Nistico et al. 2014, Zhuo 2014).
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Figure A.6: LTD / LTP in hippocampus, electrophysiological and structural features

a. Schematic representation of a hippocampal slice of rodent brain, demonstrating the CA1, CA3
and dentate gyrus (DG), with typical electrodes placement for studying synaptic plasticity at CA3
neurons projection onto CA1l. SC=Schaffer collateral; MF=mossy fiber; Stim=stimulating electrode;
Rec=recording electrode. (From Citri and Malenka 2008) b. CA3- CAl1 synapses monitored by
extracellular field recordings in a hippocampal slice preparation. Left panel: Low- frequency
stimulations elicit LTD. Right panel: High- frequency tetanic stimulations elicit LTP. (Adapted from
Luscher and Malenka 2012) c. Postsynaptic expression mechanisms of LTP and LTD. Left side: A
weak activity of the presynaptic neuron leads to a modest depolarization and calcium influx
through NMDA receptors. This preferentially activates phosphatases that dephosphorylate AMPA
receptors, thus promoting receptor endocytosis. Right side: A strong activity paired with a strong
depolarization triggers LTP in part via CaMKII, receptor phosphorylation, and exocytosis. (Adapted
from Luscher et al. 2012)

Both LTP and LTD are initiated the same way (Figure A.6). A presynaptic

depolarization releases an amount of glutamate sufficient enough to activate NMDARs,



leading to a postsynaptic Ca?* influx. A strong but brief increase of intracellular Ca?*
promotes LTP. In contrast, a low but sustained amount of Ca?* induces LTD. In a general
way, AMPARs are responsible for LTP/LTD induction (by postsynaptic depolarization)
whereas NMDARs allow their expression (via Ca?* entry). The elevation of calcium level
drives the recruitment of several signaling pathways involving kinases or phosphatases
contributing to LTP and LTD respectively. This includes: i) regulation of AMPAR trafficking
to and from the post- synaptic membrane, ii) short- term post- translational modifications
(phospho- or dephosphorylation) of pre- existing AMPARSs, or iii) modification of subunit
composition over a longer term (Lamprecht et al. 2004, Bassani et al. 2013, Park et al.
2014). Another feature of LTP is the modification of dendritic spines (Lamprecht et al.
2004). For instance, there can be spine head enlargement, or spine perforation leading to
generation of new PSDs. Conversely, in LTD protocols, spine number is decreased
(Luscher et al. 2012).

3.2 Metabotropic glutamate receptors

Metabotropic  glutamate receptors are coupled to trimeric G- proteins
(G- protein-coupled receptor, GPCR) and second messenger systems. They are seven-
transmembrane-domain proteins, with a large extracellular N-terminal domain (NTD)
that binds their ligand, and an intracellular C-terminal domain (CTD) that is linked to
different G- proteins.

The mGIuRs recruit and activate G- proteins and downstream signaling cascades,
resulting in short-term effects (post-translational modifications of pre- existing
proteins), and long-term effects (recruitment of transcription factors and gene
activation); overall, their kinetics of activation is slower than iGluRs (Figure A.7). mGIuRs
are involved in synaptic plasticity through long- term modifications of receptors and
synapses, neurotransmitter release and neuronal excitability tuning (Swanson et al.
2005).
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Figure A.7: Duration range of iGluRs and mGIluRs responses
NMDARs and AMPARs exhibit a fast response to glutamate whereas mGIuR kinetics is slower (time
scale of hundreds of milliseconds to seconds) due to intracellular signaling cascades recruitment.
The mGIuRs were identified in the mid- eighties, when it was demonstrated that

L- glutamate could stimulate phosphatidylinositol hydrolysis and intracellular Ca?*



mobilization, effect not reversed by the then- known iGIuRs antagonists. Since then,
eight mGIluRs have been discovered (mGIuR1- 8), and are divided in three groups, based

on their structure, pharmacology and signal transduction.

These receptors are located on both glutamatergic and non- glutamatergic neurons.
They can be pre- or post- synaptic and also perisynaptic. Postsynaptic mGluRs modulate
ion channel activity and therefore neuronal excitability. On the other hand, presynaptic
mGluRs inhibit neurotransmitter release (Pinheiro and Mulle 2008). Studies indicate that
mGIuRs have an important role in anxiety- related disorders, and group I antagonists /
group II agonists are proposed as potential anxiolytics (Swanson et al. 2005). From a
functional point of view, these receptors can be stabilized by an inter-subunit disulfide
bridge (Rondard et al. 2011).
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Figure A.8: mGluRs coupling and intracellular cascades

Left panel: Group I mGIuRs are coupled to Gaq. Activation of Gag. leads to an overall increase of
the intracellular calcium level and related signaling, including phosphorylation cascades via protein
kinase C (PKC) or calmodulin- kinase (CaMK). Right panel: Group II/III mGluRs are coupled to
Gajs. Activation of Gaj/, inhibits adenylyl cyclase, therefore decreasing the turnover of cAMP.

(Adapted from Neuroscience, fifth edition, 2012)



e Group I mGIuRs

Group I mGluRs (mGIuR1l and mGIuR5) are coupled to the G- protein Gag, which
activates phospholipase C (PLC) and thereby also produces inositol triphosphate (IP3) and
diacylglycerol (DAG). IP3s promotes the release of sequestered Ca?* from intracellular
stores. Therefore, group I is involved in the increase of Ca?* signaling and in term to
protein kinase C (PKC) and calmodulin- kinase activation (Figure A.8, left panel). Group I
mGIluRs are predominantly localized on postsynaptic neurons, lateral to the PSD; but
they can also be found presynaptically (Swanson et al. 2005). They are involved in
synaptic plasticity associated with learning processes, and in synaptic pathways linked to

the transmission of pain (Watkins 2000).

e Group IT mGluRs

Group II mGluRs is constituted of mGIuR2 and mGIuR3. These receptors are
negatively coupled to adenylyl cyclase (AC) via G- protein Gain. AC inhibition causes a
drop in cAMP levels, and subsequently a decrease in active protein kinase A (PKA)
resulting in an overall diminution of phosphorylation cascades (Figure A.8, right panel).
Group II presynaptic mGIuRs are localized away from release sites in the preterminal

portion of axons (Pinheiro et al. 2008).

e Group IIT mGIuRs

Group III mGIluRs consist of mGIuR4, -6, -7 and -8. As for group II, they are
negatively coupled to AC (Figure A.8, right panel). Group III presynaptic mGluRs are
mostly localized at the active zone of presynaptic terminals (Pinheiro et al. 2008). At
many synapses, these inhibitory receptors segregate with facilitatory presynaptic iGluRs
and act as a homeostatic switch that keeps synaptic transmission in a physiological

range.

4. Glutamate transporters

Glutamate synaptic release is followed by an increase of extracellular glutamate
concentration up to 1mM, during 1ms. After its release, glutamate is cleared from the
synaptic cleft by transporters (Clark and Barbour 1997). When glutamate is not removed
from the extra-neuronal space, there is an overstimulation of receptors (NMDARs in
particular). This results in an excessive calcium influx inside the cytoplasm that will
activate enzymes that in term will injure the overexcited neuron. This phenomenon is
called excitotoxicity, and can naturally occur when the neuron is oxygen- starved (case of
hypoxia).

Thus, it is crucial that extracellular glutamate levels remain low at basal state, around
1uM (Figure A.9; Nicholls and Attwell (1990)).
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Figure A.9: Glutamate concentration in the brain

In the cell, cytoplasmic level of glutamate is around 10mM, while intravesicular
level is ten times higher. At basal state, extracellular glutamate level is kept low,
at around 1pM. Glutamate release during neurotransmission leads to a transient
increase up to 1mM. Glu: glutamate; nT: neurotransmitter; SV: synaptic vesicle.
In the CNS, extracellular glutamate is eliminated by either passive diffusion of active
reuptake. To date, there is no knowledge of extracellular enzymatic degradation for

glutamate.

Passive diffusion:

This phenomenon, also called spillover, occurs in vivo (Figure A.10). Released glutamate
diffuses out of the synapse and for example binds to presynaptic GluRs on adjacent
GABAergic or glutamatergic terminals (Pinheiro et al. 2008). It has been modeled that
glutamate release at one synapse has around 5% chance to elicit a response it the
nearest neighboring synapse (Barbour 2001). However, this process is slow, and thus
incompatible with rapid glutamatergic signaling.

Active reuptake:
Reuptake of glutamate into neurons and glial cells represents the prime mechanism by

which the amino acid is removed from the synaptic cleft (Nicholls et al. 1990).
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Figure A.10: Modeling of glutamate diffusion in a three- dimensional structure

a. Diagram of a porous medium containing obstacles to diffusion. The red star indicates the point
of release and the blue circle the point of detection of neurotransmitter. b. Modeling for
neurotransmitter diffusion in a porous medium by simple diffusion (without binding or uptake), for
example in cortex of hippocampus. Curves represent concentration time- course at the point of
release (in red) or at a distance of 1.1 ym (in blue), which corresponds to a neighboring synapse.

Adapted from Barbour and Hausser (1997)

4.1 Plasma membrane glutamate transporters

e High- affinity Na*/K* glutamate transporters

Glutamate plasmalemmal transporters are high-affinity Na*/K* transporters
belonging to solute carrier (SLC) family that were relatively conserved during evolution
(Slotboom et al. 1999). Five glutamate plasmalemmal transporters have been identified
in humans: EAAT1-5 (excitatory amino acid transporter). They are selective for
L- glutamate and D/L- aspartate. EAATs have a high micromolar affinity for their
substrates. In the literature, these proteins can be found with other names according to
the species studied (Table A.1; Niciu et al. (2012)).

EAATs are highly conserved (= 50- 60% homology), especially within their CTD, and
EAAT analogs from other species are very similar to their corresponding human form,
with more than 90% homology (Figure A.11a; Danbolt (2001). The five isoforms
principally differ by their expression pattern. They are expressed by neurons and
astrocytes (Table A.1). The most abundant glutamate transporters are EAAT2 (in glial
cells) and EAAT3 (in neurons). Glutamate transporters concentrate intracellular

glutamate up to 10'000- fold relatively to the extracellular space (Nicholls et al. 1990).
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Table A.1: Excitatory amino acid transporters characteristics

Gen Expres Localizatio
Name . Cell type
e sion n
EAAT1 Neocortex Retinal Muller cells
SLC1A3 .
(GLAST1) Astrocytes Cerebellum Cerebellar Bergmann glia
EAAT2 . R
(GLT- 1) SLC1A2 Forebrain Ubiquitous
Soma
(IIEEQQ(I?) SLC1AL Peri heCrI:IStissues BRI
P GABAergic or Glu neurons
Neurons
EAAT4 SLC1A6 Cerebellum Purkinje cells
EAATS SLC1A7 Retina Phc')toreceptors
Bipolar cells

GLAST: glutamate/aspartate transporter (in rat); GLT: glutamate transporter (in rat);
EAAC: excitatory amino acid carrier (in rabbit/rat).

Glu

Figure A.11: EAATs electrochemical and molecular properties

a. Phylogenetic tree of EAATs based on protein alignment. Mm: Mus musculus; Hs: Homo sapiens
(Source: sequences from NCBI, Newick file generated online on www.phylogeny.fr, tree generated
with NCBI tree viewer tool). b. EAATs mediate the entry of three Na* and one H* in, and one K*
out of the cell to power glutamate uptake.

The mechanistic of glutamate transport is not trivial (Attwell 2000). Glutamate bears
a net negative charge and is imported inside the cell, which is also negative compared to
the extracellular environment. This transport against the electrochemical gradient

requires energy. This energy derives from the cotransport of ions moving down their
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electrochemical gradients. For each imported glutamate molecule, three Na* and one
proton move in, while one K* is extruded (Figure A.11b). Therefore, this transport is
electrogenic and uses Na* gradient as the driving force, with a net entry of two positive
charges for each imported glutamate (Vandenberg et al. 2013). It has been estimated
that the energy consumed by glutamate transporters in the cerebral cortex represents

about 2% of total energy consumption of the tissue (Danbolt 2001).

EAATs have a very specific subcellular distribution, as depicted in Figure A.12
(Danbolt 2001).

LUMEN
o EAAT1

o EAAT2
o EAAT3

f Tight junction

G2

Figure A.12: Subcellular distribution of EAATs in the hippocampus

Glutamatergic nerve terminals (T) are shown forming synapses onto dendritic spines (S). Astrocyte
branches are indicated (G). Astrocytes have very high densities of both EAAT1 (blue dots) and
EAAT2 (red dots), with the highest densities found in membranes facing the neuropil, and low
densities on membranes facing endothelium. EAAT1/2 are astrocytic, but EAAT2 can also be found
in about 10% of hippocampal nerve terminals. EAAT3 (green dots) is selective for neurons, but is
expressed at levels two orders of magnitude lower than EAAT2 and is targeted to dendrites and cell
bodies.

From Zhou and Danbolt (2014)

e Astrocytic recapture of glutamate

Most of glutamate recapture is mediated by astrocytes. Indeed, astrocytes are glial
cells that have many fine membrane processes, and are found in very close association
with synapses. They are essential actors of synaptic activity, in that they can shape the
spatio- temporal glutamate concentration profile by glutamate uptake, but also by
releasing it as a “gliotransmitter”. As such, astrocytes are the third member of the
tripartite synapse alongside with the presynaptic terminal and the postsynaptic process
(Perea et al. 2009).
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4.2 Vesicular neurotransmitter transporters

e General considerations

Glutamate identity switches from metabolic amino acid to neurotransmitter when
neurons have the ability to accumulate it presynaptically. The neurotransmitter is stored
in spherical SVs (40 nm diameter) by specific vesicular transporters. The
neurotransmitter content of a single vesicle is the elementary unit, or quantum, of
synaptic transmission (Katz 1979). Quantal size modification can be the consequence of
postsynaptic adjustments, i.e. number of receptors at the membrane, or receptor
sensitivity (single- channel conductance). It has been proposed that presynaptic changes
such as alterations in vesicle filling or vesicle swelling can impact on the quantum size
(Edwards 2007). However this hypothesis is still debated.

e Synaptic vesicle cycle

During the neurotransmission cycle, an incoming action potential (AP) activates
voltage- gated calcium channels that mediate an important calcium influx from
extracellular stores into the nerve ending. The transient rise in Ca?* triggers the fusion of
SVs with the plasma membrane and release of their chemical content into the synaptic
cleft (Katz 1979, Attwell 2000, Sudhof 2004). In most terminals, only 10- 20% action
potentials trigger release (Sudhof 2004). For non- neuropeptide transmitters such as
glutamate, the streamline consists in repeated cycles of exo/endocytosis and transmitter

refilling of the pre- existing pool of SVs present at nerve terminals (Gasnier 2000).

SVs form clusters at a specialized area of the membrane called the active zone and
apposed to the postsynaptic structures (Figure A.2). Although morphologically indistinct,
SVs are classically organized into three pools: the ready releasable pool (RRP), the
recycling pool and the reserve pool (Figure A.13a,b). RRP defines the pool of vesicles that
are first to undergo fusion during synaptic activity and are docked at the active zone.
Their number is estimated around 5- 15 in hippocampal neurons, and they are thought to
represent ~1- 2% of total SVs. The recycling pool is a pool of SVs than can be mobilized
under appropriate stimulation and represents about 15% of total SVs. SVs from the
reserve pool are not recruited by the AP. They represent the vast majority of SVs in the
terminal (~85%). However, they occasionally spontaneously fuse with the plasma
membrane (Figure A.13c; Fowler and Staras (2015)). SVs can be refilled with
transmitters in the early steps of the recycling pathway. Therefore, a given nerve
terminal has the ability to sustain nT release at high frequency with a limited number of

vesicles (according to Gasnier, a few hundred per terminal (Gasnier 2000)).
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Pool Readily releasable Recycling pool Reserve pool
pool (RRP)
Size (% of ~1-2% ~10-20% ~80-90%
all vesicles)
Location Docked Scattered Scattered (bulk
of vesicle cluster)
Released within <1 second A few seconds Tens of seconds,
minutes
Recycling Fast (seconds) Fast (seconds) Slow (minutes)
Mixing with Fast mixing with Slow mixing Slow mixing with
@ reserve pool @ RRP other pools recycling vesicles with reserve other vesicles
© recycling pool © maturation Mobility in resting None — docked High Low (high in
(recycling to reserve) terminals bi polar CBHS)

active zone rare event

Figure A.13: Synaptic vesicle properties

a. Schematic view of SV proportions in the presynaptic terminal. There are three pools of SVs: the
reserve pool (~80-90% of total pool, blue dots), the recycling pool (~10- 20%, green dots) and
the ready releasable pool (RRP; ~1-2%, red dots) that is docked and primed for release.
b. Characteristics of the vesicle pools. ¢. Model for vesicle release under physiological stimulation.
Upon arrival of an action potential (AP), some of the RRP vesicles docked at the active zone are
released. However, the mild stimulation paradigm employed allows for a recovery phase, during
which these vesicles are retrieved as recycling pool vesicles. They can then either transform into
reserve pool vesicles (green-blue gradient dots) or maintain their recycling pool status. Repeated
action potentials cause further release of vesicles docked at the active zone. Occasionally, a
reserve pool vesicle docked at the active zone will also undergo fusion with the plasma membrane.
Upon endocytosis, it will replenish the recycling pool. Arrows indicate vesicle trafficking.

From Rizzoli and Betz (2005), Denker and Rizzoli (2010)

Recently, this vision of SVs organization has been challenged by the idea of a labile
pool of SVs that could move along the axon between different presynaptic terminals
(Staras and Branco 2010, Herzog et al. 2011). This lateral mobility offers a new view of
presynaptic organization, in which synapses can be functionally coupled via shared SVs
population because the labile SVs can be mobilized at their new and spatially remote

locus (Figure A.14).
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Figure A.14: SVs lateral mobility along axon

a. SV sharing across multiple synapses monitored using a photoswitchable vesicle marker,
synaptophysinI-Dendra2 (Sypl-Dendra2). Top panel: Red/green overlay showing a synapse along
an axon being selectively photoswitched (white rectangle) from a green-emitting to a red-emitting
form. Middle panel: The anterograde and retrograde spreads of red vesicles to neighboring green
synapses are monitored over time for up to 40 min. Bottom panel: Same image showing red
fluorescence only, detailing the contribution of vesicles made from a target synapse to neighbors
(vellow arrowheads). b. Ultrastructural readout of functional vesicle sharing from a target to a
neighboring synapse after 5 min of diffusion. Orange element: dendrite; green element: active
zone; black dots: photoconverted SVs; blue dots: native SVs.

Adapted from Staras et al. (2010)

e \Vesicular neurotransmitter transporters

Neurotransmitter uptake into SVs is mediated by specific vesicular transporters that
belong to SLC family. So far, nine vesicular neurotransmitter transporters (VNTs) have
been identified. They belong to three families: SLC17, SLC18 and SLC32 (Table A.2).
Their classification is based on their substrate specificity and sequence homology. SLC17,
-18 and -32 achieve vesicular uptake of anionic, cationic or electroneutral

neurotransmitters (nTs) respectively (Chaudhry et al. 2008).

Members of the SLC17 family transport anionic molecules. This family includes three
vesicular glutamate transporters (VGLUT1-3), the H*/sialic acid cotransporter (also
named vesicular excitatory amino acid transporter, or VEAT), and four sodium-dependent
phosphate transporters that are not present in the CNS (vesicular nucleotide

transporters, or VNUT).
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Table A.2: Vesicular neurotransmitter transporters characteristics

Driving force

Transporter Gene Substrate Localization &
Transport
mode
I d Lysosomes
iali Sialic aci
Sialinor | o ~17p5 Pinealocytes
Hippocampal neurons
VGLUT2 SLC17A6 Glu neurons
Ay
VGLUT1 SLC17A7 Astrocytes? .
Uniport
Glu
Glu neurons + Ach,
VGLUT3 SLC17A8 5- HT, GABA neurons
Astrocytes?
VNUT SLC17A9 ATP, ADP
VMAT1 SLC18A1 5- HT, Endocrine cells Ay, ApH, H*
catecholamines, _
VMAT2 SLC18A2 + histamine Monoamine neurons Antiport
Ay, ApH, H*
VAChT SLC18A3 ACh ACh neurons
Antiport
GABA Ay, CI-
VIAAT SLC32A1 GABA and Gly neurons
Gly Cotransport

VEAT: vesicular excitatory amino acid transporter; VGLUT: vesicular glutamate transporter;
VNUT: vesicular nucleotide transporter; VMAT: vesicular monoamine transporter; VAChT: vesicular
acetylcholine transporter; VIAAT: vesicular inhibitory amino acid transporter.

Adapted from Omote et al. (2011)

Members of the SLC18 family perform vesicular uptake of cationic neurotransmitters,
i.e., acetylcholine (ACh) serotonin (5- HT), histamine, and catecholamines (Figure A.15)
- dopamine (DA), adrenalin (AD), noradrenalin (NA). This family is composed of the
vesicular acetylcholine transporter (VAChT) and of two vesicular monoamine transporters

(VMAT1- 2). VMAT2 is the isoform that is used by monoaminergic neurons in the CNS.

The only member of SLC32 family is the vesicular inhibitory amino acid transporter
(VIAAT, or VGAT, for vesicular GABA transporter) that is selective for two electroneutral

amino acids, i.e., GABA and glycine (Dumoulin et al. 1999).
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Figure A.15: Serotonin and catecholamines biosynthesis pathways

e Mechanistic of vesicular transport

All VNTs achieve an uptake against the nT electrochemical gradient. Therefore, this
transport requires an energetic fuel. In the early nineties, it was established that nT
transport is a secondary active transport, driven by an electrochemical proton gradient
(Maycox et al. 1990). The ATPase responsible for generating the energy gradient was
identified in 1987 (Nelson 1987). All synaptic vesicles carry a copy of the vacuolar H*-
ATPase (Takamori et al. 2006). This primary transporter belongs to the vacuolar class of
proton pumps. V- ATPases use the energy released by ATP hydrolysis to direct a flow of
H* into SVs. The influx of H* generates an overall electrochemical proton gradient (Apg+)

through the SV membrane, which can be decomposed into:

= a chemical component (ApH) because the intra-vesicular compartment is acidified;

= an electrical component (Ay) because the accumulation of positive charges inside

the SV generates a membrane potential. (Ozkan and Ueda 1998)

VNTs then use this proton gradient to exchange lumenal protons for cytoplasmic
transmitters. However, all VNTs do not display the same dependence on the two
components of the electrochemical proton gradient (Figure A.16). Indeed, the transport
of monoamines and acetylcholine primarily depends on the chemical component (ApH),
whereas the transport of glutamate depends predominantly on the electrical component

(Ay). Accumulation of the inhibitory transmitters GABA and glycine relies on both ApH
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and Ay. Regarding transport stoichiometry, the species that move across SV membrane

depend on the imported neurotransmitter (mainly its charge).

ATP ATP .
a VMATs b VAChT

ApH < A¥

Figure A.16: VNTs electrochemical dependence

A V-ATPase generates an electrochemical gradient (Auy+) across the vesicle membrane. VNTs use
this gradient to drive the transport of transmitters into SVs by coupling the transmitter
translocation to H* running down Apy+. The different vesicular transporters rely to different extents
on the two components (ApH and Ay) of this gradient. a. VMATs and b. VAChT transport their
positively charged substrates coupled to the exchange of two H*, and hence rely primarily on ApH.
c. GABA and glycine are transported as neutral zwitterions by VIAAT (VGAT), which depends
equally on the chemical and the electrical component of Apy+. d. VGLUTs transport the negatively
charged glutamate and thus rely more on Ay than ApH.

From Chaudhry et al. (2008)

Vesicular glutamate transporters (VGLUTs), in particular the third isoform called
VGLUT3, will be discussed in the following section, as it is the main focus of the present

work.
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Adapted from Vandenberg and
Ryan (2013)
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PART II.
VESICULAR GLUTAMATE TRANSPORTER
TYPE 3 (VGLUT3) -

1. Vesicular glutamate transporters

Glutamate is accumulated into SVs. The intravesicular concentration of glutamate
varies between 100 and 400 mM, which is 10 to 100 times higher than the cytosolic
concentration (Figure A.17); therefore there is a massive glutamate gradient (>10°)
between intravesicular and extracellular glutamate (Disbrow et al. 1982, Burger et al.
1989, Erecinska et al. 1990, Danbolt 2001, Otis 2001).

> 10 - fold

10-100 - fold EAAT

> 106

Figure A.17: Glutamate gradients at excitatory presynaptic terminals

Plasmalemmal EAATs (in blue) accumulate glutamate in the cell with a 104
gradient. Vesicular VGLUTs (in red) accumulate glutamate in the SV, up to
100- fold. The resulting gradient between intravesicular and extracellular
glutamate is about 10°. Gradients are depicted by shaded black triangles.

Adapted from Otis (2001)

VGLUTs are present throughout the vertebrate class, with minor changes regarding
their transport function (Tabb and Ueda 1991). Recent studies indicate that 80% of all
synaptic vesicles contain VGLUT1 and -2 (Takamori et al. 2006). Three VGLUTs have
been discovered in vertebrates: VGLUT1, VGLUT2 and VGLUT3, encoded by SLC17A7,
- A6 and - A8 respectively (Table A.2).

1.1 A history of VGLUTs

Vesicular glutamate transport features were identified prior to their isoforms

discovery. Thanks to pure synaptic vesicles (synapsin I- positive), it was demonstrated
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that glutamate is stored into SVs (Burger et al. 1989). Glutamate synaptic accumulation
is adenosine triphosphate (ATP)- dependent and Na*-independent. Unlike EAATs that
carry either L- Glu or L- Asp with a high affinity (Km ~uM range), VGLUTs are only
selective for L- Glu (and D- Glu to some extent) with a low affinity (in the mM range).
The transport demonstrates biphasic dependence to chloride. The optimal CI
concentration is between 4 and 10 mM (Maycox et al. 1990, Nicholls et al. 1990,
Bellocchio 2000). The transport requires a proton electrochemical gradient, and mainly

relies on its chemical component (Herzog et al. 2001).

The first member discovered was named BNPI, for brain- specific sodium- dependent
inorganic phosphate transporter. In 1994, this protein was initially characterized as a
phosphate transporter at the plasma membrane, where it imports inorganic phosphate
inside the cytoplasm in an Na*-dependent manner (Ni et al. 1994). It was only in 2000
that a predominant vesicular transport function for glutamate was inferred (Bellocchio
2000, Takamori et al. 2000). BNPI was renamed VGLUT1. It was found that the
expression of VGLUT1 is sufficient to induce a glutamatergic phenotype in inhibitory
GABAergic neurons (Takamori et al. 2000). However, VGLUT1 would was not present in
all glutamatergic synapses in the brain (Bellocchio et al. 1998, Otis 2001). Therefore it

was surmised there might be additional members of VGLUTs family.

Shortly after, different teams identified a second member of the VGLUT family. First
called DNPI, for differentiation-associated sodium- dependent inorganic phosphate
transporter, this transporter was renamed VGLUT2. It shared many structural and
functional properties with VGLUT1 (Aihara et al. 2000, Fremeau et al. 2001, Fujiyama et
al. 2001, Hayashi et al. 2001, Herzog et al. 2001).

A year later an additional member of VGLUT family was discovered and named
VGLUT3 (Fremeau et al. 2002, Gras et al. 2002, Schafer et al. 2002, Takamori et al.
2002).

All three VGLUTs confer an excitatory phenotype to GABAergic neurons when
exogenously expressed. This has been long known for VGLUT1 and - 2 (Takamori et al.
2000, 2001), and was also demonstrated recently for VGLUT3 (Figure A.18;

Zimmermann et al. (2015)).
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Figure A.18: VGLUT3 expression promotes glutamate release by GABAergic neurons

Striatal GABAergic neurons expressing VGLUT3 release GABA. GABA effect is blocked by adding the
GABAAR antagonist bicuculline (in red) in the extracellular medium. The remaining current is
attributed to glutamate and is blocked by the application of AMPAR antagonist CNQX (in blue).

Adapted from Zimmermann et al. (2015)

1.2 VGLUTs cellular and subcellular distributions
e VGLUT1 and VGLUT2 distributions

The mRNA coding for VGLUT1 and VGLUT2 and the two proteins have complementary
patterns of expression (Aihara et al. 2000, Fujiyama et al. 2001, Herzog et al. 2001,
Boulland et al. 2004). VGLUT1 and VGLUT2 define two distinct classes of excitatory
synapses in the CNS and can be used as bona fide markers for glutamatergic neurons
(Fremeau et al. 2001, Kaneko and Fujiyama 2002). In a nutshell, VGLUT1 is expressed in
cortical regions (i.e. cerebral and cerebellar cortices, hippocampus), whereas VGLUT?2 is
found in subcortical areas of the brain (i.e. diencephalon & brainstem). This pattern is
highly conserved between rodents and human (Vigneault et al. 2015). For a more

detailed expression pattern see Table A.3.

A slight note of caution needs to be put forward: in the brain, there is a coexpression
of VGLUT1 and - 2 to some extent. Mixed VGLUT1/VGLUT2 mRNA- expressing neurons
were identified in the lateral olfactory tract and some thalamic nuclei, but proteins do not
colocalize (Herzog et al. 2001). VGLUT1 and -2 can also be transiently co-expressed

during development, as explained later (1.5: VGLUTs during development).
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Table A.3: VGLUT1 and VGLUT2 characteristics

Protein VGLUT1

Gene SLC17A7

Human locus 19913

Esophagus (motor nerve
terminal)

Muscle (afferent endings)
Bone (osteoclasts)
Pineal gland
—— Pancreas (a cells)
Brain
Cx (II / III - VI)
Hc (pyramidal layer)
DG (granular layer)
Olfactory bulb

Striatum (exclusive)

Subcellular

VGLUT2

SLC17A6

11p14.3

Lungs (sensory nerve
terminal)

Intestine (L cells)
Pineal gland
Pancreas (a cells)
Stomach
Brain
Cx (1V)
Thalamus
Habenula (medial / lateral)
Hypothalamus
Cerebellum

Striatum (exclusive)

Axon terminal

localization

Km for L- Glu ~ 4 mM

~ 2 mM

Vmax ~ 500 pmol.min-1.mg! prot

ICso for Evans Blue

~ 300 nM

dye

e VGLUT3 distribution

VGLUT3 expression is quite unusual compared to the large and complementary

the next section (PART II.2.1: Anatomical distribution).

1.3 VGLUTs structure

The three isoforms, which are largely conserved in mammals, share a high homology

patterns of VGLUT1 and -2 expression. VGLUT3 distribution will be further discussed in

of sequence (Fremeau et al. 2002, Gras et al. 2002, Takamori et al. 2002). For example,
human VGLUT3 shares more than 72% with VGLUT1 and VGLUT2 (Figure A.19). Most of
the differences between the three proteins are observed in their N- and C- termini (Gras
et al. 2002, Schafer et al. 2002, Almqvist et al. 2007). Therefore, their biochemical

functional properties do not differ much. The most divergent region is the CTD, with only



2% homology between the three isoforms (Almqvist et al. 2007). Their molecular weight
is around 55- 60 kDa (Gras et al. 2005).

VGLUT1 l] ~=——————————— MEFROEEFRKL KLHELLEKRQEGAET 5 TTQTRD F
VGLUT2 1 ----- MESVKQRILAPG LENF S } | LEKKQDTGET E EVPERK c
VGLUT3 1 MPFKAFDTFKEKILKPGKEGVKNA SESTL IDGTTEEEDN E QTSRPS

H2

vvvQKRQESEE
VIKE
PEIQ

cytoplasmic loop

256 S L E| LMN
264 S D) E LLGAM
269 N| T S NS -

402
410
414 IAPRYASIL

— —
500 EM| FVG GSDDSEMEDEAEPPGAPPAPPPSYGATHSTFQPPRPPPPVRDY -~ -=--=-=cceccaunx
508 E FIHEBEMDEETGDITONYINYGTTKSYGATTQANGGWPSGWEKKEEFVQGEVQDSHSYKDRVDYS---
512 N L IIDQEEMAEEIELNHESFASPKKKMSYGATSONCEVQKKEWKGQRGATLDEEELTSYQNEERNFSTIS

Figure A.19: Alignment of Homo sapiens VGLUTs amino acid sequences

VGLUT1, -2 and -3 are highly homologous in their central portion, with the majority of
divergences being concentrated in NTD and CTD. His'?® (in red), Arg'® (in yellow) and Glu'®! (in
blue), charged amino acids in the TMDs, are responsible for L- Glu transport activity for VGLUT2.
Conserved amino acids are highlighted in black. Solid lines mark the 12 predicted helical regions
(H1-H12) and the predicted cytoplasmic loop. Colored tubes correspond to regions with
transmembrane helices for the bacterial homolog GlpT, connected by cytoplasmic (convex) and
luminal (concave) loops.

Adapted from Almqvist et al. (2007)

VGLUTs topology has been inferred in two studies (VGLUT2 in Jung et al. 2005,
VGLUT1 in Almqvist et al. 2007). A putative model was proposed for the three VGLUTS.
This model is based on the structure of glycerol- 3- phosphate transporter (GIpT), a
distant bacterial homolog (Almqvist et al. 2007). According to this 3D model, VGLUTs
have twelve a- helices TMD organized in two clusters that are separated by a long central
loop (Figure A.20). The N- and CTD are cytoplasmic, as for the big central loop (Almqvist
et al. 2007). The pore is constituted with 45 residues (44 of them are fully conserved
among VGLUTSs, in black in Figure A.20a).
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Figure A.20: VGLUT topology model

a. Proposed topology for VGLUT1. Residues that face the center of the pore are represented in
black circles, and the ones involved in glutamate transport in color (His'?® in red, Arg'®* in yellow
and Glul®t jn blue). b. VGLUT1 viewed from the cytoplasmic side. c¢. 3D representation of VGLUT
model. The 12 transmembrane helices form a pore (gray volume) that is open to the cytoplasmic
side. The highly variable first and last 60 residues of the N- and C-terminal are not shown.

Adapted from Almaquvist et al. (2007)

1.4 Mechanism of glutamate uptake by VGLUTs

VGLUT1 and - 2 functional properties for glutamate transport are very similar and
match those previously described for glutamate transport in brain SVs (see 1.1: A history
of VGLUTSs). This transport is Mg?* and Cl- - dependent, requires a proton electrochemical
gradient and relies on its Ay component. It is highly selective for L- glutamate, and it is
inhibited by dyes such as Evans Blue. Characteristics of VGLUT3- driven glutamate
transport are closely related to those of VGLUT1 and VGLUT2, despite minor differences
(Gras et al. 2002, Takamori et al. 2002).

In theory, VGLUTs possess two independent transport machineries: the
Na*- dependent Pi transport, which was the first historical function attributed to VGLUTSs,
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and the Ay- dependent L- glutamate uptake. However, the Na*-dependent P; transport is

poorly established. Here, we will only discuss this second mechanism (Juge et al. 2006).

e Release probability

It was suggested that the differential distribution of VGLUT1 and VGLUT2 could be
linked to a difference in the probability of transmitter release (Fremeau et al. 2001).
Indeed, VGLUT2- expressing terminals have a high release probability and could provide
a high- fidelity transfer of information (Weston et al. 2011). These synapses are common
in sensory and autonomic nervous systems (e.g. cerebellum, brainstem, thalamocortical
projections, blood- pressure controlling presympathetic neurons, inspiratory augmenting
neurons, chemosensory neurons innervating the main respiratory center,
nociception- mediating spinal cord dorsal root ganglia neurons; Ueda (2016)). In
contrast, VGLUT1 is associated with synapses that have low release probability (e.g.
hippocampus) and appears important for synaptic plasticity (Varoqui et al. 2002,
Fremeau et al. 2004).

e Substrate recognition

VGLUTs selectively transport L- glutamate and D- glutamate to some extent, but not
aspartate, GABA or glutamine. They fail to recognize glutamate analogs that lack free
a- amine, a- and y- carboxyl and three- carbon skeleton between the two carboxylate
groups (Ueda 2016). By directed mutagenesis, three residues conserved among VGLUTs
were proven to be responsible for L- glutamate transport activity (i.e. Arg'®4, His'?® and
Glu'®!; Figure A.19; Juge et al. (2006)).

The affinity of VGLUTSs for their substrate is in the millimolar range (103- fold of that
of plasma transporter). This is consistent with the high cytoplasmic level of glutamate
(Figure A.9).

e ATP- dependence

As previously discussed, VGLUT- mediated glutamate uptake is ATP- dependent. The
ATP used as the energy source for proton influx in SV does not originate from
mitochondria. It is rather produced locally during glycolysis, which is why synaptic
vesicles are endowed with the glycolytic ATP- generating enzyme complex GAPDH/3- PGK
(glyceraldehyde-3- phosphate dehydrogenase / 3- phosphoglycerate kinase). This seems
to be also valid for other VNTs (Ikemoto et al. 2003, Ueda 2016).

e Chloride- dependence

The function of chloride in VGLUT-positive SVs is still a matter of debate. Cl- leads to
an increased ApH, presumably by dissipating Ay (Omote et al. 2011). VGLUTs have a

biphasic dependence on chloride for the uptake. The transport is inhibited at low
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(<4 mM) and high (> 10mM) ClI- concentrations. In physiological conditions,
extracellular and intraneuronal chloride concentrations are about 150 mM and 20 mM

respectively (Ueda 2016).

After fusion with the plasma membrane, SVs undergo endocytosis. During
endocytosis, the outer layer of the plasma membrane becomes the inner layer of SV, and
vice versa, with the extracellular fluid being trapped in the SV. Therefore, the inside of

SV is rich in chloride and sodium ions (Figure A.21).

b. :ﬁiﬂ'ﬁ@' ICF

Figure A.21: SV endocytosis at the plasma membrane

a. Plasma membrane (pm) is a lipid bilayer that delimits the inside of the cell, which is made of
intracellular fluid (ICF), from the outside medium constituted by the extracellular fluid (ECF). ECF is
rich in chloride (red dots). b. After endocytosis, the outer layer of pm becomes the inner layer of
SV membrane (vm) and vice versa. Thus, after endocytosis, the inside of SV is enriched in CI-.

Adapted from Trkanjec and Demarin (2001)

e A highly modulated system

Several different hypothetical mechanisms have been proposed for glutamate uptake.
Globally they share a common idea, but they distinguish themselves through the
molecular players that intervene in ion movements (Edwards 2007, Hnasko and Edwards
2012, Ueda 2016). Recent studies support the idea that extravesicular K* also plays a
role and suggest that VGLUT-mediated uptake is highly flexible in regards with the

changing ionic environment during transport (Preobraschenski et al. 2014, Ueda 2016).

e Number of copy and transport

It has been proposed that each SV in glutamatergic neurons carries either 4 or
9 copies of VGLUT1 (depending on the study), or 14 copies of VGLUT2, and that there is
little intervesicle variation in the number of VGLUTs (Takamori et al. 2006, Mutch et al.

2011). It is assumed that VGLUT3 is present within the same range in SVs.

Several studies indicate that the copy number of VGLUT1 and VGLUTZ2 per vesicle can
affect quantal size (Daniels et al. 2004, Wojcik et al. 2004, Wilson et al. 2005, Wu et al.
2007, Ueda 2016). Yet, it was also shown that a single VGLUT on SV is sufficient to

ensure glutamate uptake (Daniels et al. 2006).
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A recent study conducted in our team revealed that the copy number of VGLUT3 on
SVs could be non- uniform (Ramet et al. 2017). A transgenic mouse carrying a mutated
version of VGLUT3 (p.A211V) has a substantial decrease of the transporter level (up to
70%). Even by decreasing this level to 85%, mice do not display behavioral alterations,
and VGLUT3 uptake function appears unaltered. Since there is a decrease of mEPSC in
mutant mice, this suggests that VGLUT3 number could vary among SVs. This also points
towards non-uptake-related roles of VGLUT3. Or else to differential roles of VGLUT3

according to the neural types that express it.

1.5 VGLUTs during development

Glutamatergic pathways undergo major adjustments during development. A highly
differentiated spatial and age- dependent expression of the three VGLUTs is observed
(Figure A.22). VGLUT1 concentration is very low at birth. Its expression increases
steadily throughout postnatal development. It reaches a peak after postnatal day 14
(P14). Interestingly, VGLUT1 progressively replaces VGLUT2 in several regions such as

the cortex or the hippocampus.

VGLUT2 represents the major VGLUT isoform during embryonic and early postnatal
phases. Its expression occurs early in the embryonic life and reaches its maximum level
at P7. VGLUT2 is first distributed homogeneously all over the cerebral cortex, but in the
adult brain the labeling becomes more concentrated in cortical layers IV and VI. This has
been named the “"VGLUT2 - VGLUT1 switch” (Wojcik et al. 2004).

VGLUT3 expression increases progressively during postnatal development. It is
increasingly present in the rostral brain (striatum & hippocampus) throughout post- natal
development. VGLUT3 is strongly and transiently expressed in the caudal brain
(cerebellum & superior olive complex) during early post- natal life (Schafer et al. 2002,
Boulland et al. 2004, Gras et al. 2005). Then it disappears from these areas after P20
(Gras et al. 2005).

VGLUTs are essential regulators of vital functions in mammals. Deletion of VGLUT1 or
VGLUT2 is lethal. VGLUT2- lacking mice die immediately after birth as a result of
respiratory failure (Wallen-Mackenzie et al. 2010). VGLUT1- lacking mice die toward the
end of the postnatal third week, precisely when the “VGLUT2 - VGLUT1 switch” occurs

most likely due to diminished functioning of their cortex (Wojcik et al. 2004).

VGLUT3 shows a transient expression in several cell types. It is found in
progenitor- like cells in the paraventricular zone at early developmental stages (Boulland
et al. 2004). Moreover, cell cultures enriched with progenitor cells seem to have a high

level of coexpression between VGLUT3 and Nestin (marker for progenitor cell). VGLUT3 is
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also transiently expressed in Purkinje cells in the cerebellum (Boulland et al. 2004, Gras
et al. 2005).

VGLUT1 VGLUT2 VGLUT3

low || [ [ i I (N high

Figure A.22: VGLUT1- 3 protein expression during post- natal development

VGLUT1, -2 and - 3 immunoautoradiography at different developmental stages in the rat brain
(sagittal view) represented in pseudocolor. Left column: VGLUT1 expression at birth is low. Its
expression then increases throughout development and appears especially in cortical regions.
Middle column: VGLUT2 shows strong staining in the first few postnatal days, with the highest
intensity in the brainstem regions and in the cerebellum. The cerebellum and midbrain levels then
fade with development. In the adult, VGLUT2 shows an expression pattern complementary to that
of VGLUT1; only low levels of VGLUT2 are seen in the neocortical regions.
Right column: VGLUT3 expression increases until the third week postnatal. Its cerebellar
expression is transient.

Adapted from Gras et al. (2005)

1.6 VGLUTs pharmacology

Through time, many selective compounds have been found to bind glutamate- related
proteins (transporters, receptors, enzymes). This stems from the fact that glutamate is
very flexible, and can adopt several relatively stable conformations (Danbolt 2001).
Unlike the plasma membrane transporters and receptors, the three VGLUTs share a very

high level of homology. For that reason, so far there are no specific pharmacological
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agents that specifically target one subtype of VGLUT. Glutamatergic systems
dysfunctions are involved in a variety of pathological states (Meldrum 2000, Swanson et
al. 2005, Niciu et al. 2012, Schwartz et al. 2012) Therefore, VGLUTs represent
therapeutic targets of choice. Discovery of subtype- specific VGLUT modulator should be

a major field of research.

Three kinds of VGLUTs inhibitor have been identified: dyes (Ki 10 nM - 10 uM),
substituted quinolines (DCQ; Ki40 nM - 300 yM), and glutamate analogs
(ICso > 230 pM; Figure A.23).

The best VGLUT uptake inhibitors are large aromatic hydrophobic dyes (Chaudhry et
al. 2008). They contain two large azo groups. To name a few, Trypan blue (TB;
Figure A.23a), Evans blue, Chicago sky blue dyes were first discovered. Another series of
aromatic dyes include Rose Bengal (RB; Figure A.23b), only non- competitive inhibitor
that exhibits a high affinity (Ki = 19nM), although it also inhibits VMAT2 (Pietrancosta et
al. 2010). Recently, a new class of VGLUT inhibitors consisting of Brilliant Yellow dyes
(BY; Figure A.23e) was discovered (Ki = 12 nM; Tamura et al. (2014)). Because of their
structure (diazo groups and highly charged sulfonic acid groups), all these dyes are
membrane- impermeable and potentially cytotoxic. Therefore, new inhibitory agents

development are needed.

Due to its high potency to inhibit VGLUTs and to cross membranes, RB was used as a
support to synthesize new analogs. However, they failed to be more potent than the

original molecule (Pietrancosta et al. 2010).

Another research direction adopted for the design of more potent VGLUT inhibitors
was the synthesis of small molecules that combine benefits of TB and DCQs
(Figure A.23f). On top of being able to inhibit VGLUT uptake activity within a micromolar
range, these compounds offered the advantage of being easily synthesized in two steps
(Favre-Besse et al. 2014).

A new study published this year consisted in producing Brilliant Yellow dye analogs
(BYA; Figure A.23g). Despite their reduced potency, these membrane- permeable new
compounds proved to be highly specific for VGLUT uptake inhibition both in vitro in
heterologous system, and ex vivo on hippocampal slices. An interesting feature of

Brilliant Yellow dye analogs is that they are fluorescent (Kehrl et al. 2017).

A new study report the generation of nanobodies directed against the membrane
portion of VGLUT1 (Schenck et al. 2017). Nanobodies have the ability to block their
target in a given conformation, thus preventing proteic activity. Even if not specific for
one of VGLUTs isoforms, nanobodies could efficiently block glutamate uptake. Schenk

et al. expressed nanobodies under control of cell- type specific promoters in order to
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block VGLUT activity. This approach could be of particular interest in the case of VGLUT3,
which is mainly expressed by non- glutamatergic neurons. In addition nanobodies can be
coupled to fluorescent proteins to become immunocytochemical tools (Schenck et al.
2017).
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Figure A.23: VGLUT family inhibitors

a, b and e. Trypan Blue (TB), Rose Bengal and Brilliant Yellow (BY) are part of the dyes that inhibit
VGLUTs. c. Quinolein dicarboxylic acid belongs to the substituted quinolinine class (DCQ).
d. Trans-1- amino- cyclopentane-1,3- dicarboxylate ((1S,3R)- ACPD) is a glutamate analog.
f. Example of a new compound designed based on TB and DCQ properties. Here is represented the
compound 7e described in Favre-Besse et al. (2014). g. Another example of a new compound,
derived from BY (BYA1, described in Kehrl et al. (2017)).

Adapted from Pietrancosta et al. (2010), Favre-Besse et al. (2014), Kehrl et al. (2017)
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2. Vesicular glutamate transporter type 3 (VGLUT3)

Human VGLUT3 (SLC17A8) is encoded by an 80 kb gene located on chromosome 12,

and is constituted by 12 exons.

2.1 Anatomical distribution

2.1.1 Regional distribution

In contrast with VGLUT1 and VGLUT2, VGLUT3 has a restricted pattern of expression
that overlaps with the formers in some brain areas, but never in the same terminals
(Schafer et al. 2002). This pattern of expression is shared between rodents and human
(Vigneault et al. 2015). VGLUT3 is present in several structures in the CNS as well as in

peripheral organs such as liver and kidney (Fremeau et al. 2002).

e Distribution in the brain

The anatomical distributions of VGLUT3 transcript and protein are summarized in the
Table A.4 (Herzog et al. 2004).

Most VGLUT3- positive structures display both the expression of mRNA and protein,
suggesting a preferential role in local projection neurons (Figure A.24). They include the
cerebral cortex (Cx; Figure A.24a-e), the striatum (Str; Figure A.24a-b), the bed
nucleus stria terminalis (BST; Figure A.24b), the hippocampus (Hc; Figure A.24c- d), the
dorsal and median raphe nuclei (DRN and MRN respectively; Figure A.24e) and the

interpeduncular nucleus (IP; Figure A.24e).

However, some structures only have the transcript (projecting structures). This is the
case for the lateral habenula (Hb), which display high levels of transcript but no protein
(Figure A.24c).

On the other hand, some structures only express VGLUT3 protein, and correspond to
structures innervated by long- projecting VGLUT3-positive neurons. For example, the
mesencephalon, thalamus (Thal) and hypothalamus (Hyp) are moderately stained
(Figure A.24c- d). The substantia nigra pars compacta (SNc) and ventral tegmental area
(VTA) are heavily stained, and VGLUT3 seems to account for the majority of
VGLUT- positive terminals in these structures (Figure A.24d). The amygdala (AMG) - and
more precisely its basolateral nucleus (BLA) - displays high levels of VGLUT3 protein
(Figure A.24c).
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Gene

Human locus

Distribution

Subcellular

localization

Km for L- Glu
Vmax

ICso for
Evans Blue

dye

Table A.4: VGLUT3 structural expression in mammalian brain

Transcript Protein
SLC17A8
12g23.2
Retina®
Inner ear
Kidney ?
Eyes ° P:nlc'l‘e&;s (B cell/s i
Inner ear Skeleta mueSC e
Kidney Spinal cord
Liver " Brain

Spinal cord “ ¢
Brain

Cerebral cortex 2 b ¢

Striatum (CPu & Acb) & ¢

Bed nucleus ©

Hippocampus (DG @ b ¢ & CA1- 3%
b, ¢ & stratum radiatum b €) a brc d
Amygdala ® ¢

Habenula @

Thalamus (median nuclei) &
Hypothalamus b ©

Nucleus tractus solitarii €

SNcP®

Ventral pallidum ¢

Raphe (DRN& MRN) 2 b ¢
Cerebellum (granule layer) o ¢

Only in grey matter @

Olfactory tubercles @

Cerebral cortex (II / VI) P (1V /
V) ¢

Striatum (CPu & AcbSh>AcbC2) &
b, c

Bed nucleus ©

Stria terminalis ©

Hippocampus (Pyr & Gran layers)

a, c

Hippocampus (stratum radiatum) ®
C

Amygdala @ b ¢

Thalamus ¢

Hypothalamus ¢

SNc @

Ventral pallidum ¢

Globus pallidus (GPi > GPe) ¢
Raphe (DRN& MRN) 2 P
Periaqueductal grey ¢

Neurons: Axon terminals; dendrites; perikarya

Astrocytes? Progenitor cell?

~1mM

~ 20 pmol.min-1.mg ! prot

~ mM

a, Gras et al. (2002), Herzog et al. (2004); b, Fremeau et al. (2002), (Boulland et al. 2004);
c, Schafer et al. (2002); d, Takamori et al. (2002); e, Oliveira et al. (2003);
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Figure A.24: Regional distribution of VGLUT3 transcript and VGLUT], - 2 and - 3 proteins

VGLUT3 transcript (left) was visualized by radioactive in situ hybridization, while the protein
(right) was labeled by immunoautoradiography, as for VGLUT1 (third panel) and VGLUT2 (forth
panel)

Adapted from Herzog et al. (2004)
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e Distribution in other structures

Corti organ:

VGLUT3 is expressed in the inner ear sensory cells, also referred to as inner hair cells
(IHC). These cells represent the first synapse in the auditory pathway, and convert
auditory stimuli into electric signal to the auditory nerve (Ruel et al. 2008, Seal et al.
2008).

Spinal cord:

VGLUT3 expression in the spinal cord is controversial. One study stated that VGLUT3
protein is found in the ventral horn of the cervical and thoracic spinal cord, with a
supraspinal origin, probably from raphe nuclei (Oliveira et al. 2003). Another study
showed that VGLUT3 is present in the dorsal horn of the spinal cord and identified some

functional correlate associated with this location (Seal et al. 2009).

Dental pulp:
Along with VGLUT1 and - 2, VGLUT3 is expressed in dental pulp sensory afferents that

regulate local microcirculation blood flow (Zerari-Mailly et al. 2012).

Bladder:
VGLUT3 is expressed by a subpopulation of neurons in the bladder dorsal root

ganglion (Brumovsky et al. 2013).

2.1.2 Ultrastructural distribution

VGLUT1 and VGLUT2 that are located almost exclusively in nerve terminals. In
contrast, VGLUT3 is found in the perikarya and proximal dendrites of some neurons in
addition to their terminals. They include cholinergic interneurons of the striatum and
GABAergic interneurons in hippocampus and cortex (Fremeau et al. 2002, Gras et al.
2002, Schafer et al. 2002, Herzog et al. 2004).
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Figure A.25: VGLUT3 at asymmetrical or symmetrical synapses

Electron microscopy visualization of immunoparticles against VGLUT3 at an asymmetrical (a,
arrow) or symmetrical (b, arrowhead) synapse in the hippocampus. t: terminal; d: dendrite; Pyr
cell: pyramidal cell. Scale bar = 250 nm.

From Gras et al. (2002)
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Electron microscopy detections revealed that VGLUT3 is also found in terminals
forming either asymmetrical or symmetrical synapses (Figure A.25). This suggests that
VGLUT3 is expressed by excitatory or inhibitory/modulatory neurons respectively
(Fremeau et al. 2002, Gras et al. 2002).

2.1.3 Neuronal subtypes distribution

VGLUT3 was identified in non- glutamatergic neurons, i.e., these neurons were
initially identified as using another neurotransmitter than glutamate. VGLUT3 s
expressed by subsets of serotonergic neurons, GABAergic neurons and cholinergic

neurons.

¢ VGLUT3 in serotonergic neurons

Raphe

VGLUT3 is expressed in all raphe nuclei, with a more prominent distribution in the
dorsal and medial raphe (Hioki et al. 2010). Costaining with serotonergic markers (5- HT
or SERT, for plasmalemmal serotonin transporter) showed that in these nuclei there are
three populations of neurons: i) purely glutamatergic neurons (VGLUT3- positive), ii)
purely serotonergic neurons (SERT- positive), and iii) mixed Glu / 5- HT neurons (Schafer
et al. 2002). Recent studies provided anatomical support for VGLUT3 sorting in the
axonal arborization of a single DR neuron (Gagnon and Parent 2014, Voisin et al. 2016).
Along a single axon, some varicosities have VGLUT3, when others are devoid of it. This
highlights the complexity of the 5- HT network. It suggests that VGLUT3 sorting in
different branches of serotonergic neurons is regulated and confers differential functional
properties to terminals (Amilhon et al. 2010). Serotonergic neurons have a very profuse
ascending axonal arborization. However, only half of their branches make synaptic
contacts. The other half mediates a diffuse transmission through asynaptic en passant
contacts. It is possible that VGLUT3 would be preferentially targeted to varicosities
making synaptic contacts, also because these varicosities appear larger in electron

microscopy than the VGLUT3- devoid ones (Gagnon et al. 2014).

A large number of 5- HT neurons in the DRN and MRN express VGLUT3 mRNA (Gras et
al. 2002, Shutoh et al. 2008, Crawford et al. 2011). However, in the DRN and MRN,
VGLUT3 is mainly expressed in fibers and terminals lacking 5- HT (Amilhon et al. 2010).
In the projecting areas of serotonergic neurons (i.e. forebrain and brainstem), VGLUT3 is
expressed in ~ 50% of 5- HT fibers in the cortex, and between 30 to 80% in the
hippocampus. Surprisingly, there is almost no dual expression of SERT and VGLUT3 in
the brain (Gras et al. 2008, Amilhon et al. 2010). This observation suggests enhanced
levels of 5-HT transmission by VGLUT3/5-HT fibers due to the lack of serotonin

reuptake.
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There is a double origin for VGLUT3- positive 5- HT neurons in the raphe, regarding
the expression of the transcription factor Pet-1 (~55% are Pet- 1- positive in MNR;
Kiyasova et al. (2011), Sos et al. (2017)).

Purely glutamatergic neurons in the raphe

In the raphe, some neurons express VGLUT3 without SERT or VMAT2. It has been
estimated that the proportion of VGLUT3- positive neurons that are not serotonergic is
around 20% (Hioki et al. 2010). These neurons are mainly located in the dorsal part of
the DRN and project to many areas, including the VTA and SNc. These neurons have not

been characterized yet.

e VGLUT3 in GABAergic neurons

Hippocampus

In the hippocampus, VGLUT3 is expressed by GABAergic cholecystokinin
(CCK)- positive basket cells in the Pyramidale layer (Somogyi et al. 2004, Fasano et al.
2017). Their terminals contact somata and proximal dendrites in CA1- 3. VGLUT3 is also

expressed by GABAergic interneurons (INs) in the granule layer of DG.

Cerebral cortex & neocortex

VGLUT3 is expressed by sparse populations of GABAergic interneurons in layers II and
VI of the cerebral cortex. The strongest labeling is found in the outer layer II. These
interneurons are mainly CCK- and cannabinoid receptor type 1 (CB1R)- positive
(Harkany et al. 2004, Somogyi et al. 2004). In the neocortex, VGLUT3 is expressed by
CCK- and preprotachykinin B- positive GABAergic interneurons (Hioki et al. 2004).

In summary, VGLUT3 is preferentially expressed by subpopulations of GABAergic

CCK- positive interneurons in the cerebral cortex and hippocampus.

e VGLUT3 in cholinergic neurons

Striatum

VGLUT3 is expressed by all cholinergic interneurons (CINs) of the striatum (Gras et al.
2002, Herzog et al. 2004, Nickerson Poulin et al. 2006, Gras et al. 2008, Commons and
Serock 2009). Both the dorsal part and the ventral part (or nucleus accumbens, Acb) are
labeled. In the Acb, the outer part (shell, AcbSh) is more intensely stained compared to
the inner part (core, AcbC; Herzog et al. (2004)). All VGLUT3- positive terminals express
ChAT (choline acetyltransferase, ACh biosynthetic enzyme); inversely, 80% of ChAT- ir

(immunoreactive) terminals express VGLUT3 (Stensrud et al. 2013).

Basal forebrain
The basal forebrain (BF) is a brain region that has a strong cholinergic component. It

contains an important mixed population of VGLUT3 / ChAT- positive neurons (30% of
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magnocellular cholinergic neurons in the ventral pallidum, and up to 10% in the caudal
BF) that projects to the BLA (Nickerson Poulin et al. 2006).

2.2 Functional roles: overview
2.2.1 Dual release of transmitters

The presence of VGLUT3 in subgroups of GABAergic, serotonergic or cholinergic
terminals raised the possibility that two neurotransmitters could be released within the

same neuron.

For years, Dale’s principle ruled for neurotransmission: a given neuron releases a

single neurotransmitter. However, increasing number of reports referring to colocalization
of neuropeptide and nT, or of several nTs or VNTs within a single neuron, crippled this

theory and were soon followed by electrophysiological and functional studies.
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Figure A.26: Co- release and co- transmission in neurons

a. With co- release, both nTs (red and blue dots) are packaged into the same set of SVs, which will
be released in the synaptic cleft upon an AP. b. In co- transmission, the nTs are sequestered into
distinct populations of SVs, which leads to a differential release. It might rise from differential Ca2*
sensitivity (left panel), implying the requirement of specific stimulation pattern for SV
recruitment. Or it can rely on spatial segregation of SV populations to different boutons (right
panel), in which case, a single incoming information is transmitted to different postsynaptic
targets.

From Vaaga et al. (2014)

The release of multiple neurotransmitters from a single neuron does not necessarily
imply that they have to be packaged in the same SVs (Figure A.26; (Vaaga et al. 2014)).
If they are, then the two transmitters are released together, which means there is a
co- release (Figure A.26a). If they are in non-overlapping SVs, then it is a
co- transmission (Figure A.26b). This co- transmission can be either co- temporal (the
two transmitters are located in different terminals and thus released simultaneously, but
with distinct downstream target; Figure A.26b right panel) or sequential (i.e. nTs are

packaged in different SVs within the same terminal and their release can be uncoupled in
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a frequency- or intensity- dependent way; Figure A.26b left panel). Many brain
structures possess neurons carrying both a neurotransmitter and a neuropeptide, e.g.
[5- HT / substance P]-expressing neurons in the medulla oblongata, or [DA / CCK]-
expressing neurons in the VTA (Hokfelt et al. 1984, Johnson 1994). With the existence of

several messengers, neurons can transmit differentiated messages at synapses.

In the case of VGLUT3- positive neurons, the multiple messengers are glutamate and
either a neuromodulator (5- HT, ACh) or the inhibitory neurotransmitter GABA. However,
it should be noted that for 5- HT and GABA, there seems to be axon terminal
heterogeneity, i.e. that some terminals will express either one of the corresponding

transporters, or the two together.

e Serotonin- glutamate dual release

The first clue for a dual transmitter release in 5- HT neurons was that extracellular
stimulation of raphe nuclei leads to non- serotonergic excitatory post-synaptic currents
(EPSCs) in the striatum, followed by longer latency serotonergic potentials (Park et al.
1982). Later, another study stated that cultured serotonergic neurons have the ability to
elicit fast AMPAR- mediated post- synaptic currents (Johnson 1994). Then, it was
demonstrated that activation of raphe nuclei leads to i) fast AMPAR- and ionotropic
5- HT3R- mediated ESPCs in hippocampal GABAergic interneurons and ii) a slow- rising
putatively metabotropic 5- HT1aR- mediated inhibitory post-synaptic currents (IPSCs) in
CA1 hippocampal neurons, or indirect inhibition via GABAergic interneurons (Varga et al.
2009). Recently, in vivo studies using optogenetic activation of serotonergic neurons
from the DRN showed that AMPAR-mediated EPSCs are elicited in the VTA and AcbSh,
comforting the idea that there is indeed a serotonin-glutamate dual release (Liu et al.
2014).

e GABA- glutamate dual release

Several cases involve GABA / Glu co-release. The first description of a
VGLUT3- dependent GABA / Glu dual release was reported in the developing auditory
system at inhibitory synapse that are also VGLUT3- positive (Gillespie et al. 2005). This
transient expression (~ until P7) during the auditory map peak sharpening has been
hypothesized to help eliminate or strengthen connections between medial nucleus of the

trapezoid body and the lateral superior olive.

There is some ultrastructural evidence for VGLUT3 and VIAAT colocalization on the
same SVs membranes in the cortex and hippocampus, but not in the striatum (Stensrud
et al. 2013). This is a clue for an in vivo storage of GABA and Glu within the same SVs,
and for a subsequent co- release (Figure A.27). More recently, our team revealed that

CCK-positive basket cells in the hippocampus signal with GABA and use glutamate as a
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secondary transmitter to retro-inhibit GABA signaling onto pyramidal cells (Fasano et al.

2017). In this situation, VGLUT3-dependent glutamate is acting upon mGIuR.
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Figure A.27: VGLUT3 and VIAAT are expressed on the same SVs
Electron micrograph of a CA3 pyramidal cell layer terminal (term)
forming a symmetric synapse (asterisk) on a stem dendrite (dend).
VIAAT (large gold particles) and VGLUT3 (small gold particles) are

colocalized on the same SV membranes (inset, arrowheads).
Scale bars = 100 nm and 25 nm (inset).

From Stensrud et al. (2013)

e Acetylcholine- glutamate dual release

VGLUT3 is expressed by all CINs of the striatum. Using SV immunopurification, Gras
et al. confirmed that VGLUT3 and VAChT were co- expressed in SV subsets from the
striatum (Gras et al. 2008). This result was confirmed by electron microscopy with
post- embedding gold particles (Stensrud et al. 2013).

Two local intrastriatal sources were identified as being able to elicit EPSCs: i) nicotinic
ACh receptors (nAChRs) and ii) AMPARs / NMDARs (Cherubini et al. 1988). Later, it was
demonstrated that these currents are imputable to local cholinergic interneurons, as
striatal cholinergic autaptic cultures release both glutamate and acetylcholine, which
respectively elicit AMPAR- and nAChR- mediated currents (Allen et al. 2006, Huh et al.
2008). More recently, it was observed that mice depleted for VAChT specifically in the
CINs do not reproduce the phenotype observed by CINs toxin-mediated ablation,
suggesting that these neurons use another transmitter than ACh (Guzman et al. 2011).
Moreover, optogenetic activation of CINs triggers glutamatergic EPSCs in principal striatal
neurons (Higley et al. 2011).

Therefore, CINs release both glutamate and acetylcholine.
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2.2.2 Vesicular synergy

We saw that VGLUT3 expression by non- glutamatergic neurons enables them to
co- release glutamate. Additionally, VGLUT3 presence in terminals increases the filling of
SVs with the primary transmitter, leading to a potentiated release of the latter. This

mechanism is called vesicular synergy.

e VGLUT3 / VAChT synergy

Mice constitutively lacking VGLUT3 (VGLUT3—/~) show a two- fold decrease of ACh
uptake, along with a two- fold reduction of evoked striatal ACh release (Gras et al. 2008).
Both the presence of VGLUT3 and glutamate are necessary to maintain WT- level uptake
activity. The positive effect of glutamate on [3H]ACh uptake is lost with the application of
VGLUT inhibitor Evans Blue. Overall, this study reported for the first time that VGLUT3-
dependent glutamate stimulates ACh vesicular loading (Figure A.28; Gras et al. (2008)).

Acetylcholine vesicle Acetylcholine-VGLUT3 vesicle

© Acetylcholine

U pH O Glutamate

Figure A.28: Vesicular synergy between VGLUT3 and VAChT

The kinetic properties of VAChT (in red) are such that to accumulate one molecule of acetylcholine
(red circles), two protons are extruded from the vesicle (left panel). Thus, VAChT rapidly
dissipates ApH. Glutamate (green circles) and chloride acidify SVs through distinct and additive
mechanisms. It can thus be proposed that the presence of VGLUT (in green) on SVs results in more
acidified vesicles, which enables VAChT to accumulate higher amounts of acetylcholine (right
panel). The VGLUT-dependent increased vesicular accumulation of serotonin, acetylcholine,
dopamine or GABA is known as vesicular synergy.

From El Mestikawy et al. (2011)
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They postulated that the entry of glutamate would counterbalance VAChT
stoichiometry: for each positively- charged ACh influx, two protons are exported,
resulting in a faster dissipation of ApH gradient over Ay. Glutamate, which is negatively

charged, would stimulate the accumulation of protons inside cholinergic SVs.

This interplay between the two transporters was validated with an electrophysiology
study. The activation of CINs lacking VGLUT3 results in a strong attenuation of

cholinergic signaling in the dorsal striatum (Nelson et al. 2014).

e VGLUT3 / VMAT2 synergy

Amilhon et al. highlighted the fact that VGLUT3 also enhances VMAT2- mediated
[3H]5- HT vesicular loading by about 30% in the cortex and hippocampus (Amilhon et al.
2010). This increased accumulation is reduced in presence of VGLUT inhibitors and
absent in VGLUT3~/~ mice. Such a synergy was rationale since VMAT2 and VAChT share
bioenergetic transport properties (Figure A.16). It should be noted that the stimulation of
5- HT loading by VGLUT3 is probably higher than 30%, since uptake experiments assess
VMAT?2 global activity. Yet, VMAT?2 is also expressed in histaminergic, dopaminergic and

noradrenergic terminals.

Thus, VGLUT3~/~ mice have a decreased accumulation and hence efflux of 5- HT in
the cortex and hippocampus, and VGLUT3 seems to positively regulate 5-HT

transmission in limbic areas.

e VGLUT3 / VIAAT synergy

To this date, there is no strong evidence for VIAAT / VGLUT3 vesicular synergy.

One study showed that VIAAT- immunoisolated SVs accumulate glutamate in addition
to GABA. Trypan Blue inhibits GABA uptake from 15%, suggesting that VGLUT promotes
GABA loading into SVs (Zander et al. 2010). In addition, Fasano et al. observed that the
amplitude of GABA mini is decreased in the hippocampus of VGLUT3~/~ (Fasano et al.
2017). This observation suggests that VGLUT3-dependent glutamate accelerates GABA
loading into SVs.

However, two studies did not replicate these findings. In one study VGLUT3 was
exogenously expressed in striatal GABAergic neurons. It was then found that glutamate
and GABA are released from the same vesicles but do not synergize (Zimmermann et al.
2015). Another study stated that the expression of VGLUT3 during development in
GABAergic neurons of the auditory brainstem leads to a synaptic accumulation of

glutamate but does not synergize GABA release (Case et al. 2014).

The synergistic role of VGLUT3 onto VIAAT activity is not easy to detect. Unlike
VAChT and VMAT2, VIAAT activity is driven by both components of the electrochemical
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proton gradient. Therefore, the accumulation of glutamate in GABA- containing SVs, as
previously described, will increase Ay and ApH. In theory, glutamate could have a slight
effect on VIAAT activity.

2.2.3 Related phenotypes

e Anxiety-related behaviors

Augmentation of the serotonergic tone is a therapeutic thread to prevent mood and
anxiety disorders (Renoir et al. 2012). VGLUT3/~ mice have a lower 5- HT efflux
(Amilhon et al. 2010). Behavioral tests ran on mutant mice revealed that null mice have
a marked neophobia (marble burying test, novelty- suppressed feeding) and an increased
anxiety (elevated plus maze, open field) related to their decreased 5- HT levels. The
onset of hyper- anxiety in mutants is very early, as demonstrated by the increased
distress call in P8 pups. VGLUT3~/~ mice are not prone to aggressive behaviors or social

avoidance compared to WT littermates (Amilhon et al. 2010).
e Deafness

VGLUT3 is expressed by inner hair cells of the cochlea (Ruel et al. 2008, Seal et al.
2008). Mice constitutively lacking VGLUT3 are completely deaf, but maintain normal
motor and vestibular function (Ruel et al. 2008, Seal et al. 2008). Their deafness stems
from the impossibility for IHCs to release glutamate to convert auditory stimuli into
electric signal. Thus, VGLUT3 is involved in maintaining a functional transmission at the
first auditory relay. In these mice, the rest of the auditory system is still functioning.
Hence, hearing can be restored (up to seven weeks) by VGLUT3 virally- mediated gene
delivery in IHCs (Akil et al. 2012).

e Electrographic seizures

The electroencephalogram recordings of VGLUT3~/~ mice depict some unusual cortical
activity that spontaneously and intermittently synchronizes (Seal et al. 2008). This
demonstrates a neocortical hyperexcitability, characteristic usually associated with
convulsive seizures in epilepsia. However, these electrographic seizures are not

accompanied by any convulsion (Seal et al. 2008).

e Mechanical hypersensitivity

VGLUT3 is expressed by the low-threshold C-fibre mechanoreceptors of the skin.
These cells are activated by light touch and brush, and form unmyelinated fibers that
terminate in laminae II and I in the spinal cord dorsal horn. Upon activation, they release

glutamate in the dorsal horn (Drew and MacDermott 2009).

VGLUT3~/~ mice show normal response to low-intensity mechanical stimuli. Yet,

VGLUT3 plays a role in mechanical hypersensitivity after inflammation (Seal et al. 2009).
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Another study demonstrated that under specific etiologic conditions, VGLUT3- positive
fibers contribute to the development of mechano-cold hypersensitivy (Draxler et al.
2014).

e Insulin secretion

VGLUT3 is expressed in the pancreatic islets of Langerhans, which mainly contain
insulin- secreting B- cells and glucagon- secreting a- cells. Insulin and glucagon are two
hormones that differentially regulate circulating plasma glucose level: insulin promotes
glycogenesis and lipogenesis (hypoglycemia) while glucagon favors glycogenolysis and
gluconeogenesis (hyperglycemia). These two hormones are stored in secretory vesicles

within pancreatic cells cytoplasm.

VGLUT3 is expressed by B- cells, in the insulin- containing secretory granules, along
with EAAT2, which is usually associated with the plasmalemma. However, the
concentration of glutamate in the secretory granules is maintained low: while VGLUT3
imports the amino acid, EAAT2 extrudes it. The packaged amount of glutamate influences
the electrochemical gradient across the secretory granule membrane, and hence

regulates insulin secretion (Gammelsaeter et al. 2011).

e Thermoregulation

VGLUT3 is expressed in non- serotonergic neurons of the medullary raphe region. By
innervating thermoregulatory effector organs, these neurons mediate thermoregulatory
functions, including fever. Glutamate injection in the thoracic spinal cord is followed by
thermogenesis in the brown adipose tissue, which suggests a descending control of
thermoregulatory functions by non- serotonergic glutamatergic pathways (Nakamura et
al. 2004). This is coherent with the putative expression of VGLUT3 at the thoracic level of

the spinal cord ventral horn (Oliveira et al. 2003).

e Hyperactivity

VGLUT3—/~ mice have a slight basal hyperlocomotion, similar to that obtained by
striatal cholinergic interneuron ablation (CIN-KO; Figure A.29), but preserved motor skills
(Kitabatake et al. 2003, Gras et al. 2008). This hyperlocomotor activity can be rescued
with donepezil administration, a centrally AChE (catabolic enzyme of ACh) inhibitor,
which suggests the involvement of acetylcholine in the observed phenotype. A more
recent study proposed that this hyperlocomotion is circadian-dependent (Divito et al.
2015). They found that VGLUT3~/— mice are more hyperlocomotive at night, in relation

with an increased DA release during the dark cycle (Divito et al. 2015).
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Figure A.29: Hyperlocomotion induced by acetylcholine or glutamate detuning (60min)
a. Selective ablation of cholinergic interneurons (CINs) results in an increased exploratory behavior
(CIN- KO, black bar) compared to control animals (WT, white bar). (Adapted from Kitabatake et al.
2003) b. As for striatal cholinergic knockouts, VGLUT3—/~ mice (V3KO, black bar) have an
increased basal locomotion compared to WT littermates (WT, white bar). (NMG, unpublished data).

However, two studies demonstrate that transgenic mice specifically lacking VAChT or
VGLUT3 in CINs (VAChTwxP/LoxP x D,R-Cre, named Drd2-Cre:VAChTxP/LoxP or
VGLUT3LoxP/LoxP 5 ChAT-IRES-Cre, named ChAT-IRES-Cre:VGLUT3MxP/LoxP regpectively)
show normal locomotion and motor skills. This suggests that the hyperlocomotive
phenotype could have another origin than CINs (Guzman et al. 2011, Divito et al. 2015).

e Drug-related behaviors

CINs are important regulators of striatal activity. VGLUT3—/~ mice are hypersensitive
to the hyperlocomotor effect of cocaine, with a 2.5- fold hyperlocomotion compared to
wild-type (WT) siblings (Gras et al. 2008). A more recent study, also conducted by our
team, focused on a full characterization of cocaine effects on VGLUT3~/~ mice (Sakae et

al. 2015). This work will be further discussed in the final part of the introduction.
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VGLUT3 is expressed in non- glutamatergic neurons, along with

other vesicular transporters. These cophenotypes suggest an

interplay between glutamate transmission and other
neurotransmission systems through co-release (5-HT, ACh and GABA)
and have implications for behavioral, neurological and mental
disorders.

71 VGLUT3-VMAT2 protein
3 VGLUT3-VIAAT protein
I VGLUT3-VAChT protein

Adapted from El Mestikawy et al. (2011)
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PART III.
THE STRIATUM

LTE BTN T Wl T i, ST T, R

1. Anatomy of the striatum

Striatum is a brain region of the basal ganglia that receives massive excitatory inputs
from the cortex and the thalamus. These inputs convey sensorimotor, limbic and
cognitive information. Striatum mainly projects to the substantia nigra and the globus
pallidus to encode motor control. It is also involved in motivational and reward

processes, as well as learning of skills and habits.

1.1 Matrix versus striosomes

Striatum is a macroscopically heterogenous structure in terms of cell distribution.
Some regions are densely packed (clusters of 1’500 to 15’000 cells; Goldman-Rakic
(1982)) and called striosomes (or patches). These regions are surrounded by
loosely- packed cells that form the so-called matrix. The striosomal volume represents 15

to 20 percent of striatal total volume (Gerfen 1992).

The striosomal organization into two compartments is associated with a differential
expression of a large number of transmitter- related markers. For instance, striosomes
are defined as [u- opioid receptor (MOR) / substance P (SP)]- rich and AChE- poor regions
whereas the matrix is rather an [enkephalin (Enk) / AChE]- rich compartment (Graybiel
and Ragsdale 1978, Bolam et al. 1988, McGeorge and Faull 1989, Crittenden and
Graybiel 2011).

Moreover, striatal organization into patch and matrix compartments is also related to
input- output connections, including the laminar organization of the cortex. Striatal
patches preferentially receive afferents from deep cortical layers whereas superficial
cortical layers send projections to the matrix (Gerfen 1992). Limbic cortical areas
(orbitofrontal, anterior cingulate, and insular cortices) preferentially innervate
striosomes, whereas projections from the somatosensory, motor, and associative cortices
terminate mainly in the matrix. Since the amygdala, hippocampus, and nucleus
accumbens are interconnected with the orbitofrontal, anterior cingulate, and insular
cortices, this supports the idea that striosomes are part of a limbic circuit embedded in

the sensorimotor and associative striatum (Figure A.38a; Crittenden et al. (2011)).

In summary, the traditional view of striatal connectivity stated that striosomal

compartment participates to limbic forebrain circuits, while extra- striosomal
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compartment is involved in sensorimotor / associative forebrain circuits (Brimblecombe

and Cragg 2017).

Contrary to the previous studies, results show that patch / exo-patch and matrix
neurons receive both limbic and sensorimotor information (Smith et al. 2016). This new

vision raises many functional questions about striatal activity.

1.2 Functional compartmentalization
Striatum can be divided in functionally different sub-areas, based on the nature of
their inputs: the ventral striatum, and the caudate and putamen nuclei (Figure A.30). In
humans the internal capsule separates the caudate and the putamen, while they are
merged together in rodents. More recently, it was proposed that striatum should be
divided in three communities based on the cortico-striatal projectome: the rostral, the

intermediate and the caudal striata (Hintiryan et al. 2016).

Globally, striatum receives glutamatergic inputs (cortex, thalamus, amygdala and
hippocampus), as well as midbrain DA and GABA projections, but also cholinergic

innervation from the brainstem...

Human Mouse

Sensorimotor
Associative

dorsal
g 7}
E s
Limbic ventral Limbic

Figure A.30: Functional subdivisions of the striatum in humans and rodents

Functionally, the striatum (Str) can be divided into limbic (magenta), associative (green), and
sensorimotor (blue) regions, in both human (left) and rodent (right), determined by cortical
inputs mediating each function. The nucleus accumbens, which makes up the ventral Str, is
indicated by the dashed lines. In mouse, a second dashed line indicates the border between the
NAc core and shell. Cd, caudate; dStr, dorsal striatum; OT, olfactory tubercle; Pu, putamen.

From Chuhma et al. (2017)
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e Nucleus accumbens

Along with the olfactory tubercles, the nucleus accumbens (Acb) constitutes the
ventral striatum (vStr). Acb is part of the limbic striatum (Figure A.30). It is a central
structure that participates in higher order brain functions, such as reward- related
behaviors, motivation, learning and memory (Di Chiara 2002). It has been considered as
an interface between the limbic and motor systems (Zahm and Brog 1992). It integrates
signals arising from limbic areas (amygdala, hippocampus and hypothalamus) and
cortical areas (prefrontal cortex). It also modulates reward- related motor output of
various goal- directed behaviors, through dopaminergic afferents arising from the VTA.
The nucleus accumbens consists in two distinct subregions. The accumbens shell (AcbSh)
is part of a limbic circuit, with primarily projections to limbic structures. The accumbens

core (AcbC) projects to motor- related regions of basal ganglia (Heimer et al. 1991).

e Dorsal striatum

The dorsal striatum (dStr) participates to habit formation, motor functions, cognitive
flexibility and cue-induced behaviors (Everitt and Robbins 2013, Prado et al. 2017). It
can be divided in two parts: the dorsolateral striatum and the dorsomedial striatum. The
dorsomedial striatum (DMS) is the associative part of the striatum. It receives inputs
from the prefrontal cortex and limbic regions (Gerfen 1992). It is involved in behavioral

flexibility, reward-associated motor learning and reaction time.

The dorsolateral striatum (DLS) constitutes the striatal sensorimotor territory. It
receives strong afferents from the motor and premotor cortices, and is particularly
important for habit formation (Gerfen 1992). In human, the dStr is formed of two distinct
nuclei: the caudate nucleus corresponds to the DMS, while the putamen nucleus

corresponds to the DLS. Together, they form the caudate- putamen (CPu).

1.3 Striatal cytoarchitecture

The vast majority of striatal neurons are GABAergic spiny projection neurons (~ 95%)
called medium spiny neurons. They are the only neurons projecting out of the striatum.

The remaining 5 % are mainly local interneurons, either cholinergic or GABAergic.

1.3.1 Medium spiny neurons

Against the popular belief, medium spiny neurons (MSNs) differ in their anatomical
and physiological properties, which mirror differences in their network connections and
biochemistry (Gertler et al. 2008). They can also be distinguished by the expression of
specific DA receptor subtypes: i) the DiR- expressing MSNs, which project to the
substantia nigra (SN) and ii) the D2R- expressing MSNs, which project to the globus
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pallidus (GP). Each of these two types expresses a specific set of signaling molecules, as

detailed below.

The majority of MSNs are located in the matrix regardless of their downstream
connectivity (Crittenden et al. 2011). In terms of proportion, there is as much DiR- and
D2R- ir in the striatum, and these two populations are intermingled (Gangarossa et al.
2013, Ren et al. 2017).

MSNs share baseline electrophysiological properties. Their resting potentials are very
negative (- 90 mV) and they have a low input resistance. This makes them silent at basal
state. They are densely studded with dendritic spines, where they are connected by a
large number of glutamatergic and dopaminergic afferents (Smith and Bolam 1990, Jiang
and North 1991). Locally, MSNs send axon collaterals that supply the striatum with a
large and dense arborization (Kreitzer 2009). This network allows synaptic

interconnectivity with other MSNs and striatal interneurons.

Their activity is related to the execution of a task or movement, and they usually fire

before or right after the onset of the movement (Kimura 1986).

DiR-expressing MSNs

DiR- expressing MSNs (D1- MSNs) project monosynaptically to the globus pallidus
internalis (GPi, medial part) and the substantia nigra pars reticulata (SNr). Yet, most
D1- MSNs also send collaterals to the GPe, thus forming a functional bridge between the

direct and indirect pathways (Cazorla et al. 2015).

D1- MSNs express two neuropeptides that are very important for local modulation of
other neurons: substance P and dynorphin (Dyn). The endogenous opioid Dyn acts on
K- opioid receptors that are homogeneously distributed within the striatum. They also
express high levels of the muscarinic receptor M4R, which exerts an opposing effect
compared to D:R (Ena et al. 2011). They also carry the GPCR adenosine receptor 1
(A1R), which is coupled to Gai and leads to AC inhibition upon adenosine binding
(Beaulieu et al. 2015).

D2R-expressing MSNs

D2R- expressing MSNs (D2- MSNs) project to the globus pallidus externalis (GPe,
lateral part). They form a multisynaptic pathway to the output nuclei of basal ganglia.
They are enriched with the neuropeptide enkephalin. This endogenous opioid acts on o-
and p- opioid receptors (DOR and MOR) that are highly enriched in the striatum,
especially in the striosomes (Figure A.49; Koizumi et al. (2013)). Opioid receptors are
GPCRs negatively coupled to AC. Conversely to D1- MSNs, D2- MSNs carry the GPCR
adenosine receptor 2A (A2aR), which is coupled to Gas and leads to cAMP stimulation

upon adenosine binding and thus antagonizes D2R (Ena et al. 2011).
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DiR/D2R-expressing MSNs

The majority of Di- or D2- expressing neurons are segregated in two populations.
Yet, it was observed that in the dStr, approximately 5% of MSNs co-express D:- and
D2R, whereas this number reaches 15 - 30% in Acb subregions (Matamales et al. 2009).
DiR and D2R can form heteromers in a region-dependent proportion (Bertran-Gonzalez
et al. 2008, Perreault et al. 2010). They seem to constitute a third pathway that mostly
targets the substantia nigra pars compacta and that is differentially affected by
dopaminergic deafferentation (Gagnon et al. 2017). A recent study using a double BAC
(bacterial artificial chromosome) transgenic mouse (D1-tdTomato and D2-eGFP) found
less than 1% co-localization of the two receptors in the CPu, suggesting the previous

values may be overestimated (Ren et al. 2017).

From a molecular point of view, these cells express peptidic markers of both D1- and
D2- MSNs, i.e. dynorphin and enkephalin respectively (Perreault et al. 2010). It has been
proposed that Di/D2R heteromers are coupled to another G- protein, Gag/11 that activates
PLC (Perreault et al. 2011). Yet, this specific coupling to Gaq has been recently challenged
(Frederick et al. 2015).

1.3.2 Striatal interneurons

Apart from the principal GABAergic spiny population of the striatum, a small humber
of aspiny interneurons play a critical role in local modulation of signal integration and
striatal output (Figure A.31). These interneurons consist in large cholinergic interneurons

and medium- sized GABAergic interneurons (Kreitzer 2009).
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Figure A.31: Cytology of striatal interneurons

Left side: Immunohistochemistry of cholinergic INs (ACh, in brown) and GABAergic nitric oxide-
(NO, in purple), parvalbumin- (PV, in red) and calretinin- expressing (CR, in green) GABAergic INs.
Scale bar = 50 um. Right side: Shared chemical compositions of striatal INs. The size of the
boxes is proportional to the relative number of cells that are immunoreactive for a substance.
CB, calbindin D2sk; SS, somatostatin; NPY, neuropeptide Y.

Adapted from Kawaguchi et al. (1995)
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e Cholinergic interneurons

Cholinergic interneurons, also known as tonically active neurons (TANs), are large
aspiny neurons that account for about 1- 3% of striatal neurons (Zhou et al. 2002).
Despite their small number, they have particularly widespread dendritic and axonal
arborizations that densely innervate the entire striatum. They are considered as major
regulators of striatal activity (Kreitzer 2009). It has been estimated that each CIN

possess around 500°000 varicosities (Lim et al. 2014).

CINs receive direct afferents from the thalamus and cortex, as well as dopaminergic
inputs (Wilson et al. 1990, Kawaguchi et al. 1995). Their somata are mainly localized in
the matrix, close to matrix- striosome boundaries. Their axonal arborization is found in
both compartments, while the dendrites are restricted to the matrix (Crittenden et al.
2014, Crittenden et al. 2017). In terms of general distribution, the rostral striatum
contains a higher density of CINs than the caudal one, and the distribution in the dStr is
much larger than in the vStr (Matamales et al. 2016). Moreover, CINs are more
numerous in the AcbSh that the AcbC, in line with VGLUT3 distribution (Herzog et al.
2004, Matamales et al. 2016).

Electrophysiological and chemical properties

CINs are tonically active. They present small spontaneous depolarizing potentials that
summate to trigger APs, because their resting potential (- 60 mV) is only 5 mV below the
AP threshold (Wilson et al. 1990). Therefore, there is a constant exocytic efflux of ACh in
the striatum, as Ca?* removal from the medium leads to a rapid decline of extracellular
ACh levels (Mandel et al. 1994, Bickerdike and Abercrombie 1997). This sustained efflux
ensures relatively high extracellular levels of ACh, especially in the striosomes where

AChE activity is lower.

Three reliable markers are used to identify CINs: ChAT, VAChT and the choline
plasmalemmal transporter CHT (Prado et al. 2017). The gene encoding VAChT is entirely
embedded in the first intron of ChAT encoding gene. Despite their common locus, their
corresponding mRNAs are expressed with different ratios throughout the brain (Eiden
1998, Weihe et al. 1998). There is also one reliable surrogate marker of CINs activity,
which has been shown to follow their spiking pattern under basal and stimulated

conditions: the phospho-ribosomal protein S6 (p-rpS6; Bertran-Gonzalez et al. (2012)).

CINs express different plasmalemmal receptors. For example, 80% of CINs express
the dopamine receptor D2R and DsR, and DA inhibits ACh release in the dorsal striatum
(Bernard et al. 1991, DeBoer et al. 1996, Chuhma et al. 2014). On the other hand, DA
neurons photostimulation induces action potentials in CINs of the AcbSh (Chuhma et al.
2014). They also carry type 2 muscarinic receptors (M2R) as autoreceptors, which are

negatively coupled to AC (Bernard et al. 1992). Thus, ACh negatively regulates its own
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release (Alexander 2004). Interestingly, all CINs express VGLUT3, which synergizes
acetylcholine tone (Gras et al. 2008), and about 85% of VGLUT3- positive varicosities are
cholinergic (Sakae et al. 2015). CINs also express NK- 1 (neurokinin 1), the SP receptor.
Therefore, these cells are subjected to a phasic regulation by D1- MSNs that release SP
(Gerfen 1992, Commons et al. 2009). It is important to note that the receptors described
here only represent a few receptors on CINs surface. The regulation exerted by
neuropeptides and other neurotransmitters is very complex. CINs have been described as
expressing thirty different types of receptors (for an exhaustive listing, refer to Lim et al.
(2014)).

Functional properties

Striatal cholinergic interneurons are involved in many processes, such as associative
learning, reward processing and motor control (Prado et al. 2017). Their impairment
leads to cognitive flexibility deficits in reversal learning tasks, or to hypersensitivity to
drugs (Kitabatake et al. 2003, Prado et al. 2017). CINs ablation also yields important
motor and procedural learning defects (Kaneko et al. 2000, Kitabatake et al. 2003). In
addition, it was demonstrated that in the nucleus accumbens, CINs play a critical role in
drug response. Mice lacking CINs are more sensitive to drugs, while accumbal ACh
enhancement prevents their addictive effects (Hikida et al. 2001, Hikida et al. 2003).
They play a critical role in network regulation during presentation of learned or salient
sensory cues, and demonstrate a particular “fire- pause- rebound” pattern of activity (see

au-dessous 2.1.3: Acetylcholine / dopamine activity during behavior).

¢ GABAergqic interneurons

There are several non- overlapping classes of striatal GABAergic interneurons. They
are sorted according to their morphological and electrophysiological properties, but
mainly on their neuropeptide content: the parvalbumin (PV)- expressing, the calretinin
(CR)- expressing and the [somatostatin (SS)-, neuropeptide Y (NPY)- and nitric oxide
synthase (NOS)]- expressing interneurons (Kawaguchi et al. 1995). The GABA
synthesizing enzyme, glutamate decarboxylase (GAD67), densely stains all these

interneurons, unlike MSNs that express the GAD65 isoform.

Parvalbumin-expressing INs

The parvalbumin- expressing interneurons (PV- INs) are the most common GABAergic
interneurons in the striatum. They are expressed in both striosomal and matricial
compartments. However, they are enriched in the DLS, suggesting a role in sensorimotor
integration. They are thought to represent about ~ 2% of total striatal neuronal
population. They have large dendritic and axonal arborizations without apparent regard
for the boundaries between compartments (Kreitzer 2009). They receive a large humber

of afferents from the cortex and thalamus, and make somatodendritic asymmetric
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synapses on MSNs. They also have Gap junctions, which means they form electrical
synapses and thus form a continuous network (Kawaguchi et al. 1995). These neurons
have a very dynamic electrophysiological activity, and are also called fast- spiking (FS)

interneurons. They can fire at high frequency with short- duration APs (Kreitzer 2009).

Somatostatin/neuropeptide Y/NO synthase- expressing INs

Somatostatin /neuropeptide Y /NO synthase-expressing interneurons are found in
both compartments. They preferentially innervate the matrix, and their axons often cross
the compartmental boundaries (Kreitzer 2009). Their aspiny dendritic and axonal fields
are larger than that of other interneurons (Centonze et al. 1999). Since they express
NOS, they can release NO. They receive cortical, dopaminergic and cholinergic
innervation, and make somatodendritic synapses onto MSNs (Kawaguchi et al. 1995). In
addition to fast spikes, they can generate large and persistent plateau depolarizations,

and thus are classified as low-threshold spiking (LTS)-interneurons (Kreitzer 2009).

These neurons release different transmitters depending on their pattern of firing:
GABA, NO, NPY, SS. For example, it was demonstrated that upon high- frequency
stimulation, they release NO, which blocks NMDARs on MSNs upon intracellular signaling
(Centonze et al. 1999). Like CINs, they carry the SP receptor NK- 1, and the muscarinic
receptor Mz2R (Bernard et al. 1998).

Calretinin-expressing INs
Calretinin- expressing (CR)- interneurons are LTS- interneurons. They are not well

characterized. They do not receive thalamic projections (Kreitzer 2009).

2. Striatal connectivity

2.1 Striatal afferents

2.1.1 Glutamatergic innervation

Cortical and thalamic neurons make excitatory synaptic connections onto MSNs in

similar proportions.

e Cortical innervation

All major cerebral cortex regions send excitatory glutamatergic projections to the
striatum with an ipsilateral predominance, and each striatal locus receives projections
from several cortical regions (McGeorge et al. 1989). Individual axons from the cerebral
cortex innervate MSNs within a single compartment. These MSNs process the information
and communicate with neighboring areas via GABAergic interneurons and CINs, whose
dendrites can cross patch/matrix delineation. Additionally, these corticostriatal

projections make monosynaptic contacts onto CINs and LTS- interneurons (Kreitzer
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2009). The corticostriatal projections are VGLUT1- ir, as this transporter is responsible
for glutamatergic uptake in SVs (Figure A.30; Wouterlood et al. (2012)). Two recent
studies, based on tracing experiments, reveal that cortico-striatal and thalamo-striatal
projections are more complex than previously described. Together, they define more
striatal subterritories than associative, sensorimotor and limbic areas (Hintiryan et al.
2016, Hunnicutt et al. 2016).

e Subcortical innervation

The thalamus sends VGLUTZ2-ir excitatory terminals to the striatum. These
projections reach both MSNs and CINs and make asymmetric synapses onto dendritic
shafts (mainly in the matrix) and dendritic spines (Smith et al. 1990). The synapses
made on dendritic shafts are thought to be projections from the thalamic parafascicular
nucleus on the CINs. There is a dorsolateral-ventromedial gradient of VGLUT2 in the
striatum, with a predominant innervation of the medial AcbSh (Figure A.32; Wouterlood
et al. (2012)).

VGIuT1 Corticostriatal input VGIuT2

-

-

Figure A.32: VGLUT1 and VGLUT2 distribution in the striatum

VGLUT1 (left section) and -2 (right section) predominantly represent cortical and thalamic
inputs respectively. The striatal subregions in the central section delineate inputs from midline
and intralaminar thalamic nuclei and prefrontal cortical regions. SM: somatomotor cortex;
AC: anterior cingulate cortex; PLd: dorsal prelimbic cortex; PLv: ventral prelimbic cortex;
Al: anterior insular cortex; IL: infralimbic cortex.

From Wouterlood et al. (2012)

2.1.2 Midbrain DA neuromodulation

Two midbrain structures send dopaminergic projections to the striatum: i) the
mesolimbic pathway originating from the VTA and ii) the nigrostriatal pathway originating
from the SNc (Figure A.33). These projections are topographically organized along a

dorsoventral, mediolateral, and rostrocaudal axes (Gerfen and Surmeier 2011). The dStr
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receives more DAergic inputs than the vStr. However, DA equivalently modulates cortical
and thalamic inputs (Chuhma et al. 2017).

Dopaminergic neurons have two modes of firing. At basal state, they exhibit a tonic
firing (~ 4 Hz in rodents) that sustains striatum with low levels of DA. Superimposed on
this activity are phasic bursts of APs (~ 15 Hz), which yield an extracellular DA
concentration of 500 nM (Kreitzer 2009, Sulzer 2011). These bursts can be elicited by
unexpected reward and reward-related cues. This will be further discussed in the
following section. Extracellular levels of DA are finely regulated thanks to the presence of
DA transporter (DAT) on their terminals and also of D2R autoreceptors that inhibit DA

release.

Figure A.33: Organization of dopaminergic projections to different striatal subregions

Midbrain DA neurons (D) project topographically (indicated by color spectrum) to the striatum
along the mediolateral axis (A, B, C illustrate three rostrocaudal levels). More medially located DA
neurons in the ventral tegmental area (VTA) project to the ventral Str, (nucleus accumbens shell
and core). More laterally located DA neurons in the substantia nigra pars compacta (SNc) project to
more lateral dorsal Str regions (DL). DM: dorsomedial Str; VL: ventrolateral Str.

From Cenci et al. (2015)

e Mesolimbic pathway

The mesolimbic dopaminergic system is involved in reward-guided behaviors. It is
important for the acquisition of behaviors that are reinforced by salient drives of the
environment or by addictive drugs. Drugs act specifically on this pathway, either locally
in the VTA, or in the target region Acb, to elevate accumbal DA level (Luscher and
Ungless 2006).
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e Nigrostriatal pathway

The nigrostriatal pathway originates from the SNc and projects to the dorsal striatum.
It is involved in locomotor tasks and its defects are responsible for the locomotor
phenotypes occurring in Parkinson’s disease (PD) or Huntington’s disease (HD). The
ventral part of the SNc mainly innervates the striosomal compartment, while the dorsal

part seems to aim the matrix.

2.1.3 Serotonergic innervation

Serotonin (5- HT) is a neuromediator involved in mood regulation, pain and vigilance
states. The dorsal raphe sends projections to the striatum, more particularly to the Acb
(Geyer et al. 1976, Vertes 1991). Projections arising from the DRN connect many
structures thanks to their numerous collaterals. Most of these fibers form en passant
synapses and have more than two thousands varicosities (Gagnon et al. 2014). These
varicosities are either 5-HT-positive / VGLUT3-positive (large varicosities) or
5-HT- positive / VGLUT3-negative (small varicosities). In the striatum, around 15% of
VGLUT3- positive terminals are serotonergic (Sakae et al. 2015). Serotonergic fibers in
the striatum are often collaterals of axons innervating the substantia nigra pars
compacta. These fibers are believed to exert a double control over the striatum, both on

the striatonigral and the nigrostriatal projections (Vertes 1991, Gagnon et al. 2014).

Many studies have supported the idea that DRN is involved in the reward circuitry
because of its extensive connections to reward- related structures. It had been proposed
that DRN neurons would encode punishment by antagonizing DA action (Daw et al. 2002,
Cools et al. 2011). However, other studies have shown that activation of serotonergic
DRN neurons positively signals reward via 5-HT / glutamate action (Liu et al. 2014). A
more recent study redirected the discussion by proposing that serotonergic neurons from
the DRN would signal both types of information, but on different timescales (Cohen et al.
2015).

Serotonergic striatal projections exert dual effects on CINs (Virk et al. 2016). In the
dorsal striatum, 5-HT stimulates CINs by acting on 5-HT2Rs (Gaq- coupled), 5-HTesRs and
5-HT7Rs (Gas-coupled), whereas it hyperpolarizes them in the Acb via 5-HTiaR and
5-HTisR (Blomeley and Bracci 2005, Lim et al. 2014, Virk et al. 2016). The 5-HT system
also regulates all major dopaminergic pathways through several 5-HT receptors
subtypes. The following 5-HT receptors subtypes facilitate DA release: 5-HT:aR, 5-HT1eR,
5-HT2aR, 5-HT3R and 5-HT4R. In contrast, 5- HT2cR, which is characterized by high levels
of constitutive activity, inhibits both tonic and phasic DA release (Alex and Pehek 2007).
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2.1.4 Cholinergic innervation

Classically, CINs have been considered as the sole source of acetylcholine in the
striatum. However, different studies proved that projections arising from the
mesopontine tegmentum of the brainstem provide a monosynaptic cholinergic
innervation to the striatum (Woolf and Butcher 1986, Dautan et al. 2014). This
cholinergic projection is topographically organized. The pedunculopontine nucleus (PPN)
preferentially innervates the DLS, while the medial and ventral striata are targeted by the
laterodorsal tegmental nucleus (LDT Dautan et al. 2014). It has been proposed that this
cholinergic pathway plays an essential role in striatal modulation. Indeed, cholinergic
projections arising from PPN and LDT specifically innervate the matrix, and also send
collaterals to both thalamus and VTA (Dautan et al. 2014). However, it seems likely that
this striatal innervation is minimal, because mice depleted from VAChT specifically in the
CINs have less than 1% residual VAChT labelling in the striatum (Guzman et al. 2011).
Another study also supported this idea by crossing VGLUT3-Cre mice with a reporter line
(Isl-tdTomato); no Tomato staining was visible in the hindbrain cholinergic nuclei (Divito
et al. 2015).

Figure A.34: Dopaminergic and cholinergic modulation of striatal neurons

Striatal neurons express different types of dopamine and acetylcholine receptors. Striatopallidal
(indirect) and striatonigral (direct) MSNs are shown in gray. FS and LTS GABAergic interneurons
are depicted in blue and red, respectively, and cholinergic interneuron is shown in green. GPCRs
are displayed with their associated G-protein: Gas (magenta), Ga; (purple), or Gaq (blue). FS
interneurons also express the ionotropic nicotinic ACh receptor.

From Kreitzer (2009)
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2.1 Striatal activity modulation

In the striatum, both CINs and DA fibers form dense intermingled arborizations. ACh
and dopamine convergently but antagonistically regulate the activity of principal MSNs
(Kaneko et al. 2000). These two neurotransmitters are tonically released in the striatum
and act by a widespread volumic transmission (Kreitzer 2009). Striatum neurons display
different sets of DA and ACh receptors (Figure A.34). Likewise, both transmitters act on
glutamatergic or dopaminergic terminals in the striatum, thus exerting a presynaptic
control (Calabresi et al. 2000).

2.1.1 DAergic modulation

Each DAergic neuron sends axonal varicosities to a compact zone of the striatum,
representing up to 5% of the total striatal volume. Altogether, DAergic boutons represent
nearly 10% of all striatal synapses (Kreitzer 2009). The non-synaptic release of DA
yields a volumic transmission that targets extrasynaptic receptors. The nature and
location of these receptors determines the output. DA can modulate cell excitability when
acting on postsynaptic targets, or exocytic release when binding to presynaptic targets

on the excitatory inputs. All striatal cells express DA receptors.

e Dopamine receptors

Five subtypes of DA receptors mediate the physiological functions of DA, namely Di1-
DsR, encoded in human by DRD1-5 genes respectively. They can be classified into two
categories regarding their coupling to G- proteins. Canonically, DA receptors are coupled
to adenylate cyclase, but recent evidence stressed out the fact that cAMP-independent

mechanisms are involved in their functions (for review, see Beaulieu et al. 2015).

Di- class receptors

This class, which comprises DiR and DsR, is positively coupled to Gas,or and to cAMP
pathway (Figure A.35, left panel). The production of cAMP results in PKA activation. One
of PKA substrates is DARPP- 32 (dopamine and cAMP- regulated phosphoprotein), which
acts as a negative regulator of protein phosphatase 1 (PP-1) when phosphorylated on
Thr34, therefore promoting iGluRs phosphorylation to increase glutamatergic signaling.
On the other hand, DARPP- 32 phosphorylation on Thr75 by the cyclin- dependent kinase
5 (CDKS5) results in a negative retrocontrol of PKA (Greengard 2001, Gerfen et al. 2011,
Beaulieu et al. 2015). More recently, some evidence showed that these receptors are also

coupled to Gq and to PLC transduction cascade (Beaulieu et al. 2015).

Striatal INs all express DsR (Figure A.35; Kreitzer (2009)). D1-class receptors have a
low affinity for DA and thus need a prior elevation of extracellular DA to be recruited.
Therefore, D1-like receptors are preferentially activated during phasic activity of DAergic

neurons (Kreitzer 2009).
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D2- class receptors

This class is composed of D2R, D3R and D4R. They are coupled to Gaio and inhibit
cAMP production (Figure A.35, right panel). These receptors have a high affinity for DA,
and are activated at basal state thanks to the tonic activity of DAergic neurons (Kreitzer
2009). In the striatum D2- MSNs and CINs express D2R (only 20% of CINs express D2R
in the AcbSh).

Recent reports also impute non- canonical roles to D2R (for review, see Beaulieu et
al. 2015). For example, Ggy subunits are linked to PLC activation and promote calcium
release from intracellular stores to activate downstream calcium- dependent kinases such
as PKC and CaMKII (Beaulieu et al. 2015).

As for DiR, Activation of D2R recruits several cascades converging on NMDAR and

AMPAR subunits phosphorylation.
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Figure A.35: D;R and DzR signaling cascades

Canonical coupling of DA receptor class I (left side) and class II (right side) to Ga and cAMP

transduction cascade (in black).

Di- class receptors and DR are also involved in

cAMP- independent cascades (in red or blue respectively).
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e DA is released along with other nTs

However, the picture is not that simple. Indeed, within the past few years, DAergic
neurons were demonstrated to release multiple nTs (Vaaga et al. 2014, Chuhma et al.
2017). For example, glutamate is released by some VTA- originating DA neurons after its
vesicular accumulation by VGLUT2 (Hnasko et al. 2012). Co- transmitted glutamate
elicits EPSC in both MSNs and CINs in the vStr, and particularly in the medial AcbSh.
Surprizingly, it was reported that GABA is packaged in a VIAAT- independent/
VMAT2- dependent way by DA- containing SVs (Tritsch et al. 2012). Co- released GABA
will elicit IPSCs mostly in MSNs in the AcbC and the dStr (Chuhma et al. 2017). Overall,
it appears that DA phasic firing in the vStr activates CINs thanks to glutamatergic
signaling, whereas it the dStr, MSNs and CINs express a pause of firing mediated by D2R
and GABA signaling {Chuhma, 2014 #43;Nelson, 2014 #1140;Chuhma, 2017 #979%.

2.1.2 Cholinergic modulation

In the striatum, all neural types express either nicotinic AChR receptors and / or
muscarinic AChR receptors (mAChR). Therefore, CINs exert a strong modulation over the
entire striatum, including themselves (Gonzales and Smith 2015). By their pivotal
location at matrix/striosome boundary, they also mediate the transfer of information
between the two compartments. Unlike DA that is loaded back into DAergic nerve
terminals by DAT, ACh is rapidly locally degraded by AChE, which serves to limit its
diffusion (Kreitzer 2009).

e Acetylcholine receptors

Nicotinic acetylcholine receptors

Nicotinic acetylcholine receptors are pentameric ligand- gated cationic channels. Upon
binding of ACh molecules, they mediate influx of cations and produce an EPSC. Their
subunit composition is region- specific and defines the channel properties. The neuronal
types only comprise a (a:-10) and B (B:i-4) subunits. They can either form
homopentamers (e.g. a7 in the striatum) or 3a:2B heteromers (e.g. asB2, asasB2Bz and
asP2Ps in the striatum; Quik et al. (2007)). All cell types in the striatum express the
nAChR B2 subunit (Bernard et al. 1995).

Muscarinic acetylcholine receptors

Five muscarinic acetylcholine receptors have been identified in mammals (Mi1-sR). My,
M3 and MsR are Gaq-coupled GPCRs, while M2 and M4R are Gai-coupled (Kemel et al.
1989). M:R, M2R and M4R are expressed in the striatum with a neuronal-specific
distribution (Bernard et al. 1992). Almost all striatal neurons carry MiR. D1- MSNs and

CINs express M4R, with a predominant cytoplasmic localization in CINs, and
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plasmalemmal in D1- MSNs especially in the striosomes (Bernard et al. 1991). MR is
used by CINs as an autoreceptor, and is also present in FTS-interneurons (Bernard et al.

1998). In addition, MsR is present on DAergic varicosities.

e Cholinergic modulation

Cholinergic interneurons form a dense striatal network and are tonically active.
Several studies indicate a high overlap between this network and the dopaminergic
terminals (Zhou et al. 2002). The released ACh interacts with nAChRs on striatal neurons
and on nerve endings from glutamatergic and dopaminergic afferents (Calabresi et al.
2000).

It was demonstrated that acetylcholine has the ability to stimulate DA release in the
striatum (Kemel et al. 1989). Indeed, DAergic projections from nigrostriatal and
mesolimbic pathways both carry presynaptic mAChRs. The regulatory mechanisms
involved are different in the matrix and striosome compartments. In the matrix, the
facilitating effect seems to rely on both nAChRs and mAChRs (Kemel et al. 1989). As for
the glutamatergic projections, they express both presynaptic nAChRs and mAChRs (M2R

and M4R); thus, ACh can either enhance or decrease glutamate release.

2.1.3 Acetylcholine / dopamine activity during behavior

The antagonist balance between ACh and DA in the striatum has been long known.
DA negatively regulates ACh release via presynaptic D2R while ACh enhances DA release
via presynaptic nAChR (DeBoer et al. 1996, Threlfell et al. 2012).

Dopaminergic neurons from the VTA and cholinergic interneurons of the striatum both
present firing patterns related to motor and reinforcement learning (Figure A.36). Their
reward-related activities, even though temporally coincident, greatly differ in terms of
polarity and dependence on reward probability (Morris et al. 2004, Cragg 2006). In vivo,
CIN activity recording was initially performed during an operant conditioning task where
a tune would announce to monkeys the delivery of a reward (juice; Kimura et al. (1984),
Kimura (1986)). Monkeys had to move an arm to reach the reward. After conditioning,
CINs would discharge briefly and synchronously following the presentation of the
conditioned sensory stimulus, but pause their tonic activity during the execution of the

movement.

Morris et al. nicely illustrated this DA / ACh activity interplay during an operant
conditioning task (Figure A.36), where the animal learns to associate a cue (here, a

visual cue) with a probabilistic reward schedule (juice; Morris et al. (2004)).

Dopaminergic neurons from the VTA burst right after the cue presentation and the

reward delivery. During cue presentation, their firing is proportional to the probability of
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reward (i.e. maximum response when probability of reward P=1). On the other hand,
during the reward delivery, the firing is proportional to the uncertainty of the reward (i.e.
maximum response when probability of reward P=0.5). When the reward is omitted,
there is a transient decrease in their firing precisely when the neuronal response would

have signaled the presence of a reward (Schultz et al. 1997).

On another note, cholinergic interneurons’ firing does not depend on the probability of
reward or uncertainty. As for DA neurons, they are responsive to cue presentation, but
respond antagonistically with a decreased firing. During the reward presentation, they
have a typical firing- pause-rebound response, directly opposite to that of DA neurons.
During reward omission, they have a slight decrease of firing (Morris et al. 2004). These
neurons are also responsive to aversive stimuli, but not to neutral ones; so their pause in

activity would encode the salience value (Cragg 2006).
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Figure A.36: Opposite responses of DA neuron and CINs during operant conditioning

Top panel: DA neurons have an increased firing during cue presentation (left) and reward delivery
(middle), and a transient depression when the reward is omitted (right).

Bottom panel: CINs respond to both cue presentation and reward by pausing their firing.

Top: Alignment of mean firing rates; the colors represent responses for different probability of
reward (P).

Bottom: Raster plot of the response for P=0.5.

Adapted from Morris et al. (2004)

In summary, CINs signal for the prediction of a reward but their activity does not

depend on the reward probability. In contrast DA neurons encode the predictive value of
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various events in relation to reward. Thus, CINs serve as a temporal frame for the DA

signal to be processed in the striatum (Cragg 2006).

2.2 Striatal efferent to basal ganglia
The output neurons of the striatum are the long- projecting GABAergic MSNs that

provide GABAergic innervation to the basal ganglia. They are mainly segregated in three
populations, the D1- and D2- MSNs, and the mixed D1/D2- MSN population.

2.2.1 Basal ganglia

Basal ganglia (BG) are a group of subcortical structures involved in the control of
voluntary movement and in our ability to learn patterns of behavior to maximize reward.

Striatum is the major input of the BG.

Cortico-striatal inputs

Superior
colliculus

PPN
Cortical 1 7
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Figure A.37: Basal ganglia circuit

Striatum receives excitatory corticostriatal and thalamic inputs. Outputs of the basal ganglia arise
from the internal segment of the globus pallidus (GPi) and substantia nigra pars reticulata (SNr),
which are directed to the thalamus, superior colliculus, and pedunculopontine nucleus (PPN). The
direct pathway originates from DiR-expressing MSNs (red dots) that project to the GPi and SNr
output nuclei. The indirect pathway originates from D;R-expressing MSNs (blue dots) that project
only to the external segment of the globus pallidus (GPe), which together with the subthalamic
nucleus (STN) contain transsynaptic circuits connecting to the basal output nuclei. The direct and
indirect pathways provide opponent regulation of the basal ganglia output interface. GABAergic and
glutamatergic projections are represented with blue/red arrows and green arrows respectively.

From Gerfen et al. (2011)
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The two main efferent pathways emerging from the striatum are the striatonigral
(direct) and striatopallidal (indirect) pathways (Figure A.37). Their function is to
transform the excitatory inputs from the cortex into balanced antagonistic inputs to the
major output neurons of the basal ganglia. A third pathway, which appears to be

striosome-specific, involves striosomal MSNs targeting SNc in a monosynaptic way.

2.2.2 The striatonigral (direct) pathway

The D1-MSNs directly project to BG output nuclei, globus pallidus internum and
substantia nigra pars reticulata, via the direct pathway. GPi is involved in axial and limb
and SNr in eye and head movements. These two nuclei exert an inhibitory GABAergic
drive on the thalamus. Activation of this pathway leads to a disinhibition of the thalamus
(Gerfen et al. 2011). GPi projects to the centromedial thalamus, that in turn sends
glutamatergic projections to the sensorimotor putamen, on D1- MSNs. On the other
hand, SNr targets the parafascicular thalamus, which projects to the limbic part of the
dStr and to the vStr (Gerfen 1992).

Activation of D1- expressing MSNs decreases basal ganglia output by directly
suppressing activity at the level of GPi / SNr. D1- MSNs receive strong cortical inputs
from layers III and superficial V that form the intratelencephalic tract. Given the
reentrant nature of BG-thalamocortical connections, cortically initiated activation of the
direct pathway therefore results in a positive feedback at cortical levels, due to thalamic

disinhibition. For this reason, the direct pathway is also called the pro- movement or “go
pathway (Gerfen et al. 2011).

2.2.3 The striatopallidal (indirect) pathway

The D2- MSNs are part of the “two- armed” indirect pathway. First, the striatopallidal
projections inhibit the globus pallidus externum. In the first arm, GPe GABAergic neurons
project to the subthalamic nucleus (STN), whose excitatory glutamatergic neurons send
feedforward connections to the GPi / SNr, as well as feedback connections to the GPe.
The second arm of the indirect pathway is formed by direct GPe projections to the
GPi / SNr. A consequence of this arrangement is that activation of D2- MSNs tends to
increase neuronal activity at the level of GPi/ SNr in both arms; in one case by
disinhibiting the STN along with its excitatory projections to the GPi / SNr, and in the
other by directly disinhibiting the GPi / SNr (Gerfen et al. 2011).

There is an additional loop in the indirect pathway, where STN sends reciprocal
projections to the GPe. This loop has a pacemaker activity, through the presence of
low- threshold T-type Ca?*-channels in both STN and GPe that create oscillatory

interactions between GPe and STN. This synchronized activity is normally restrained by
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powerful local GABAergic feedback that desynchronizes the output of neighboring
neurons in the GPe (Gerfen et al. 2011).

Conversely to the direct pathway, cortically- initiated activation of the indirect
pathway has the opposite effect on movement. This is due to the presence of an
intermediate GABAergic stage of processing within the GPe. Cortical projections to
matricial D2- MSNs preferentially arise from the motor cortex and deep layer V, which
constitutes the pyramidal tract. In this tract, the main projections target the spinal cord
and command movements, but send a collateral to striatum (Lei et al. 2004). The
activation of these projections, as it is a copy of the motor command, is believed to act

as a suppressor of unwanted movements.

2.2.4 The striosomal pathway

Striosomal and matricial MSNs indifferently project to BG direct and indirect
pathways. However, there is an alternative input to the BG, where some striosomal MSNs
from the dStr directly project to the SNc with collaterals to the GPi / GPe (Figure A.38).

This pathway is named the striosomal pathway.

Sensorimotor Associative Limbic i
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Figure A.38: The striosomal pathway

a. Striosomes (in blue) send direct GABAergic projections to the substantia nigra pars compacta
(SNc, hatched blue and white area) and constitute the striosomal pathway. From Crittenden et al.
(2011) b. Their GABAergic axonal projections (CalDAG-GEFII-ir, in green) are tightly entwined
with ventral dendrite clusters arising from dopaminergic neurons of the SN (DAT-ir, in red) that
form dendrons. Scale bar = 50 um. From Crittenden et al. (2016)

Striosomal MSNs preferentially receive inputs from limbic cortical areas such as the
orbitofrontal cortex (OFC). These MSNs then project to bouquet of dendrites arising from

clusters of dopaminergic neurons in the SNc¢, called dendrons. Striosomal projections and
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dendrons are tightly intertwined (Crittenden et al. 2016). Not only do dendrons receive
GABAergic afferents from striosomes, but also cholinergic and glutamatergic projections
from other brain areas. Together, these different sources can strongly influence DAergic
SNc neurons activity. These dopaminergic fibers project back to the dorsal striatum, thus
forming a striato- nigro- striatal circuit, but they also project ventrally to the SNr and thus
can influence BG output. Along with the CINs, this pathway is of central importance in
the balance of signaling between direct and indirect pathways. By modulating SNc
activity, the striosomal pathway directly controls DA levels in the dorsal striatum
(Crittenden et al. 2011, Brimblecombe et al. 2017).

2.2.1 Current view on striatal function

The classical model of striatal function proposed that the activity of direct and indirect
pathways is coordinated to select specific motor programs and to inhibit the competing
ones. This model predicted that during ongoing behavior, there would be an increased
activity in neuronal ensembles constituted of neurons from both pathways rather than
one or the other. The execution of a movement sequence would then generate a complex

pattern of activity in specific neuronal ensembles.

Based on this model, the current view is that the striatum performs a computation of
emotional / motivational, cognitive and sensorimotor information provided by the
cerebral cortex to facilitate the selection of the appropriate action out of a collection of
possibilities. Distinct cortico-BG loops are thought to perform different aspects of this
sorting. They are also believed to play different roles in the acquisition and stabilization
of context-dependent action selection. DMS-associative cortex connection seems to play
an important role in the early phases of skill acquisition, whereas the DLS-sensorimotor
cortex loop would be involved in later phases, once the skill has been established and the
action program becomes more automated and inflexible (Gerfen et al. 2011). This last
statement is consistent with the current view on the repeated exposure to drugs (Everitt
et al. 2013).

The program selection is modulated by DA, which yields synaptic LTP on D1-MSNs
and LDP on D2-MSNs in a given neuronal ensemble upon corticostriatal activation.

Therefore, in this neuronal ensemble, reward will promote the ability:
= to turn on direct- pathway-associated MSNs linked to action initiation;
= to repress the indirect- pathway MSNs responsible for action suppression.

On the contrary, transient depression of DA release associated with aversive events

will promote action suppression (Gerfen et al. 2011).
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The striatum is the main input of basal ganglia, a set of subcortical
structures important for the control of voluntary movement and our ability to

learn patterns of behavior that maximize reward.

The striatum is principally composed of GABAergic neurons, MSNs, which
mainly receive information from the cortex and thalamus. This integration is
modulated by dopaminergic innervation from midbrain structures (VTA and
SNc) and serotonergic afferents from the dorsal raphe nucleus. Locally, several
tiny populations of interneurons massively regulate the striatal network, in

particular the cholinergic interneurons. These neurons express VAChT and

VGLUT3 and release both acetylcholine and glutamate. Dopamine and

acetylcholine exert a reciprocal control on their respective release.

MSNs project to basal ganglia via the striatonigral pathway that promotes
movement by disinhibiting the thalamo-cortical connections, or via the
striatopallidal pathway that represses movement. The balance between these
two pathways, together with cortical control, determines the motor outcome of

an action.
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PART 1V.
STRIATAL DYSREGULATIONS AND
ASSOCIATED PATHOLOGIES -

Pathological changes of striatal activity are associated with a wide range of
neurological and psychiatric disorders. Alterations in dopamine signaling induce
differential activation of DiR- and D2R-expressing MSNs. For example, a
hyper- responsive DAergic signaling is associated with drug addiction or
L- DOPA- induced dyskinesia (LID). On the other hand, hypo- active DAergic signaling is
the hallmark of Parkinson’s disease.

1. The reward system

1.1 Reward circuitry

The reward circuitry is a set of structures comprising: the ventral tegmental area, the
striatum, several limbic structures (such as hippocampus, basolateral amygdala, lateral
habenula (LHb)) and the prefrontal cortex (PFC; Figure A.39). It is activated by stimuli or
pursuits that promote evolutionary fitness of the organism, such as social stimulation,

nutrient-rich food or sex.
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Figure A.39: The reward circuitry (sagittal view of mouse brain)

Adapted from Franklin et al. (2014)
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The striatum is a key neural substrate for many drugs of abuse. It plays a role in
reward- related learning as well as addictive behaviors. As mentioned above, the DLS
and DMS receive excitatory inputs from the sensorimotor and limbic cortices respectively,
with the intermediate region being connected to the associative cortex (Figure A.38;
Crittenden et al. (2011)). The nucleus accumbens receives projections from the Hc, BLA
and medial PFC. Cortico- accumbal projections can be further differentiated, as the
prelimbic cortex and the infralimbic cortex preferentially project to the Acb core (AcbC)
and shell (AcbSh) respectively. All together, these projections determine the addictive

state of an individual (Russo and Nestler 2013).

1.2 Mode of action of drugs

Drugs of abuse have the property to activate the reward circuitry in a stronger and

more persistent way than natural rewards.

Drugs of abuse are a chemically heterogenous group with very distinct molecular
targets and different site of actions in the reward circuit. But they all share the same
overall effect: they increase DA efflux in the striatum, especially in the nucleus
accumbens (Figure A.40; Nestler (2005), Luscher et al. (2006)). On the contrary, drugs

with aversive properties (e.g. agonist of k-opioid receptor, or bremazocine) decrease DA
release, while non- abusive drugs (e.g. atropine) do not modify DA levels in the striatum
(Di Chiara and Imperato 1988).

Based on their synaptic targets, drugs can be sorted in three classes: drugs that
activate GPCRs (I), drugs that modulate ionotropic receptors (II), and drugs that

inhibit/reverse transporters of biogenic amines (III), as described in Table A.5.

Table A.5: Insight of abusive drugs and their targets

Class Drug Target Effect Endogenous ligand / substrate
I Morphine Opioid receptors (Gi/o) + Endo opioids (Dyn, Enk, endorphin)
Cannabis Cannabinoid receptors (Gi/o) + Endocannabinoids (AEA, 2- AG)
Nicotine nAChR + ACh
GABAAR, 5-HT3R, nAChR,
II Alcohol NMDAR GABA
PCP NMDAR -
III Psycho- DAT, SERT, NET ( VMAT) - DA, 5-HT and NA respectively
stimulants

PCP: phenylcyclidine; Dyn: dynorphin; Enk: enkephalin; AEA: anandamide; 2-AG: 2-arachidonylglycerol.
+ and - correspond to an agonistic or antagonistic action respectively.
Adapted from Luscher et al. (2006)

Class I and II drugs stimulate dopaminergic neurons firing, while class III drugs

displace presynaptic DA to extracellular medium and block its uptake.
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Cannabinoids and opiates, which belong to class I, inhibit GABAergic interneurons in
the VTA by acting on their respective GPCRs, which are both coupled to Gai,. This leads
to a disinhibition of VTA dopaminergic neurons.

In class II, nicotine seems to directly activate VTA DA neurons via nAChRs
stimulation. Nicotine also indirectly stimulates its presynaptic receptors on glutamatergic
terminals that innervate the DAergic cells. Alcohol acts on several targets, including
GABA ionotropic GABAa receptor. The stimulation of GABAaAR results in inhibition of

GABAergic terminals in the VTA. In turn VTA dopamine neurons are disinhibited.

Class III comprises psychostimulants (amphetamine, cocaine, ecstasy), which all
inhibit biogenic amine transporters (DAT, NET and SERT). Blocking DAT results in an

immediate accumulation of extracellular DA in the striatum.
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Figure A.40: Major targets of addictive drugs

All drugs of abuse enhance dopamine level in the nucleus accumbens (Acb). Morphine, THC and
GHB are drugs that act on Gaj/,- coupled receptors located on GABAergic INs (G, in light blue) and
disinhibit DA neurons of the ventral tegmental area (VTA). Nicotine, ethanol and benzodiazepines
modulate diverse ionotropic receptors (I, in dark blue) that excite or disinhibit DA neurons of the
VTA. Amphetamine, cocaine and ecstasy (psychostimulants) block DA recapture in the nucleus
accumbens (Acb) by acting on DA transporter (T, in orange).

Adapted from Luscher et al. (2006)

1.3 Drug addiction

e Drug addiction

Drugs of abuse are told to be both rewarding, i.e. they give the feeling of pleasure,

and reinforcing, i.e. the intake leads to subsequent intakes.

Drug addiction is defined as a brain disease characterized by a repetitive and

escalating drug intake despite harmful consequences. According to the fifth edition of
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Diagnostic and Statistical Manual of Mental Disorders (DSM-5), substance use is
considered as being pathological when at least three of the following criterions are
fulfilled within a 12- month period:

e Tolerance: the effect of a given dose of drug is decreased

e Withdrawal: there is a physiological lack for the drug, alleviated by a new intake

¢ Taken more/longer than intended

e Desire/unsuccessful effort to quit use

e Great deal of time taken by activities involved in use (e.g. process to get drugs)

e Use despite knowledge of problems associated with use

¢ Important activities given up because of use

e Recurrent use resulting in a failure to fulfill important role obligation

e Recurrent use resulting in physically hazardous behavior (e.g. driving)

e Continued use despite recurrent social problems associated with use

e Craving for the substance
(From DSM-5’, 2013)

Drug intake does not always go hand in hand with substance use disorder. It was
estimated that only 15% of individuals (humans or animals) that experience drug
develop addiction. Vulnerable individuals will be very susceptible to relapse after a period

of withdrawal (Deroche-Gamonet et al. 2004).

According to World Health Organization, at least 15.3 million persons suffer from drug
use disorders. Recent estimates are that in 2008, 155 to 250 million people, or 3.5% to
5.7% of the world's population aged 15-64, used psychoactive substances such as
cannabis, amphetamines, cocaine, opioids, and non-prescribed psychoactive medication.
The use of psychoactive substances causes significant health and social problems. It is
also a major health issue because it represents a 2%-expenditure item of the GDP in

countries that have measured it.

In animal models, addiction to drugs can be assessed by a battery of tests, which
dissect the liking (hedonic component) from the wanting (goal- directed behavior) and

from the compulsion (intake by habits).

It is notable that apart from psychoactive drugs, other items such as gambling,
gaming or sex stimulate the same neuronal circuits and are fully recognized as addictive
behaviors. Additionally, it is important to highlight the fact that simultaneous or
concurrent use of two or more psychoactive substances is a commonplace (Meyerhoff
2017). So the notion of polysubstance use (PSU) should gain momentum in research.
PSU is accompanied by cerebral changes differing from those observed with a single
substance of interest, or from additive effects of several drugs. Therefore, it is crucial to

gain insight into what happens in PSU to find effective treatment for addiction.
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e Behavioral sensitization & tolerance

Sensitization is defined as an enhancement of the behavioral response to repeated
drug exposure. This phenomenon occurs in psychostimulant drug abusers and can be
induced in animals by giving multiple injections of drug at a given dose. It can either
manifest itself trough the repeated injections, or appear after a period of withdrawal. The
effects are usually persistent after the last drug administration, thus mimicking

long-term sensitivity to drugs observed in human addicts (Robinson and Becker 1986).

On the other hand, tolerance translates the decline in the effect produced by a
substance upon multiple exposures. To maintain the initial drug effect, the dose must be

increased. Tolerance to alcohol is a well- known example (Abrahao et al. 2017).

e Switch from goal- directed behavior to habits

In addicts, drug experience is indissociable from the context of intake. Therefore,
re- exposure to the drug is a way to relapse. But re- exposure to environmental cues can
also lead to the same outcome. Cues and experience share the same neurocircuitry and

underlying molecular mechanisms (Luscher 2016, Dong et al. 2017).

Acute drug exposure leads to activation of Acb to encode reward, but also of
hippocampus and amygdala in the associative part of the process. It was demonstrated
in humans and animals that re- exposure to the drug will expand the initial pattern of
activation by including other brain regions, such as the dorsal striatum and neocortex
(Koob 2005). This switch from ventral to dorsal striatum activation with repeated drug
exposure translates the behavioral switch from early goal- directed behavior (GDB) to
late compulsive behavior that turns out to be a drug-taking habit. Investigations
proposed that within the dorsal striatum, the caudal DMS is responsible for GDB and the
rostral DLS for habits. Transition between GDB and habits happens after repeated
exposures (Everitt et al. 2013). This can be specifically assessed in operant conditioning
tasks. The animal has to perform an action (e.g. lever press) to get a reward (e.g. food
pellet) while a sensory stimulus (e.g. light) indicates that the reward is available. After
the behavioral instatement, the reward is devaluated. In other words unlimited amount
of the reward is provided before the training sessions. If the animal keeps on operating
the action to get the reward, even when devaluated, this means its behavior has become
habitual (Rossi and Yin 2012). Molecular changes underlie the transition from GDB to
habits. Prolonged drug administration produces an enhanced DAergic tone, and

electrophysiological and structural changes in the DLS (Everitt et al. 2013).

Interestingly, animals that self-administrate drugs with intermittent punishment (i.e.

they sometimes receive mild electric footshock instead of drug) stop seeking it if they
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had a short history with the drug, but about 15-20% of animals with extended history

keep taking the drug in a compulsive manner (Everitt et al. 2013).

e Reward network in drug addiction

Current circuit- specific investigations try to elucidate the encoding of the different
neural components of addictive behaviors. Thanks to optogenetics and chemogenetics,
specific pathways of the reward system can be selectively activated / inhibited (Luscher

2016). By this mean, it has been possible to draw some provisional conclusions:

The mesolimbic DAergic pathway (VTA — Acb) determines the plasticity critical for

setting up and maintaining drug addiction.

e The cortico- accumbal glutamatergic pathway (mPFC — Acb) participates in the
modulation of decision-making and goal- directed behaviors such as seeking and
consuming substances or activities associated with reward, and provides the

“executive control” required for planning and performing actions to obtain reward.

e The amygdalo- accumbal glutamatergic pathway (BLA — Acb) mediates behaviors
associated with positive or negative valence. It is necessary for the expression of
addiction- like behaviors and reinforcement learning, and represents the “emotional

control”.

e The hippocampo- accumbal glutamatergic pathway (vHc — AcbSh) provides contextual
information regarding the affective valence of location in space and previous
experience generated from emotional learning. It represents the “spatial control”.

Two pathways seem to be effective to inhibit the progression of addiction: the
striatopallidal pathway and the projections from the infralimbic cortex to the AcbSh.
Thanks to different conditional tools, it was demonstrated that, similar to the motor
outcome, striatonigral and striatopallidal neurons of the vStr display antagonistic roles
(reinforcing or inhibiting respectively) in the control of reward behavior and drug

sensitization (for review, see Ena et al. 2011).

1.4 Molecular basis of drug addiction

All addictive substances have the ability to hijack the dopaminergic system. They
increase DA extracellular levels in the Acb. The acquisition and maintenance of
addiction- like behaviors arise from molecular and cellular adaptations of striatal circuits.

These changes underlie the lasting nature of the addictive phenotype.
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e Intracellular signaling

After the increase of striatal DA, DiR- expressing neurons are preferentially recruited,
with a concommitant glutamate / DA signaling. D:R stimulation recruits Gas/ar and leads
to intracellular phosphorylation signaling cascades. These cascades involve both PKA and
extracellular-regulated kinases 1 and 2 (ERK1/2; Figure A.41; Valjent et al. (2006),
Bertran-Gonzalez et al. (2008), Gangarossa et al. (2013)). ERK activation requires the
concommitant stimulation of D:R and NMDAR (Valjent et al. 2005).

D1-MSN D2-MSN

<A
»
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Figure A.41: ERK activation in D1- and D2- MSNs following acute cocaine

ERK activation (red) occurs exclusively in striatal DiR- expressing (green, right
panel) and not in DyR-expressing neurons (green, left panel) after an acute
injection of cocaine (20 mg/kg). Arrowheads indicate p-ERK-ir in MSNs. Scale
bar = 40 um.

Adapted from Bertran-Gonzalez et al. (2008)

These cascades result in the phosphorylation of inactive cytoplasmic transcription
factors, which will be imported in the nucleus. Activated transcription factors then
activate the transcription of immediate early genes (IEG) in the striatum, with a
drug- specific pattern (Graybiel et al. 1990). Drug-induced IEG products can themselves
form transcription factors to induce “later-onset gene” expression. These late-onset

genes are the ultimate regulators of the postsynaptic neuron (Figure A.42).
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For example, ERK1/2 activates MSK1l (mitogen and stress-activated protein
kinase-1). This ultimately causes deep adjustments in cells by activating transcription

factors such as CREB or Fos and modifying histone H3 (Brami-Cherrier et al. 2009).

Another important protein recruited upon D:R activation through the action of PKA is
DARPP-32 (Greengard 2001). In D1-MSNs, drug exposure promotes DARPP-32-pThr34
form, which maintains PKA active while inhibiting PP-1. On the other hand, in D2- MSNs,
DARPP-32-pThr75 is favored, leading to PP-1 activation (Lobo and Nestler 2011). In
D1-MSNs, phosphorylation of Ser97 is essential for DARPP-32 nuclear accumulation and

targeting of histone H3 (for review, see Ena et al. 2011).

IEGs induced by drugs include cFos, FosB, Zif268. For instance, FOS family
transcription factors associate with JUN family transcription factors to form a complex
called activator protein 1 (AP1; Hope et al. (1994)). AP1 will activate the transcription of
other genes. Acute drug exposure induces FosB in D1-MSNs. In contrast, chronic
exposure induces AFosB, which is a stable product of the FosB gene generated by
alternative splicing, in the Acb and dStr. Natural rewards also induce AFosB accumulation
in D1-MSNs (Lobo et al. 2013). This exceptional stability of AFosB could account for the
persistence of drug-induced changes even after weeks of withdrawal (Robison and

Nestler 2011).
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e Epigenetic changes

Repeated drug exposure yields epigenetic changes. These are stable changes in gene
expression that do not involve modification of DNA sequence. Epigenetic changes mainly
consist in covalent modification of genes (such as methylation) or chromatin
modification. DNA is like a pearl necklace, with the beads being more or less tightened.
These pearls correspond to nucleosomes, which are octamers of histones (H2A, H2A, H3,
H4 repeated two times), and around which DNA is wrapped. Histones N-termini are
available for post-translational modifications (phosphorylation, methylation and
acetylation) that will determine DNA level of compaction. The looser DNA is, the more
active transcriptional activity occurs. Histone H3 plays a crucial role in chromatin
remodeling upon drug exposure. In D1-MSNs, phosphorylation of H3 on Ser10 by MSK-1
leads to chromatin decondensation, thereby allowing transcription factors to access DNA
and increasing the expression of specific IEGs. An additional effect is obtained by
demethylation of H3 Lys9 residue that disinhibits gene repression (Brami-Cherrier et al.
2009, Robison et al. 2011).

e Synaptic plasticity

Addictive drugs affect synaptic transmission. Psychostimulants enhance excitatory
transmission at corticostriatal synapses after withdrawal. There is a down-regulation of
GLT-1, an astrocytic transporter for glutamate, which results in glutamate overflow
(Fischer-Smith et al. 2012). Furthermore, NMDARs and AMPARs are redistributed at the
plasmalemma (van Huijstee and Mansvelder 2014). GluA2-lacking AMPARs that are
calcium- permeable, and GIuN2B-containing NMDARs that are less desensitizing, appear.
Together, the two previous changes result in an increased AMPAR/NMDAR ratio, making
synapses more responsive to glutamate. Along with this, presynaptic mGIluR2, which
would decrease glutamate release probability, are downregulated, resulting in an
increase of extracellular glutamate. Together, theses changes result in the strengthening

of glutamatergic transmission (Russo et al. 2010, van Huijstee et al. 2014).

e Morphological changes

The ability of experience to alter dendritic tree structure is considered to be the
primary mechanism by which past experience influences subsequent behaviors. This

process is called structural plasticity.

In the striatum, the dendritic tree of MSNs receives various inputs. The proximal
dendrites are innervated by local inputs. Extrinsic afferents preferentially contact the
distal dendrites. Cortical glutamatergic projections form asymmetric synapses on spine
heads, whereas spine shafts and necks are contacted by DA fibers that form symmetric
synapses (Smith et al. 1990).
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One form of drug-induced synaptic plasticity involves alterations of the density of
dendritic branching and dendritic spines in the Acb. After psychostimulant exposure,
there is a rapid strong formation of new spines on MSNs, especially in the AcbSh
(Kochman et al. 2006, Dos Santos et al. 2017). On the other hand, opiates decrease the
number of spines in the Acb (Russo et al. 2010). These changes depend on the duration
of drug exposure and withdrawal time. They reflect the reorganization of synapses on
MSNs (Anderson and Self 2017). Exposure to psychostimulants preferentially enhances
the spine density and the number of branches on distal dendrites (Li et al. 2003). This

reflects the increased connectivity between the striatum and its afferent structures.

These changes in connectivity have been related to the activity of MNK1 (mitogen-
activated protein kinase interacting kinase-1), AFosB and downstream-induced genes
such as genes involved in dendritic spine architecture (e.g. activity-regulated

cytoskeleton-associated protein (ARC); Russo et al. (2010)).

Other factors such as an enriched environment have the ability to induce the
formation of new spines. Interestingly, pre-exposure to psychostimulants limits this
structural plasticity in neocortex and Acb. This could explain the cognitive deficits
associated with drug abuse (Kolb et al. 2003).

1.5 Role of VGLUTS3 in addiction

VGLUT3 is massively expressed by CINs in the striatum. These neurons are centrally
involved in reward behaviors, and release both glutamate and acetylcholine.
Toxin-mediated CIN ablation leads to an increased sensitivity to short-term (acute
injection) and long-term (conditioned place preference, CPP) effects of cocaine (Hikida et
al. 2001). On the other hand, conditional VAChT knockout in the CINs
(Drd2- Cre:VAChToxP/LoxP) that have lost the ability to release acetylcholine show minimal
alteration of their behavioral response to cocaine (Guzman et al. 2011). Thus, it could be
inferred that the reward-related phenotypes observed in CIN-KO could be due to a
signalling with glutamate (Higley et al. 2011). Therefore, the implication of VGLUT3 was
assessed in reward and addiction by using VGLUT3~/~ mice (Sakae et al. 2015).

Relatively to WT, VGLUT3~/~ mice have an increased locomotion in response to an
acute injection of cocaine (10 mg/kg). This increase remains stable through repeated
drug injections. This is in contrast with control littermates that show the typical increase

of locomotion corresponding to locomotor sensitization (Figure A.43).
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Figure A.43: Locomotor sensitization to cocaine in VGLUT3~/~ mice

a. While control mice (in black) show an enhanced hyperlocomotion in response to repeated
administration of cocaine, VGLUT3~/~ mice (in red) respond very strongly and this response is not
further increased. b. VGLUT3~/~— mice have a pre-sensitization to cocaine while WT littermates
display a classical sensitization.

From Sakae et al. (2015)

They are also more sensitive to the rewarding effects of cocaine in CPP and
self-administration experiments. In the self-administration paradigm, VGLUT3~/~ mice
show an increased motivation to obtain the drug and are more vulnerable to cue-induced
relapse. Together, these results show that VGLUT3—/~ mice are more vulnerable to the

effects of cocaine.
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Figure A.44: D1- MSNs characteristics in VGLUT3~/~ mice

o

a. VGLUT3~/~ mice (in red) have a constitutive elevated number of dendritic spines on D1-MSNs.
This number is not further increased by cocaine treatment, unlike control mice (in black). b. The
AMPAR/NMDAR ratio is higher in VGLUT3~/~ mice, suggesting that synapses are more responsive.

Adapted from Sakae et al. (2015)

VGLUT3~/~ mice show several adaptations of the striatal circuits. They have a marked
increase of dopamine release in the Acb (Divito et al. 2015, Sakae et al. 2015). On the
other hand, DA efflux is decreased in the Acb of mice lacking VAChT (Sakae et al. 2015).
Thus CINs exert a bidirectional regulation of DA efflux. Interestingly, glutamate released

by the CINs negatively regulates DA release by acting on mGIuR2/3. VGLUT3~/~ mice
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also have an increase of DiR level specifically in the Acb. Moreover, the number of
dendritic spines and the AMPAR/NMDAR ratio of D1-MSNs, and phospho-ERK are
constitutively higher in the Acb of VGLUT3~/~ mice (Figure A.44).

These results point toward reinforced DA and glutamatergic transmissions on

D1-MSNs in VGLUT3~/~ mice (Sakae et al. 2015).

In summary, the following model was proposed to explain the morphological and

electrophysiological changes observed in VGLUT3~/~ mice (Figure A.45).
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Figure A.45: Dual regulation of DA efflux by ACh and Glu from CINs in the Acb

CINs express VAChT and VGLUT3 and therefore co-release ACh and glutamate. These two co-transmitters exert
opposing effects on DA release. In wild-type (WT) mice (left panel) DA efflux is stimulated by ACh through
nicotinic ACh receptors (nAChRs), and inhibited by VGLUT3-dependent glutamate through metabotropic
glutamate receptors (mGIuR2/3) most likely located on DA terminals. In VGLUT3—/~ mice (right panel), the
mGluR-driven inhibition is lost and therefore DA efflux is markedly enhanced. Consequently the DR signaling
cascade is overactivated, and dendritic spine density (without modification of the number of excitatory
terminals) and cortico-striatal glutamatergic activity are increased, leading to augmented sensitivity to the
rewarding properties of cocaine.

Adapted from Sakae et al. (2015)
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1.6 Amphetamine

Amphetamine (contraction of a-methyl-phenethyl-amine) was first synthesized in
1887. It was initially commercialized under the name Benzedrine and used to treat a
wide range of medical conditions: including chronic pain, low blood pressure, narcolepsy
or else obesity. Until 1939, amphetamine was available without prescription. Its addictive

potential was not fully recognized until the mid-sixties (Sulzer 2011).

Amphetamine (AMPH = ‘speed’) has some popular derivatives: methamphetamine
(METH = ‘ice’) and 3,4- methylenedioxymethamphetamine (MDMA = ‘ecstasy’) that share
a phenylethylamine core structure. AMPH and METH have the same effects in terms of
pharmacokinetics and DA increase-potential in the dStr. However, METH is more
effective at increasing DA levels in the Acb of rats. Methylphenidate, an AMPH derivative,
is widely used to treat attention deficit disorder and narcolepsy. Clinical administration of
METH or AMPH vyields a cerebral concentration of 5 to 10 uM, while off- label use may
result in hundreds of uM (Sulzer 2011).

Amphetamine use often goes along with the intake of marijuana and alcohol. This
PSU leads to a decrease of the ventromedial PFC and insula volume. After long periods of
abstinence, other morphometric alterations are seen, for example the increase of pallidal
and striatal volumes (Meyerhoff 2017). According to the World Health Organization,

amphetamine- type stimulants are the second most commonly used psychoactive drugs
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Figure A.46: Prevalence of amphetamine- type stimulants (excluding ecstasy) in 2010

Source: World Drug Report 2012, World Health Organization
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e Specific mode of action of amphetamine

Amphetamine and its derivatives have the ability to elevate synaptic monoamine
concentrations in the striatum, in particular in the AcbSh with a two-fold increase
compared to the CPu (Di Chiara et al. 1993). Amphetamine binds to DAT, SERT and NET.
Unlike cocaine that blocks these transporters, AMPH and derivatives reverse the activity
of these transporters. In addition, amphetamine has the same effect on VMAT2 (Luscher
et al. 2006, Sulzer 2011).

At basal state, the tonic firing of DAergic neurons provides a constant supply of DA
that is carried in the cell by DAT. Once in the cytosol, DA is loaded into SVs by VMAT2.
Tyrosine hydroxylase (TH) is the rate-limiting enzyme for the multi- step synthesis of DA
(Figure A.15), while monoamine oxidase (MAQ) is responsible for its catalysis into
DOPAC.

The molecular mechanisms of amphetamine-induced VMAT2- and DAT-mediated
reverse transports are still a matter of debate (Figure A.47). Reverse transport is thought
to involve the uptake of amphetamine by the transporters and its passive diffusion
through the membrane. The “weak-base hypothesis” states that the accumulation of
AMPH within SVs depletes vesicular stores of dopamine by dissipating the proton gradient
(Sulzer 2011). Thereby, AMPH elevates cytosolic dopamine concentration and renders DA
available for reverse transport by DAT. Additionally, AMPH activates TH and inhibits MAO,

leading to an increased production of DA at the same time (Sulzer 2011).
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Figure A.47: Amphetamine modes of action

Left side: DA transporter (DAT) mediates extracellular DA influx to the cytosol. DA is then
accumulated in SVs via the vesicular monoamine transporter (VMAT2) to very high levels. Tyrosine
hydroxylase (TH) synthesizes the DA precursor L- DOPA, while monoamine oxidase (MAO) is
responsible for its degradation. Right side: Amphetamine is a substrate for DAT and acts to favor
release via the reverse transport of cytosolic DA. Once in the cytosol, amphetamine acts at several
levels to increase cytosolic DA, thereby providing additional substrate for DAT reverse transport, by
i) activating TH, ii) inhibiting MAO and iii) redistributing vesicular DA to the cytosol, probably by
VMAT?2 inhibition and/or reversal.

From Sulzer (2011)
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Sustained extracellular levels of DA promote the development of drug addiction. Even
an acute exposure to amphetamine yields deep and rapid changes thanks to IEG
expression. With amphetamine, this activation is disproportionately increased in the
striosomes compared to the matrix compartment, specifically in D1- MSNs (Graybiel et al.
1990). This striosome-to- matrix gene induction ratio directly depends on CINs (Saka et
al. 2002).

Amphetamine, like other psychostimulants, preferentially acts on the vStr. At low
doses (0-3 mg/kg), it produces a hyperlocomotion by acting preferentially on the Acb (Di
Chiara et al. 1988, Drevets et al. 1999). On the other hand, high doses will also activate
dStr and drive stereotypies. Therefore, amphetamine has a biphasic effect (Yates et al.
2007, Hadamitzky et al. 2012).

2. Dorsal striatum defects

2.1 Parkinson’s disease

e Etiology of Parkinson’s disease

Parkinson’s disease (PD) is a neurodegenerative disorder characterized by a triad of
symptoms: bradykinesia (difficulty to initiate and slowing of movement), muscle rigidity
and resting tremor. In this hypo-kinetic pathology, dopamine- containing neurons of the
SNc degenerate (Figure A.48a). This leads to a progressive caudo- rostral DAergic
denervation of the dStr. In the early phases, the putamen (sensorimotor part of the Str)
is mainly affected, leading to execution defects of voluntary movements; later, the

degeneration progresses toward the caudate nucleus.

a. Control b.

Figure A.48: Anatomical and cellular defects in human PD

a. Cross- sections of human midbrain in a healthy individual (left) and in a patient with PD (right).
There is a specific loss of pigmentation corresponding to neuromelanin- producing DAergic neurons
in SNc (arrowhead) in human PD compared to control. From Marcus and Jacobson (2003)
b. DAergic pigmented neurons of the SNc present a- synuclein- containing cytoplasmic aggregates
corresponding to Lewy Bodies (arrow). Scale bar = 8 um. From Spillantini et al. (1997)
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The etiology of PD is very complex and this disorder seems to be primarily sporadic.
However, it has been demonstrated that neuronal degeneration is linked to cellular
defects. Among those, there is the formation of large cytoplasmic inclusions known as
Lewy bodies, which contain high levels of a-synuclein aggregates (Figure A.48b;
Spillantini, 1997 #1010@@author-year). This provokes mitochondrial dysfunctions along
with oxidative stress in DAergic neurons (Dias et al. 2013). The primary damage is
worsened by microglial activation and autoimmune responses that accelerate cell
apoptosis by production of nitric oxide and subsequently of a- synuclein nitration
(Koshimori et al. 2015).

Apart from local defects in the DAergic nuclei of BG, major distal changes occur in the
striatum. PD results in an imbalanced signaling in the BG where the striatopallidal
pathway is favored compared to the direct pathway, resulting in the motor deficits
associated with PD (Albin et al. 1989). Moreover, DA depletion biases direct- pathway
MSNs towards LTD and indirect- pathway MSNs towards LTP at glutamatergic synapses
following hypo- activation of DiR and D2R (Gerfen et al. 2011). There is also an imbalance
between striosomal and matricial compartments (Crittenden et al. 2011). Enkephalin is
globally upregulated, translating the stimulation of the indirect pathway, with no
alteration of the Dynorphin, which is the marker of direct MSNs. In addition, opioid
receptors y and 9 are specifically downregulated in the striosomes, in a compensatory
manner (Figure A.49; Koizumi et al. (2013)).
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Figure A.49: Enkephalin and opioid receptors expression in toxin- induced parkinsonism

a. Rats unilaterally injected with 6- OHDA in the SNc have a massive loss of DAergic innervation in
the Str, as visualized by TH- ir. b. The endogenous opioid metenkephalin (MEnk) is upregulated in
the whole Str after DA depletion. c¢. p-opioid receptor (MOR), usually enriched in striosomes, is
specifically downregulated in this compartment in the lesioned side. d. d opioid receptor (DOR) is
expressed in both compartments, but is enriched in striosomes. DOR is specifically downregulated
in striosomes of the lesioned side. Scale bars = 500 um.

Adapted from Koizumi et al. (2013)
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e Animal models of Parkinson’s disease

It is very difficult to find models that phenocopy PD, because SNc DAergic neurons
loss is probably not the only feature of this pathology. Therefore, a combination of
different approaches may be necessary to study the PD progressive neurodegeneration
(Blesa and Przedborski 2014).

Toxin- based models

The aim of this model is to eliminate SNc DAergic neurons of the SNc, by the mean of
intranigral or intrastriatal neurotoxin injection. The most commonly used toxins are
6- hydroxydopamine (6- OHDA) or 1- methyl-4- phenyl-1,2,3,6- tetrahydropyridine
(MPTP). Rats are resistant to MPTP. These two compounds are uptaken into DA neurons
by DAT - directly for 6- OHDA, and indirectly for MPTP that is first transformed into
1- methyl- 4- phenylpyridinium (MPP+) by glial cells. Once in the cell, they will interfere
with the mitochondrial oxidative phosphorylation chain and generate reactive oxygen

species (ROS) that, in term, will cause cell apoptosis (Chaudhry et al. 2008).

Usually, the experimenter proceeds to a unilateral lesion in order to use the
unlesioned side as a control for normal DAergic innervation, by checking TH level. After
the lesion, at basal state, the lesioned side is hypodopaminergic and the unlesioned side
is dominant; therefore, the animal presents spontaneous ipsiversive rotations. Moreover,
because of this hypodopaminergy, DA receptors become hypersensitive on the lesioned
side. Thus, DAergic stimulation with a DA receptor agonist such as apomorphine leads to
a stronger activation of the striatonigral pathway on DA-depleted side, resulting in
contralateral rotations (Pycock 1980). The extent to which the animal turns reflects the
success of the surgery. Another reason for using unilateral lesion is that bilateral ones

lead to aphagia and adipsia, which interfere with the study of parkinsonism.

Other neurotoxins are also used to induce DAergic cell death, such as rotenone,
paraquat, or the amphetamine- type psychostimulants methamphetamine and MDMA.
Rotenone, which is a pesticide, is very useful because it can be administered by
intraperitoneal route; repeated daily systemic administration of rotenone leads a specific
nigral dopaminergic defect, accompanied by the formation of Lewy Bodies, which
reproduces human PD features. This toxin is highly toxic in rats, but does work in mouse
models (Blesa et al. 2014). MDMA mainly acts on the serotonergic system but also on the
dopaminergic system with a greater trophism for dopaminergic inputs to the striosomes

relative to the surrounding matrix (Luscher et al. 2006, Crittenden et al. 2011).

Genetic models
Several causal mutations have been identified in familial forms of PD. Transgenic
mouse models with the same defects are useful to understand the molecular mechanisms

involved in the pathology. However, they fail to reproduce the final neuropathological
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defects of PD since they do not yield DAergic neuron loss. These mutations affect
proteins involved in mitochondrial function, mitophagy, ubiquitination or ROS production
(Blesa et al. 2014).

AAV- based models

To understand the molecular basis of PD, another approach consists in the delivery of
a-synuclein thanks to a rAAV-a-synuclein injection in the SNc (Volpicelli-Daley et al.
2016). This technique allows the formation of a-synuclein inclusions, and recapitulates
many of the features found in PD (neuron loss, inclusions with biochemical and
morphologic features similar to Lewy bodies, spread of pathology throughout the brain
and defects in motor behaviors). The AAV-based model is more and more used to
understand PD.

e Therapies for Parkinson’s disease in human

Many avenues are explored for treating PD (Smith et al. 2012). They mainly consist
in providing a new source of DA. This is always followed by motor side- effects that are

treated with other drugs. Here, we will present a few.

Dopatherapy & other drug therapies

Because PD results in dopaminergic denervation, one therapy consists in
compensating DA depletion by oral administration of its metabolic precursor L-3,4-
dihydroxyphenylalanine (L- DOPA or levodopa; Figure A.15) together with a peripheral
decarboxylase inhibitor. Indeed, unlike DA, L-DOPA crosses brain blood barrier to be
metabolized in the brain. It is either transformed by the residual DA neurons, or by other
neurons that have the necessary enzymatic array. For example, another biogenic amine
neuron such as the serotonergic neuron can uptake L- DOPA thanks to SERT. DA is then
metabolized by the DOPA decarboxylase (also known as aromatic L-amino acid

decarboxylase), and internalized in SVs by VMAT2.

In early phases of dopatherapy, L-DOPA can efficiently relieve (and even suppress
for some patients) the motor symptoms of PD. For this reason, it is referred to as the
honeymoon phase. However, in later phases when DA depletion becomes more severe,
some other undesirable involuntary movements appear, known as L- DOPA- induced
dyskinesia (Smith et al. 2012). At this stage, each drug intake is followed by swings in
DA extracellular concentration, which is usually maintained constant thanks to the
continuing concerted action of DAT and the autoreceptor D2R present on DAergic

terminals. The treatment must be curtailed for this reason.

Several other avenues are explored in the treatment of PD. The adjunction of D2R
agonists could suppress the undesired movements by stimulating the indirect pathway.

As mentioned earlier, D1- and D2- MSNs express adenosine receptors. Adenosine and
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dopamine exert opposing effects on BG. Adenosine receptors antagonistic coupling to
CAMP-cascade propels them as novel targets to treat PD. The use of specific A2aR
antagonists could normalize motor dysfunctions observed in patients (Armentero et al.
2011).

In both 6- OHDA-lesioned animals and PD patients, it was demonstrated that
corticostriatal glutamate neurotransmission is hyperactive (Calabresi et al. 2000). The
NMDAR antagonist amantadine is efficient at reducing LID and is used as an add-on to
L-DOPA in PD patients (Hallett and Standaert 2004). Likewise, the mGIuR5 antagonist

mavoglurant improves LID (Rascol et al. 2014).

It has been demonstrated that the cholinergic system is also involved in
parkinsonism, because of the striatal ACh/DA balance. In PD, striatal ACh level is
increased. This is a direct result of DA depletion, which prevents activation of D2R on
CINs; these receptors would normally inhibit ACh release (DeBoer et al. 1996). On top of
that, the activity of M4R on CIN is also decreased because of intracellular coupling, which
yields a self-disinhibition of ACh release (Ding et al. 2006). Indeed, studies have shown
that nicotine (nNAChR agonist) has a neuroprotective effect against striatal damage. The
a6B2* heteromer (* meaning that other subunits may be involved in this heteromer) is a
target of particular relevance because its distribution is fairly restricted to the
nigrostriatal dopaminergic system and a few other catecholaminergic systems.
Anticholinergic drugs targeting mAChRs are also used as complements to L- DOPA
treatment (Quik et al. 2007).

Once dopaminergic neurons have degenerated, serotonergic neurons overtake their
role because they have the ability to convert L- DOPA to DA and to load it in SVs through
VMAT2. Thus, they can store both 5-HT and DA in SVs. However, exocytic DA is poorly
regulated because of the lack of DAT; it was hypothesized that this contributes to LID. In
6- OHDA models, 5-HT striatal levels are decreased, showing that these two transmitters
compete for synaptic uptake (Figure A.50). Serotonergic agonists for 5-HTiaR and
5-HT:sR are efficient at decreasing LID in a synergistic way. Indeed, these two receptors
act as autoreceptors (in the somatodendritic and axonal domains respectively) and
downregulate 5-HT neurons firing and subsequently exogenous DA release (Carta et al.
2008).
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Figure A.50: Presynaptic model of 5- HT- mediated LID

Left panel: At early stages of PD, spared striatal DA terminals sustain the therapeutic effect of L-
DOPA. L-DOPA is taken up by the DA terminals, stored into SVs and released in an activity-
dependent manner. Extracellular DA levels are regulated by auto-regulatory feedback mechanisms
mediated by D2 autoreceptors and the DA transporter present on DA terminals. Middle panel: As
neurodegeneration progresses, fewer and fewer DA terminals will remain to mediate L-DOPA
conversion and the serotonin terminals will come to play a major role. However, due to the lack of
normal auto-regulatory feedback control and concomitant hyper-activation of serotonin terminals
caused by depletion of endogenous serotonin by DA accumulating in the SVs, DA released from
serotonin terminals will be poorly regulated, resulting in uncontrolled, excessive swings in DA
release. The imbalance between the capacity of the serotonin terminals to release L- DOPA-derived
DA, and the inability of the same neurons to provide a feedback control mechanism to regulate the
level of the neurotransmitter in the synaptic cleft, would be the driving force in the induction of
dyskinesia. Right panel: According to this model, 5-HTiaR and 5-HTigR agonists, particularly in
combination, completely suppress L-DOPA-induced abnormal movements in 6- OHDA-lesioned rats
by dampening DA synaptic levels to a more physiological range. Note that for simplicity 5-HTiaRs
are positioned at the terminal level, but are indeed located at the level of the cell body of 5-HT
neurons.

Adapted from Carta et al. (2008)

Cell replacement therapy

To counterbalance the DAergic cell loss in PD patients, surgical procedures consisting
in grafting dopaminergic cells in the putamen have been tested. The use of fetal
dopaminergic cells allows a strong reinnervation of the striatum and these cells can
survive for the life of the patient. This is accompanied by motor benefits that allow a stop

of medical therapy for years (Kordower and Olanow 2016).

Deep brain stimulation

Deep brain stimulation (DBS) is a method requiring a surgical procedure where a
brain pacemaker is implanted in a given cerebral structure to stimulate it. It is a
reversible technique, unlike invasive ablation surgeries. Subthalamic nucleus (major) and
GPi (minor) are two structures targeted in DBS treatment of PD. They relieve some of PD

motor symptoms and allow a lowering of medication (Morin et al. 2014).
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2.2 Obsessive-compulsive disorders

We mentioned earlier how chronic treatment with drugs of abuse induces a
compulsive behavioral pattern. This has been inferred to rely on the connectivity between

orbitofrontal cortex and striatum (Everitt et al. 2013).

Obsessive- compulsive disorder (OCD) is a psychological disease characterized by
repetitive, distressing thoughts accompanied by repetitive behaviors that relieve distress
(Kim et al. 2013). It is associated with a hyperactivity of the OFC and with decreased D2R
levels in the striatum. Several approaches are used to relieve OCDs. They can be treated
with the administration of selective serotonin reuptake inhibitors (SSRI) with D2R
antagonists as an add-on. For severe forms of OCDs, DBS in the ventral striatum have

proven to be a successful approach.

Other disorders are related to stereotypies, such as autism spectrum disorder (ASD)

or Tourette’s syndrome, but will not be detailed here.

3. Stereotypies

3.1 Definition and general considerations

Stereotypies consist in purposeless, repetitive and restricted involuntary movements.
They can be found in pathological states such as OCD, PD with dopatherapy or Tourette’s

syndrome. Drugs that enhance dopaminergic signaling can also artificially induce them.

In the sixties, it was noticed that specific pharmacological drugs such as
amphetamine and apomorphine induce repetitive behaviors in animals (Fog et al. 1967,
Randrup and Munkvad 1967, 1967). Both of these drugs act on the dopaminergic
system. Therefore, these observations pointed toward a central role of BG and more
specifically of the striatum in mediating these responses. In situ striatal injections of
dopamine or dopaminergic agonists induce stereotypies (Ungerstedt et al. 1969).
Additionally, lesions of the dorsal striatum prevent the induction of stereotypies by
amphetamine without impairing the locomotor response (Kelly et al. 1975). The
involvement of cortical structures in stereotypies was demonstrated with intrastriatal
administration of NMDA (Karler et al. 1994), or intracortical enhancement of

corticostriatal projections with D2R antagonists (Karler et al. 1998).

Altogether, these results settled down the central involvement of BG in stereotypies.
Numerous experiments built up the theory of an imbalanced activity along the direct and
indirect pathways. This imbalance is characterized by a relative increase in the
nigrostriatal tone. Manipulations disinhibiting thalamocortical projections induce
stereotypy. In contrast, the ones increasing the inhibitory tone in the thalamus attenuate

stereotypies. For example, a recent study showed that optogenetic activation of the
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striatonigral direct pathway is able to induce motor stereotypies (grooming, nose- poking
in a hole and rearing) by manipulating the afferents to the ventromedial SNr, which are
thought to arise from the striatal part innervated by the orbitofrontal cortex
(Bouchekioua et al. 2017).

3.2 Animal models to elicit stereotypies

3.2.1 L- DOPA- induced dyskinesia

As presented above, PD is characterized by the loss of DAergic neurons from the SNc
and a replacement treatment consists in levodopa oral administration. This supply of DA
metabolic precursor leads to the production of debilitating movements at later stages,
called L- DOPA- induced dyskinesia (LID).

Based on the toxin- induced model of PD, there is a pharmacological procedure to
produce LID in animal. After the unilateral neurotoxin- mediated DAergic loss, animals
are treated with levodopa to mimic the process of dopatherapy and the LID that go with
it. The treatment produces abnormal turning and movements, which can be assessed
with abnormal involuntary movement (AIM) scales. These movements display dystonic or

hyperkinetic features observed in axial and orofacial muscles (Morin et al. 2014).

The AIMs rating scale is constituted of three categories, each corresponding to a
topographical area of the body: (1) limb dyskinesia characterized by repetitive and
rhythmic movements or dystonic posturing of the forelimb on the side contralateral to
the lesion; (2) axial dyskinesia characterized by lateral flexion and axial rotation / torsion
affecting the neck and the upper trunk toward the side contralateral to the lesion; and
(3) orolingual dyskinesia affecting the orofacial musculature including chewing
movements, tongue protrusions and jaw tremor. Each category is scored based on a

severity scale.

3.2.1 Drug- induced stereotypies

An important feature of psychostimulants systemic administration is its ability to elicit
a dose-dependent stimulation of the locomotor activity. At higher doses this locomotor
outcome gets tainted with the emergence of idiosyncratic motor behaviors referred to as
stereotypies (Figure A.51a). One way of producing stereotypies is by repeated injections
of a low dose, or injection of a high dose of psychostimulants, e.g. amphetamine or
cocaine. We will specifically focus on the effects of D-amphetamine, and refer to this

phenomenon as drug- induced stereotypies (DISs) hereafter.

In rodents, while low doses of amphetamine preferentially affect glutamatergic
connections in the medial AcbSh and enhance locomotion, higher doses activate DAergic

transmission across the striatum, and particular in the dorsal part. This results in
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progressively more focused stereotypic behaviors, culminating in continuous purposeless
oral activities such as licking, gnawing, and chewing (Di Chiara et al. 1988, Drevets et al.
1999, Yates et al. 2007, Hadamitzky et al. 2012). These behaviors are prone to
sensitization, since they exhibit a more rapid onset and a greater intensity upon repeated
drug exposures (Hadamitzky et al. 2012). However, even at low doses, the
hyperlocomotion induced by amphetamine appears to be patterned and perseverative
(Schiorring 1979), feature also found in human addicts (the subject will walk along the
same path aimlessly and repeatedly). This shift from locomotion to stereotypies has been
extensively studied over the years (Russell and Pihl 1978, Yates et al. 2007).

D- amphetamine at high dose leads to a multiphasic response, as described by

Schigrring:

= “The "prephase", from injection of drug until all items of behavior (except sniffing,
licking, and biting with head movements) [are] decreased to zero;

= The "stereotypy phase"”, when only sniffing, licking, and biting with head
movements [persist] and locomotion [is] absent, except for sporadic examples of
backward locomotion;

= And the "after phase”, when the normal behavior items [reappear] successively,
generally in the same order of their disappearance in the prephase., (Figure A.51b;
Schiorring (1979)).
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Figure A.51: Amphetamine biphasic effect on locomotion and stereotypies

a. Low doses of amphetamine mainly drive locomotion in C57/BL6 mice, while increasing doses
result in a potentiation of stereotypies and a decrease of locomotion. b. At 6 mg/kg, mice show a
typical multiphasic response, where the pre- and post-phases have high levels of locomotor
activity and no stereotypy, while the stereotypy phase has low locomotion. Locomotor and
stereotypic activities mirror each other.

Adapted from Yates et al. (2007)

95



3.3 Functional and biochemical correlates of stereotypies

e Dopamine/acetylcholine imbalance in DISs

Striatum plays a central role in the expression of stereotypies. It was inferred
stereotypies inset would rely on the DA/ ACh balance in this structure, and more
precisely on the dorsal part of the striatum. Indeed, it was demonstrated that specific
lesion of DAergic striatonigral pathway prevents DISs (Iversen et al. 1975). Likewise,
dorsal striatum lesions (Kelly et al. 1975) or application of DA antagonist in the dStr yield
the same result. More recently, a potential role for an imbalance between the medial
prefrontal cortex and the sensorimotor component of the BG was inferred, as repeated

cocaine would activate PFC without altering dStr signaling (Aliane et al. 2009).

During the time- course of stereotypies, there is a strong increase of DA release in the
dStr, which remains constant until the wash-out of this behavior. On the contrary, ACh
levels are inversely correlated to the intensity of the stereotypies (Aliane et al. 2011). It
was demonstrated that DA released by nigrostriatal projections acts on D2R that activate
GIRKs (potassium channels) leading to a rapid inhibition of CINs (DeBoer et al. 1996,
Chuhma et al. 2014). This corresponds to the pause of CINs firing observed in the
striatum in response to a salient cue (Morris et al. 2004). In their study, Aliane et al.
proposed that ACh has the ability to arrest motor stereotypies. Indeed, application of D2R
antagonist or mAChR antagonist would shorten or prolong the motor stereotypies
respectively. Therefore, they proposed a mechanism where DA would inhibit ACh release,
and an unknown mechanism would alleviate this inhibition to stimulate MSNs carrying
mAChR (Aliane et al. 2011). Based on these observations, there is an ongoing clinical
trial on children with ASD with the AChE inhibitor donepezil (Peter et al. 2017).

e Biochemical correlates in LIDs

For both LID and DISs, reports tend to link stereotypy severity to an imbalance
between striosomal and matricial compartment activation in the DLS: the stronger the
striosomal activation, the more severe the stereotypies. The increased striosome-to-
matrix activity ratio is a common feature of several brain disorders, such as Huntington’s
disease, Parkinson’s disease or drug addiction. It is more generally correlated with
hyper- responsivity to psychomotor stimulants (Crittenden et al. 2011). This corresponds

to a preferential activation of IEGs in the striosomal compartment (Saka et al. 2002).

It is believed that LID is due to a hyper- responsivity of MSNs to DA, in a
compensatory mechanism to tackle the DAergic denervation. DiR stimulation seems to
be essential for the development of LID: 6-OHDA-lesioned mice lacking DiR barely
present LID after L- DOPA treatment, while D2R-KO mice display control levels of LID

(Darmopil et al. 2009). With different models, it was demonstrated that a compartmental
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imbalance appears, with a striosomal overactivation of D1- MSNs correlated with LID
severity. This is imputable to an increased transduction of two DiR signaling cascades
(PKA and ERK1/2), as inhibition of ERK1/2 or mTOR, but also of PKA or DARPP32- pThr34
and up/downstream targets alleviates LID (for review’, refer to Crittenden et al. 2011,
Murer and Moratalla 2011). ERK1/2 seems to be important during the early onset of LID,
while its maintenance relies on overactivation of PKA/DARPP- 32, and both result in an
overexpression of IEGs. In line with this, compartmental imbalance has also been
reported for two ERK1/2 regulators, namely calcium-diacylglycerol-guanine nucleotide
exchange factor (CalDAG- GEF) in a rat LID model (Crittenden et al. 2009). GEFs are
proteins that activate GTPases by exchanging the GDP they carry for a GTP, e.g. the Ras
superfamily. CalDAG- GEFI, which is matrix- enriched, activates Rapl/2, and
CalDAG- GEFII that is striosome- enriched activates Ras. In this study, it was reported
that matricial CalDAG- GEFI was down- regulated while striosomal CalDAG- GEFII was
up- regulated, suggesting an overactivation of ERK pathway in the striosomes. Plus, the
extent to which their level was modified could reflect the severity of abnormal motor
responses evoked by the L- DOPA treatment (Figure A.52; Crittenden et al. (2009)).

CalDAG-GEFI CalDAG-GEFII CalDAG-GEF1I = CalDAG-GEFII
} |
R}!ép -—{Ras R?p — 1 Ras
B-Raf —>» MEK<—ij1 B-Raf— MEK <=Raf1
ERK ERK
a. Movemeﬁt control b. L-DOPA-induced dyskinesias

Figure A.52: Model of CalDAG- GEFs striatal signaling to ERK in LID

a. In the normal striatum, a balance between striatal compartments yield to movement
control. b. In a model of LID, the overexpression of CalDAG- GEFII in striosomes leads to
an overactivation of ERK signaling in D1- MSNs and yield to an increased level of
dyskinesia.

From Crittenden et al. (2009)

As for LID, Crittenden et al. demonstrated that CalDAG- GEFs intervene in abnormal
movements induced by amphetamine. Knock-out mice for CalDAG- GEFI show increased

stereotypies in response to D- amphetamine (Crittenden et al. 2009).

Very interestingly, AFosB, a truncated form of the iEG FosB, highly accumulates in
D1-MSNs with repeated injections of amphetamine, and also with L-DOPA-treated PD

models. This isoform is stable and maintained to high levels a long after disruption of
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drug treatment. Its level is directly correlated to the severity of dyskinesia (Murer et al.
2011). Another example of compartmental imbalance is that opioid receptors are
differentially regulated upon DA depletion (Figure A.49), and it was demonstrated that
inhibition of the striosomal-enriched MOR leads to a reduction of LID (Koprich et al.
2011).

Earlier, we discussed the role of CINs and ACh / DA in DISs. This balance is also
involved in LID. Striatal cholinergic tone is enhanced in LID, even if the number of CIN is
not altered (Gangarossa et al. 2016). While acute L- DOPA induces the activation of MSNs
via ERK phosphorylation, repeated L-DOPA treatment shifts this activation toward CINs
(Ding et al. 2011). Their basal firing rate and DA-evoked responses are then enhanced,
and this increased excitability is mediated by ERK activation. Thus, inhibition of ERK or
application of muscarinic antagonists improve LID (Ding et al. 2011). More evidences
support the idea of LID as a result of an enhanced striatal cholinergic tone. CIN
neurotoxic ablation (Won et al. 2014) and CIN optogenetic inhibition (Ztaou et al. 2016)
both reduce LID. On the other hand, optogenetic activation of CINs either improves (with
long stimulation, both nAChR- and mAChR-dependent) or worsens them (with brief
pulse, mAChR-dependent; Bordia et al. (2016)). It has been proposed beneficial effects
observed with prolonged CINs optogenetic stimulation comes from the desensitization of
nAChRs. Indeed, treatment with nAChR agonists also decreases LID up to 50% (Bordia et
al. 2010). Both MiR (expressed by D1- and D2-MSNs) and M4R blockade (expressed
post-synaptically by D1-MSNs and pre-synaptically by CINs) alleviate the motor
abnormalities observed in parkinsonian models, as their specific antagonists applied
locally in the dorsal striatum decrease LID. The effect observed with M4R is imputable to
D1-MSNs (Ztaou et al. 2016).

Together, these studies demonstrate common neural basis in the abnormal
movements found in pathological states such as Parkinson’s disease or artificially
drug-induced stereotypies. The circuit involved is localized in the dorsal part of the
striatum, and CINs play a major role in this phenotype. The classical model of imbalance
between direct » indirect pathways can thus be inflated with an imbalance between

striosomal > matricial compartments.

3.4 Methods to assess drug- induced stereotypies

Stereotypies are subtle locomotor loops that can be triggered by high
psychostimulant doses. They are difficult to assess since this score is empirical, and
based on a subjective rating by the experimenter. It is crucial that the experimenter
remains blind to the treatment, so that there is less chance of biasing the score

attributed to each mouse.
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For a given mouse strain of same age and sex, not only according to the
psychostimulant used and to its dose, but also to the experimental environment
(homecage =+ litter) and time of day, stereotypies will express in different ways. For
instance, it is well known that high doses of cocaine (> 20 mg/kg) trigger limb
stereotypies such as excessive rearing. Amphetamine will preferentially lead to orofacial

stereotypies (Randrup et al. 1967, Randrup et al. 1975).

Currently, the only way to assess stereotypies is by manual scoring. However, this
rating technique is hardly reproducible between experimenters because one may consider
that some behavior is very intense while one other may rate it as mild, based on the
comparison between the groups observed. Therefore, stereotypy scoring would be
greatly improved if it were automated, by video tracking and software analysis. The
difficulty resides in that stereotypies are natural behaviors that are repeated with
abnormal patterns, so parameters defined to discriminate between what is ‘normal’ and
what is stereotypic would be difficult. Moreover, there are some subtle kinds of
stereotypies triggered by D- amphetamine, displayed as jaw or tongue movements and
biting, which would be more difficult to record. The manual scoring omits some important
aspects of behavior occurrence, such as the frequency or the duration of each episode.
For those reasons, it would be very interesting to develop a tool to perform this kind of

analysis.

The most common stereotypy rating scale is based on Creese & Iversen’s work, see
Table A.6 (Creese and Iversen 1975). This scale was initially used to assess the effects of

D- amphetamine 1.5 mg/kg on adult male Wistar rats.

Table A.6: Creese & Iversen stereotypy rating scale

CREESE & IVERSEN (1975)

0 Asleep or stationary

1 Active

2 Predominantly active but with bursts of stereotyped sniffing or rearing
3 Stereotyped activity such as sniffing along a fixed path in the cage

4 Stereotyped sniffing or rearing maintained in one location

5 Stereotyped behavior in one location with bursts of licking

6 Continual gnawing or licking of the cage bars
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3.5 Role of VGLUT3 in LID

As discussed earlier, CINs play a central role in the development of LID. These
neurons accumulate and release glutamate along with acetylcholine. Therefore, it was
inferred that glutamate released from CINs could participate in the development of LID
(Divito et al. 2015, Gangarossa et al. 2016).

In one study, Gangarossa et al. used either VGLUT3~/~ mice or mice lacking VAChT in
the CINs (Drd2- Cre:VAChTxP/LoxP referred to as cKO-VAChT; Gangarossa et al. (2016)).
DA depletion led to an upregulation of VAChT and VGLUT3. The lack of VGLUT3 alleviated
LID (Figure A.53a), along with a decreased striatal signaling (normalization of ERK/mTOR
and rpS6 signaling compared to LID animal). On the other hand, LID was globally
unchanged in cKO-VAChT mice, even if the AIMs score was increased in these mice
during the treatment, probably because of compensatory mechanisms (Figure A.53b).
The authors proposed that glutamate released from CINs, rather than ACh, could
contribute to the development of LID (Gangarossa et al. 2016). Indeed, it was already
demonstrated that glutamate modulates DA release by acting on mGIuRs (Sakae et al.
2015). Antagonists for mGIuR5 improve motor deficits observed in PD rat models
(Breysse et al. 2002). Therefore, the authors suggested that mGIuR5 might be the

preferential target of CIN-released glutamate (Gangarossa et al. 2016).

Divito et al., in agreement with the previous study, found that VGLUT3~/~ mice have
decreased LID. Using another conditional model (ChAT-IRES- Cre::VGLUT3LxP/LoxP referred
to as cKO-ChAT), they found that LID was slightly decreased in cKO-ChAT (Divito et al.
2015).

Together, these results demonstrate that VGLUT3 is involved in mediating LID. As set

forth by the two studies, this contribution could stem from another source than CINs.

100



Total AlMs

40 - *kk 10+ 50, :
— ] 40. -
g O 8 6_. 20, Hdk
-;;20- ] 110 I
= ® " < i O
< 10- < 2

0'_|_|' o T T T T T
¢ 12 0 20 40 60 80 100 120 min
d. Day b.
O wr O VAChT ™" Total AIMs
® VGLUT3KO @ Drd2-Cre::VAChT “*"*** 50,
- 40+
50 ns DI
wok ]
= 407 ) :
S 30-
2 20| ©
=
( 10_
o_—l—l_ 0 T T T T T T
6 12 0 20 40 60 80 100 120 min
C. Day d.

Figure A.53: LID in VGLUT3~/~ and Drd2-Cre::VAChT"oxP/LoxP

LID is attenuated in VGLUT3/~mice (top panel, in purple) while it is unchanged in
Drd2- Cre::VAChToxF/LoxP (bottom panel, in red). a and c represent the cumulative score of total
AIMs at day 6 and day 12 of L- DOPA treatment after unilateral 6- OHDA lesion. b and d represent
the time-course of total AIMs following the last L-DOPA injection (day 12) and the cumulative
score of total AIMs (inset).

Adapted from Gangarossa et al. (2016)
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Dopamine is a central regulator of striatal activity. Dysfunctions
related to DA mesolimbic and mesocortical projections affect drug-
related behaviors, such as excessive drug intake or development of
psychosis. DA nigrostriatal projections provide a regulation of motor-
related loops and compulsive behaviors, and are affected in disorders
such as Parkinson’s disease (PD) or obsessive-compulsive disorders.
Drugs of abuse hijack the dopaminergic system and artificially

enhance DA levels.

The dyskinesia found in pathological states such as PD and
drug-induced stereotypies share common neural basis. Both rely on
an overactivation of the striosomes compared to the surrounding

matrix.
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Cholinergic interneurons are local regulators of striatal activity,
and they modulate the dopaminergic transmission. Their activity is

altered in PD and in chronic drug intake.
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PROBLEMATIC

GENERAL CONTEXT

VGLUT3”7~ mice demonstrate a wide range of pleiotropic phenotypes, such as
increased anxiety, deafness or hypersensitivity to pain (Seal et al. 2008, Seal et al. 2009,
Amilhon et al. 2010). Among these phenotypes, VGLUT3”/~ mice present constitutive
hallmarks of addiction to cocaine. In VGLUT3~~ mice, DA release is increased in the Acb,
along with an overactivation of the direct pathway. The number of dendritic spines on
D1- MSNs is constitutively elevated, as well as the AMPAR/NMDAR ratio (Sakae et al.
2015).

VGLUT3 is expressed by all cholinergic interneurons (CINs) where it enhances
cholinergic tone by a mechanism referred to as vesicular synergy (Gras et al. 2008). This
cell population plays a critical role in the modulation of striatal inputs, including cortical
and subcortical glutamatergic inputs, and midbrain DAergic inputs (Lim et al. 2014).
There is a tight DA / ACh balance in the striatum, where DA inhibits cholinergic tone by
acting on presynaptic D2R, while ACh increases DAergic tone by acting on presynaptic
nicotinic acetylcholine receptors (DeBoer et al. 1996, Threlfell et al. 2012). Recently, it
was demonstrated that not only does VGLUT3 regulate ACh tone, but that glutamate
released from CINs also participates to the regulation of DA release by acting on

inhibitory presynaptic mGluRs (Sakae et al. 2015).
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Figure A.54: VGLUT3 mutations in humans with severe drug abuse

Several punctual mutations were identified in SLC17A8, the gene encoding VGLUT3, in human
polyaddicts. Seven independent SNPs were identified in a French cohort of 230 patients (in red)
and four other SNPs were found in a Swiss cohort of 265 patients (in yellow).

Adapted from Sakae et al. (2015)
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Because of the obvious contribution of VGLUT3 in the response to cocaine in mice, it
was suspected that this protein could also be involved in mediating the response to drugs
of abuse in humans (human and mouse VGLUT3 share more than 90 % amino acids
identity). Indeed, a study conducted on human polyaddicts highlighted the existence of
several SNPs in SLC17A8, the gene encoding VGLUT3 (Figure A.54; Sakae et al. (2015)).

These results place VGLUT3 as a regulator of drug abuse, in both mice and humans.

We have discussed the role of CINs in modulating the rewarding effects of drugs.
Their ablation enhances vulnerability to cocaine, but this effect is imputable to the
glutamate they release rather than the acetylcholine. Indeed, genetic deletion of VAChT,
the vesicular transporter for acetylcholine, has a little impact on cocaine sensitivity
(Hikida et al. 2003, Guzman et al. 2011, Sakae et al. 2015).

CINs are also involved in the regulation of abnormal movements, such as
L- DOPA- induced dyskinesia (LID). Optogenetic experiments show that inhibition of CINs
decreases LID whereas their activation exacerbates LID (Ding et al. 2011, Won et al.
2014, Bordia et al. 2016). Different studies tried to identify the involvement of
acetylcholine and glutamate released from CINs in LID or drug-induced dyskinesia
(Aliane et al. 2011, Crittenden et al. 2014, Divito et al. 2015, Gangarossa et al. 2016).
Concordant studies demonstrated that VGLUT3 null mice are more resistant to LID,
suggesting that glutamate released from CINs could be responsible for this phenotype
(Divito et al. 2015, Gangarossa et al. 2016). However, selective deletion of VGLUT3 in
CINs does not reproduce the resistance to LID (Divito et al. 2015). On the other hand,
the contribution of acetylcholine to the development of LID or drug- induced dyskinesia is
still a matter of debate. One study reported that acetylcholine in the dorsal striatum is
necessary to arrest cocaine- induced stereotypies while another stated that increased
striatal cholinergic tone (VAChT overexpressing mice) exacerbates

amphetamine- induced stereotypies (Aliane et al. 2011, Crittenden et al. 2014).

PROBLEMATIC

VGLUT3 plays an essential role in mediating cocaine’s rewarding effects. This protein
also appears as a factor of susceptibility of drug abuse in human addicts. Therefore, we
investigated if this effect could be extended to other drugs. During my PhD, I addressed
the role of VGLUT3 in the behavioral effects of another psychostimulant, amphetamine. I
assessed the amphetamine-induced locomotion and stereotypies in behavioral

sensitization paradigms in mice lacking VGLUT3 in the whole brain.

In the striatum VGLUT3 is present in cholinergic and serotonergic fibers. I tried to
evaluate the contribution of these two different VGLUT3- positive neurotransmitter

systems in mediating the behavioral effects of amphetamine. I used a Cre- lox- based
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genetic approach consisting in crossing VGLUT3LYxP/LoxP mijce with serotonergic- or

cholinergic- specific Cre- expressing lines.

VGLUT3 null mice present major alterations in the accumbal neuronal circuitry, which
supposedly underlie the hyper- responsivity to cocaine. I also tried to knockdown VGLUT3
specifically in the Acb. This knockdown was obtained by infusing Cre- expressing AAV
viruses in the nucleus accumbens of VGLUT3LxP/LoxP to gssess the behavioral response to

cocaine.

MAJOR FINDINGS

With my work, I demonstrated that unlike cocaine, amphetamine at low doses
produces a locomotor sensitization in VGLUT3 null mice. The amphetamine- induced
hyperlocomotion is greater in these mice compared to control siblings, suggesting that

VGLUT3~~ mice are indeed more sensitive to drugs.

Higher doses of amphetamine elicit abnormal movements in the form of stereotypies.
With these doses I observed that VGLUT null mice hyperlocomotion is doubled compared
to WT mice. Furthermore, VGLUT37/- mice lacking are particularly resistant to

stereotypies.

The study of conditional knockouts for VGLUT3 ruled out a contribution of the
VGLUT3-positive serotonergic system in the phenotypes observed in VGLUT3 null mice.
However, the VGLUT3- positive cholinergic system contributes to the amphetamine-

induced stereotypies.

In another part of my work, I proceeded to VGLUT3 accumbal knockdown.
Preliminary results indicate a negative correlation between the residual accumbal level of

VGLUT3 and the extent of cocaine- induced hyperlocomotion.

These results offer new insights into the role of VGLUT3 in mediating drug- related
behaviors. They also place VGLUT3 as an interesting target not only for drug abuse, but

also for abnormal movements.
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MATE_RIALS AND METHODS

ST T AT T W T . ASPTSESIR ST. EE k 2N

1. Animal models

All animal care and experiments were conducted in accordance with the European
Communities Council Directive for the Care and the Use of Laboratory Animals
(86/809/EEC), in compliance with the Ministere de I’Agriculture et de la Forét, Service
Vétérinaire de la Santé et de la Protection Animale (authorization number 01482.01 from
ethics committee Darwin #5). All efforts were made to minimize the number of animals
used in the course of the study and to ensure their well-being. The animals were housed
in groups of 2-5 per cage, in a temperature-controlled room (21 £ 2°C) with a 12:12-h
dark/light cycle (lights on 7:30 a.m. to 7:30 p.m.). Water and food were provided ad
libitum.

1.1 VGLUT3/—
VGLUT3~/~ are mice that constitutively lack VGLUT3 in the whole body. These mice

were generated by the Institut Clinique de la Souris (Strasbourg, France) by homologous
recombination in embryonic stem cells (129/Sv). They have been backcrossed on a
C57BL/6] background for more than 12 generations. In the mutant, the exon 2 is
replaced with an FRT-flanked neomycin resistance cassette that creates a STOP codon in
frame with exon 1 (Figure B.1a), and results in a null mutation (Gras et al. 2008). Mice
are genotyped with the primers listed in Table B.1 (Figure B.1b).

Table B.1: Primers for VGLUT3~/— PCR

Primer Sequence Primers Band size Allele
P1 5’ - GTG TGA CAT GAA GCC TGG ACT GTT C - 3’ P1 x P3 278 bp WT
P2 5’ - GAA GGG TGA GAA CAG AGT ACCTAC - 3’ P2 x P3 604 bp KO

P3 5" - AGC AGA CTG AAG CGT CTC CAT GGT G - 3’

Apart from being deaf, VGLUT3~/~ have no major defects (normal weight, size,
fertility and life span; Gras et al. (2008)). As shown in Figure B.1c, these mice have no

residual VGLUT3 protein or mRNA in the striatum.
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Figure B.1: VGLUT3~/~ construct

a. The targeting strategy consists in replacing exon 2 of Vglut3 gene with a neomycin (NEO)
cassette. b. Genotyping of VGLUT3 by PCR with a three- primer-based protocol (P1-3). c¢. The
effect of the mutation on the expression of VGLUT3 in the striatum is assessed by ISH (left) and
immunoautoradiography (right). VGLUT3 mRNA and protein are totally absent in knockout mice
(—/—) compared to wild-types (+/+).

Adapted from Gras et al. (2008)

1.2 VGLUT3LoxP/LoxP
VGLUT3xP/LexP mijce carry two LoxP sites in their coding sequence. Using appropriate
tools, this floxed sequence can be excised by the Cre recombinase (Cre-Lox system),

resulting in a premature STOP codon and therefore to the absence of the protein (Nagy
2000).
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Figure B.2: VGLUT3LoxP/LoxP construct

As for VGLUT3/—, VGLUT3*P/LoxP mjce were generated by the Institut Clinique de la
Souris. They have been backcrossed on a C57BL/6N background for 2 generations. In
these mice, the exon 2 of SLC17A8 gene is floxed (Figure B.2). Mice are genotyped by
PCR with the primers presented in Table B.2.

Table B.2: Primers for VGLUT3LoxP/LoxP PCR

Primer Sequence ‘ Band size Allele
cP1 5" - TTG TGA AAA AGC AAA CAG AGC CAT TC - 3/ 277 bp WT
ch2 5" - TGT CTG AGC CAT CACTTT CTC TGG AAA - 3’ 382 bp Lox

1.3 VGLUT3 conditional knock-out: genetic approach

In order to understand the contribution of the different VGLUT3- positive
neurotransmitter systems in the brain, we crossed VGLUT3'*P/LoxP mice with different
cell- specific Cre-expressing lines. For all the breedings, we make sure there is only one

allele with the Cre recombinase.

The breeding strategy is as follows (Figure B.3). We maintain the founder line, called
Cre line, by incrossing Cre/+ with +/+ mice. With their FO offspring, we form the 1t
breeding by crossing the Cre/+ males with homozygous VGLUT3xP/LoxP females from the
VGLUT3 Lox line. Then the F1 (Cre/+; VGLUT3Y*P/*) males are mated with heterozygous
VGLUT3xP/+ females from the VGLUT3 Lox line to form the 2" breeding. This breeding
generates the animals used for experiments. We systematically compare the double
mutant mice, called conditional knock-out (cKO), to the control that do not carry the Cre

allele (+/+; VGLUT3LoxP/LoxP)
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Figure B.3: VGLUT3 conditional knock-out breeding strategy

The breeding is done in 3 steps. First, we produce heterozygous Cre/+ animals. These mice are
crossed with homozygous VGLUT3MxP/LoxP and constitute the 1st breeding. The double heterozygous
(Cre/+; VGLUT3LxP/+) are then crossed with heterozygous VGLUT3XP/+ from the VGLUT3 Lox line
and constitute the 2" breeding. A fraction of the resulting animals will be included in the
experimental group: controls are (+/+; VGLUT3LxP/LoxP) and conditional knock-outs are (Cre/+;
VGLUT3LexP/LoxP) " The faded animals represent littermates that are not used in our protocols. The
plain color squares represent the offspring from the crossing positioned right above. The black
boxes represent the crossings, and the red box is the experimental group.

1.3.1 SERT-Cre conditional knock-out

In order to specifically remove VGLUT3 in the serotonergic system, we crossed our
VGLUT3LoxP/LoxP mice with the SERT-Cre line generated by Zhuang et al. (Zhuang et al.

2005). This line is currently commercialized by Jackson Laboratory under the name
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B6.129(Cqg)-Sic6a4tmi(cree)Xz/] (stock number 014554), and has been backcrossed to
C57BL/6] for more than 10 generations by the donating lab.

The SERT-Cre is a "knock-in" allele: the exon 2 of the Sic6a4 gene (SERT) is replaced
by the Cre recombinase. The inserted cassette contains the Cre recombinase coding
sequence with a nuclear localization signal and the neomycin-resistance gene flanked by
FRT sites. Therefore, the inserted transgene disrupts one copy of the SERT gene that
leads to specific failure of serotonin uptake and clearance in homozygous SERT-Cre mice,
even if still viable and fertile (Sanders et al. 2007). Yet, we only use heterozygous in our

crossings, and they are no known phenotypes for these mice.

The F2 animals are genotyped with 2 different PCRs, one for the Lox allele (Table B.2)
and the other for the Cre allele (Table B.3).

Table B.3: Primers for SERT-Cre PCR

Primer Sequence Primers Band size Genotype
Crerey 5" - GAA CGA ACCTGG TCG AAATCAG - 3" | Comm x WT 380 bp WT
WTrev 5" - GGC ACT AACCTC CACCATTCT G - 3’ Comm x Cre 500 bp CRE

Commsrw 5 — CAT CCG CAC CAC TGA CTG ACCA - 3

1.3.2 ChAT-IRES-Cre conditional knock-out

To investigate the role of VGLUT3- positive cholinergic neurons in the brain, we bred
out VGLUT3LxP/LloxP mijce with a cholinergic- Cre-expressing line: ChAT-IRES-Cre
(B6.129S6-Chattm2(cre)towl/] - stock number 006410, Jackson Laboratory). In this line, an
"IRES-Cre" sequence is inserted downstream of the stop codon. The endogenous ChAT
gene promoter controls the Cre expression, with the IRES (internal ribosome entry
sequence) providing Cre an independent transcript from ChAT mRNA. Thus, ChAT gene
expression is unaffected and mice have normal levels of ACh. Cre recombinase activity is

reported in all cholinergic neurons.

F2 animals are genotyped with 2 different PCRs, one for the Lox allele (Table B.2) and
the other for the Cre allele (Table B.3). As for SERT-Cre, breedings are designed so that
there is just one or no copy of Cre in the animals. We have two different PCRs for the Cre
allele. The first is the “universal Cre PCR” that gives either one band if the animal carries
the Cre allele and no band if the animal is WT (Table B.4). The other PCR was developed
for the ChAT-IRES-Cre line, and gives two bands if the animal carries a copy of Cre

allele, or one band if the animal is WT (Table B.5).
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Table B.4: Primers for universal Cre PCR

Primer Sequence ’ Band size Genotype
Creyp 5'- GAT CTC CGG TAT TGA AAC TCC AGC -3' no band WT
WTaown  5'- GCT AAA CAT GCT TCA TCG TCG G -3' 650 bp CRE

Table B.5: Primers for ChAT-Cre PCR

Primer Sequence ‘ Primers Band size Genotype
Creforw 5" - CCT TCT ATC GCC TTC TTG ACG - 3" | Comm x WT 280 bp WT
WTforw 5" - GTT TGC AGA AGC GGT GGG - 3’ Comm x Cre 360 bp CRE

Commrey 5 - AGA TAG ATA ATG AGA GGC TC - 3’

1.4 VGLUT3 conditional knock-out: viral approach

In order to understand the local contribution of VGLUT3 in the nucleus accumbens
without the developmental contribution of the protein, we used a viral approach.
VGLUT3xP/LoxP mice are injected in the nucleus accumbens with an adeno-associated
virus expressing the Cre recombinase. VGLUT3 will be invalidated in all cells, but only the
ones that express the protein VGLUT3 will be affected. Thus, this technique allows a
specific removal of VGLUT3 in the cholinergic interneurons, which all co-express it (Gras
et al. 2002).

1.4.1 Surgical procedure

Two weeks prior to the stereotaxic surgery, animals are transferred to the behavioral
facility. For the surgery, they are deeply anesthetized with a mix of ketamine: xylazine
(10: 1 mg/mL in NaCl .9%, i.p. injection 0.08 mL/10 g body weight), then placed on a
stereotaxic frame with a digital monitoring (Model 900 Small Animal Stereotaxic
Instrument, Kopf, TUJUNGA, CA, USA) thanks to the two ear bars and the tooth bar. The
body temperature is maintained with a heating plate, and the eyes are moistened with an
ophthalmic moisturizing ointment. Before incising the scalp, local anesthesia is performed

by application of lidocaine chlorhydrate (5 mg/mL in NaCl .9%).

Once the scalp opened, the skull is positioned flat by checking that lambda and
bregma (cranial plate sutures) are at the same height, as well as two points on both
lateral sides of the bregma. Then, the skull is bilaterally drilled at the appropriate
coordinates (bregma = 0) to target the nucleus accumbens, according to Paxinos &

Franklin brain atlas:

Antero-posterior Medio-lateral Dorso-ventral

+16.0mm +7.5mm -43.0mm
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The injection set-up we use has a two-syringes holder connected to a pump that
controls the flow, and both sides are injected simultaneously (Phymep, Paris, France).

The two needles are separated with a custom-made spacer (here, 15 mm).

Once the needles placed, we wait 3 min, and then proceed to the injection, with
400 nL virus per side (detailed in the next paragraph) and an 80 nL.min"! flow. When the
infusion is over, we wait for another 5’ and then slowly pull up the needles. Then we clip
the skin and monitor the animal’s recovery. Following the surgery, we administrate
Carprofen, a nonsteroidal anti-inflammatory drug, in the drinking water of the animals
(0.1 mg/mL) for one week. After 8 weeks, the animals are used for behavior, with a

one-week-period of handling before the start of experiments.

1.4.2 Cre-expressing virus

To inactivate VGLUT3, we infuse VGLUT3"*P/LoxP mjce with a virus expressing the Cre
recombinase fused with GFP so to be able to visualize the injection site (mutant mice).
The control mice are VGLUT3Y*/LoxP injected with a virus expressing GFP without the Cre

recombinase.

These viruses are recombinant adeno- associated viruses (AAV) that are
nonpathogenic human parvovirus. They contain a single- stranded DNA that expresses
the Cre recombinase under the control of a specific promotor. They also carry a WPRE
sequence (Woodchuck hepatitis virus posttranscriptional regulatory element) that

enhances the transgene expression by creating a tertiary structure.

The two viruses are solubilized in DMEM. They are provided by UPenn (Penn Vector
Core in the Gene Therapy Program of the University of Pennsylvania, USA) and are

presented in Table B.6.

Table B.6: List of viruses used

Virus Lot Titer (GC/mL) Yield (GC) Mouse
AAV2.hSyn.HI.eGFP-Cre.WPRE.SV40 V4640MI-S 2.93e13 2.637e13 mutant
AAV2.hSyn.eGFP.WPRE.bGH V4641MI-S 1.13e13 1.356e13  control

2. Behavioral experiments

The animals used for behavior were housed in groups of 2-5 per cage. We always
designed crossings to produce both wild-type and mutant mice as mixed littermates. All
the animals used in the following experiments are males aged 2-4 months. They are
genotyped at birth, and transferred to the stabulation room of the behavioral facility

when 8-weeks-aged. After one week, they are habituated to handling for minimum
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5 days prior to the first experiment. Except for the spontaneous locomotor activity, all

tests presented below started between 8:00 and 8:30 a.m.

For the behavioral analysis, the animals were randomly allocated to the experimental
groups, and the investigator was blind to genotypes during experimental procedures.
Animals were excluded from the experimental data analysis only when their results were
detected as outliers using Grubb’s test (GraphPad Prism Software, La Jolla, CA, USA).

The tests presented below respect the chronologic order in which they were
performed. Prior to each experiments, and each day of experiment, the animals were
placed in the room at least 15-20 min before the start of the test, to let them acclimatize

to the new room.

Activity box Open field Area O maze
3 [ [] anxiogenic
[ closed
] open
a. o > b. c.

Figure B.4: Set- ups used for behavior
a. Side view of the activity box apparatus. b. and c. View from above of the open field (b) and
the O maze (c).

2.1 Spontaneous locomotor activity

The aim of this test is to check the basal activity level of the mouse.

To do so, each animal is individually placed in a Plexiglas activity box (L 24 x w 15 x
h 25 cm), as depicted on Figure B.4a. In this set-up, 2 sets of horizontal infrared
photocell beams located 15 mm above the floor of the enclosure along the long axis (2 in
the front, 2 in the back) give a measurement of the horizontal activity (number of back &
forth). Another set of beams located 30 mm above the floor provides a measurement of
the vertical activity (number of rearings). The box is closed with another box placed
upside- down as a lid. Each box is connected to a computer by an interface (Imetronic,
Pessac, France). We put some new bedding and hydrogel in each box at the beginning of
the experiment. The light is set to ~ 50 lux to match the conditions of stabulation, and
respects the light-on/off hours (light on: 7:30 a.m.-7:30 p.m.). Spontaneous locomotion
is measured in 60-min intervals over 24 h starting 10:30 a.m., in order to record mouse

activity during a whole circadian cycle.
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2.2 Anxiety tests

2.2.1 Open field

The open field (OF) gives a measure of anxiety. It consists in a white Perspex arena
(42 x 42 x 26 cm) located in a 45-lux-illuminated room (Figure B.4b). The area is
virtually divided in 9 squares, and the central square represents the most anxiogenic

zone of the OF. Indeed, mice tend to stay close to walls to remain under cover.

The animal is individually placed in the OF periphery at the beginning of the test
(white area on Figure B.4b). Its horizontal activity is video-tracked from above during
the 10 minutes of test and then analyzed with the ANY-maze® software
(http://www.anymaze.co.uk/). Between each mouse, the area is cleaned with ethanol
20 % and then dried.

2.2.2 0 maze

The O maze test provides another measure of anxiety, and is more anxiogenic than
the OF. It is an elevated O-shaped maze where 2 quarters have walls and the 2
remaining ones do not and thus correspond to the anxiogenic zone (Figure B.4c). The
light is set so that there is a 10-lux-intensity in the middle of the open arms. The area is
47 cm-diameter and 52 cm-height and the band on which the mouse circulates in
7 cm-wide. Each session lasts 10 minutes, and the mouse is individually placed in the
middle of a closed arm. The video- tracking is performed from above and analyzed with
ANY-maze® software. Between each mouse, the area is cleaned with ethanol 20 % and
then dried.

2.3 Behavioral sensitizations

Behavioral sensitization is the enhancement of a behavioral output for a given drug

dose with intermittent repeated injections.

After the animals transfer to the behavioral facility, mice would be habituated to
handling for minimum 5 days, then to contention for minimum 3 days and to injections
for minimum 3 days before the start of sensitization. We did either sensitization to
amphetamine in the activity boxes described above, or sensitization to cocaine in another
apparatus called cyclotron. In the two sets of experiments, mice were individually tested,
but recorded simultaneously in separate activity boxes and could not see the other
animals. The first day, they would be placed in their activity box with fresh bedding. They
were systematically put back in the same activity box each day of the experiment, so
that the environment would be familiar and non- hostile when they would receive the first

injection of drug, because of another animal odor.
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2.3.1 Behavioral sensitization to amphetamine

The sensitization to amphetamine was performed in the activity boxes described
previously (Figure B.4a), according to the experimental procedure depicted on

Figure B.5.

sacrifice

l 1 1 1 l 1 1 1 (perfl?sion)

saline D-amphetamine

-2 -1 0 1 2 3 4 5 day
24h post-inj

habituation 1 scoring

1 |
o 120’ 240’

recording

Figure B.5: Protocol for behavioral sensitization to amphetamine

The behavioral sensitization had 2 phases: the habituation and the sensitization. The
former phase consisted in a daily i.p. injection of saline (NaCl .9%) for 3 days, and the
latter phase was done with a daily i.p. injection of amphetamine for 5 consecutive days.
Each day, the animal would be placed in the box for 2 hours to reach a minimal level of
activity. Then it would be taken out of the box, injected intraperitoneally, and placed
back in the cage. The resulting activity would be recorded for the remaining 90 min. The
integrality of the 3.5 hours was analyzed for the horizontal (number of back & forth) and
vertical (number of rearings) activities in 5-min time bins. As for spontaneous activity,

data were recorded through an interface designed by Imetronic.

24 hours after the last injection, animals were deeply anesthetized and perfused.

2.3.2 Locomotor sensitization to cocaine

We also performed sensitization to cocaine 10 mg/kg. Instead of using activity boxes,
we did the experiment in cyclotron (Imetronic, Pessac, France). In this set- up, each
mouse is placed in a circular corridor (4.5- cm width, 17- cm external diameter) bearing
4 infrared beams placed at 90° angles. A software gives a measure of the locomotor
activity as the number of ' turns, i.e. the consecutive interruption of two adjacent

beams.

We used a protocol similar to the one for amphetamine sensitization, except that
after the 3 saline injections and the 5 consecutive injections of drug, the animal would
have a withdrawal period of 5 days, and a last challenge injection of cocaine 10 mg/kg

(Figure B.6). Each day, the animal would be placed for two hours in the cyclotron, then
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injected with the appropriate solution, and placed back to assess the locomotion for two
additional hours. 24 hours after the last injection, the animals sacrificed by cervical

dislocation and their dissected brain would be freshly frozen.

sacrifice

l l l (fresh frozen)

saline cocaine 10 mg/kg withdrawal challenge

2 A 0 1 2 3 4 5 6 7 8 9 10 1M . day
24h post-inj

Figure B.6: Protocol for behavioral sensitization to cocaine

2.4 Stereotypy scoring

As discussed in the introduction, low dose of amphetamine stimulates locomotion
while higher doses also yield stereotypies, which consist in motor responses that are
repetitive, invariant, and seemingly without purpose or goal. Thus, during behavioral
sensitization with amphetamine 5 mg/kg, the stereotypies were manually scored for the

90- minute- period following drug injection.

The scoring was performed blindly to the genotype by the experimenter, by directly
watching the animal starting five minutes after drug injection. Each animal was

sequentially observed for 45” every 10’. Two different scales were used.

After several pilot experiments conducted on C56BL/6 mice injected intraperitoneally
with 5 mg/kg of D- amphetamine, we were able to determine the behavioral repertoire
displayed by the mice in our experimental conditions: animal bred in groups of 2-5, but
tested individually in a novel environment with fresh bedding at the start of the
experiment, yet considered as familiar when the amphetamine injections started. It was
a prerequisite to do so, because stereotypies rating scales are meant for assessing
stereotypies in a given set-up, for a given animal model with a specific drug. For
example, as described thoroughly by Russell & Pihl, novelty plays a major role on the
stereotypic output (Russell et al. 1978). The more familiar the environment is, the
stronger stereotypies will express. Therefore, novelty highly reduces the occurrence of

stereotypies.

2.4.1 Categorial scoring

To be able to precisely assess the behavior of our mice, we first used an objective
methodological approach. The protocol consisted in an observational time-sampling
procedure over the course of the behavioral testing period (Kelley 2001). For each time
bin, the experimenter would note the presence or absence of a given behavior (0 or 1).

Then, it was possible to summate the score of all items for each time bin, and also to
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assess the frequency of a given behavior by looking at the temporal evolution of the

behavior through time.

Because we had determined the behavioral repertoire during pilot experiments, we
modified the scale proposed by Kelley to include all the behavioral categories displayed
by our mice in our experimental conditions, as presented in Table B.7 (Kelley 2001). The

categories that are modified are indicated with the appropriate key in the table au-

dessous.

Category
Still
Locomotion

Groom /
Taffy pull °

Rear

Head- up sniff

Head- down sniff

Mouth movements /
Licking °

Bite #

Head- down
sniff/paw °

Head sway

Head bob

Turn ®

Table B.7: Categorial scoring of stereotypies

Description
Asleep or lying still with eyes open but no movement
Movement from one side of the cage to another

Head or body grooming /
Repetitive, tremorous paw- to- mouth movement

Rearing on hind legs

Continuous sniffing (>5 sec), with head/snout directed towards top
of cage

Continuous sniffing (>5 sec), with head/snout directed towards floor
of cage

Non- specific oral movements, tongue protrusion, air / wall licking

Biting the bedding

Continuous snout movements towards flank /
Paw movements directed through floor of cage

Rhythmic lateral swaying of head
Rhythmic vertical head bobbing

Perseverative turn in a corner of the cage

e, regrouping of 2 categories; o, added category; #, modified category

Adapted from Kelley (2001)

We describe many categories in Table B.7. Yet, most of the time, responses consisted

in sniffing and oral stereotypies. Rearing was anecdotic. On the other hand, head
movements were present in all mice, especially head bobbing. We had to regroup some
categories as shown in Table B.7, because it was difficult to discriminate between two
items closely related in mice (small animals), while it is probably possible in rats (where
even jaw tremor can be assessed). As for locomotion, it was purely informative because

the activity box software directly monitored locomotor activities.
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At first, we thought that this was the most objective way to rate stereotypies,
because the outcome is binary: 1, the behavioral item is present, 0 the behavioral item is
absent. But we faced two problems with this. The first problem was that it did not take
into account the intensity of the behavior. The second, major one was that with repeated
injections, the behavioral repertoire would drastically narrow down, often to only one or
two behavioral items (most often biting £ sniffing) that would be maintained during the
whole time bin. This would correspond to a score of 1 or 2, which would not reflect at all
the severity of the behavior. Thus, we kept using the categorial scoring as an informative
and complementary rating to the rating scale presented in the next paragraph. And
instead of using a binary rating, we shaded the scale by attributing a score of
0/.25/.5/.75/1.

2.4.2 Rating- scale- based scoring of general stereotypies

The “traditional” way for assessing stereotypies is by using rating scales, which
implies that the displayed behavioral repertoire is a continuum. The scale commonly used
is based on Creese & Iversen work, initially developed to quantify stereotypies induced
by psychostimulants (Table A.6; Creese and Iversen (1973)). We decided to use a
scoring system based on the one proposed by Costall et al., developed for 5 mg/kg
amphetamine i.p. injection in rats (Costall et al. 1972), and closely related to Creese &

Iversen rating scale (Table A.6).
Table B.8: Rating scale for general stereotypies

Score Description
0 Asleep or stationary
1 Active
2 Constant exploratory activity with discontinuous sniffing
3 Continuous sniffing with periodic exploratory activity

Continuous sniffing, discontinuous biting, gnawing or licking with very brief
periods of locomotor activity

Continuous biting, gnawing or licking with a residual locomotor activity

6 Continuous biting, gnawing or licking without locomotor activity

2.4.3 Rating- scale- based scoring of orofacial stereotypies

Because amphetamine specifically elicits oral- based stereotypies (Creese et al.
1975), we also assessed orofacial stereotypies based on another scale, as described in
Table B.9.
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Table B.9: Rating scale for orofacial stereotypies

Score Description

(1] No orofacial stereotypy

1 Continuous sniffing with bursts of orofacial licking or biting
2 Continuous licking or biting with locomotion
3

Continuous biting in a restricted area £ bursts of licking

3. Drug treatments

Mice were weighted 2 days prior to the beginning drug injections. Drugs were
administered intraperitoneally in a volume of 0.1 mL/10 g body weight (0.3 mL for a
mouse weighting 30 g), and control injections consisted in an equivalent volume of the
drug vehicle (0.9% NaCl).

Cocaine: Cocaine chlorhydrate (Cooper, Melun, France) was dissolved in a saline solution
(0.9% NaCl w/v) and prepared at 1 mg/mL for a final concentration of 10 mg/kg per

mouse.

Amphetamine: D- amphetamine sulfate (Sigma, Steinheim, Germany) was dissolved in
a saline solution (0.9% NaCl) and prepared at 0.1/ 0.3/ 0.5 mg/mL for a final

concentration of 1/ 3/ 5 mg/kg per mouse.

4. Anatomical studies by immunohistochemistry

4.1 Immunofluorescence

4.1.1 Conditional knock- outs validation: VGLUT3, VAChT and 5- HT

To validate the loss of VGLUT3 protein in the different neurotransmitter systems in

the double mutant mice (ChAT- IRES- Cre::VGLUT3toxP/LoxP and

SERT- Cre::VGLUT3txP/toxP) - we did immunofluorescence experiments with antibodies

directed against VGLUT3, VAChT and 5- HT. We used 2 controls (VGLUT3xP/LoxP) gnd 2

double- mutant males for each mouse line.

Animals were deeply anesthetized with pentobarbital sodium (0.1 mL/10 g body
weight, then rapidly perfused intracardially with paraformaldehyde (PFA) 4% prepared in
ice- cold phosphate- buffered saline (PBS). The volume of PFA was 50 mL/mouse, with a
flow of ~ 16 mL/min. The perfusion needed to be rapid, i.e. start maximum 2’ after the

anesthesia, to prevent cerebral 5- HT degradation. Brains were dissected, post- fixed in
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the same fixative for 24 h at 4°C, rinsed 3 times with PBS. Coronal sections (30 pm)

were cut using a vibratome then stored at 4°C in PBS with 0.01% sodium azide until use.

Immunofluorescence was performed on free- floating sections as follows. Slices were
washed 3 times in 1x PBS for 10’, then incubated with a gelatine blocking buffer
(0.2% gelatine - triton 0.25% prepared in PBS) for 3 x 15 min at room temperature
(RT). Next, sections were incubated overnight (ON) at 4°C with the appropriate primary
antibodies: VGLUT3 rabbit antiserum (1:2’000, Synaptic Systems, catalog ref. 135-203),
serotonin rat monoclonal antiserum (1:50, Millipore Bioscience Research Reagents,
catalog ref. AB12) and home-made VAChT guinea pig antiserum (1:4'000). The next day,
sections were washed 3 times in PBS for 10’, then incubated 2 h at RT with the
secondary antibodies: anti-rabbit, anti-rat and anti- guinea pig IgGs coupled to Alexa
Fluor 488, Cy5 and Alexa Fluor 555 respectively (1:2’000; Invitrogen). Slices were
mounted on glass slides with Fluoromount-G (Southern-Biotech). Images were acquired
using a fluorescent microscope equipped with an ApoTome module (Axiovert 200M; Carl

Zeiss) and processed using Image] software.

4.1.2 AFosB immunofluorescence

In order to understand the underlying mechanisms of our behavioral studies, we
performed IF against AFosB, a marker of activation that is induced by repeated drug

injections.

24 h after the last drug injection, animals were deeply anesthetized with
pentobarbital sodium (0.05 mL/10 g body weight (0.15 mL for a mouse weighting 30 g))
then perfused intracardially with paraformaldehyde PFA 1.5% prepared in ice- cold
phosphate buffer (PB). The volume of PFA was 45 mL/mouse, with a flow of ~15 mL/min.
Brains were dissected, and cut in half. One half was post- fixed in the same fixative for
1 h at 4°C, rinsed 3 times with PB and then stored in PB- azide 0.01% (protocol for
dendritic spines diolistic labeling). The other half was post- fixed with PFA 4% in PBS for
24 h at 4°C, then rinsed 3 times with PBS. Coronal sections (30 um) were cut using a

vibratome then stored at 4°C in PBS with 0.01% sodium azide until use.

Immunofluorescence was performed on free- floating sections as follows. Slices were
washed 3 x 10" in 1x PBS, then incubated with a donkey serum blocking buffer
(3% normal donkey serum- triton 0.1% prepared in 1x PBS) for 45 min at RT. Next,
sections were incubated ON at 4°C with the appropriate primary antibodies: FosB rabbit
antiserum (1:1'000, Santa Cruz, catalog ref. sc- 48) and home-made VAChT guinea pig
antiserum (1:4’000). The next day, sections were washed 3 times in 1x PBS for 10’, then
incubated with the secondary antibodies for 2 h at RT: anti-rabbit and anti-guinea pig

IgGs coupled to Alexa Fluor 555 and Alexa Fluor 488 (1:1°000; Invitrogen). Slices were
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mounted on glass slides with Fluoromount-G. Images were acquired using a Confocal
Laser Scanning Microscope (Leica TCS SP5 AOBS, Leica Microsystems, Mannheim,
Germany) equipped with a 63x, 1.4 NA oil immersion objective with the pixel size set to
60 nm and a z-step of 130 nm. Images were deconvoluted using a Maximum Likelihood
Estimation algorithm with Huygens 3.6 software (Scientific Volume Imaging, Hilversum,

plugin for Imagel).

4.2 Immunoautoradiography

To validate the conditional knock- outs (both genetic and viral approaches), we

checked VGLUT3 levels by immunoautoradiography (IAR) experiments.

Mice were decapitated, their brain frozen by immersion in isopentane chilled at - 30°C
with dry ice, and then stored at - 80°C. Serial coronal sections (14 pm- thick) were then
cut at - 20°C using a cryostat (CM 3050S, Leica), and mounted onto “Superfrost® plus”
slides (Thermo scientific), then stored at - 80°C. Immunoautoradiography experiments

were performed on these fresh frozen brain sections as follows.

Brain slices were taken out of the - 80°C until completely dry, then post- fixed with
PFA 4% in 1x PBS for 15’ at RT. Next, the slices were washed 3 x 10" with 1x PBS under
agitation, then incubated with the blocking buffer (BSA 3%, Nal 1 mM, normal goat
serum 1%, sodium azide 0.02%) for 1 h at RT. Later, slices were incubated with VGLUT3
rabbit polyclonal antiserum (1:20°000, Synaptic Systems) ON at 4°C. The next day, they
were washed 3 x 10’ with 1x PBS, and then incubated with the secondary anti-rabbit
[12°1]-IgG antibodies (PerkinElmer). Sections were washed in PBS, rapidly rinsed in
water, dried, and exposed to X-ray films (Biomax MR, Kodak) for 5 d. Standard
radioactive microscales were exposed with each film to ensure that labeling densities
were in the linear range. Densitometry measurements were performed with MCID

analysis software on six to eight sections for each region per mouse.

5. Statistics

All statistical comparisons were performed with two-sided tests in Prism 6 (GraphPad
Software, La Jolla, CA, USA).

To compare two means, we always checked if the data belonged to a normal
distribution (D’Agostino & Pearson omnibus normality test). If not, we used an unpaired
Mann-Whitney test (nonparametric). If yes, we used a parametric test. We verified that
the compared groups have equal standard deviations, in which case we used an unpaired
t test. If not, we applied the Welch’s correction. We will refer to this test as t test

hereafter. To study the effect of acute drug injections, we compared the area under
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curve (AUC) between the two genotypes with the appropriate test; the 2- hour period

preceding drug injection was not included in the analysis.

To analyze the behavioral sensitization, we systematically used two- way analysis of
variance (ANOVA) with repeated-measures (time); we will refer to this test as two- way
ANOVA hereafter. Saline injections were not included in the ANOVA for comparison of the
cumulative effect of sensitization. Bonferroni's test for multiple comparisons post hoc

analysis was performed when required unless otherwise indicated.

All results are expressed as mean £ S.E.M., and differences were considered
significant for p < .05. The following code was employed for significance: *p < .05;
**p < .01; ***p < ,001; ****p < ,0001.

6. Experiments color code

Here is a summary of the color and symbol codes used for the different transgenic

lines and experiments that will be found across results this report.

Line Experiment Color Part
code
AMPH 1 mg/kg Part I
VGLUT3 /- AMPH 3 mg/kg Part I
AMPH 5 mg/kg Part I
SERT- Cre::VGLUT3LoxP/LoxP AMPH 5 mg/kg Part II
ChAT- IRES- Cre::VGLUT3oxP/LoxP AMPH 5 mg/kg Part 11
COC 10 mg/kg Part 11
VGLUT3LoxP/LoxP AAV - injected COC 10 mg/kg Part III

Experiment Symbol code
Locomotion o
General stereotypies L 4
Orofacial stereotypies u
Open field ]
O maze ©
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RESULTS

LT T AT TR T WIS SRR T . . Vi, N

PART 1.
VGLUT3 FULL KNOCK- OUT AND

AMPHETAMINE

CONTEXT

» VGLUT3—— mice are hypersensitive to the rewarding effects of
cocaine. Moreover, they have a constitutive elevated number of
dendritic spines on D1- MSNs in the striatum, as well as an
upregulation of DiR levels and an overactivation of p- ERK (Sakae et
al. 2015).

» The frequency of rare mutations is increased in the gene encoding
VGLUT3 in people suffering from polysubstance addictions compared
to controls (Sakae et al. 2015).

» VGLUT3 appears as a regulator of drug abuse.

PROBLEMATIC

VGLUT3 is altered in some poly- addict individuals, which suggests
a broader implication of the protein in drug abuse. We wondered if
the hypersensitivity of VGLUT3~/— mice to cocaine could be
generalized to other drugs of abuse. Thus, we studied the effects of
another psychostimulant, amphetamine on VGLUT full knock- out

mice.

» We first studied the locomotor effects of low doses of amphetamine
on VGLUT3~/~ mice.

» Then, we characterized the locomotor and stereotypic responses of
VGLUT3 null mice to a high dose of amphetamine.
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Cocaine and amphetamine are two drugs that both increase extracellular dopamine
levels, but with very different molecular mechanisms. Cocaine blocks DAT and therefore
inhibits reuptake of dopamine originating from neuronal activity—-dependent release.
Amphetamine has much more complex effects. Not only does it block dopamine
reuptake, but it also depletes vesicular stores of dopamine and promotes efflux of
dopamine from the intracellular compartment via the reversal of DAT and VMAT (Sulzer
2011). Therefore, amphetamine promotes a nonvesicular and neuronal activity-
independent release of dopamine. Thus, release of DA is far greater with amphetamine

than cocaine administration (Cagniard et al. 2014).

1. Basal characterization

1.1 Number of VGLUT3/~ used

To study the effects of amphetamine, we based our study on a behavioral
sensitization protocol, as detailed in the Materials & Methods. After 3 days of habituation
with daily i.p. saline injections, we intermittently injected a daily dose of amphetamine to
our mice and recorded the resulting activity. We conducted this study with three different
doses of amphetamine, a low dose that mainly stimulates locomotion (1 mg/kg), an

intermediate dose (3 mg/kg) and a high dose that elicits stereotypies (5 mg/kg).

1.2 VGLUT3/- mice weight

When all the animals used in our study on VGLUT3 null mice were pooled together,
we observed that the weight of VGLUT3/~ mice is smaller relatively to VGLUT3*/*
littermates (Figure C.1; -3.3%, p = .047, unpaired ttest). However, among each
experiments, unpaired t tests revealed no difference between mutants and controls (data

not shown).

X VGLUT3** (n=64)

501 X VGLUT3-- (n=56)
*
@ 40 r 1
2 %@éx% 0
20-

Figure C.1: VGLUT3~ mouse weight
VGLUT3~/~ are slightly lighter than VGLUT3*/* littermates (n = 64-56).
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1.3 Spontaneous locomotion

Our behavioral sensitization protocol consisted in repeated exposures to saline, then
to amphetamine in a given environment. Each day, the animal was placed in the activity
box 2 h prior to the injection. The spontaneous locomotion was analyzed in this
environment during the habituation phase of the sensitization protocol, when mice are
still naive to the drug (Figure C.2). As previously described (Gras et al. 2008), we
confirmed that VGLUT37/- mice have an increased spontaneous locomotor activity
compared to WT littermates, both horizontally (two- way ANOVA, effect of genotype,
Fi1,112 = 7.442, p = .007; Bonferroni’'s posttest p = .005 for saline 2), and vertically
(two- way ANOVA, effect of genotype, Fi,111 = 5.255, p = .024; Bonferroni’s post test
p = .014 for saline 2; Gras et al. (2008)). However, there was no interaction time x
genotype in the two-way ANOVA realized for horizontal and vertical activities, which

demonstrates that VGLUT3~~ mice and WT do habituate similarly to the environment.

B voLumt/t (n=61)

Horizontal activity |l \c 13-/~ (n = 53)

Vertical activity

S —
~

700
]

350

ooooo

sal1 sal2 sal3 sa sal2 sal3

Figure C.2: VGLUT3~/- mice spontaneous activity

# beam breaks (120")
0 350
# beam breaks (120")

9

VGLUT3~~ mice (red bars) have a slightly higher spontaneous locomotor activity compared to WT
littermates (black bars; n = 61-53).

2. VGLUT3-/- and amphetamine 1 mg/kg

We then investigated the effects of AMPH on locomotion in VGLUT3~/~ mice and WT

mice at low doses, in a behavioral sensitization paradigm.

2.1 Acute injection of amphetamine 1 mg/kg

We looked at the effect of an acute injection of AMPH 1 mg/kg.

The first injection of amphetamine (called acute injection), elicited a hyperlocomotion
that did not significantly differ from the third saline injection (SAL3) in terms of
horizontal activity (Figure C.3a; two- way ANOVA, effect of time, p > 0.8 between SAL3

and AMPH1). The vertical activity was significantly decreased between the third saline
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injection and AMPH1 (Figure C.3d; two- way ANOVA, effect of time, Fi,21 = 4.344,
p = .049). When comparing SAL3 to AMPH1, we also found that there was an effect of
genotype in both horizontal and vertical activities. VGLUT3~~ mice locomotion was higher
than control mice (Figure C.3a and d; two-way ANOVA, effect of genotype,
Fi,21 = 9.275, p = .006 for horizontal activity; Fi,21 = 11.52, p = .003 for vertical
activity).

The hyperlocomotion induced by the acute AMPH 1mg/kg injection was higher in
VGLUT3~~ mice compared to WT mice by comparing the area under curve (AUC) during
the 90’ post- injection (Figure C.3a, inset: WT 6.273 £+ 1.479 vs. mutant 20.92 £ 5.535
beam breaks, Mann- Whitney test, p = .005 for horizontal activity; Figure C.3d, inset:
WT 4.727 £ 1.253 vs. mutant 15.62 + 3.449 beam breaks, unpaired t test with Welch’s

correction, p = .010 for vertical activity).

2.1 Repeated injections of amphetamine 1 mg/kg

We kept injecting mice daily with AMPH 1 mg/kg during 5 days. The effect of
repeated injections was studied by comparing the cumulative locomotion during the
90- minute- period following each injection. This protocol produced a significant
locomotor sensitization (Figure C.3b, two- way ANOVA, effect of time, F4,84 = 3.729,
p = .008 for horizontal activity; Figure C.3e, F4,88 = 1.369, p = 0.251 not significant for
vertical activity) with no difference between genotypes (Figure C.3b, two- way ANOVA,
effect of genotype, Fi,21 =2.107, p =0.161 for horizontal activity; Figure C.3e,
Fi1,22 = 1.366, p = 0.255 for vertical activity). The temporal course of the horizontal

activity for each day of injection is presented in the Appendices section (Figure E.1).

We also compared the first day (AMPH1) to the last day (AMPH5) of AMPH injection
to look at the overall sensitization effect in our protocol (Figure C.3c and f). We found a
strong effect of time for horizontal activity (Figure C.3c; two- way ANOVA, F1, 21 = 44.05,
p < .001; post test p < .001 for WT, p = .031 for mutant) and a tendency for the vertical
activity (Figure C.3f; two- way ANOVA, Fi,22 = 3.548, p = .073; post test p > .05 for WT
and mutant). This demonstrated that both mutant and WT sensitized to AMPH 1 mg/kg.
This result was surprising since we previously reported the lack of sensitization to cocaine
(COC) 10 mg/kg in null mice (Sakae et al. 2015). However, there was no effect of
genotype in the horizontal and vertical activities (two- way ANOVA, Fi, 21 = 0.532,
p = 0.474 and F1,22 = 1.859, p = 0.187 respectively).
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Figure C.3: VGLUT3-/- locomotor sensitization to AMPH 1 mg/kg

Effect of acute (a and d, left panel) and repeated injections (right panel) of AMPH 1mg/kg on
horizontal (top panel, number of back & forth) and vertical activities (bottom panel, humber of
rearings) in VGLUT3~/~ mice. a and d represent the time course of the acute response to AMPH,
during the 30’ preceding the injection, until 90’ post- injection. The insets correspond to the areas
under curve between t = 0 and t = 90 min. b and e represent the cumulative locomotion during
the 90’ post- injection for the 3™ day of saline (day 0) and the five injections of AMPH (day 1- 5).
c and f represent the cumulative locomotion during the 90’ post- injection for the 15t day (AMPH1)
and the last day of AMPH (AMPH5).

a. and d. VGLUT3 null mice display higher horizontal (a) and vertical (d) activities in response to
an acute injection of AMPH 1 mg/kg. b. and c. Both WT and mutant mice have a locomotor
sensitization to AMPH 1 mg/kg. e. and f. The vertical activity does not sensitize and does not
differ between genotypes (n = 11-13).

In summary VGLUT3”/- mice do sensitize to AMPH 1 mg/kg, unlike what was
previously reported with cocaine. This locomotor sensitization is similar to that of control
mice. However, VGLUT3~~ mice sensitization is slightly higher than the one observed in
WT mice.

129



3. VGLUT3-/- and amphetamine 3 mg/kg

With the same paradigm, we then investigated the effects of an intermediate dose of

AMPH, 3 mg/kg, which mainly stimulates locomotion.

3.1 Acute injection of amphetamine 3 mg/kg

Unlike the lower dose, the acute injection of AMPH 3 mg/kg elicited a strong response
compared to the saline injection (two- way ANOVA, effect of time, Fi, 39 = 48.93,
p < .001 for horizontal activity between SAL3 and AMPH1; Fi,41 = 40.99, p < .001 for
vertical activity). During the acute injection of AMPH 3 mg/kg, both control and mutant
mice displayed a bell- shaped horizontal hyperlocomotion that started right after the
injection and culminated at 45 min post- injection. Drug effects washed out slowly until
90 min post- injection (Figure C.4a). The vertical locomotion was also enhanced, but with
a very different profile. Following the injection, vertical activity regularly increased until
reaching a maximal level around 75 min post- injection (Figure C.4d). A comparison
between WT and mutant mice AUC for the first day of injection revealed no difference
between the two groups (Figure C.4a, inset: WT 226.8 £ 34.5 and mutant 267.6
+ 67.67 beam breaks, Mann- Whitney test, p > 0.999 for horizontal activity; Figure C.4d,
inset: WT 97.78 £ 14.47 and mutant 77.33 £ 15.66 beam breaks, Mann- Whitney test,
p = 0.455 for vertical activity).

In conclusion, VGLUT3~~ and VGLUT3*/* mice respond similarly to an acute injection
of AMPH 3 mg/kg.

3.1 Repeated injections of amphetamine 3 mg/kg

We then investigated the effects of repeated exposures to AMPH 3 mg/kg on
VGLUT3~~ mice. From the 2" day of injection, we found a differential response in the
horizontal activity between mutant and control mice. VGLUT3”~ mice showed a higher
hyperlocomotion than WT mice (Figure C.4b; two-way ANOVA, effect of time,
F4,156 = 59.42, p < .001, effect of genotype, Fi,39 =8.466, p = .006, interaction
Fs4,156 = 3.611, p = .008). The vertical activity did not vary between genotypes
(Figure C.4e; F1,40= 0.141, p = 0.709) but there was an effect of time (F4, 160 = 2.449,
p = .048).

We then compared the locomotion between AMPH1 and AMPHS5 (Figure C.4c and f).
Both VGLUT3~”- and VGLUT3*/* mice displayed locomotor sensitization for the horizontal
activity (Figure C.4c; effet of time, Fi,39=76.81, p < .001, effect of genotype,
F1,39 = 8.423, p = .006, interaction time x genotype Fi,39 = 5.421, p = .025; post test
between AMPH1 and AMPHS5 for both genotypes p < .001). The horizontal locomotion was
not significantly different between WT and mutant mice at AMPH1, but it was greater for
mutants at AMPH5 (Figure C.4c; post test between WT and mutant at AMPH5 p < .001).
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Vertical

VGLUT3~ mice displayed a 1.5- fold increased response compared to WT mice (WT
659.2 +£ 52.85 and mutant 1008 + 120.3 beam breaks). There was no effect of time or
genotype on the vertical locomotion (Figure C.4f). The temporal course of the horizontal

activity for each day of injection is presented in the Appendices section (Figure E.2).

Once more, surprisingly there is a locomotor sensitization of VGLUT37/~ mice at
AMPH 3 mg/kg. In addition, VGLUT3~/~ mice display a stronger response than VGLUT3*/*

mice.
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Figure C.4: VGLUT3~/- locomotor sensitization to AMPH 3 mg/kg

Legend similar to that of Figure C.3.

a. and d. WT and mutant mice display similar levels of horizontal and vertical AMPH- induced
hyperlocomotion. b. The cumulative horizontal activity increases across trials and is higher in
VGLUT3 null mice. ¢. The horizontal activity appears sensitized by comparing the first (AMPH1) to
the last day of injection (AMPH5), and is higher in mutant mice. e. and f. On the other hand, the
cumulative vertical activity remains stable across sessions and does not differ between genotypes
(n = 26-15).
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4. VGLUT3-/- and amphetamine 5 mg/kg

VGLUT3”~ mice are more resistant to LID (Divito et al. 2015, Gangarossa et al.
2016). We wondered if this result could be transposed to another form of abnormal
movements: amphetamine- induced stereotypies. To answer this question, we chose to
use a higher dose of amphetamine (5 mg/kg) with the same behavioral sensitization
protocol. This dose has been previously described to elicit both hyperlocomotion and
stereotypies (Yates et al. 2007, Singh et al. 2012). We characterized the locomotion and
stereotypies on the same batches of mice treated with AMPH 5 mg/kg. During this
experiment, we also included mutant and WT animals only injected with saline during the

whole time- course of the experiment to have an additional control.

4.1 Effect on locomotion
4.1.1 Acute injection of amphetamine 5 mg/kg

As for AMPH 3 mg/kg, AMPH 5 mg/kg elicited a strong locomotor activation in both
WT and mutant mice compared to saline (two- way ANOVA, effect of time, F1,20 = 30.95,
p < .001 for horizontal activity between SAL3 and AMPH1; Fi,21 = 24.22, p < .001 for
vertical activity). Following the acute injection of AMPH 5 mg/kg, both groups displayed a
substantial hyperlocomotion that reached a plateau 30 min after the injection and lasted
~ 1 hour. The saline-injected groups only had a residual activity (Figure C.5a). The
horizontal activity of VGLUT3~~ mice was two times higher compared to WT littermates
(Figure C.5a, inset: t test, p < .001; WT 608.3 £ 99.36 and mutant 1366 + 136.3 beam
breaks). The temporal course of the horizontal activity for each day of injection is

presented in the Appendices section (Figure E.3).

The vertical locomotion had a profile similar to AMPH 3 mg/kg, with a constant
increase starting 30 min post- injection (Figure C.5d). There was no difference between
genotypes, even though VGLUT3”/- mice displayed higher levels of vertical activity
(Figure C.5d, inset: ttest with Welch’s correction, p =.113, WT 54.78 + 11.14 and
mutant 87.36 £+ 16.62 beam breaks). On the other hand, animals injected with saline

displayed a vertical activity during 30 min and then started to sleep.
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Figure C.5: VGLUT3/- locomotor sensitization to AMPH 5 mg/kg

Legend similar to that of Figure C.3.

a. WT mice display a rapid and plateau-shaped hyperlocomotion in response to AMPH 5 mg/kg.
Mutant mice have a two-fold hyperlocomotion compared to controls. b. The cumulative horizontal
activity reveals that the two-fold increase of VGLUT3~/~ horizontal activity is maintained during all
sessions. c. At 5 mg/kg, there is no potentiation of the horizontal activity between the first
(AMPH1) and last injection (AMPH5). d. WT and mutant mice display similar vertical activation in
response to the acute injection of AMPH 5 mg/kg, with a late onset and a constant increase.
e. The cumulative vertical activity does not differ between genotypes. f. The cumulative vertical
activity significantly decreases between AMPH1 and AMPHS5, but does not differ between genotypes
(n = 10-12 for AMPH, n = 4-4 for SAL).

Overall, VGLUT3”~ mice have a two- fold hyperlocomotion compared to WT mice in

response to an acute injection of AMPH 5 mg/kg.

4.1.2 Repeated injections of amphetamine 5 mg/kg

We then explored the effects of repeated injections of AMPH 5 mg/kg on VGLUT37/~
mice. When comparing the five days of injections, we found an important differential of

the cumulative horizontal activity between VGLUT37/- and WT mice. Mutant mice
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responded several times stronger than controls (Figure C.5b; two-way ANOVA, effect of
genotype, Fi,20 = 20.29, p < .001). There was no effect of time in the response, which
was globally unchanged across trials (Figure C.5b; two-way ANOVA, effect of time,
Fs4,84 = 1.448, p = 0.226). The saline group only displayed a residual locomotion during
the 5 days of injection. In terms of vertical activity, we found no difference between
genotypes. However we observed a constant decrease of the vertical activity across
trials, until almost abolished (Figure C.5e; two-way ANOVA, effect of time, F4,84 = 12.12,
p < .001, no effect of genotype, F1,20 = 1.471, p = 0.239).

We also compared the first day to the last day of injection, and found no effect of
time on the horizontal activity (Figure C.5c; two-way ANOVA, no effect of time,
Fi,20 = 0.176, p = 0.680). We noticed a strong decrease of the vertical activity
(Figure C.5f; two-way ANOVA, effect of time, Fi, 21 =19.53, p <.001). The only
difference between WT and mutant mice for the horizontal activity was between AMPH1
and AMPHS5 (Figure C.5c; two-way ANOVA, effect of genotype, F1,20 = 13.08, p = .002).

In conclusion, AMPH 5 mg/kg produces a substantial enhanced hyperlocomotion in
VGLUT3”- compared to VGLUT3** that translates into a differential horizontal activity.
Vertical activity decreases across trials and does not differ between mutant and control

mice.

4.2 Effect on stereotypies

AMPH at higher doses has the ability to elicit abnormal movements. Therefore, we
assessed stereotypies in VGLUT3”/- mice in the same behavioral sensitization protocol.
We investigated general stereotypies, based on the scale described in Table B.8.
Amphetamine effects have been widely explored since the seventies. This drug has the
particularity to stimulate orofacial stereotypies (Creese et al. 1975). Therefore, we also
assessed the orofacial stereotypies separately, with a finer scale as described in
Table B.9.

As for locomotion, stereotypy is a behavior that is sensitized with repeated drug
exposures. This is reflected by the increased intensity of stereotypies and a decreased

onset across trials (Robinson et al. 1986).

4.2.1 General stereotypies

In our sensitization protocol, we rated stereotypies during the 90- minute- period
following each injection. We sequentially observed mice and attributed a score between 0
(asleep or stationary) and 6 (continuous biting, gnawing or licking without locomotor
activity) according to the severity of stereotypies. In our experimental conditions
(C57BL/6 mouse, 5 mg/kg D- amphetamine i.p.), we observed a different kinetics from

the one previously described, with the phases being shortened (Schiorring 1979).
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Indeed, during the acute injection of amphetamine, locomotion started to increase after
5 to 10 minutes, and this phase lasted 10 to 20 minutes. But rapidly, we observed the
start of the stereotypy phase, which lasted ~70 to 80 minutes, with the climax of
stereotypies around 20 minutes after the beginning of the phase. Animals received a
daily injection of D- amphetamine for 5 days. The kinetics evolved along the trials: each
day, the onset of stereotypies was more precocious. The duration of this phase
lengthened until it reached the whole scoring period during the last trial. Notably,
through trials, the intensity of stereotypies increased so much that most animals showed

no residual locomotion during the last session.

By comparing the kinetics of stereotypy across time for each day of injection, we
found that VGLUT3~~ mice displayed significantly less stereotypies than WT littermates
(Figure C.6a; two-way ANOVA, effect of genotype, day 1, Fi1,11 = 14.58 and p = .003,
day 2, Fi,11=9.176 and p=.012, day 3, Fi1,26=20.22 and p <.001, day4,
Fi1,26 = 12.18 and p = .002, day 5, F1,26 = 9.379 and p = .005). We then compared the
maximum stereotypy score and the median stereotypy score for each day of injection
(Figure C.6b and c). We found that both maximum (Figure C.6b; two-way ANOVA, effect
of time, Fs4 104 = 6.639, p < .001, effect of genotype, Fi,26 = 11.50, p =.002) and
median stereotypy scores (Figure C.6¢; two-way ANOVA, effect of time, Fs4, 104 = 12.74,
p < .001, effect of genotype, Fi,26 = 18.41, p < .001, interaction time x genotype,
Fa, 104 = 2.856, p = .027) increased across sessions and that VGLUT3~”/- mice exhibited

less stereotypies than WT mice. These stereotypies were also less intense.

To verify the overall effect of injections on stereotypies, we compared the median
stereotypy score between AMPH1 and AMPH5. We found that WT, but not mutant mice,
exhibited a statistically significant stereotypic sensitization (Figure C.6d; two-way
ANOVA, effect of time, Fi,26 = 28.23, p < .001; post test between AMPH1 and AMPHS5,
p < .001 for WT, p = .071 for mutant). Moreover, VGLUT3~/~ mice had a lower median
stereotypy score compared to WT littermates (effect of genotype, Fi,26 = 10.75,

p = .003, interaction time x genotype, F4, 104 = 4.751, p = .039).
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Figure C.6: VGLUT3-/- general stereotypies with AMPH 5 mg/kg

a. Temporal course of general stereotypies for the 5 days of injection (1 to 5), during each
90- min- period following drug injection, every 10-min time bins. b. Maximum stereotypy score
observed during each day of injection. ¢. Median stereotypy score observed during each day of
injection. d. Comparison of the median stereotypy score between the 1t (AMPH1) and the last
injection (AMPH5).

a. After each AMPH injection, the level of stereotypies increases and becomes maximal around
35 min post-injection. VGLUT3~/~ mice display less stereotypies than WT littermates. b. and
c. The maximal stereotypy score of WT mice for each session is systematically higher than
mutants. d. General stereotypies do sensitize between AMPH1 and AMPHS5 in control mice, but not
in VGLUT3 null mice (n = 14-14).

Overall, mice lacking VGLUT3 are more resistant to amphetamine- induced

stereotypies and do not display stereotypic sensitization to AMPH 5 mg/kg.

4.2.2 Orofacial stereotypies

During the experiments, some mice would display orofacial stereotypies while others
would not. An alternative rating scale specific for orofacial stereotypies was thus used
(Table B.9). This scale ranged from 0 (no orofacial stereotypy) to 4 (continuous cob

bedding biting without locomotion). The score was attributed blindly by re- analyzing the
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combination of the categorial and rating scales we used during our experiments, as
detailed in Materials & Methods.

When looking at the effect of daily AMPH 5 mg/kg injections on orofacial stereotypies,
we found that VGLUT37/- mice displayed systematically lower orofacial stereotypies
compared to WT littermates (Figure C.7a; two-way ANOVA, effect of genotype, day 1,
F1,11 = 4.931 and p = .048, day 2, Fi,11 = 4.585 and p = .056, day 3, F1,26 = 7.037 and
p =.013, day 4, Fi,26 = 5.05 and p = .033, day 5, Fi,26 = 6.905 and p = .014). We also
compared the maximum (Figure C.7b; two-way ANOVA, effect of genotype, F1,26 = 10.77
and p = .003) and median orofacial stereotypy scores (Figure C.7c; two-way ANOVA,
effect of genotype, F1,26 = 6.587 and p = .016) between WT and mutant mice, and found
that VGLUT3~~ mice had lower orofacial stereotypy levels than control mice. Moreover,
as for general stereotypies, orofacial stereotypies got more intense across sessions
(two- way ANOVA, effect of time, F4, 104 = 5.886, p <.001 for maximal orofacial

stereotypy score, and Fs4, 104 = 6.436, p < .001 for median orofacial stereotypy score).

When comparing AMPH1 to AMPH5, we found that indeed, VGLUT3~/~ displayed less
orofacial stereotypies than WT littermates (Figure C.7d; two-way ANOVA, effect of
genotype, F1,26 = 6.933, p = .014, effect of time, Fi1,26 = 15.60, p < .001, interaction
time x genotype F1,26 = 6.933, p = .014; post test between AMPH1 and AMPHS5, p < .001
for WT, p = 0.721 for mutant).

137



El VGLUT3** 5mg/kg (n=14)
B VGLUT3 " 5mglkg (n=14)

o 4 4
Q
? _
® O
2 S5
-B‘ % 0.0555 * * * E [&)
3 °2
g 2 552
= ES :
o X =
3] T 9
5 =" .——H/./.
O 0 T T T T T
1 2 3 4 5 b 1 2 3 4 5
d. . .. .
IDay of injection IDay of mjectlonl
*%
—— 1
4 41 oo
(_E S § S oo
© 9Q Sile)
§o 85
6 a 2 6 a 2 u] [u]
c = c 2>
o] ® O
5 @ 5 0
Q20 * Q9 oo
=0 = o
0 0-
1 2 3 4 5 N 4(0 N 4(0
C. Day of injection d Ov Qv 0?~ QV

Figure C.7: VGLUT3/- orofacial stereotypies with AMPH 5 mg/kg

a. Temporal course of orofacial stereotypies for the 5 days of injection (1 to 5), during each
90- min- period following drug injection, every 10-min time bins. b. Maximal orofacial stereotypy
score during each day of injection. ¢. Median orofacial stereotypy score observed during each day
of injection. d. Comparison of the median orofacial stereotypy score between the 15t (AMPH1) and
the last injection (AMPH5).

a. After each AMPH injection, WT mice display orofacial stereotypies, while VGLUT3 knockouts
barely present any. b. and c. The maximal stereotypy score of WT mice for each session is
systematically higher than mutants. d. General orofacial stereotypies do sensitize between AMPH1
and AMPHS5, but VGLUT3 null mice display less orofacial stereotypy than WT siblings (n = 14-14).

These results demonstrate that VGLUT3~~ mice have less orofacial stereotypies than
VGLUT3** mice. Moreover, they do display no sensitization for orofacial stereotypies.
5. Discussion

Mice constitutively lacking VGLUT3 have a marked increased sensitivity to cocaine
(Sakae et al. 2015). Interestingly these mutant mice do not sensitize to cocaine
(10 mg/kg). They also demonstrate an increased drug intake and drug seeking, and an

exacerbated motivation for cocaine in a self- administration paradigm. This intake would
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be “rational”, meaning that mice would not compulsively try to administrate the drug
when it is not available, suggesting that the actions of VGLUT3 null mice are guided by

reward (goal- directed behaviors) rather than by habits and compulsion.

All these behavioral characteristics have been related to the accumbal basal changes
present in VGLUT3 null mice. They have an increased accumbal DA release and an
overactivation of the mesolimbic pathway. Indeed, DiR- expressing MSNs present a
constitutive elevated number of dendritic spines, as well as an increased number of DiR
and an increased AMPAR/NMDAR ratio. This could have explained the fact that VGLUT3 /-
respond to lower doses of cocaine in CPP and that they are pre- sensitized to cocaine.
Cocaine is known to induce such changes in WT mice, which underlie the long- lasting
effects of the drug and explain the behavioral sensitization observed with repeated
administrations of drug (Russo et al. 2010). Intriguingly, cocaine treatment does not
enhance the number of spines in mice constitutively lacking VGLUT3, even if DiR
downstream signalling cascade is activated (the striatal levels of phospho- ERK are
identical between WT and mutants after sensitization to cocaine 10 mg/kg; Sakae et al.
(2015)).

Because the sequencing of SLC17A8 revealed punctual mutations of VGLUT3 in
human addicts with polysubstance abuse, we wondered if VGLUT3 null mice would also
present the same responses to other drugs of abuse. Since these mice have basal
accumbal alterations, we postulated that they should be pre- sensitized to substances
other than cocaine. We chose to investigate the effects of another psychostimulant that

also directly enhances extracellular dopamine levels: D- amphetamine.
Surprisingly we found that at low doses:

i) The acute injection of amphetamine results in the same level of hyperlocomotion
in VGLUT3~/~ mice and WT mice.

ii) Repeated administrations of amphetamine elicit locomotor sensitization in
VGLUT3~~ mice.

e Low doses of amphetamine induce similar locomotor activation in VGLUT3~- mice

and WT mice.

The acute injection of two low doses of amphetamine (1 and 3 mg/kg) induced similar
levels of locomotor activation in both WT and VGLUT3-null mice. This result was quite
unexpected, since the postulate for cocaine pre- sensitization of VGLUT3 mutant relied on
a constitutively enhanced DA release and a hyper- responsivity of the D1- pathway. In

view of the results described above, it seems that amphetamine action could be
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independent of this CIN- mediated modulation of DA release (Figure C.8). This result

suggests that the model proposed by Sakae et al. (2015) is incomplete.
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Figure C.8: Model of cocaine and amphetamine action in VGLUT3~/~ mice

Left panel: At basal state, CINs exert a dual opposite regulation of DA release in the striatum. Glutamate
inhibits DA release by acting on presynaptic mGIuR2/3 (in blue), while ACh favors it by gating presynaptic
nAChRs (in orange). In VGLUT3 null mice, despite the decreased ACh release, there is no negative feedforward
exerted by CIN- released glutamate, which results in an enhancement of extracellular DA levels.

Middle panel: The administration of cocaine (in yellow) results in increased extracellular DA levels upon
inhibition of the plasmalemmal transporter DAT (in purple). This is time- locked with a pre- existing synaptic
release of DA. Because VGLUT/~ mice already have doubled the amount of DA release upon stimulation of the
terminal, cocaine induces an exacerbated increase of extracellular DA compared to WT.

Right panel: The administration of amphetamine (in green), on the other hand, needs no prior neuronal
discharge to release DA. It reverses both DAT and the vesicular DA transporter VMAT2, which results in a
massive non- vesicular extracellular release of DA. This release is probably in the same range in WT and mutant
mice.

Indeed, amphetamine has the particularity of depleting DAergic terminals from their
intracellular DA stores in an activity- independent manner. In contrast, cocaine acts by

preventing the reuptake of neuronal activity- dependent DA release. Therefore,
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amphetamine administration yields greater levels of extracellular DA compared to
cocaine, even if it has been evidenced that not all of this DA is functional (Darracq et al.
1998, Darracqg et al. 2001). Therefore amphetamine could shunt the presynaptic
modulation of DA release exerted by CINs. This could explain why WT and mutant mice

present the same amphetamine- induced hyperlocomotion with a low dose.

e Repeated administrations of amphetamine elicit locomotor sensitization in VGLUT3~/-

mice.

VGLUT3”~mice do sensitize to amphetamine. We even observe a higher sensitization
in the mutant compared to control littermates. This means that amphetamine-induced
morphological or synaptic plasticity must occur in VGLUT37- mice. Yet, it was
demonstrated that in the case of cocaine, structural plasticity is not involved in null mice
(same number of dendritic spines after chronic cocaine), despite the activation of the
D1- mediated molecular cascade (increase of phospho- ERK levels in the Acb and dStr

similar to that of WT mice in response to acute cocaine 10 mg/kg; Sakae et al. (2015)).

In WT animals, both cocaine and amphetamine yield an increased number of dendritic
spines on MSNs in the Acb and CPu, in particular in distal dendritic fields that mainly
receive distal projections (Li et al. 2003). The number of spines is also increased on the
apical dendrites of pyramidal cells in the prefrontal cortex (Robinson and Kolb 2004).
Moreover, dendritic morphological plasticity disappears when behavioral sensitization
disappears (Kolb et al. 2003). Amphetamine yields a massive DA release compared to
cocaine. Consequently, the resulting downstream events could diverge between the two
drugs. Given the presence of AMPH- induced locomotor sensitization in VGLUT3 null
mice, it cannot be excluded that structural plasticity of MSNs (lacking in the case of COC)
would be triggered by AMPH. It is also likely that the phenomenon underlying
amphetamine sensitization results from changes in distal regions such as the prefrontal

cortex.

These hypotheses will have to be tested by evaluating the number of dendritic spines
by diolistic labeling (Heck et al. 2015). It should be noted that some drugs decrease
spine complexity, such as alcohol and opiates, but an increased synaptic strength
maintains an overall reinforced transmission (Russo et al. 2010). Therefore it cannot be
excluded that even if the number of spines is not modified by the AMPH treatment, some
other changes such as surface receptor expression or intracellular cascades could be

altered.

Amphetamine is a potent monoamine releaser that acts on DAT, NET and SERT
(Sulzer 2011). Consequently, it can naturally be inferred that the serotonergic and
noradrenergic systems contribute to the phenotypes we observe in response to AMPH.

Despite its strong influence on the serotonergic transmission, cocaine does not seem to
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participate in NET and SERT blockade in the ventral striatum (White et al. 1998, Budygin
et al. 2002). On the other hand, in vivo studies revealed that amphetamine yields
enhanced striatal serotonergic levels when administered at doses higher than 2 mg/kg
(Kuczenski and Segal 1989, Salomon et al. 2006). Serotonin has been linked to drug
response (Salomon et al. 2007). Thus, is the case of AMPH 3 mg/kg, the serotonergic

component might come into play in the observed response.

It also appears that the role of the noradrenergic system has largely been
underestimated in the vast number of studies regarding the effects of psychostimulants.
Several studies reported that NA is necessary to mediate amphetamine- induced
hyperlocomotion (Darracq et al. 1998, Pascoli et al. 2005, Salomon et al. 2006). For
example, the blockade of adrenergic receptors in the prefrontal cortex efficiently
prevents amphetamine- induced hyperlocomotion even if DA levels are increased in the
Acb (Darracq et al. 1998). This means that some of the phenotypes we observe in
VGLUT3 null mice may be imputable to the action of amphetamine on the release of

noradrenaline.

To specifically test the contribution of serotonergic and noradrenergic systems, we
could use an alternative pharmacological agent to amphetamine, venlafaxine, a dual
5- HT/NA reuptake inhibitor. These two systems regulate each other via ai»- AR and
5- HT2aR, but amphetamine treatment has proved to abolish this coupling by differentially

modulating pyramidal neurons that project to the striatum (Salomon et al. 2006).

e VGLUT3 null mice are more resistant to AMPH- induced stereotypies.

Higher doses of amphetamine elicit stereotypies in rodents (Creese et al. 1975).
These repetitive behaviors rely on an abnormal functioning of loop circuits
interconnecting the frontal cortex to the dorsal part of the striatum (Langen et al. 2011).
Chronic administration of amphetamine induces the activation of D1- MSNs in the dorsal
striatum, especially in the dorsolateral part (Graybiel et al. 2000). This loop is altered in
several pathologies, such as obsessive-compulsive disorders or Tourette’s syndrome, but

also in drug addicts with stereotypies (Crittenden et al. 2011).

It has been proposed that in response to drug injection, the behavioral outcome is a
competition between ambulation and stereotypies. Ambulation relies on the ventral
striatum while stereotypies are related to the dorsal striatum activation (Bickerdike et al.
1997). Both acute and chronic injections of amphetamine, cocaine or DA receptor
agonists result in the expression of treatment- specific IEGs (e.g. Fos, JunB, Fra) in the
dStr, with predominance in the striosomal compartment (Graybiel et al. 1990, Canales
and Graybiel 2000, Saka et al. 2002). Interestingly, the amount by which the activation

of striosomes exceeds the activation in the matrix (ISMP) is a strong predictor of motor
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stereotypies severity (Canales et al. 2000). Drugs of abuse have the ability to elevate
accumbal DA levels (Di Chiara et al. 1988). This activates loops that favor actions and
reward. All these circuits are topographically organized, and subsequently the repeated
injections of drug will progressively recruit more dorsal loops, first in the DMS when the
behavior is guided by the reward, and later in the DLS when it becomes habitual (Everitt
et al. 2013). As a functional correlate, it was demonstrated that repeated exposure to
psychostimulants enhances the number of spines on MSNs in the DLS while their density
decreases in the DMS (Jedynak et al. 2007).

In our study, repeated injections of AMPH 5 mg/kg induced stereotypies. They mainly
consisted in sniffing and orofacial actions and became more severe across injections. We
observed no stereotypical sensitization in VGLUT3”- mice, and their stereotypies were
weaker than controls, especially the orofacial ones. Orofacial stereotypies are attributed

to the ventromedial subregion of the striatum (Kelley and Delfs 1994).

Locomotion and stereotypies are two striato- nigro- thalamo- cortical loops in
competition. We propose that repeated injections of amphetamine preferentially recruit
the stereotypy loop in WT mice, as previously described (Iversen 1975). In contrast, a

relative hyperactivation of the locomotor loop must be favored in VGLUT3~~ mice.

In our team in Montreal, DA efflux was estimated in the striatal subcompartments of
VGLUT3~~ mice using in vivo voltammetry. Interestingly, the study revealed that DA
levels were increased in the DMS of mutant mice compared to WT. In contrast, these
levels were similar between genotypes in the DLS, as depicted on Figure C.9 (Mathieu
Favier, unpublished results). These are the first data to support our working hypothesis.
DA levels in VGLUT3 null mice fit the hypothesis according to which these mice would be
more resistant to stereotypies: the ventral and dorsomedial striata would be
preferentially activated by amphetamine. This result is also consistent with the cocaine
self- administration experiment conducted on VGLUT3~~, which revealed that mice would
administrate more drug but also stop seeking it when it is not available, suggesting an
enhanced motivation without compulsion. In other words, VGLUT3 null mice seem to

remain in a goal- directed scheme.

However, to address the question of psychostimulants striatal effects, one should
consider the compartmental organization of striatum rather than the classical regional
one, i.e. matrix / striosome instead of vStr/ DMS / DLS. Indeed, psychostimulants
induce the expression of IEGs predominantly in D1- MSNs located in striosomes (Graybiel
et al. 2000, Saka et al. 2002, Crittenden et al. 2011, Biever et al. 2016). This striosomal
predominance of IEGs has been described in another pathological situation: L- DOPA
treatment in DA- depleted animals and patients (Graybiel et al. 2000, Crittenden et al.
2009, Crittenden et al. 2011, Murer et al. 2011). Therefore, the resistance to
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AMPH- induced  stereotypies can be paralleled by the L-DOPA-induced
dyskinesia- resistance reported in two recent studies (Divito et al. 2015, Gangarossa et
al. 2016).
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Figure C.9: Striatal evoked dopamine levels in VGLUT3~/- mice

Left panel: The initial stages of the development of drug dependence are thought to involve the
limbic cortical and limbic striatal regions, where DA modulation of the nucleus accumbens (Acb)
pathway alters stimulus- response and reward associations by affecting the motivational and
emotional salience of a drug. Continued drug exposure recruits the dorsomedial striatum (DMS) to
execute goal-directed behaviors (GDB) and cognitive flexibility with regards to drug seeking and
drug taking. With further drug use, there is an additional activation of the dorsolateral striatum
(DLS) such that drug use shifts from goal-directed to progressively more automatic and habitual
behavior. Amphetamine facilitates the development of habits. Right panel: VGLUT3 null mice
have double the amount of DA released in the Acb after K*-induced DA efflux, while this level is
1.5- fold high than controls in the DMS and equivalent in the DLS.

Adapted from data kindly provided by Mathieu Favier
In line with these results, we make three assumptions.
1) VGLUT3-null mice should be less prone to the development of habits.

2) The dendritic spine density on MSNs should be higher in WT mice compared to

knockouts.

3) Neurons in striosomes should have decreased levels of IEGs in null mice (ERK1/2,
CalDAG- GEFII, AFosB), and more generally in the dStr.

We are currently testing this last hypothesis by AFosB immunostaining (see Materials
& Methods), which is specifically expressed upon chronic drug treatment (Lobo et al.
2013). Repeated injections preferentially activate D1- MSNs rather than D2- MSNs, and
CINs also express AFosB with this regimen. Disruption of CINs prevents the preferential

gene induction in striosomes (Saka et al. 2002)
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CONCLUSION

In the behavioral sensitization protocol we used, we found that
amphetamine, unlike cocaine, leads to a locomotor sensitization at
low dose in VGLUT3~/- mice. Moreover, mutant mice seem to be more

sensitive to the amphetamine- induced hyperlocomotion.

At a high dose, we revealed that VGLUT3 /- mice are more

resistant to stereotypies, especially the orofacial ones.
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PART II.
CONTRIBUTION OF _ VGLUT3- POSITIVE

SYSTEMS IN THE RESPONSE TO AMPHETAMINE

CONTEXT

» VGLUT3 is mainly expressed by "“non- glutamatergic” neurons.

These neurons are cholinergic, serotonergic or GABAergic.

» VGLUT3—— mice are hypersensitive to the rewarding effects of
cocaine. They are also more sensitive to the amphetamine- induced

hyperlocomotion but less prone to stereotypies.

» The dorsal striatum is a central structure in the development of

stereotypies.

PROBLEMATIC

VGLUT3~/~ mice are more resistant to amphetamine- induced
stereotypies. Given the central involvement of the striatum in this
effect, we wondered if the different striatal sources of VGLUT3 could

account for the phenotypes we found with the full knock- out.

To understand the contribution of VGLUT3- positive
neurotransmitter systems, we studied the effects of amphetamine in
two conditional knock- out mice models.

» To deplete the striatum from the exogenous source of VGLUT3, we

used SERT- Cre::VGLUT3LoxP/LoxP mjce.

» To remove the local source of VGLUT3 in the cholinergic

interneurons, we used ChAT- IRES- Cre::VGLUT3LoxP/LoxP mjce.
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1. The VGLUT3- positive serotonergic drive of the striatum

In the striatum VGLUT3 is found in ACh and 5-HT fibers. In order to understand the
involvement of the VGLUT3-positive serotonergic system in the AMPH- induced
hyperlocomotion and AMPH- induced stereotypies, SERT- Cre mice were crossed with
VGLUT3LoxP/LoxP to gpecifically remove VGLUT3 in the serotonergic neurons. As a result,
the targeted neurons have two phenotypes: loss of glutamate release, and decrease of
5- HT release because of the lack of vesicular synergy. We will refer to these double

mutants as cKO-VGLUT3s.ut  thereafter. In this study, we compared

SERTCre/*:: VGLUT3LoxP/LoxP mjce with SERT*/*::VGLUT3xP/LoxP 35 control siblings

1.1 Anatomical characterization of cKO-VGLUT3s5-ut

The newly generated transgenic mice were validated by immunoautoradiography
(IAR). We quantified the remaining levels of VGLUT3 in the cerebral structures of

interest. This characterization was partly done by our team in Montreal (Figure C.10).

SERT+*::VGLUT3!oxP/loxP' SERTCre/+::\/GLUT3'0xP/loxP'

d

striatum

Ac

AcbSh

raphe

CoNTROL'(N=5)

Figure C.10: Immunoautoradiography for VGLUT3 in cKO-VGLUT3s5.41 mice

Top panel: coronal section at striatal level. Bottom panel: coronal section at raphe nuclei level.
VGLUT3 is decreased in the striatum, in particular in the shell part of the nucleus accumbens
(AcbSh) and the median and dorsal raphe nuclei (MRN and DRN) in mutant mice compared to
control littermates (n = 5-5).
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We observed a 30% decrease of VGLUT3 levels in the dorsal and median raphe
nuclei. This is consistent with the neural composition of raphe nuclei, where three equal
populations can be distinguished: pure VGLUT3- positive neurons, mixed VGLUT3 / 5- HT
neurons, and pure 5- HT neurons (Hioki et al. 2010). The 30% decrease we observe in
cKO-VGLUT3s-vt mice corresponds to the loss of VGLUT3 in mixed VGLUT3 /5-HT

neurons.

In the striatum, VGLUT3 levels were diminished from 15% in the AcbSh and by only
2- 3%, in the AcbC and the dorsal striatum. This is consistent with previous data
suggesting a ~ 15% colocalization between VGLUT3 and 5- HT in the accumbens (Sakae
et al. 2015). Thus, VGLUT3-positive serotonergic fibers preferentially project to the

nucleus accumbens shell rather than the dorsal striatum.
1.2 Behavioral characterization of cKO-VGLUT3s-ut
1.2.1 Weight

We found similar body weights in cKO-VGLUT3s-ht mice and controls (Figure C.11;
Mann- Whitney, p = 0.484, control 31.63 £ 1.4 g and mutant 30.14 + 1.28 g).
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Figure C.11: cKO-VGLUT3s.4t mice weight

cKO-VGLUT3s.41 and age- matched control littermates have the same weight (n = 15-14).
1.2.2 Basal locomotion

We assessed the basal locomotion of the mutant line by recording the spontaneous
activity during 24 consecutive hours, as described in Materials & Methods (Figure B.4a).
Several mice batches were pooled together, by a collaborative work with another PhD

student, Fiona Henderson.
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Figure C.12: cKO-VGLUT3s.41 circadian locomotor activity

a. Temporal course of the horizontal activity during 24 hours, from 10:30 a.m. to 10:30 a.m. the
next day. cKO-VGLUT3s.yt (in green) and control siblings (in black) have a similar basal
locomotion. The light- off period is represented by the grey rectangle (7:30 p.m.-7:30 a.m.).
b. Cumulative locomotion during the light- off period (left bars, represented by the grey rectangle)
and the light- on period (right bars). The cumulative locomotion during the light- off and the
light- on phases does not differ between control and mutant mice (n = 17-17).

The time course of the horizontal activity revealed no difference of locomotion
between cKO-VGLUT3s-vt and control littermates (Figure C.12a; two-way ANOVA, no
effect of genotype, Fi,30 < .001, p = 0.98, effect of time, F23,600 = 14.94, p < .001). We
also compared the cumulative locomotion during the light- off period, which corresponds
to the active period of the animals. We found no difference between genotypes
(Figure C.12b; t test, p = 0.646, control 733.1 £ 73.67 and mutant 783.4 £ 78.45 beam
breaks). Likewise, there was no difference between cKO-VGLUT3s-4t and control siblings
during the light- on phase (Figure C.12b; t test, p = 0.548, control 470.9 + 71.46 and

mutant 416.1 £ 56.65 beam breaks).
These results show that the specific ablation of VGLUT3 in 5-HT neurons does not

disrupt the spontaneous locomotor activity of cKO-VGLUT3s-41 mice.

1.2.3 Anxiety tests

Serotonin is a neuromodulator of mood and is involved in stress and depression.
Classical antidepressant drugs often belong to the SSRI family, and their goal is to
increase the serotonergic tone. Thus, we explored if cKO-VGLUT3s-ut1 mutants could
present anxiety- like phenotypes in two set- ups: the open field (OF) and the O maze

(Figure B.4b and c). Fiona Henderson performed these experiments.

e Open field

Mice were individually placed in the OF for 10 minutes. cKO-VGLUT3s-vt mice spent as

much time as control littermates in the central area, which corresponds to the most
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anxiogenic zone (Figure C.13a; ttest, p = 0.386). Control mice spent 3.97 £ 0.9 %,
while cKO- SERT spent 5.07 £ 0.79 % of time in the central zone (data not shown).

When looking at the distance travelled in the central area, mutant mice displayed a

non- significantly different response compared to control siblings (Figure C.13b; t test,

p = 0.229).
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Figure C.13: cKO-VGLUT3s.-47 anxiety levels in the open field test

a. The time spent in the anxiogenic central zone does not differ significantly between
cKO-VGLUT3s.y7 (in green) and control littermates (in black). b. cKO-VGLUT3s.yt mice have a
tendency to travel less in the central zone (n = 8-14).

e O maze

We then assessed the anxiety levels in the O maze for 10 minutes. We found no
difference in the time and distance spent in the open arms of the maze (anxiogenic zone)
between cKO-VGLUT3s-v1 and control mice (Figure C.14a, Mann- Whitney for the time
spent, p = 0.585; Figure C.14b, Mann- Whitney for the distance travelled, p = 0.454).
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Figure C.14: cKO-VGLUT3s.471 anxiety levels in the O maze test

a. The time spent in the anxiogenic open arms does not differ significantly between
cKO-VGLUT3s- wr (in green) and control littermates (in black). b. cKO-VGLUT3s.y7 travel as much

as control mice in the open arms (n = 7-9).

Together, the open field and O maze test seem to indicate that constitutive

invalidation of VGLUT3 in serotonergic neurons does not affect anxiety levels of

cKO-VGLUT3s-1t mice.
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1.2.4 Spontaneous locomotion before sensitization

We assessed the horizontal and vertical locomotion during the 2 h preceding each day
of saline injections in the locomotor sensitization protocol. By proceeding to two-way
ANOVAs for the horizontal and vertical locomotor activities, we found no interaction

time x genotype, indicating that animals do habituate the same way to their activity box.

By comparing the differential horizontal response during sessions, we found no
difference between cKO-VGLUT3s-#t and control siblings (Figure C.15, left panel; two-way
ANOVA, effect of time, F2,48 = 26.68, p < .001, no effect of genotype, Fi,24 = 0.654,
p = .427). Likewise, the vertical activity did not differ between genotypes (Figure C.15,
right panel; two-way ANOVA, effect of time, F2 42 = 24.22, p <.001, no effect of
genotype, Fi,21 = 0.1803, p = 0.675).

In line with the spontaneous activity recorded during 24 h (Figure C.12),
cKO-VGLUT3s-wt and control littermates displayed similar levels of locomotion during the

3 days of habituation of the locomotor sensitization.
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Figure C.15: cKO-VGLUT3s.4t spontaneous activity

cKO-VGLUT3s.47 and control littermates have the same levels of horizontal and vertical activity, and
habituate to their new environment similarly (n = 14-12).

1.3 cKO-VGLUT3s.4t and amphetamine 5 mg/kg

1.3.1 Effect on locomotion

In order to understand the contribution of the VGLUT3- positive serotonergic, we
performed a behavioral sensitization to amphetamine 5 mg/kg on cKO-VGLUT3s.u1, as

described before.

e Acute injection of amphetamine 5 mg/kg

We first analyzed mice response to an acute injection of AMPH 5 mg/kg. We found

that acute AMPH 5 mg/kg yields a strong hyperlocomotion compared to the last saline
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Horizontal

Vertical

injection (horizontal activity: two-way ANOVA, effect of time, Fi,17 = 59.86, p < .001, no
effect of genotype, F1,17 = 1.725, p = 0.207; vertical activity: two-way ANOVA, effect of
time, Fi,17 = 4.645, p = .046, no effect of genotype, Fi1,17 = 0.023, p = 0.882). This
hyperlocomotion was similar in mutant and control mice (Figure C.16a and d). The
horizontal activity increased until becoming maximal around 30 min post- injection, and
then slowly decreased, with a similar profile for control and mutant animals
Mann- Whitney, p = 0.645; control 590.2 + 108.6 and mutant
689.2 £ 127.4 beam breaks). The vertical activity slowly rose after the injection and
constantly not differ (Figure C.16d,
Mann- Whitney, p = 0.643; WT 46.2 £ 16.12 and mutant 37.28 £ 21.42 beam breaks).

Animals injected with saline only displayed a residual activity (two-way ANOVA, no effect

(Figure C.16a, inset:

increased but did between groups inset:

of genotype between cKO-VGLUT3s-ht and control injected with saline, F1,4 = 1.417,
p = 0.3).
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Figure C.16: cKO-VGLUT3s-41 locomotor sensitization to AMPH 5 mg/kg

Legend similar to that of Figure C.3
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a. and d. Control and mutant mice display similar levels of horizontal and vertical AMPH- induced
hyperlocomotion. b. The cumulative horizontal activity decreases across trials and is similar in the
two groups. c¢. The horizontal activity appears decreased between the first (AMPH1) and the last
injection (AMPH5), and is similar in cKO-VGLUT3s.4yt and controls. e. and f. Likewise, the
cumulative vertical activity remains stable across sessions and does not differ between genotypes
(n = 10-10 for AMPH, n = 4-3 for SAL).

Thus cKO-VGLUT3s-#t and control littermates respond similarly to an acute injection of
AMPH 5 mg/kg.

e Repeated injections of amphetamine 5 mg/kg

We next compared the effects of repeated injections of AMPH 5 mg/kg on
cKO-VGLUT3s-vt and control siblings. The horizontal activity decreased across trials with
no difference between genotypes (Figure C.16b; two-way ANOVA, effect of time,
Fs4,72 = 3.894, p = .006, no effect of genotype, Fi1,18 = 1.243, p = 0.28). Animals injected
with saline only displayed a residual locomotion during trials. The vertical activity also
decreased across trials, but did not differ between cKO-VGLUT3s-wt and their controls
(Figure C.16e; two-way ANOVA, effect of time, F4,68 = 4.961, p = .001, no effect of
genotype, Fi,17 = 0.496, p = 0.491), or between treatment (two-way ANOVA between
controls injected with saline or amphetamine, no effect of treatment, Fi,1:= 0.814,
p =0.386; two-way ANOVA between cKO-VGLUT3s-w1 injected with saline or
amphetamine, no effect of treatment, Fi, 10= 0.894, p = 0.367). The temporal course of
the horizontal activity for each day of injection is presented in the Appendices section
(Figure E.4).

We then compared the first day (AMPH1) to the last day of injection (AMPH5), and
found that both horizontal and vertical activity decreased (Figure C.16c: two-way
ANOVA, effect of time, F1,18 = 6.327, p = .022 for horizontal activity; Figure C.16f: two-
way ANOVA, effect of time, F1,16 = 5.971, p = .027 for vertical activity). However, we
found no difference between cKO-VGLUT3s-ut and control littermates (two-way ANOVA,
no effect of genotype, Fi1,18 = 1.838, p = 0.192 for horizontal activity; no effect of
genotype, Fi,16 = 1.693, p = 0.212 for vertical activity).

In conclusion, cKO-VGLUT3s-ut locomotor response is similar to control littermates in

response to repeated injections of AMPH 5 mg/kg.

1.3.2 Effect on stereotypies

We also investigated the stereotypic response of cKO-VGLUT3s.ut mice during

repeated injections of AMPH 5 mg/kg.

e General stereotypies

During each day of injection, cKO-VGLUT3s-ut and control littermates displayed similar

stereotypy levels (Figure C.17a; two-way ANOVA for each day of injection, no effect of
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genotype). The maximal and median stereotypy scores revealed no difference between
genotypes (Figure C.17b; two-way ANOVA for the maximal stereotypy score, no effect of
genotype, Fi,18 = 0.783, p = 0.388; Figure C.17c; two-way ANOVA for the median
stereotypy score, no effect of genotype, Fi,18 =0.147, p = 0.706) but the scores
increased across trials (two-way ANOVA for the maximal stereotypy score, effect of time
Fs,72 = 18.47, p < .001; two-way ANOVA for the maximal stereotypy score, effect of time
19.13, p < .001).

Fa, 72

The comparison of general stereotypies between AMPH1 and AMPH5 demonstrated a
clear sensitization of stereotypies with no difference between genotypes (Figure C.17d;
two-way ANOVA, effect of time, Fi, 18 =42.03, p <.001, no effect of genotype,
F1,18 = 0.134, p = 0.719).
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Figure C.17: cKO-VGLUT3s.41 general stereotypies with AMPH 5 mg/kg

Legend similar to that of Figure C.6

a. After each AMPH injection, the level of stereotypies increases and becomes maximal around
35 min post-injection. cKO-VGLUT3s.47 display similar stereotypy levels than control littermates.
b. and c. The maximal and mean stereotypy scores of cKO-VGLUT3s.yt and control mice do not
differ between genotypes. d. General stereotypies do sensitize between AMPH1 and AMPH5, but
there is no difference between genotypes (n = 10-10).
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These results show that cKO-VGLUT3s.ut and control littermates have a similar

stereotypic sensitization.

e Orofacial stereotypies

We then focused on orofacial stereotypies. Likewise, we found no difference between

the two genotypes (Figure C.18a; two-way ANOVA for each day of injection, no effect of
genotype).

By studying maximal and median orofacial stereotypy scores, we observed an
increase of the scores across trials (Figure C.18b, two-way ANOVA for the maximal
stereotypy score, effect of time, Fs4,72 = 10.82, p < .001; Figure C.18c, two-way ANOVA
for the median stereotypy score, effect of time, Fs4,72 =13.43, p <.001), but no
significant difference between cKO-VGLUT3s-wt and control littermates (two-way ANOVA
for the maximal stereotypy score, no effect of genotype, Fi,18 = 1.105, p = 0.307; two-
way ANOVA for the median stereotypy score, no effect of genotype, Fi, 18 = 1.633,
p = 0.437).

156



Il control (n=10)
Bl cKO-VGLUT3,,; (n=10)

o 4 4
3
2 T o
2 § S
g 02
o Sg
g T2 2 i
: £
S T 2
8 =
o
© ] 0
1 2 3 4 5 b 1 2 3 4 5
a. .
IDay of injectionl IDay of injection
4 4, 0O 0ooo o
T2 c 2
88 28 f ’
52 - 33
c> 2 f c> 2 o
T O © O
5 @ 5 0
D & S IEo)
=>w =
0 1 2 3 4 5 0
GO O
C. Day of injection d o 9 O O

Figure C.18: cKO-VGLUT3s.-47 orofacial stereotypies with AMPH 5 mg/kg

Legend similar to that of Figure C.7

a. After each AMPH injection, the level of orofacial stereotypies increases and becomes maximal
around 35 min post-injection. cKO-VGLUT3s.4r display similar orofacial stereotypy levels than
control littermates. b. and c. The maximal and mean stereotypy scores reveal no difference in the
response between cKO-VGLUT3s.yr and control mice. d. Orofacial stereotypies do sensitize
between AMPH1 and AMPHS5, but there is no difference between genotypes (n = 10-10).

The comparison between AMPH1 and AMPHS5 confirmed that orofacial stereotypies
sensitized, with no difference between genotypes (Figure C.18d; two-way ANOVA, effect
of time, F1,18 = 20.66, p < .001, no effect of genotype, Fi1,18 = 1.608, p = 0.221).

To summarize, deletion of VGLUT3 specifically in 5-HT neurons does not modify acute
or chronic effects of amphetamine. Thus, the phenotype we observe in VGLUT3”/~ does

not seem to involve VGLUT3- positive serotonergic fibers.

2. The VGLUT3- positive cholinergic drive of the striatum

We also investigated the role of the VGLUT3- positive cholinergic component in

amphetamine-induced phenotypes. Specific deletion of VGLUT3 in CINs was obtained by
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crossing ChAT- IRES- Cre and VGLUT3xP/LoxP mjce. We will refer to these double mutants
as cKO-VGLUT3ach thereafter.

2.1 Anatomical characterization of cKO-VGLUT3ach

The double transgenic line was characterized in our lab in Montreal by IAR
(Figure C.19).

. ChATIRES@re/"'::'
ChAT*/*+::VGLUT3loxP/loxp —

striatum

ConTROL'(N=4) | MUTANT'(N=5)

Figure C.19: Immunoautoradiography for VGLUT3 in cKO-VGLUT3ach mice (n = 5-5)
VGLUT3 is almost completely absent in the dorsal striatum of mutant mice, and its level is two-
times decreased in the ventral striatum compared to control littermates (n = 4-5).

This experiment revealed a massive loss of VGLUT3 in the striatum of ~ 50% in the
nucleus accumbens and ~ 95% in the dorsal striatum. This is consistent with the fact
that all cholinergic interneurons of the striatum coexpress VGLUT3. This result also
corresponds to the distribution of cholinergic neurons in the striatum, which are more

numerous and have a higher density in the dorsal striatum (Matamales et al. 2016).

As shown in Figure C.10, VGLUT3-positive 5-HT fibers are relatively abundant in the
Acb and are spared in this mutant. This also raises the question that maybe pure

VGLUT3- positive projections may target the Acb.

2.2 Behavioral characterization of cKO-VGLUT3ach

We performed a basal characterization of the mice weight, spontaneous locomotion

and anxiety levels of cKO-VGLUT3ach mice.

2.2.1 Weight

The average weight of cKO-VGLUT3ach was 25.56 + 0.734 g. Age- related control
littermates weight was 25.19 + 0.761 g (Figure C.20). Therefore the average weight did
not differ between mutant and control mice (t test, p = 0.733).
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Figure C.20: cKO-VGLUT3ach mice weight

cKO-VGLUT3ach and age- matched control littermates have the same weight (n = 15-17).
2.2.2 Basal locomotion

We then assessed the spontaneous horizontal and vertical activities. Mice were placed
individually in activity boxes at 10:30 a.m. and their locomotion was recorded during
24 h.

The horizontal activity did not significantly differ between cKO-VGLUT3ach mice and
control littermates (Figure C.21a; two-way ANOVA, effect of time, F23460 = 11.34,
p < .001, no effect of genotype, F1,20 = 0.243, p = 0.628). The cumulative locomotion
between genotypes during the whole light- off period (active period) and during the
light- on period was evaluated (Figure C.21b). The cumulative horizontal activity was
similar between genotypes (t test for the light- off period, p = 0.534, control 911.3
+ 138.4 vs. mutant 1074 + 209.6 beam breaks; Mann- Whitney for the light- on period,
p = 0.273, control 310.8 £ 73. 5 vs. mutant 444.5 + 87.74 beam breaks).

For the vertical activity, cKO- VGLUT3ach mice had a trend for an greater activity
compared to controls (Figure C.21c; two-way ANOVA, effect of time, F23,437 = 11.67,
p < .001, no effect of genotype, F1,19 = 1.195, p = 0.288). By separating the cumulative
activity in light- on/off components, we found a strong tendency visible at night
(Figure C.21d; Mann- Whitney for the light- off period, p = .098, control 752.1 + 148.4
vs. mutant 1080 =+ 184.5 beam breaks; Mann- Whitney for the light- on period,
p = 0.575, control 373.5 £ 76.29 vs. mutant 387.6 + 76.48 beam breaks).
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Figure C.21: cKO-VGLUT3ach circadian locomotor activity

Top panel: horizontal activity

a. The temporal course of the horizontal activity during 24 hours shows that cKO-VGLUT3ach (in
blue) and control siblings (in black) have a similar basal locomotion. The light- off period is
represented by the grey rectangle (7:30 p.m.-7:30 a.m.). b. The cumulative locomotion during
the light- off and the light- on phases does not differ between control and mutant mice.

Bottom panel: vertical activity
a. The temporal course of the vertical activity shows that cKO-VGLUT3ach have a trend for more
rearings during the night. b. The cumulative locomotion during the light- off confirms a strong
tendency for an increased vertical activity of cKO-VGLUT3ach mice during the light- off phase but no
difference when lights are- on (n = 10-11).

These results indicate that the invalidation of VGLUT3 in the cholinergic neurons only

has very limited effects.

2.2.3 Anxiety tests

We then assessed anxiety levels of cKO-VGLUT3ach mice with the open field and

O maze as described before, over 10 min sessions.

e Open field

We tracked the time and distance that mice spent in the anxiogenic central zone of
the open field. We found that cKO-VGLUT3ach mice had a non- significant tendency to

spend less time in the central zone (Figure C.22a; Mann- Whitney, p = 0.184, control
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25.70 £ 4.745 s vs. mutant 15.35 + 5.619 s). This corresponded to a 4.283 £+ 0.791 %

of time spent in the central zone for control mice and 2.558 + 0.937 % for mutant mice.

There was no difference in the distance travelled in the central zone between

genotypes (Figure C.22b; t test, p = 0.379, control 181.7 £ 30.98 cm vs. mutant 137.5
+ 38.71 cm).
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Figure C.22: cKO-VGLUT3ach anxiety levels in the open field test

cKO-VGLUT3ach have a non-significant trend towards less time and travel spent in the anxiogenic
zone of the open field compared to control siblings (n = 12-11).

e O maze

We then assessed the anxiety level in the O maze test. We found that cKO-VGLUT3ach
mice had a tendency to spend less time in the anxiogenic open arms compared to control
littermates (Figure C.23a; ttest, p = 0.334, control 139.7 £ 17.47 s and mutant 114
+ 19.21 s). cKO-VGLUT3ach mice spent 19 £ 3.2 % of time in the open arms, while
control siblings spent 23.28 £ 2.911 %. There was no difference in the distance travelled

in the open arms (Figure C.23b; t test, p = 0.968, control 442 + 55.72 cm and mutant
446.6 £ 102.8 cm).
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Figure C.23: cKO-VGLUT3ach anxiety levels in the O maze test

cKO-VGLUT3ach spend as much time and travel as much as control littermates in the anxiogenic
zone of the O maze (n = 12-11).

As a summary, cKO-VGLUT3ach mice do not display a strong anxiety- related

phenotype.
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2.2.4 Spontaneous locomotion before sensitization

To assess the ability of cKO-VGLUT3ach mice to adapt to a new environment, we
analyzed the 2 h- period of habituation during the 3 first days of the sensitization

protocol.

As for cKO-VGLUT3s-vt mice, we found no difference in the ability of cKO-VGLUT3ach
mice to adapt to the activity box compared to control siblings (two-way ANOVA, no

interaction time x genotype for horizontal or vertical activities).

We also compared the horizontal and vertical activity between genotypes, and again,
found no effect of genotype (Figure C.24, left panel: two-way ANOVA for the horizontal
activity, effect of time, F2,58 = 27.07, p < .001, no effect of genotype, Fi1,29 = 3,356e-5,
p = 995; Figure C.24, right panel: two-way ANOVA for the vertical activity, effect of
time, F2,56 = 27.05, p < .001, no effect of genotype, Fi,28 = 0.242, p = .627).
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Figure C.24: cKO-VGLUT3ach spontaneous activity

cKO-VGLUT3ach and control littermates have the same levels of horizontal and vertical activity, and
habituate to their new environment similarly (n = 15-16).

To summarize, we found that cKO- VGLUT3ach and control littermates have the same
levels of locomotion in a new environment during a short period of the light- on period,

and they habituate the same way to this environment.
2.3 cKO-VGLUT3ach and amphetamine 5 mg/kg
2.3.1 Effect on locomotion

Because of the critical role of CINs in the DA / ACh striatal balance, we explored with
much care the effects of CIN- specific VGLUT3 loss in the response to amphetamine. We

performed a behavioral sensitization to AMPH 5 mg/kg.
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e Acute injection of amphetamine 5 mg/kg

The injection of AMPH 5 mg/kg produced a strong horizontal hyperlocomotion
compared to the last injection of saline in both groups (two-way ANOVA between SAL3
and AMPH1, effect of time, Fi,21 = 122.7, p < .001, no effect of genotype, Fi,21 = 2.16,
p = 0.156). This activity culminated around 30 min post- injection and slowly decayed
(Figure C.25a). cKO-VGLUT3ach mice had a greater horizontal locomotor response than
control littermates, but this effect did not reach statistical difference (Figure C.25a, inset:
unpaired t test for AUCs, p = 0.16, control 881.3 £ 116.4 and mutant 1139 + 133.7).
We also found a strong vertical activity compared to the last saline injection (two-way
ANOVA between saline 3 and AMPH1, effect of time, Fi,20 = 25.48, p < .001, no effect of
genotype, Fi1,20 = 2.505, p =0.129), which slowly rose starting the injection of
AMPH 5 mg/kg (Figure C.25d). As for the horizontal activity, cKO-VGLUT3ach mice
showed a greater vertical locomotion than control siblings, but this effect did not reach
statistical difference (Figure C.25d, inset: unpaired t test with Welch’s correction for
AUCs, p = 0.117, control 48.91 + 9.8 and mutant 95.23 + 25.78 beam breaks).

163



Vertical

Horizontal
# beam breaks / 5min

AUC (90min --0--  control - saline (1=3) --0--  cKO-VGLUT3 e, — saline (n=6)
%’ 8 —&— Il control — amph (n=12) —@— [l cKO-VGLUT3,., — amph (n=11)
o
gR]e o p=.085
£ E O —
88 ﬁﬁ o o Fkk Fekk
2 s. AMPH S
1001 AmPH *® O e @] 5mgkg 8] o ° o
5mg/kg E E
o) > &
2 E
50 § 8 3 8
L0 - Q
I
; ] 3
a8 ® 5
~ F* H*®
0 o = v o
-30 0 _ 30 _ 60 90 0 1 2 3 4 5 ?-*(\ é‘o ?1\'\ v_}(’)
a. Time (min) b. Day of injection | c. 9O 9 AOLIERS)
AUC (90min)
w O
.8 =059
g c ° p=
: 2 E % | 1807 AMPH T
c 21 AMPH eg |0 4| %0 pH 300 =
£ 5mg/kg g ﬁﬂ £ , £ °
0 # O o (=
- 9: 93 0o
2 2 P .
O 101 © 90 ® 150 1
: : i
& £ £
® © @
o ) @ @
HH o] 0
030 0 30 60 90 T *
) . . R
d Time (min) Day of injection | ; XX X
. e. .

Figure C.25: cKO-VGLUT3ach locomotor sensitization to AMPH 5 mg/kg

Legend similar to that of Figure C.3

a. and d. cKO-VGLUT3ach mice present a non-significant increase of horizontal and vertical
AMPH- induced hyperlocomotions compared to control littermates. b. The cumulative horizontal
activity decreases across trials and cKO-VGLUT3ach display a trend for higher horizontal activity.
c. The horizontal activity appears decreased between the first (AMPH1) and the last injection
(AMPH5), and is lower in cKO-VGLUT3ach. €. Likewise, the cumulative vertical decreases across
sessions and cKO-VGLUT3ach mice display a trend for increased vertical activity. f. The vertical
activity appears decreased between the first (AMPH1) and the last injection (AMPH5), and is lower
in cKO-VGLUT3ach (n = 12-11 for AMPH, n = 3-6 for SAL).

e Repeated injections of amphetamine 5 mg/kg

We then studied the effects of repeated injections of AMPH 5 mg/kg on locomotion.
We found that both horizontal and vertical activities decreased across sessions
(Figure C.25b; two- way ANOVA for horizontal activity, effect of time, F4,84 = 23.68,
p < .001; Figure C.25e; two-way ANOVA for vertical activity, effect of time,
F4,80 = 9.333, p < .001). AMPH- injected cKO-VGLUT3ach mice showed a trend toward

enhanced horizontal and vertical locomotor responses. However, this increase failed to
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reach statistical significance (two- way ANOVA for horizontal activity, no effect of

genotype, Fi,21 = 3.678, p
3.043, p

each day of injection is presented in the Appendices section (Figure E.5).

.068; two- way ANOVA for vertical activity, no effect of

genotype, Fi,20 .096). The temporal course of the horizontal activity for

We also compared the first to the last injection of AMPH 5 mg/kg, and confirmed that
the horizontal activity decreased, with a trend for a greater locomotion in cKO-VGLUT3ach
compared to control littermates (Figure C.25c; two- way ANOVA, effect of time,
Fi1,21 = 44.07, p < .001, no effect of genotype, Fi,21 = 3.275, p = .085). Similarly, the
vertical activity decreased between AMPH1 and AMPH5, with a tendency for greater
activation in cKO-VGLUT3ach mice (Figure C.25f; two- way ANOVA, effect of time,
F1,20 = 13.06, p = .002, no effect of genotype, Fi1,20 = 4.013, p = .059).

Together, these results demonstrate that cKO-VGLUT3ach mice develop a trend
toward greater locomotor responses that does not reach statistical significance. However,

this hyperactivity is far from the levels observed with VGLUT3~~ mice.

2.3.2 Effect on stereotypies

We then focused on the effects of AMPH 5 mg/kg on stereotypies.

e General stereotypies

We first assessed general stereotypies. We observed that cKO-VGLUT3ach mice
presented a trend for less general stereotypies than control siblings (Figure C.26a;
two- way ANOVA for the daily temporal courses, effect of genotype: day 1, Fi, 21 = 5.528,
p =.029; day 2, Fi,21=2.323, p=0.142; day 3, Fi21 = 1.605 p=0.219; day 4,
Fi,21 = 1.866, p = 0.186; day 5, F1,21 = 0.735, p = 0.401).

We also studied the daily maximal stereotypy score. We found that this score
increased across sessions, and that cKO- VGLUT3ach mice had lower levels of stereotypies
than control littermates (Figure C.26b; two-way ANOVA, effect of time, F4,84 = 25.51,
p < .001, effect of genotype, Fi,21 = 4.465, p =.047). We also compared the daily
median stereotypy scores. We found an increase of the median scores across sessions,
and non- statistically significant decreased levels of general stereotypies in
cKO- VGLUT3ach mice (Figure C.26c; two-way ANOVA, effect of time, Fs4,84 = 21.41,
p < .001, effect of genotype, F1,21 = 3.887, p = .062).

Finally, we compared the median stereotypy scores between AMPH1l and AMPH5
(Figure C.26d). We confirmed a stereotypic sensitization (two-way ANOVA, effect of time,
Fi1,21 = 50.67, p < .001) and a significant decrease of stereotypies in cKO-VGLUT3ach
mice (effect of genotype, F1,21 = 4.797, p = .04).
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Figure C.26: cKO-VGLUT3ach general stereotypies with AMPH 5 mg/kg

Legend similar to that of Figure C.6

a. After each AMPH injection, the level of stereotypies increases and becomes maximal around
35 min post-injection. cKO-VGLUT3ach mice systematically have a tendency for decreased
stereotypy levels compared to control littermates. b. and c. The maximal and mean stereotypy
scores reveal that cKO-VGLUT3ach mice have lower levels of stereotypies compared to control
siblings. d. General stereotypies do sensitize between AMPH1 and AMPH5, and cKO-VGLUT3ach
stereotypies are lowered compared to control mice (n = 10-11).

e Orofacial stereotypies

We then focused on orofacial stereotypies. The daily temporal course revealed no
difference between cKO-VGLUT3ach mice and control siblings (Figure C.27a; two- way
ANOVA for the daily temporal courses, effect of genotype: day 1, Fi,21 = 2.193,
p =0.154; day 2, Fi,21 =0.435, p=0.517; day 3, Fi,21 =0.952, p = 0.34; day 4,
Fi,21 = 1.017, p = 0.325; day 5, F1,21 = 0.736, p = 0.401).

The daily maximal orofacial stereotypy score increased across trials with a trend for
lower levels in cKO-VGLUT3ach mice compared to controls (Figure C.27b; two- way
ANOVA, effect of time, F4,84 = 21.7, p < .001, no effect of genotype, Fi, 21 = 2.434,
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p = 0.134). With the daily median stereotypy score, we also observed an increase across
sessions. No significant difference was found between the two genotypes (Figure C.27c;
two- way ANOVA, effect of time, F4,83 = 13.75, p <.001, no effect of genotype,
Fi1,21 = 1.385, p = 0.253).

In order to estimate the overall effect of the treatment on median orofacial
stereotypy scores, we compared the response at AMPH1 and AMPHS5 (Figure C.27d). We
found that orofacial stereotypies sensitized to a similar extent between genotypes (two-
way ANOVA, effect of time, F1,21 = 22.73, p < .001, no effect of genotype, F1,21 = 1.233,
p = 0.28).
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Figure C.27: cKO-VGLUT3ach orofacial stereotypies with AMPH 5 mg/kg

Legend similar to that of Figure C.7

a. After each AMPH injection, the level of orofacial stereotypies increases and becomes maximal
around 35 min post-injection. cKO-VGLUT3ach mice have a tendency for decreased orofacial
stereotypy levels compared to control littermates. b. and c. The maximal and mean stereotypy
scores reveal a trend for decreased orofacial stereotypies for cKO-VGLUT3ach compared to control
mice. d. Orofacial stereotypies do sensitize between AMPH1 and AMPHS5, but there is no difference
between genotypes (n = 10-11).
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In summary, cKO-VGLUT3ach mice show trends for higher levels of locomotion and
lower levels of general stereotypies compared to control littermates. The orofacial

stereotypies are only slightly impacted.

The major finding of this part of our work is that deletion of VGLUT3 in CINs does not

phenocopy results obtained with the constitutive knockouts.

2.4 cKO-VGLUT3ach and cocaine 10 mg/kg

Cocaine and amphetamine have different modes of action. Thus, we assessed the
effect of cocaine 10 mg/kg on cKO-VGLUT3ach mice. Diana Sakae performed this pilot

experiment in our team in Montreal (Figure C.28b).

The acute injection of COC 10 mg/kg produced the same hyperlocomotion in
cKO- VGLUT3ach and control mice (Figure C.28b; Mann- Whitney for AUC during the
90 min post- injection, p = 0.429, control 966.9 + 350.8 and mutant 1179 + 270.9 cm).
Usually, an acute injection of COC 10 mg/kg would produce a sharp hyperlocomotion:
rise right after the injection, maximal effect 5- 10 min after the injection, and rapid
wash-out to become almost null 30- 45 min post- injection. In our pilot experiment, both
cKO- VGLUT3ach and control mice had a COC-induced hyperlocomotion different from the

classical profile.
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Figure C.28: cKO-VGLUT3ach locomotor response to acute AMPH 5 mg/kg or
COC 10 mg/kg

a. cKO-VGLUT3ach mice have a slightly higher hyperlocomotion in response to amphetamine
5 mg/kg compared to controls. b. In response to an acute injection of cocaine 10 mg/kg,
cKO-VGLUT3ach and control mice respond similarly (n = 12-11 for AMPH, n = 10-10 for COC).

For both the acute injection of cocaine (Figure C.28b) and amphetamine
(Figure C.28a), cKO-VGLUT3ach mice response is very different from VGLUT3~-, which
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display a locomotor activation twice as big as their control siblings (Sakae et al. (2015)
and Figure C.5).

3. Discussion

At least two sources of VGLUT3 are involved in the striatal circuitry (Figure C.29). The
major source is local and provided by CINs that all express VGLUT3 along with VAChT
(Gras et al. 2002, Schafer et al. 2002, Herzog et al. 2004, Gras et al. 2008). The distal
source of VGLUT3 stems from the serotonergic projections, which do partly co- express
SERT, and preferentially innervate the ventral striatum (Vertes 1991, Gras et al. 2002,
Gagnon et al. 2014, Sakae et al. 2015, Voisin et al. 2016).

VAChT

Figure C.29: VGLUT3 striatal expression in cholinergic interneurons and 5- HT fibers
VGLUT3 (in red) is co- expressed with VAChT (in green) in the cholinergic interneurons of the
striatum. A minor source of VGLUT3 comes from the dorsal raphe serotonergic projections (one
putative 5- HT fiber is indicated by the white arrowhead). Scale bar = 100 um.

In VGLUT3~ mice, we previously reported a marked increase of cocaine effect on
locomotor activity (Gras et al. 2008, Sakae et al. 2015). Here we show that
amphetamine as well dramatically increases locomotor activity of VGLUT3-null mice. In
addition we report for the first time that VGLUT37/- mice are more resistant to
amphetamine-induced stereotypies. In this part of my PhD project, I tried to dissect the
contribution of each of the two sources of VGLUT3-positive fibers in the striatum. The
acute and chronic effect of amphetamine were analyzed in mice lacking VGLUT3 in either
5-HT (cKO-VGLUT3s-u1) or ACh (cKO-VGLUT3acnh) striatal fibers. Surprisingly, none of the

two specific conditional knockouts phenocopied the constitutive knockout.

e The VGLUT3- positive serotonergic system is not involved in AMPH- induced

behaviors

Serotonin is a key regulator of mood and anxiety. One of the major
anxiolytic / antidepressant treatments consist in increasing extracellular levels of
serotonin by inhibiting 5- HT reuptake (SSRI) to counterbalance its decreased levels

found in these disorders (Renoir et al. 2012)
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In the anxiety tests, cKO-VGLUT3s-nt mice displayed similar anxiety levels than
controls. This result is quite surprising, since VGLUT3 null mice display robust anxiety-
like phenotypes (Amilhon et al. 2010). Amilhon et al. proposed that VGLUT3 null mice
would display higher levels of anxiety because of a decreased serotonergic tone as a
result of the loss of vesicular synergy (Amilhon et al. 2010). Thus, it was expected that
mice lacking VGLUT3 in the serotonergic system would present increased anxiety

behaviors. However, that was not the case.

One explanation for the anxiety levels found in VGLUT3~/~ mice is a regulation by
VGLUT3- positive GABAergic interneurons. Indeed, GABA is involved in anxiety, and
benzodiazepines, which are GABAa receptor agonists, are widely used as anxiolytics
(Tallman et al. 1980). Another explanation is that purely glutamatergic VGLUT3- positive
neurons from raphe nuclei are responsible for the enhanced anxiety observed in VGLUT3
null mice. The purely VGLUT3- positive neuronal population of the brainstem have not
been characterized yet, but our laboratory is currently developing approaches based on a

VGLUT3- Cre expressing line.

After the basal characterization of the line, we studied the effects of AMPH 5 mg/kg
on cKO-VGLUT3s-4t mice. We found no difference in terms of locomotion and stereotypy
neither during the acute nor the following repeated injections of amphetamine. Therefore
a straightforward interpretation of this negative finding would be that the
VGLUT3- positive serotonergic system is not involved in the effects of amphetamine.
Since amphetamine hyperlocomotor and sensitizing effects require functional 5- HT2aR
(Salomon et al. 2006), we could have expected a difference in the response of
cKO- VGLUT3s-utr mice since they have a decreased serotonergic tone (Amilhon et al.
2010). However, that was not the case, probably because the AMPH masks this

depression by inhibiting SERT.

e The VGLUT3- positive cholinergic system contributes to AMPH- induced behaviors

To understand the role of the glutamate released by CINs, we produced VGLUT3
conditional knock- outs in cholinergic neurons. Two cerebral structures contain mixed
VAChT/VGLUT3 populations: CINs of the striatum, and basal forebrain, a structure that
provides the main cholinergic innervation of the cerebral cortex. In the basal forebrain,
VGLUT3 is expressed by a population of cholinergic neurons - mainly from the ventral
pallidum and the nucleus basalis of Meynert - that project to the basolateral amygdala
(BLA; Nickerson Poulin et al. (2006)). Because of the central involvement of BLA in the
encoding of emotions, in particular the aversive memory, our team recently explored
cKO-VGLUT3ach mice response in fear conditioning, but found no difference in the
elementary and contextual memories, along with similar extinction levels compared to
controls (Nida Chabbah, unpublished data).
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VGLUT3 null mice have a basal hyperlocomotion, which can be rescued by the
systemic administration of donepezil, an AChE inhibitor (Gras et al. 2008, Divito et al.
2015). Additionally, CIN ablation yields same levels of hyperlocomotion (Kitabatake et al.
2003), but specific removal of VAChT and thus of ACh from CINs does not affect
locomotion (Guzman et al. 2011). This suggests that the hyperlocomotor phenotype is

imputable to the glutamate released by CINs.

For the basal locomotion of cKO-VGLUT3ach mice, we found a slight hyperlocomotion
during the dark phase. These experiments were also conducted in our team in Montreal,
and they found a significant hyperlocomotion at night (+ ~ 20%). These data provide
additional evidence that VGLUT3 in CINs is responsible for the basal locomotor activity

modulation.

Numerous studies place CINs as key modulators of striatal DAergic transmission. The
acute injection of AMPH 5 mg/kg resulted in a slightly higher AMPH- induced
hyperlocomotion in cKO-VGLUT3ach mice, suggesting that glutamate released by CINs
may play a role in the response to AMPH. However, this AMPH- induced hyperlocomotion
was dramatically smaller (+ 30%) than the one observed in VGLUT3”~ mice (+ 125%).
Preliminary results with COC 10 mg/kg comforted this observation. These results cripple
the proposed mechanism to explain VGLUT3~/~ hyperlocomotion by Sakae et al. (2015),
according to which the hyperlocomotion is imputable to the loss of a presynaptic
CIN- originating glutamatergic break on DAergic transmission. Further studies need to be

conducted to solve this discrepancy.

We also explored the AMPH-induced stereotypies with repeated injections of
AMPH 5 mg/kg. We found that mice lacking VGLUT3 in the cholinergic system present
less stereotypies than control littermates. This result strongly suggests that the
stereotypic resistance found in VGLUT3 null mice is at least partly due to the VGLUT3-
positive cholinergic fibers in the striatum. This result is in line with the observations of
Gangarossa et al. (2016) and Divito et al. (2015), where LID was explored. Both studies
reported that LID is attenuated in VGLUT3~/~ mice.

Gangarossa et al. studied LID in mice lacking VAChT in CINs

(Drd2- Cre::VAChToxP/LoxP) ' They found that these mice have normal or enhanced level of

abnormal movements. Reciprocally, Divito et al. found that mice lacking VGLUT3 in the

cholinergic neurons (ChAT- IRES- Cre::VGLUT3xP/LoxP) present less LID.

Together, these results strongly support the idea that glutamate released by CINs
participate in the abnormal movements observed with repeated injections of drugs or

L- DOPA in DA- depleted animals. It has been previously demonstrated that CINs do
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participate to LID, since their selective ablation or silencing relieve the dyskinesia
severity (Ding et al. 2011, Won et al. 2014).

To further support this idea, evoked DA striatal levels of mice lacking either VGLUT3
(cKO-VGLUT3ach) or VAChT (cKO-VAChTach) in the cholinergic interneurons were
assessed in our team in Montreal (Mathieu Favier, unpublished data). This experiment
indicated that DA levels are not homogenous in the different striatal subregions of
cKO-VGLUT3ach or cKO-VAChTach mice (Figure C.30). DA release is increased in the DMS
of cKO-VGLUT3ach (+ 40 %). In contrast, DA release is decreased in the DMS (- 40 %) and in
the Acb (- 50 %) of cKO-VAChTach mice. Interestingly, DA release is not affected in the DLS
by deletion of VAChT or VGLUT3. The DA level in the Acb of mice lacking VGLUT3 has not
been assessed yet, but we predict that it should mirror the level found in mice lacking VAChT
(+ 50 %). The levels of K*-evoked DA release are consistent with the fact that ACh
stimulates DA release (Cachope et al. 2012, Threlfell et al. 2012), and that CINs are

more active in the DLS and less active in the vStr (Matamales et al. 2016).

] Drd2-Cre::VAChTLoxP/LoxP
E ChAT-IRES-Cre::VGLUT3LoxP/LoxP

Acb DLS

N
S
Q@

DLS DMS

DA release (% control)
=
S

0-
Figure C.30: Striatal evoked dopamine levels in mice lacking VGLUT3 or VAChT in CINs

Left panel: The nucleus accumbens (Acb), dorsomedial (DMS) and dorsolateral striatum (DLS) are
three subregions of the striatum mediating different phases of drug dependence (see Figure C.9).
Right panel: Mice lacking VGLUT3 in the cholinergic system (in blue) have increased level of DA in
the DMS and putatively in the Acb (dotted blue bar). Mice lacking VAChT in the CINs (in yellow)
display decreased evoked DA release in the Acb and DMS. None of the mice have alteration of DA
levels in the DLS.

Adapted from data kindly provided by Mathieu Favier

The proposed mechanism of competition between locomotion and stereotypies is
consistent with data obtained with cKO-VGLUT3ach. Because they have higher levels of
DA in the Acb, AMPH preferentially stimulates locomotion rather than stereotypies. Thus,
it can be inferred that mice lacking VAChT in CINs should have a hypoactive vStr
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compared to the dStr. Consequently AMPH should produce more intense stereotypies

than in WT mice.

The results obtained with cKO-VGLUT3ach raise several questions. We confirm the
involvement of glutamate released from CINs in drug- induced abnormal movements, in
line with (Divito et al. 2015). However, other studies have attributed this phenotype to
the acetylcholine released by CINs (Aliane et al. 2011, Crittenden et al. 2014, Crittenden

et al. 2017). This discrepancy requires careful investigation. AMPH study on mice lacking

VAChT (Drd2-Cre::VGLUT3toxP/LoxP) wil| provide more answers to this question. Another

puzzling information is that cKO-VGLUT3ach mice do not display a two- fold
hyperlocomotion in response to AMPH 5 mg/kg, unlike the effect obtained with VGLUT3

null mice.
Table C.1 summarizes the phenotypes observed regarding the role of CINs.

Table C.1: CIN- related phenotypes

Strate DArelease | tion Drug 6- OHDA L- DOPA- Drug-induced
9y (Acb) response dyskinesia dyskinesia stereotypies
T 2 T 1,2,6 =4
VGLUT3™/~ 1,26 3,4 6
t(nighty>  1(nightys )3 ' '
ChAT- IRES- Cre:: _3 _36 _6 _3 e Lo
VGLUT3LoxP/LoxP
Drd2- Cre:: 12 -5 — 5 — 4 1,4 NA
VAChTLoxP/LoxP :
CIN targeting NA NA NA NA 178 NA

1, Gras et al. (2008); 2, Sakae et al. (2015); 3, Divito et al. (2015); 4, Gangarossa et al. (2016);
5, Guzman et al. (2011); 6, present study; 7, Won et al. (2014); 8, Won et al. (2014).

e Why do VGLUT3 null mice display an enhanced drug- induced hyperlocomotion?

The resistance to amphetamine- induced stereotypies observed in VGLUT3 null mice
is mildly present in cKO-VGLUT3ach mice. Likewise, we do not reproduce their two- fold
hyperlocomotion in none of the two double mutants. This last result paves the way for

different hypothesis.

First, it cannot be excluded that some developmental compensation may occur in the
models we used. Indeed, we did not test if markers for other neurotransmission systems
were altered in our conditional knockouts. Then, it is possible that the hyperlocomotor
phenotype present in VGLUT3~/- is the result of a synergistic role of the VGLUT3- positive

cholinergic and serotonergic systems. To test this hypothesis, we could produce triple

mutant mice lacking VGLUT3 in both systems (ChAT-IRES- CRE::SERT- CRE:

VGLUT3texP/LoxP) - Alternatively, we could combine a genetic approach with an RNA

interference intervention, for example by injecting shRNA against VGLUT3 in the striatum
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of SERT- CRE::VGLUT3xP/LoxP A direct interplay between these two systems is likely to
occur since serotonin modulates the activity of CINs (Virk et al. 2016).

As we proposed for the anxiety- like phenotypes observed in VGLUT3 null mice, it is
also possible that the purely glutamatergic VGLUT3- positive circuit is involved in the
drug- induced hyperlocomotion. To date, there is no knowledge of the role of these
projections. It is suspected that they play a role in the rewarding effects of drugs by
projecting on the VTA (Qi et al. 2014).

e What about the other VGLUT3- positive systems?

To complete our study, it would have been interesting to dissect the role of the
VGLUT3- positive GABAergic system. Indeed, subpopulation of CBiR / CCK- positive
GABAergic interneurons express VGLUT3 in the cortex and hippocampus. Yet, both the
hippocampus and PFC send projections to the nucleus accumbens, and cortical
projections to the striatum modulate the response to drugs (Pascoli et al. 2005, Aliane et
al. 2009, Robison et al. 2011).

We produced the VIAAT- Cre::VGLUT3LxP/LoxP (cKO-VGLUT3easa) double mutants to

remove the GABAergic source of VGLUT3. Their anatomical characterization revealed
some unsuspected results. We found a substantial decrease of VGLUT3 in the striatum
(Figure C.31), in the dStr (~ -55%) and in the Acb (~ - 20%). This observation

prevented a clean interpretation of our finding with the mutant line.

VIAAT*+::\VGLUT3!oxP/loxP VIAATCre/+: .\ GLUT 3!0xP/loxP

> B
L g
-

striatum

CONTROL MUTANT

Figure C.31: Immunoautoradiography for VGLUT3 in cKO-VGLUT3gaea Mice
VGLUT3 levels are highly decreased in the striatum in cKO-VGLUT3gasa mMice.

In the adulthood, GABAergic populations of the striatum do not express VGLUT3. This

means that a fraction of striatal cholinergic neurons have a “double- origin” and
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transiently express VIAAT during development. Indeed, CINs mainly derive from the
medial ganglionic eminence and co- express the transcription factor Nkx2.1 (Marin et al.
2000). It has been proposed that all these progenitor cells would express Lhx6 and
acquire a GABAergic identity by default. Later, the additional expression of Lhx8 by a

fraction of these cells would provide the cholinergic fate (Allaway and Machold 2017).

CONCLUSION

High dose of amphetamine produces a two-fold locomotor
activation in VGLUT3 null mice. The absence of VGLUT3 reduces

AMPH- induced stereotypies.

Mice lacking VGLUT3 in the serotonergic system display similar

levels of locomotion and stereotypies.

On the other hand, mice lacking VGLUT3 in CINs display
attenuated stereotypies. Their locomotion is similar to the control

mice.

Therefore, conditional deletion of VGLUT3 in 5-HT or ACh fibers

only partially mimics the constitutive deletion of VGLUT3.
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PART III.
STUDY OF THE ROLE OF VGLUT3 IN THE

NUCLEUS ACCUMBENS IN THE RESPONSE TO
COCAINE

CONTEXT

» The constitutive invalidation of VGLUT3 (VGLUT3—— mice) leads to

a hypersensitivity to the rewarding effects of cocaine.

» There are major morphological and functional changes in the

nucleus accumbens of VGLUT3—— mice.

» Nucleus accumbens is a central structure for the response to

drugs, including cocaine.

PROBLEMATIC

VGLUT3~/~ mice are more sensitive to cocaine than controls. Given
the central involvement of nucleus accumbens in this response, we
wondered if the accumbal source of VGLUT3 could be responsible for
the phenotypes we found with the full knock- out.

Thus, we studied the effects of cocaine in a conditional accumbal

knock- out model.

» To remove VGLUT3 from the nucleus accumbens, we stereotaxically

injected a Cre- expressing virus in VGLUT3LoxP/LoxP mijce.
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4 weeks post-inj |

1. Development of viral injections
1.1 Choice of virus

To proceed to VGLUT3 knockdown in the nucleus accumbens (Acb), we injected
VGLUT3LoxP/LoxP mice with different Cre- expressing viruses to determine which serotype
works better in our hands. Viruses were unilaterally injected (with a volume of 500 nL) to
use the non- injected side as a control for VGLUT3 basal level. Each virus was tested in
two mice: one was sacrificed at 4 weeks post- injection, and the other at 6 weeks
post- injection. We quantified the residual protein level in the injected side by IAR
directed against VGLUT3 (Figure C.32).

AAV1.CMV.HI. AAV2.hSyn.HI. AAV5.hSyn.HI.
eGFP-Cre eGFP-Cre eGFP-Cre

| 6 weeks post-inj

Figure C.32: Determination of the virus and time post- injection for a VGLUT3 accumbal
depletion

Mice were unilaterally injected (side materialized by a cortical punch) in the nucleus accumbens
with different virus strains and sacrificed at 4 or 6 weeks post- injection. VGLUT3 levels were
visualized by IAR.

The percentage of decrease corresponding to each time- point and virus is reported in
Table C.2.

Table C.2: Percentage of VGLUT3 decrease after unilateral viral injection

AAV1.CMV.HI | AAV2.hSyn.HI | AAV5.CMV.HI AAV9.CMV.HI
Virus c . . .
eGFP- Cre eGFP- Cre eGFP- Cre eGFP- Cre
Weeks
post- injectio 4 6 4 6 4 6
n

Acb 24 70 67 30 14 44
© AcbSh -4 52 67 43 3 49
< | AcbC 0 62 69 63 2 54
CPu -5 14 29 -5 0 32
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We found that several virus serotypes produced a strong decrease in the Acb. We

decided to use a serotype that:

= produces a decrease visible at 4 weeks post- injection;
* does not diffuse much (knockdown specific for Acb);
= has not been described as being retrograde;

= has a preferential tropism for neurons rather that glial cells.

The  selected serotype for the subsequent experiments was the
AAV2.hSyn.HI.eGFP- Cre, which expresses the Cre recombinase under control of the
neuron- specific promotor human synapsin (hSyn) and is mainly anterograde (Kugler et
al. 2003, Ciesielska et al. 2011). Indeed, the human cytomegalovirus promotor (CMV)

has a tropism for neurons but mainly for glial cells (Kugler et al. 2003).

We confirmed VGLUT3 knockdown at 6 weeks post- injection by immunofluorescence
directed against VGLUT3 on the same slices postfixed with methanol (Figure C.33). We
used a VGLUT** animal as a control, and found that VGLUT3'**/LoxP animals injected with
the control AAV2.hSyn.eGFP.WPRE.bGH virus (AAV- GFP) had similar levels of VGLUT3 in
the Acb. On the other hand, animals injected with the Cre-expressing virus
AAV2.hSyn.HI.eGFP-Cre.WPRE.SV40 (AAV- Cre) had almost no residual expression of
VGLUT3 in the terminals.

VGLUT3!oxP/LoxP Cra-injected

VGLUT3*/* VGLUT3LoxP/LoxP GFP-

e T

w e v

gt - *
i B & p a
g L i

. AcbC ac

Figure C.33: Immunofluorescence against VGLUT3 in the Acb after AAV injection

At 6 weeks post- injection, VGLUT3LexP/LoxP animals stereotaxically injected with a GFP- expressing
virus in the nucleus accumbens (Acb) have no loss of VGLUT3 in the core part (AcbC; middle
panel) compared to VGLUT3*+* mice (left panel). On the other hand, VGLUT3LxP/LoxP gnimals
injected with a Cre- expressing virus in the Acb have a drastic decrease of VGLUT3 (right panel).

ac: anterior commissure. Scale bar = 200 um.
1.2 Experimental groups

To generate the experimental groups, we bilaterally injected VGLUT3LXP/LoxP males
aged 6 weeks with the AAV- GFP (controls) or the AAV- Cre (mutants) with a volume of
400 nL on each side (AP +1.6, ML £ 0.75, DV - 4.3 cm). After 8 weeks, we proceeded to
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behavioral experiments on these mice. For these experiments, we used a total of 28
VGLUT3LexP/LoxP mice (14 injected with AAV- GFP and 14 with AAV- Cre).

2. Anatomical validation

Once the experiments were conducted, we verified the expression of VGLUT3 in the
stereotaxically injected mice by immunoautoradiography. We quantified VGLUT3 in the
whole striatum (in red in Figure C.34), the Acb (in orange), the dStr (in yellow) to
evaluate the anterograde action of the AAV. We also assessed VGLUT3 levels in the DRN

(in purple) and MNR (in pink) to confirm that the AAV has no retrograde action.

Striatum Raphe
.
) &5 3 WS r b, %
o~ > R £ %] 4 {_%_, “
= 3’;‘*&‘({-7’. ',7 L~ :{ L
P We
R W J o ‘\i

AAV2 Cre

Figure C.34: Anatomical verification of VGLUT3 level in VGLUT3LoxP/LoxP AAV- injected
mice

Striatal sections (left panel) and raphe sections (right panel) were stained for VGLUT3 by IAR.
Mice injected with the AAV- Cre virus (bottom panel) had a slight decrease in the striatum but no
difference in the raphe compared to AAV- GFP- injected mice (top panel).

Mice injected with the AAV-Cre had different efficiency of VGLUT3 knockdown
(Figure C.35). For example, two mice had less than 50% of residual VGLUT3 in the Acb.
The overall success of the surgery was limited, as the mean level of residual VGLUT3 was

around 70% in the knockdown group. We expected a greater decrease.
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Figure C.35: Quantification of VGLUT3 in the VGLUT3LoxP/LoxP mjce injected with AAVs

The levels of VGLUT3 were assessed in several cerebral structures and expressed as a percentage.
Each dot represents the mean VGLUT3 level of the two hemispheres for a given mouse (the
number of the animal is indicated next to the corresponding dot). Horizontal bars represent the
mean VGLUT3 level of all mice pooled together. Mice injected with AAV- GFP are represented in
black, and AAV- Cre in red. Str, striatum; dStr, dorsal striatum; Acb, nucleus accumbens; DRN,
dorsal raphe nucleus; MNR, median raphe nucleus.

3. Behavioral characterization

3.1 Mice weight
After the recovery period and the incubation time (6- 8 weeks), mice were weighted
before the start of behavioral experiments. We found no difference between mice
injected with AAV- GFP (controls) and with AAV- Cre (mutants; Figure C.36; t test,
p = 0.787, AAV- GFP 30.48 £+ 0.84 g vs. AAV- Cre 30.10 + 1.14 g).
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Figure C.36: VGLUT3LoxP/LoxP AAV- injected mice weight

Mice weight does not differ between control and mutant mice (n=14-14).

3.2 Basal locomotion

We first assessed the spontaneous activity of our mice during 24 h. We found no
difference in the vertical activity between AAV- GFP and AAV- Cre mice (Figure C.37c;
two-way ANOVA, effect of time, Fz3,575 = 37.39, p <.001, no effect of genotype,
Fi1,25 = 0.098, p = 0.758). We confirmed this result by verifying that there was no
difference in the cumulative number of rearings during the light- off phase (Figure C.37d;
Mann- Whitney, p = 0.783, AAV- GFP 1431+ 176.3 and AAV-Cre 1473 + 153.2 beam
breaks). However, we found that AAV- Cre mice had a slightly decreased vertical activity
during the light- on phase (Figure C.37d; ttest, p = .069, AAV- GFP 477.8 + 53.39 vs.
AAV- Cre 353.8 £ 35.65 beam breaks).

On the other hand, AAV- Cre mice presented a strong tendency toward an increased
horizontal locomotion at night (Figure C.37a; two-way ANOVA, effect of time,
F23,575s = 17.82, p < .001, no effect of genotype, F1,25 = 3.291, p = .082, post-hoc test
showed a difference between genotypes at 2:30, 3:30 and 4:30 a.m.). We then
compared the cumulative horizontal activity and found that it was highly increased in
AAV- Cre injected mice at night (Figure C.37b; Mann- Whitney, p = .049, AAV- GFP 875.3
+ 115.5 vs. AAV- Cre 1733 £ 382.2 beam breaks) but not significantly different during
the light- on phase (Mann- Whitney, p = 0.151, AAV- GFP 374.3 *+ 32.46 vs. AAV-Cre
347.1 £ 56.16 beam breaks).
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Figure C.37: VGLUT3LoxP/LoxP AAV- injected circadian locomotor activity
Legend similar to that of Figure C.12. VGLUT3xP/LoxP jnjected with the AAV- Cre (in orange) have
an increased locomotion at night compared to control mice injected with AAV- GFP (in black).
Together, these results indicate that VGLUT3LxP/LoxP mice injected with AAV- Cre in

the nucleus accumbens have an increased locomotion at night compared to control mice.

3.3 Anxiety levels

We also assessed the anxiety level of stereotaxically injected mice in the open field

and O maze tests.

e Open field

During 10 min sessions, we individually placed mice in an open field and tracked their
locomotion. We found that AAV- Cre-injected mice had a strong trend to spend less time
and travel less in the anxiogenic central zone of the open field (Figure C.38, left panel:
ttest, p = 0.112, control 9.64 £ 1.46 s and mutant 7 £ 0.62 s spent in the central zone;
Figure C.38, right panel: ttest, p = .086, control 160.6 £ 26.22 cm and mutant 109.4
£ 10.14 cm travelled in the central zone). This corresponded to 1.601 £+ 0.24 % of time
spent in the central zone for AAV- GFP injected mice and 1.167 £ 0.1 % for AAV- Cre

injected mice.
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Figure C.38: VGLUT3LoxP/LoxP AAV- injected anxiety levels in the open field test
AAV- Cre injected mice seem to spend less time in the central zone compared to AAV- GFP mice
(n = 14-14).

e O maze

We then tested mice response in the O maze during 10 min- sessions. Again, we
found that AAV- Cre injected mice would spend less time in the anxiogenic zone (open
arms) compared to AAV- GFP injected animals (Figure C.39, left panel; t test, p = .068,
AAV- GFP 24.04 £ 2.454 s vs. AAV- Cre 16.16 + 3.32 s spent in the open arms, which
correspond respectively to 4 £ 0.409 % and 2.693 = 0.553 % of the total time). They
also travelled less in the open arms with no statistically significant difference
(Figure C.39, right panel; ttest, p =0.113, AAV- GFP 205.8 + 23.57 cm vs. AAV- Cre
140.1 £ 32.46 cm travelled in the open arms).

o \/GLUT3LoxP/LoxP
50 ...E’f.(.):g??_._ 500~ AAV-GFP (n=14)
= VGLUT3LoxP/LoxP
ol § S, o AAV-Cre (n=14)
b o 00
£ 25 m 2 250 go‘%g
= ©
= o ®
| %0 2 | 000
o
0- 0- °

Figure C.39: VGLUT3oxP/LexP AAV- injected anxiety levels in the O maze test

AAV- Cre injected mice seem to spend less time in the open arms compared to AAV- GFP mice
(n = 14-14).

In summary, VGLUT3LxP/LoxP mice injected with the AAV-Cre in the nucleus

accumbens seem slightly more anxious compared to control mice.
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4. Locomotor sensitization to cocaine

After the basal behavior testing, we proceeded to a locomotor sensitization protocol
to cocaine 10 mg/kg. The protocol was closely related to the one used for AMPH
(cf Materials & Methods). The set- up was the cyclotron, a bun- shaped corridor where
the mouse can move. The number of % turns provides a measure of the activity
(locomotion). After the 5% injection, mice were withdrawn from the drug for 5 days, and

then challenged with a last dose of COC 10 mg/kg.

e Acute injection of cocaine 10 mg/kg

We first assessed the locomotion in response to an acute injection of COC 10 mg/kg
(Figure C.40a). This injection led to a very mild hyperlocomotion that was not
significantly different from a saline injection (two-way ANOVA between SAL and COC1, no
effect of time, F125 = .018, p = 0.9, no effect of virus, F125 = 0.948, p = 0.34).

The response to acute COC 10 mg/kg did not differ between our two groups of mice
(Figure C.40a, inset; Mann- Whitney, p = 0.542, AAV- GFP 58.61 + 13.61 vs. AAV- Cre

45.81 £+ 9.905 Y4 of turn).
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Figure C.40: VGLUT3LoxP/LoxP AAV- injected locomotor sensitization to cocaine

a. The acute injection of cocaine 10 mg/kg reveals no difference in terms of hyperlocomotion
between AAV- Cre- (in orange) and AAV- GFP- injected mice (in black). b. Both types of virus
produce the same locomotor sensitization in response to repeated injections of cocaine. c¢. The
sensitization is similar for the 2 groups of mice (n = 14-14).

e Repeated injections of cocaine 10 mg/kg

We injected mice for 4 other days with the same dose of cocaine. We observed that
the cocaine- induced hyperlocomotion increased across sessions, but did not differ
between AAV- GFP- and AAV- Cre- injected mice (Figure C.40b; two-way ANOVA for
COC1 to COC5, effect of time, F4,100 = 11.74, p < .001, no effect of virus, Fi, 25 = 0.201,

185



p = 0.658). After 5 days of withdrawal, we did a challenge with COC 10 mg/kg. We
confirmed that this protocol produced a strong locomotor sensitization, even though
there was no difference between our two groups (Figure C.40c; two-way ANOVA between
COC1 and challenge, effect of time, Fi1,25 =27.62, p <.001, no effect of virus,
Fi1,25 = 0.588, p = 0.45, post-hoc between COC1 and challenge, p = .01 for AAV- GFP
mice, and p < .001 for AAV- Cre).

We also analyzed if we could find a correlation between the accumbal level of VGLUT3
and the cocaine- induced locomotion. To do so, we calculated the mean cumulative
locomotion during the 90 minutes post-injection during the 6 injections of
COC 10 mg/kg, and then plotted this mean activity as a function of VGLUT3 accumbal
level (Figure C.41). The prediction would state that the smaller VGLUT3 accumbal level,
the stronger the cocaine- induced locomotion. Indeed, we found such a profile for the
AAV- Cre- injected group, but the linear regression gave a slope that was
non- significantly different from zero (Fi,9 = 2.414, p = 0.155), with an R? of 0.212. The
mean locomotion has a tendency to increase for reduced levels of accumbal VGLUT3. In
contrast, we found no such relation for the control group (F1,11 = 0.41, p = 0.535 with a
R2 of .036).
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Figure C.41: Correlation between VGLUT3 accumbal level and cocaine- induced
locomotion

There is a trend for a correlation between the level of VGLUT3 in the Acb and the mean locomotion
induced by cocaine during the 6 injections of COC 10 mg/kg for the AAV- Cre- injected animals (in
orange), but none for the control group (in black; n = 14-14).

As a summary, we found no difference in terms of locomotor sensitization to cocaine
between VGLUT3MxP/LoxP mice injected with the AAV- Cre (knockdown) and the ones
injected with the AAV- GFP (control). However, the accumbal level of VGLUT3 seemed to

be inversely correlated to the cocaine- induced locomotor outcome.
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5. Discussion

The experiments conducted on AAV- injected animals were inconclusive. We expected
to observe that mice invalidated for VGLUT3 in the Acb would have an enhanced
cocaine- induced hyperlocomotion as the one observed in VGLUT3 null mice. However,
the locomotor sensitization was identical in the two groups. Even if we obtain low levels
of VGLUT3 knockdown in the AAV-Cre-injected mice, we find that the overall COC-
induced locomotion seems to be negatively correlated to the residual VGLUT3 levels.
Thus, our results do not signify that the hyper- responsivity to cocaine observed in
VGLUT3~~ mice is not imputable to the accumbal source of VGLUT3. These experiments

need to be replicated.

Indeed, the anatomical validation performed at the end of the experiments revealed

major defects in targeting the Acb. There are several explanations for that problem.

The first one is that the stereotaxic injections were developed with a set- up with a
single needle where the virus was infused manually. For the tests, we injected a volume
of 500 nL, and the lesions were very widespread (Figure C.32). Therefore, we had
determined that this volume should be decreased to be more specific for the Acb. On the
other hand, the experimental groups were generated using a more recent set- up where
two needles allow bilateral injections with a continual infusion thanks to a pump. We
ordered a spacer to have a mediolateral distance of 1.5 cm between the two sites of
injection. These sites were probably too medial to target the Acb, and may have
produced a decrease in the medial septum instead of the striatum. Moreover, when the
targeting was correct, the knockdown was not as efficient as expected. The virus volume
we chose to infuse could explain this (400 nL on each side), because it may have been to
small for the new set- up we used. Indeed, the virus was delivered “manually” with the
old set- up, and the infused volumes were probably not accurate enough. And the

targeted structure being quite large, a greater volume may have been necessary.

Another explanation could be the serotype used. Indeed, the AAV2 has a low toxicity,
a trophism for neurons and majorly an anterograde action. However, given the large area
we had to target, another serotype could have been more adapted, for example the AAV5
or AAV9 (Aschauer et al. 2013). These serotypes have been described as having an
important cellular trophism in the striatum, and could have led to higher recombination

rates.

To study the role of VGLUT3 in the Acb, another approach could have been used, with
stereotaxic injections of shRNA directed against VGLUT3 mRNA. The experimental
conditions to induce substructural striatal lesions have been developed in our laboratory

in Montreal. This technique offers one advantage compared to AAV- Cre- mediated
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knockdown: any kind of mouse can be used for the knockdown of VGLUT3 without the

constraint of a heavy transgenic mice breeding.

CONCLUSION

The level of cocaine-induced hyperlocomotion seems to be
correlated with the extent of VGLUT3 knockdown in the nucleus

accumbens.

VGLUT3 accumbal level could account for the COC-induced

hyperlocomotion observed in VGLUT3 null mice.
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GENERAL CONCLUSION

LT T LT T Wl i TSRS e . S . N

In this work, we investigated the role of VGLUT3 in the effects of amphetamine. We
first explored the effects of locomotion-stimulating doses. We found that VGLUT3 null
mice displayed two-fold levels of AMPH-induced hyperlocomotion compared to WT
siblings. We also found that VGLUT3~/~ mice would sensitize to AMPH, unlike the previous
results obtained with COC 10 mg/kg (Sakae et al. 2015). We suggest that these
differences rely on the fact that amphetamine and cocaine have different
pharmacokinetics, and propose that serotonergic and noradrenergic systems may also
contribute to this outcome. We also suggest that an unforeseen plasticity could occur
with AMPH, for example in the prefrontal cortex, which is part of the circuit recruited by
AMPH.

We explored another motor outcome of amphetamine, by using a high dose of AMPH
that induces stereotypies. We reported that VGLUT3~~ mice are particularly resistant to
AMPH-induced stereotypies. This result is in line with two reports suggesting that lack of
VGLUT3 protects against L-DOPA-induced dyskinesia (Divito et al. 2015, Gangarossa et
al. 2016).

To unravel the contribution of the different VGLUT3-positive neurotransmitter
systems in these responses, we depleted VGLUT3 in specific cell populations based on a
genetic Cre-Lox approach. The removal of VGLUT3 from the serotonergic system did not
interfere with AMPH-induced-hyperlocomotion and -stereotypies. Neither did it modify

the basal locomotor or anxiety levels of mutant mice.

On the other hand, invalidation of VGLUT3 in the cholinergic system partly
reproduced the characteristic hyperlocomotion of VGLUT3 null mice (Gras et al. 2008).
We tested the response to AMPH 5 mg/kg, and found that AMPH-induced
hyperlocomotion was slightly higher in cKO-VGLUT3ach than control littermates, but in
minimal proportions compared to the massive difference observed in VGLUT3 null mice.
We thus propose that the AMPH-induced hyperlocomotion observed in the full knockout
has another origin, which remains to be determined. When we assessed AMPH-induced
stereotypies, we found that cKO-VGLUT3ach displayed attenuated levels compared to
control siblings. Therefore, we propose that the resistance to AMPH-induced stereotypies
that we characterized in VGLUT3 null mice partly relies on the glutamate released by

CINs in the striatum.
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In another study, we generated VGLUT3 accumbal knockdown based on a viral
approach. This study furnished first evidence for an accumbal role of VGLUT3 in the COC-
induced hyperlocomotion observed in VGLUT3 null mice, as strongly suspected (Sakae et
al. 2015).

Together, our results provide new evidence for a role of glutamate in drug-induced
behaviors. It is known that CINs play a critical role in motor manifestations of Parkinson’s
disease, and cholinergic drugs are commonly used to treat the side effects of
dopatherapy (Smith et al. 2012). Our work demonstrates that glutamate released by
CINs also participates in these abnormal movements, and places VGLUT3 as an
interesting therapeutic target to alleviate LID. To date, there is no specific agent able to
specifically target one subtype of VGLUT, but development on new tools offers promising

perspectives for a cell-specific targeting (Schenck et al. 2017).
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APPENDICES

LT TR T W T e AT e, . ST ik, N
1. Temporal course of AMPH injections
1.1 VGLUT3/- and AMPH 1 mg/kg
During the acute injection of AMPH 1 mg/kg, VGLUT3~~ mice hyperlocomotion was
higher than WT mice (Figure E.1; two-way ANOVA, effect of genotype, Fi21 = 6.636,
p = .018). The horizontal activity was similar between the two genotypes during the
following injections (Figure E.1; two-way ANOVA, no effect of genotype: AMPH2,
Fi21 = 3.493, p = .076; AMPH3, F121 = 2.69, p = .116; AMPH4, F121 = 1.365, p = 0.255;
AMPH5, F121 = 0.053, p = .821).
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Figure E.1: VGLUT3-/- horizontal locomotion in response to AMPH 1 mg/kg

VGLUT3~/~ mice have an enhanced horizontal activity during the acute injection of AMPH 1 mg/kg
compared to WT siblings. The AMPH-induced hyperlocomotion does not differ between genotypes
during the 4 other injections (n = 11-12).



1.2 VGLUT3/- and AMPH 3 mg/kg

We assessed the effects of AMPH 3 mg/kg on the horizontal activity. The acute
injection induced a hyperlocomotion that did not differ between VGLUT3~- and WT mice

(Figure E.2; two-way ANOVA, no effect of genotype, Fi,39 = 0.352, p = 0.557). However,
the following AMPH injections resulted in a greater hyperlocomotion in VGLUT3~~ mice
(Figure E.2; two-way ANOVA, no effect of genotype for AMPH2, Fi39 = 3.275, p = .074).
This difference became significant after the 3™ injection (Figure E.2; two-way ANOVA,
effect of genotype: AMPH3, Fij39 =9.982, p =.003; AMPH4, Fi39 =6.93, p =.012;

AMPHS5, Fi1,39 = 9.371, p = .004).
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Figure E.2: VGLUT3-/~ horizontal locomotion in response to AMPH 3 mg/kg

@ VGLUT3** 3 mg/kg (n=26)
©- VGLUT3" 3 mg/kg (n=15)

VGLUT3~~ mice have similar AMPH-induced hyperlocomotion at AMPH1 compared to controls. After
the 29 injection, VGLUT3~/~ response becomes greater than control littermates (n = 26-15).




AMPH4, F1,36= 43.91, p < .001; AMPH5, F1,21 = 39.0, p < .001).
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1.3 VGLUT3/- and AMPH 5 mg/kg

The acute injection of AMPH 5 mg/kg produced a two-fold hyperlocomotion in
VGLUT3”~ mice compared to WT littermates (Figure E.3; two-way ANOVA, effect of
genotype, Fi,35 = 18.86, p < .001). The ratio between WT and mutant mice became
even greater during the subsequent injections of AMPH (Figure E.3; two-way ANOVA,
effect of genotype: AMPH2, Fi,20 = 18.92, p < .001; AMPH3, Fi,35 = 34.09, p < .001;
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Figure E.3: VGLUT3/- horizontal locomotion in response to AMPH 5 mg/kg

In response to AMPH 5 mg/kg, VGLUT3~/- horizontal activity is systematically several fold higher
than WT littermates (n = 10-12 for AMPH, n = 4-4 for SAL).
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1.4 cKO-VGLUT3s.4r and AMPH 5 mg/kg

Mice lacking VGLUT3 in the serotonergic fibers (cKO-VGLUT3s-n7) had the same
locomotor response than control littermates to an acute injection of AMPH 5 mg/kg
(Figure E.4; two-way ANOVA, no effect of genotype, Fi,18 = 0.858, p = 0.367). This
similar response was conserved during each day of injection (Figure E.4; two-way
ANOVA, no effect of genotype: AMPH2, Fi,18 = 0.95, p = 0.343; AMPH3, Fi, 18 = 0.395,
p = 0.538; AMPH4, F1,18 = 0.769, p = 0.392; AMPH5, F1,18 = 1.06, p = 0.316).
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Figure E.4: cKO-VGLUT3s5.47 horizontal locomotion in response to AMPH 5 mg/kg

During each day of injection, cKO-VGLUT3s.yt mice respond similarly to control littermates (n = 10-
10 for AMPH, n = 3-3 for SAL).



1.5 cKO-VGLUT3ach and AMPH 5 mg/kg

Mice lacking VGLUT3 in the cholinergic fibers (cKO-VGLUT3ach) had a slightly non-
significant enhancement of AMPH-induced locomotor response compared to control
littermates in response to an acute injection of AMPH 5 mg/kg (Figure E.5; two-way
ANOVA, no effect of genotype, Fi,21 = 1.965, p = 0.176). This greater AMPH-induced
hyperlocomotion of cKO-VGLUT3ach mice was present during all following injections

(Figure E.5; two-way ANOVA, effect of genotype: AMPH2, Fi,21 = 2.198, p = 0.153;
3.306,

AMPH3, F1, 21 = 3.197, p = .088; AMPH4, F1 21 = 4.516, p = .046; AMPHS5, Fy, 21
p = .083).
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Figure E.5: cKO-VGLUT3ach horizontal locomotion in response to AMPH 5 mg/kg

During each injection of AMPH, cKO-VGLUT3ach mice displayed a trend for a greater AMPH-induced
hyperlocomotion compared to control littermates (n = 12-11 for AMPH, n = 3-6 for SAL).
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Ramet L, Zimmermann J, Bersot T, Poirel O, De Gois S, Silm K, Sakae DY,

Mansouri-Guilani N, Bourque MJ], Trudeau LE, Pietrancosta N, Daumas S,

Bernard V, Rosenmund C, El Mestikawy S

“Characterization of a Human Point Mutation of VGLUT3 (p.A211V) in the
Rodent Brain Suggests a Nonuniform Distribution of the Transporter in

Synaptic Vesicles”

VGLUT3 is an atypical member of the vesicular glutamate transporter family. A
point mutation of VGLUT3 (VGLUT3-p.A211V) responsible for a progressive loss of
hearing has been identified in humans. This mutation dramatically reduces VGLUT3
expression in terminals (~ 70%) without altering its function. Furthermore, the
reduced expression levels of VGLUT3 corresponded to a decrease of the number of
VGLUT3-positive vesicles at synapses. These unexpected findings challenge the
vision of a uniform distribution of synaptic vesicles at synapses. Therefore, the
overall activity of VGLUT3 is not proportional to the level of VGLUT3 expression.

These data will be key in interpreting the role of VGLUTs in human pathologies.
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