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1 Résumé en francais

La douleur est une expérience multi-dimensionnelle comprenant une composante
sensorielle et émotionnelle. Elle sert de signal d’alerte pour protéger 'organisme d’'une
menace potentielle ou réelle. Cependant, elle peut devenir pathologique, et lorsqu’elle
dure plus de 3 mois, on parle de douleur chronique. Ces douleurs chroniques peuvent
affecter jusqu'a 30% de la population mondiale et s’accompagner de comorbidités
telles que l'anxiété ou la dépression. Ces différents facteurs font des douleurs

chroniques un enjeu socio-économique majeur.

En condition physiologique, les stimulations nociceptives, potentiellement
dommageables a I'organisme, sont détectées par le systéeme nerveux périphérique.
Ces informations nociceptives vont étre intégrées une premiére fois dans la moelle
épiniére, puis remontées jusque dans les structures supra-spinales ou elles seront
intégrées et seront potentiellement traduites en une expérience douloureuse. Parmi
ces structures, on peut retrouver la substance grise périaqueducale ventrolatérale
(VIPAG), le thalamus, différents cortex, 'amygdale, etc. La douleur peut étre modulée
par de nombreux facteurs, et parmi eux, les neuropeptides jouent un réle important.
Par exemple, I'ocytocine peut diminuer la sensation douloureuse en agissant sur les
nocicepteurs de la peau ou des ganglions rachidiens, ou encore en inhibant les
neurones de la moelle épiniere. Il existe également des neuropeptides moins célebres,
comme la relaxine-3, qui font I'objet d’études préliminaires suggérant un role

antinociceptif.

Je me suis donc intéressé au cours de ma thése a l'effet de ces peptides dans le
contréle de la douleur. Mon projet principal était I'étude de I'effet de la relaxine-3 dans
'amygdale. Ce dernier ne s’étant pas révelé concluant, je me suis redirigé sur I'étude
de l'effet neuromodulateur de I'ocytocine, notamment au sein de la vIPAG, et de son
impact sur la douleur. Afin de faciliter la lecture, j’ai donc divisé I'écriture de ma thése
en deux parties principales, traitant chacune des deux projets sur lesquels jai pu

travailler.

La relaxine-3 est un peptide découvert au début des années 2000 faisant partie de la
famille des relaxines. Celles-ci sont composées de 51 acides aminé, possédent 2

chaines (A et B), et une séquence caractéristique ‘RXXXRXX(I/V) essentielle pour la
10



liaison a leurs récepteurs. La relaxine-3 est majoritairement synthétisée dans le
systeme nerveux central, et plus particulierement dans le Nucleus Incertus, une
structure du tronc cérébral située juste sous le 4°™¢ ventricule. Ce peptide agit
principalement au travers d’un récepteur : le récepteur de la famille des relaxines de
type 3 (RXFP3). Ce récepteur posséde 7 domaines transmembranaires et est couplé
a une protéine Gi. Comme tous les récepteurs couplés a une protéine G, I'activation
de RXFP3 va agir sur de nombreuses cascades intracellulaires, dont I'inhibition de
ladénylate cyclase, l'augmentation de ERK1/2 phosphorylés ou encore
I'hyperpolarisation de la membrane plasmique et donc I'inhibition de 'activité électrique
des neurones. RXFP3 est exprimé dans de nombreuses structures cérébrales, dont

'amygdale, ou des fibres relaxinergiques ont également été mises en évidence.

L’amygdale est une structure connue pour donner une valence émotionnelle a un
événement. Elle est composée de plusieurs noyaux et ceux étant principalement
impliqués dans le contrble des émotions sont I'amygdale basolatérale (BLA) et centrale
(CeA). Les informations sensorielles en provenance des cortex ou du thalamus sont
envoyés a la BLA qui les traitera et les redirigera vers la CeA qui les enverra vers
certaines structures du tronc cérébral par exemple pour produire une réponse
comportementale adaptée. Bien que la BLA et la CeA possédent une cytoarchitecture
différente, on retrouve dans ces deux structures des fibres relaxinergiques ainsi que
le récepteur RXFP3, majoritairement présent sur les interneurones exprimant la
somatostatine (SOM). Ainsi, 'équipe de Marc Landry a Bordeaux s’est intéressé a
I'effet de I'injection d’'un agoniste de RXFP3 dans la BLA de rongeurs. Ces rongeurs
ont au préalable regu une injection d’un adjuvant complet de Freund dans l'une des
pattes postérieures afin de déclencher une douleur inflammatoire. L’injection de
'agoniste est ensuite réalisée juste avant de faire des tests nociceptifs aux rongeurs.
L’équipe a ainsi pu observer que l'injection de I'agoniste entraine une ré-augmentation
transitoire du seuil nociceptif, qui est bloquée par linjection simultanée d'un
antagoniste a RXPF3. Il semblerait donc que I'activation de RXPF3 au sein de la BLA

induise un effet anti-nociceptif.
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Ainsi, 'objectif de ma thése était de caractériser I'effet de I'activation de RXFP3 au
sein de la BLA. Je me suis intéressé a l'effet sur I'activité électrique du réseau de
lamygdale et ai donc effectué des enregistrements électrophysiologiques
d’interneurones et de neurones de projection identifiés au préalable. Pour cela, jai
utilisé une lignée de souris transgénique ou jai pu faire exprimer la GFP dans les
neurones SOM de la BLA ou de la CeA afin de les identifier. La CeA étant la sortie
principale de 'amygdale, j'ai également identifié les neurones de la BLA projetant sur
la CeA par un tragage rétrograde. J'ai ainsi pu enregistré électrophysiologiquement
I'évolution de l'activité électrique de ces neurones en réponses a l'application des
agonistes de RXFP3. Je n’ai jamais pu observer de variation d’activité des neurones
de la BLA ou de la CeA aprés applications de ces agonistes. L'ensemble des
approches et des protocoles utilisés n'ont pas permis de mettre en évidence un effet
significatif de la relaxine-3 sur le fonctionnement du réseau neuronal amygdalien. Nous
avons décidé, aprés 2 années sur ce projet, de tester un autre neuropeptide, dont les

effets sur la perception douloureuse sont avérés.

Pour cela, jai participé a un projet étudiant I'effet de l'ocytocine sur la douleur.
L’ocytocine (OT) est un nonapeptide hypothalamique, agissant sur un récepteur
couplé a des protéine G (OTR), principalement décrit dans le systéme nerveux central
pour étre couplé a une protéine Gq et induire une augmentation de I'activité électrique
des neurones. L'OT est impliqguée dans de nombreuses fonctions, allant de
'accouchement au comportement maternel, et 'une de ses fonctions est la modulation
de la douleur. De précédentes études ont montré que I'OT peut, suite a sa libération
dans le sang, agir sur les nocicepteurs dans les ganglions rachidiens ou la peau. Elle
peut également étre libérée dans la moelle épiniére pour inhiber les neurones
sensoriels de cette derniére. Des OTRs ont également été retrouvés dans l'une des
structures principales des controles descendants de la douleur : la VIPAG. Nous nous
sommes donc demandé si l'ocytocine pouvait également moduler la douleur

indirectement en agissant sur des structures des contrdles descendants.

Tout d’abord, en collaboration avec I'équipe de Valery Grinevich a Mannheim, nous

avons développé une lignée de rats exprimant la Cre recombinase sous le contrdle du

promoteur de 'OTR. Cet outil nous as permis de faire exprimer la GFP par les cellules

exprimant les OTR afin de les identifier et d’enregistrer leur activité
12



électrophysiologique. Ainsi, nous avons pu montrer que ces neurones de la VIPAG
réagissent a l'application d’agoniste de 'OTR. Ensuite, nous avons réalisé des
expériences de tragages et avons observeé la présence de fibres ocytocinergiques en
provenance de I'hypothalamus a proximité des neurones de la VIPAG exprimant 'OTR.
Grace a l'utilisation d’'un OTR modifié permettant de détecter 'OT, nous avons montré
que la stimulation optogénétique de ces fibres permettait la libération d’'OT dans la
VIPAG. De plus, nous avons montré en électrophysiologie in vivo que cette stimulation
augmentait I'activité d’'un quart des neurones de la VIPAG et diminuait I'activité des
neurones de la moelle épiniére. Enfin, a l'aide de tests nociceptifs chez les rats, nous
avons montré que la stimulation des fibres ocytocinergiques dans la vIPAG entraine
un effet anti-nociceptif réversible chez des animaux femelles et males souffrant de
douleur inflammatoire. Ma contribution s’est principalement faite sur ['utilisation du
senseur d’'OT. En paralléle, jai également réalisé la caractérisation pharmacologique
ex vivo de ce récepteur en testant plusieurs doses de I'agoniste de 'OTR, ainsi que

de la spécificité de réponse de ce récepteur.

Cette étude a ainsi permis de mettre en évidence une nouvelle population de neurones
ocytocinergiques hypothalamiques qui, par l'intermédiaire de la VIPAG, peuvent

moduler les seuils nociceptifs chez le rongeur.

Mes travaux de thése ont ainsi permis dans un premier temps de montrer que
I'application d’agonistes a RXFP3 ne permet pas de modifier I'activité électrique des
réseaux neuronaux de 'amygdale basolatérale et centrale chez des souris naives.
Dans un deuxieme temps, ces travaux ont mis en lumiére une nouvelle voie
anatomique ou des neurones ocytocinergiques hypothalamiques activent des
neurones de la vVIPAG, eux-mémes inhibant des neurones de la moelle épiniére afin
de moduler les seuils nociceptifs chez les rats femelles et males. De plus, la mise en
place et la caractérisation du senseur a 'OT permettra pour des études en cours et
futures d’évaluer avec plus de précision la libération d’ocytocine lors de
comportements ou apres stimulation des fibres hypothalamiques.
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2 Introduction

2.1 Pain

2.1.1 Definition

The International Association for the Study of Pain (IASP) defines pain as “An
unpleasant sensory and emotional experience associated with, or resembling that
associated with, actual or potential tissue damage” (“Terminology | International
Association for the Study of Pain,” n.d.). It results from the conscious interpretation of
the nociceptive information that comes from the detection of stimuli potentially noxious
for the organism’s integrity. Pain can be characterized by two major dimensions (Talbot
et al., 2019):

- the ‘sensory’ dimension, which refers to the spatio-temporal characteristics of
the pain,

- the ‘affective’ dimension, which refers to the motivation to take protective action.

Pain’s classification can also depends on its duration. While acute pain is physiological
and acts as a warning system for the body, chronic pain persists beyond normal tissue
healing time (in humans, the pain has to last more than 3 months) and is a condition
in itself despite often taking place because of an injury or a disease (Mills et al., 2019;
Orr et al., 2017). In the world, an estimated 20% of the population suffers from chronic
pain (Treede et al., 2015), and this number goes up to 30% in France (Chenaf et al.,
2018). This results in an enormous economic cost reaching dozens of billions of euros

every year for many European countries (Breivik et al., 2013).

2.1.2 Physiology of pain

2.1.2.1 The nociceptors
Pain arises from the conscious interpretation of nociception, which is defined by the
IASP as ‘the neural process of encoding noxious stimuli’ (“Terminology | International
Association for the Study of Pain,” n.d.). It refers to the detection of noxious stimuli by
pseudo-unipolar neurons specialized for carrying nociceptive information, more
commonly called ‘nociceptors’. Their cell bodies are located either in trigeminal ganglia
for the nociceptors of the face, or in the dorsal root ganglia for the nociceptors

innervating the rest of the body (Figure 1).
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Their axons extend into the peripheral nervous system and terminate by forming the
receptive fields (Figure 1). Some are external (skin, corneas, or mucosa), while the
others are internal (muscles, joints, bladder, visceral organs, or intestinal tract). These
nociceptors are classified depending on the nociceptive modality they detect: thermal,

mechanical, chemical and polymodal (Raja et al., 1988; Robinson and Gebhart, 2008).

Once detected, the information then travels through two types of fibers: the Ad and C
fibers. The former are myelinated axons that carry action potentials at a speed of about
20 meters/second, whereas the latter are lightly- or non-myelinated axons and thus
conduct action potentials much slower at a speed of about 2 meters/second (Figure 1).
Because of these properties, pain comes in two phases. The first one is mediated by
the fast Ad fibers and is associated with an initial extremely sharp pain. The second
comes with the C fibers (often polymodal) and is more prolonged, but less intense than
the first phase (Principles Of Neural Science, Fifth KANDEL, n.d.).

Dorsal root

Unmyelinated / ganglion
C fiber

Myelinated
Ad fiber
I Receptive
' fields

Spinal cord /

(half-section)

Figure 1 Schematic representation of the two main nociceptors for the detection of pain and
their fibers for the transmission of the information from where the noxious stimulus arouse to
the dorsal horn of the spinal cord.

2.1.2.2 Spinal cord integration
These primary afferent fibers project in the spinal cord, which is the first integration
center of the nociceptive information. More specifically, they mainly contact the
neurons of the superficial layers of the dorsal horn (Figure 1). There, they make
synapses with the second order neurons. These synapses are systematically
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glutamatergic, making them excitatory, and the C fibers release neuropeptides as co-
transmitters, including substance P, calcitonin gene-related peptide, somatostatin and
galanin (Principles Of Neural Science, Fifth KANDEL, n.d.). The second order neurons
can be interneurons (either excitatory or inhibitory), or projection neurons (Bell, 2018).
Some of those second order neurons have a specificity: if there is a massive or
continuous input to the C fibers, a phenomenon called ‘wind-up’ can occur, which is
associated with an increased sensitivity to pain. This phenomenon can be measured
in specific neurons of the spinal cord: the wide dynamic range (WDR) neurons.
Compared to other neurons conducting the nociceptive information, WDR neurons’
response intensity is proportional to the stimulus intensity. This phenomenon has
positive aspects since it allows synapses plasticity, but it also has a dark side. Indeed,
if this over-excitation becomes pathological, it can then result in chronic pain (West et
al., 2015).

2.1.2.3 Projection to the supraspinal centers
After the integration of the nociceptive message in the spinal cord, projection neurons
send their axon to supraspinal structures via five major ascending pathways: the
spinothalamic, the spinoreticular, the spinomesencephalic, the cervicothalamic and the
spinohypothalamic tracts (Figure 2) (Millan, 1999).

- The spinothalamic tract is a direct pathway toward the thalamus, which then
redirects the information to the somatosensory primary cortex, but also toward
other structures such as the periaqueductal gray (PAG). This tract is essential
for the sensory component of pain (i.e. the localization and evaluation of the
stimulus intensity) (Figure 2A).

- The spinoreticular tract projects to the thalamus by making a relay in the
reticular formation. Once in the thalamus, the information is redirected similarly
as in the spinothalamic tract (Figure 2B).

- The spinomesencephalic (or spinoparabrachial) tract projects to the reticular
formation and the PAG but also to the parabrachial nucleus. Since the latter
then projects to the amygdala, this tract is therefore thought to contribute to the
affective component of pain (Figure 2C).

- The cervicothalamic tract’s main feature is that it runs in the upper two cervical

segments and project mainly to the thalamus or in the medulla.
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- The spinohypothalamic tract projects to the hypothalamic nuclei to control the
autonomic responses that accompany the pain such as neuroendocrine and

cardiovascular responses.

B

Brain

Midbrain

Spinal cord

Spinothalamic tract Spinoreticular tract Spinomesencephalic tract

Figure 2 Representation of three out of the five main ascending pathways carrying the nociceptive information
from the spinal cord to the supraspinal center. A. The spinothalamic tract. B. The spinoreticular tract. C. The
spinomesencephalic tract.
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2.1.2.4 Descending control of pain
Once integrated in the different supra-spinal structures, the pain sensation is there. But
in some situations,
for the sake of
survival, the -

organism will either

facilitate or inhibit
the pain sensation. @
This is called the -

deSC?nding controls Rostral +Caudal \\E
of pain, and, as one Ventral

might have Figure 3 Brain map of the main supraspinal structures involved in the
. descending control of pain. Amy: amygdala;, HPC: hippocampus; Hyp:
guessed, it can be hypothalamus; LC: locus cceruleus; PAG: periaqueductal gray; PBN:
either facilitatory or parabrachial nucleus; RVM: rostral ventromedial medulla.

inhibitory. These pathways are initiated in a multitude of supraspinal structures such
as the cortex, the amygdala, the hippocampus, the hypothalamus, the parabrachial
nucleus, the nucleus of the solitary tract, the rostro-ventromedial medulla, the locus
coeruleus or the PAG (Figure 3). The descending controls are very diverse so | will
only detail the pathways implicating the amygdala and/or the PAG; but see (Millan,

2002) for a more complete review.

2.1.2.5 The amygdala in pain

The amygdala is a complex of nuclei that

o . ' | f o N
lies in the intern part of the temporal lobe ‘
‘ ‘ \ J

of the brain (Figure 4). This structure is ' |

mainly known for being the emotions
headquarter. More specifically, it gives an

Dorsal

emotional valence to an event (Veinante Lateral «—{—> Meclal

et al., 2013). Amongst amygdala circuits,

the champion for emotional processing is

the basal-to-central amygdala pathway. In

a simplistic view, the basal amygdala (BA) Figure 4 Organisation of the amygdala. Upper
panel: coronal slice of the amygdala. Lower
panel: position of the intercalated cell mass

pre-processed by the cortex, the (ICM), lateral (LA), basal (BA) and central
amygdala (CeA).

receives the sensory information already
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thalamus, the lateral
Cortex,

amygdala etc. These Thalamus, f BA A ICM

. . Lateral amygdala,

information are then

conveyed either directly to CeA

the central amygdala

(CeA), or indirectly through e ° %/_\é —> PAG

the intercalated cell-mass

(they are cells between the & v,

BA and CeA on which the K ¢ GABAergic neurons

Glutamatergic neurons

BA can project to exert a Parabrachial nucleus

feedforward inhibition on
Figure 5 Schematic representation of the amygdala circuit involved in

the CeA neurons). The CeA pain processing. BA: basal amygdala; CeA: central amygdala,
. ICM: intercalated cell-mass; PAG: periaqueductal gray.

will  then contact sub-
cortical structures to produce an adapted behavior (Figure 5) (Janak and Tye, 2015;

Veinante et al., 2013).

Regarding pain processing, the CeA receives nociceptive information directly from the
spinomesencephalic tract (through the parabrachial nucleus) and indirectly from
thalamic and cortical areas through the BA. The BA is in charge of associating an
emotional value to the sensory inputs and transmit it to the CeA (Thompson and
Neugebauer, 2017). On the other hand, the lateral part of the CeA (Cel) responds
exclusively to noxious stimuli, earning the name of ‘nociceptive amygdala’. Overall,
under pain situations, there is a hyperexcitability in the amygdala. Behaviorally,
increasing the amygdala outputs elicits pain behaviors, whereas decreasing them

inhibits them (Neugebauer et al., 2020; Thompson and Neugebauer, 2017).

One of the structures on which the amygdala project to control the pain-related

behaviors is the PAG, one of the pillars of the descending control of pain.

2.1.2.6 The periaqueductal gray in pain
The periaqueductal gray is the gray matter surrounding the aqueduct of Sylvius, which
extends rostro-caudally from the level of the posterior commissure all the way to the
locus coeruleus (Figure 6). The PAG is the climax of neuroscientific cooperation. Not

only did they name it for what it literally is, but they also subdivided the structure
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depending on the
organization of the cell types

consistently between the

different species! However,

even the best fairy tales have
their flaws: subdivisions on

the dorsoventral axis has not

always been clearly

. . MPAG Dorsal
described and consistent ; ,
~ A Lateral Medial
between species. Therefore, ~ Adueduct ===t/ -
of Sylvius - Ventral

| will only describe it in rats,
which is the model we used.
The PAG is divided in three Figure 6 Organisation of the periaqueductal gray (PAG). Upper
main  subdivisions: the panel: coronal slice of the PAG. Lower panel: subdivisions of the

. L. PAG. dPAG: dorsal PAG; dIPAG: dorsolateral PAG;
medial  PAG  containing ,,pAG: medial PAG: VIPAG: ventrolateral PAG.

small and elongated cell

bodies, the dorsal PAG with medium and spherical cell bodies, and the lateral PAG
composed by large and spherical cell bodies. The latter has been further divided into
the dorsolateral PAG and the ventrolateral PAG (vIPAG) using the density and
orientation of the cell bodies (Beitz, 1985; Menant et al., 2016). The PAG is involved
in different physiological processes such as stress, cardiovascular control, lactation,

feeding and pain (Bagley and Ingram, 2020).

The first report of pain modulation by the PAG goes back to 1969 in a study where the
electrical stimulation of the PAG produced a profound antinociception (i.e. a decrease
in nociceptive-like behaviors) in male rats (Reynolds, 1969). The PAG, and more
specifically the vIPAG, is also the most effective site in the midbrain for opiate
microinjection- and stimulation-produced antinociception (Fields and Basbaum, 1978).
This antinociception is naloxone-sensitive, indicating that this effect is mediated by
endogenous opioid release (Bagley and Ingram, 2020). However, retrograde tracing
from the spinal cord shows massive projecting neurons throughout the brainstem but
not in the PAG (Fields and Basbaum, 1978). This is because the antinociception
triggered by PAG stimulation is mediated by neurons projecting to the rostral

ventromedial medulla (RVM), the predominant output of the descending control of pain
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to the spinal cord. In the RVM, there are OFF- and ON-
neurons (Figure 7). Their names come from their
electrophysiological activity during a nociceptive behavior,
as OFF-neurons have a reduced activity, while the ON have
an increased activity in response to a noxious input (Martins
and Tavares, 2017). RVM GABAergic neurons then project
onto interneurons of the spinal cord, thus inhibiting them on
normal conditions, giving free space for the fibers to transmit

the nociceptive information.

Figure 7 Schematic representation of the PAG neurons
projecting to the ON- and OFF-neurons of the RVM.
PAG: Periaqueductal gray; RVM: Rostral ventromedial medulla.

2.1.3  Pain study in rodents

Most (if not all) of those studies on pain use animals as a model to study pain. More
specifically, rodents are the most common animals used in laboratories (Council of the
European Union). One could legitimately ask if studying pain in rodents is not somehow
suspicious, as asking a mouse or a rat to rate the pain it feels is not an easy task.
However, the inability to express about the pain in human language does not mean it
is inexistent. As a result, | will for now on talk of antinociception, which is the decrease
of a pain-like behavior in rodents. One way to overcome this lack of understanding
between humans and rodents is the use of stimulus-dependent nociceptive tests.

Although only indicating about nociception, these tests can assess different modalities

of pain: mechanical, thermal and chemical.
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Figure 8 Schematic representation of tests used for the evaluation of the nociceptive
behaviours for the three modalities. A. Mechanical tests: A1. Von Frey filaments; A2.
Calibrated forceps. B. Thermal tests: B1. Tail-flick test; B2. Hot-plate test; B3. Radiant heat

paw-withdrawal test. C. Chemical test: acetone test.
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2.1.3.1 Mechanical tests

Mechanical nociceptive tests rely on a mechanical threshold necessary to elicit an
avoidance behavior. The most famous one is the Von Frey filaments test, as it is the
only one that can be used in both rats and mice, and it is derived from a clinical
procedure. The concept is simple, plastic filaments of various diameter are applied on
the plantar surface of the paw (usually) to exert a calibrated pressure (Figure 8A1).
The animal response is usually the paw withdrawal, and the filament used to elicit it
gives the value of the mechanical sensitivity threshold in grams. The main drawback
of this test is that the results largely depend on the user (Barrot, 2012; Kremer et al.,
2021). In addition, even if it is technically usable on rats, this test is almost only used
for mice. Indeed, the other two alternatives cannot be used for mice and are preferably
used in rats because their drawback are not as unsettling. First, in the Randall-Selitto,
the hind paw of the rat is placed between a fixed and a mobile element to exert a
controlled pressure until the appearance of a given behavior (paw withdrawal,
struggling or a vocalization). In this test, the rat is restrained in a non-natural position
to maintain the paw on the apparatus, and thus requires a strong behavioral expertise
(Barrot, 2012). Another test, which is easier to use, is the calibrated forceps. The
concept is the same but here the rat is loosely restrained on a bench while the
mechanical nociceptive threshold is evaluated by applying an increasing pressure on
its paw using forceps (Figure 8A2). Compared to the Randall-Selitto test, this one is
much less stressful, but is more user-dependent as the pressure increment is not
automated (Barrot, 2012; Luis-Delgado et al., 2006).

2.1.3.2 Thermal tests
There are two types of thermal nociceptive tests. First, the ones that are based on a
fixed stimulus to measure the latency for an avoidance behavior. Here, we find the tail
flick test, the hot- or cold-plate tests, and the radiant heat paw-withdrawal test (also
called the Hargreaves test) (Figure 8B) (Barrot, 2012; Kremer et al., 2021). For all
these tests, either the tail or the paws are in contact of warm or cold temperatures until
the wanted behavior is observed (i.e. tail flick reflex, licking of the paw, efc.). Another
set of tests are based on the measurements of a threshold. For that, dynamic hot- or
cold-plates, or the acetone test are used. The formers work with a ramp of temperature,
whereas the acetone test works by applying a drop of acetone, which, upon

evaporation, produces a cold stimulus usually not detected by naive animals. These
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ramps allow for the detection of the stimulus going from ‘non-nociceptive’ to

‘nociceptive’, thus indicative of a hypersensitivity (Barrot, 2012; Kremer et al., 2021).

2.1.3.3 Chemical tests
Despite multiple irritating chemical agents usable as nociceptive stimuli, the formalin
test is by far the most used procedure. The idea here is to inject intradermally a formalin
solution to induce a transient inflammation of the tissue, which results in quantifiable
behavioral responses such as withdrawal, licking, biting or shaking of the paw
(Figure 8C). These reactions can then be scored to estimate the intensity of pain
(Barrot, 2012).

2.1.3.4 Animal models of pain
The common lines used in rodent studies do not develop spontaneous pain. As a
result, it was important to develop models to mimic pain found in humans. For example,
after tissue damage implicating the immune system, this system releases inflammatory
mediators that activate and sensitize the nociceptive system. This so-called
“‘inflammatory pain” can be induced by injecting the complete Freund’s adjuvant (CFA)
where one wants to develop a local inflammatory pain. The CFA is a suspension of
inactive Mycobacterium tuberculosis. Similar to pacifist protestors that will trigger the
police’s violence, those bacteria will activate the immune system. The resulting
inflammation will induce a hypersensitivity, decreasing the mechanical and thermal

nociceptive thresholds that will last for several weeks (Noh et al., 2021).

Another type of pain results from a lesion or a disease affecting the somatosensory
system, which triggers a pain named neuropathic pain. This time, the models are
usually traumatic and based on the lesion or constriction of the sciatic nerve. The most
used ones are the chronic constriction injury (CCIl) and the spared nerve injury (SNI).
The CCI consists of three or four ligatures around the main branch of the sciatic nerve
(Bennett and Xie, 1988). The SNl is less delicate as it consists of sectioning two of the
three branches of the sciatic nerve (Decosterd and Woolf, 2000). Again, this results in
a decrease in mechanical and thermal thresholds on the paw of the constricted or

injured sciatic nerve.

24



25



2.2The relaxin-3 system

Pain is modulated at every step of its processing by a large range of neurochemicals,
including neuropeptides. One of the neuropeptides of interest in the study of pain is

the relaxin-3.

2.2.1 The relaxin family
Relaxin-3 is a member of a peptide superfamily, which also includes relaxin-1 and -2
and insulin-like peptide (INSL) -3, -4, -5, -6. These peptides are about 5 kDa and
consist of two chains, A and B, with three disulfide bonds (Figure 9) (Ma et al., 2017).
For the sake of simplicity, | will not describe the INSL peptides in this manuscript, and

| will focus on the relaxin, and more importantly on the relaxin-3 peptide.

The relaxin peptides characterization is messy; | will try
? to give a proper explanation. In 1926, Dr. Frederick

Hisaw discovered a peptide that he will later call relaxin

N b

4 in 1930 (Fevold et al., 1930; Hisaw, 1926). Much later,

.‘6"\ g “‘s in 1983 and 1984, two genes were identified in humans:
@ the RLN1 and RLNZ2 gene, which respectively encode

' the relaxin-1 and relaxin-2 (Hudson et al., 1984, 1983).

But, which of the two is the one described by Dr. Hisaw

Figure 9 3D representation of
the relaxin peptide. In red: the you may ask? It is the relaxin-2, and it is largely found in

B chain. In yellow/orange: the A

chain. the animal kingdom. The RLN7 and RLNZ2 gene are only
found in primates, whereas in other mammals, only the

relaxin-2 is present (and is called relaxin) and its encoding gene has cleverly been

called RLN1 (which is different from the RLN1 gene in primates). Luckily for us, it is

much easier for the relaxin-3. Its encoding gene (called RLN3) has been sequenced in

2002 in humans and in mice (Bathgate et al., 2002). It is, for now, the last described

member of the family.

The relaxin family genes have a similar structure with two exons separated by one
intron. Based on the sequences found in the human, mouse or rat databases, it has
been supposed that the gene would code for a pre-pro-peptide composed of a signal
peptide, a B-chain, a C-chain and an A-chain (Bathgate et al., 2002; Burazin et al.,
2002). They also hypothesized the cleavage sites of the signal peptide and the C-chain

to give the mature relaxin composed of the two chains A and B. Within the B-chain, all
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the relaxin contain a characteristic sequence ‘RXXXRXX(I/V) essential for binding
their cognate receptors (with, R = Arginine, X = variable amino acid, | = Isoleucin, and
V = valine)(Bullesbach and Schwabe, 2000). The A-chain sequence of the relaxin is
more heterogenous: besides the cysteine residues, only one amino acid is highly
conserved (Bullesbach and Schwabe, 1994). However, the A-chain is also important
in the peptide binding. Indeed, its truncation in the human relaxin-2 leads to a loss of
ability for the peptide to bind to and activate its receptors (Hossain et al., 2008).

After almost one page talking about these relaxin peptides, you may wonder: how does
this relaxin relax? And as a proper scientific student, | will answer: it depends. In fact,
it mainly depends on which relaxin we are talking about. Indeed, Dr. F. Hisaw named
it that way because he discovered it while studying the reproductive endocrinology of
rodents. More precisely, he injected the serum of pregnant guinea pigs or rabbit in
virgin females and observed the relaxation of their pubic ligaments (Hisaw, 1926). And
this is how the relaxing story ends already. If we go back to our different relaxin, in
human, no relaxin-1 peptide has been isolated yet, despite the RLN71 gene being the
first human relaxin gene to be cloned (Hudson et al., 1983). As a result, its
physiological function has yet to be discovered. On the other hand, the relaxin-2 is
produced in the corpus luteum of the ovary and circulate in the blood during pregnancy,
while in male it is produced by the prostate. The RLN2 mRNA is also found in other
places such as the endometrium, decidua, placenta and the mammary glands. Overall,
the relaxin-2 plays a role mainly in the reproductive physiology of both males and
females (Bathgate et al., 2013). For the relaxin-3, its only link with any kind of physical
relaxation is by resembling relaxin-2. Indeed, this peptide is predominantly found in the

brain and is not involved in reproduction (see Relaxin-3: synthesis, distribution and

function for more details on the relaxin-3 known functions). To exert their effects, the
relaxin peptides act through different receptors.
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2.2.2 The relaxin receptors

There are four different
relaxin/insulin-like family
peptide receptors (RXFP):
RXFP1, RXFP2, RXFP3 and
RXFP4. They are all G

protein-coupled receptor,

Extracellular

which main characteristics

are their seven

Intracellular

transmembrane domains. We
can distinguish RXFP1/2 from
RXFP3/4 based on their
structure: while the latter

RXFP3/4 RXFP1/2

Figure 10 3D representation of the relaxin receptors, with the
atypical large extracellular domain of RXFP1/2.

have a typical G protein-coupled receptor (GPCR) kind of structure, the former have a
unique structure among them. Indeed, RXFP1 and RXFP2 have a large extracellular
domain containing a ten leucine-rich repeats and a unique N-terminal module
(Figure 10) (Hsu et al., 2002). Both of them are Gs-coupled receptors (Bathgate et al.,
2013). RXFP1 is the cognate receptor for the relaxin-2. In accordance with its peptide
functions, RXFP1 is expressed in the reproductive tissues, but also in a variety of
peripheral organs. It can also be found in many brain structures, such as the olfactory
bulbs, the cortex, the thalamus, the hypothalamus or the amygdala (Ma et al., 2006).
On the other hand, RXFP2 is the cognate receptor for INSL-3 and is expressed in some

peripheral organs, but not in the brain.

RXFP3 and RXFP4 do not have any structural specificities (Figure 10), although they
belong to a subgroup of family A GPCR (Hsu et al., 2005). Originally, it was thought
that both receptors were the cognate receptors for relaxin-3 as it was the only tested
peptide that could bind to them (Liu et al., 2003b, 2003a). However, the expression
pattern matched only between relaxin-3 and RXFP3. Indeed, while RXFP3 is
predominantly expressed in the brain (Liu et al., 2003b), RXFP4 is mainly found in the
gut and other peripheral organs (Liu et al., 2003a), and some expression can be found
in the ventromedial hypothalamus and the vagal nerve (Hechter et al., 2022; Lewis et
al., 2022). Indeed, Liu and colleagues showed in 2005 that the actual cognate ligand
to RXFP4 is INSL-5 as it has the same affinity than relaxin-3 with an expression pattern
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that matches RXFP4’s (Liu et al., 2005b; Liu and Lovenberg, 2008). Interestingly,
INSL-5 can also bind RXFP3 with a largely higher affinity, but it cannot activate it (Liu
et al., 2005b).

It is worthy to note that relaxin-3 can also bind to RXFP1 with a lower affinity than
relaxin-2 (Liu et al., 2005b), to the rat RXFP2 (Scott et al., 2005) but not the human
RXFP2 (Sudo et al., 2003), or to RXFP4 (Liu et al., 2005b). However, only the relaxin-
3 has been demonstrated to activate RXFP3 (Bathgate et al., 2013) (Table 1).

RXFP1 RXFP2 RXFP3 RXFP4 References
0.4 nM; Liu et al., 2005b;
Relaxin-3 2nM Inactive 1 nM
16.5 nM Shabanpoor et al., 2012
Relaxin-2 0.2nM 1.5 nM Inactive | Inactive Liu et al., 2005b
R3/15 412 nM Inactive | 0.45nM | 0.91 nM Liu et al., 2005a

Agoniste A2 | >10,000 nM n.d 13.5nM | 79.4 nM Shabanpoor et al., 2012
R3(BA23-
27)R/I5

Inactive n.d 0.67 nM | 2.29 nM Kuei et al., 2007

Haugaard-Kedstrom et al.,
2011
Table 1 Affinity of the different agonists and antagonists for the relaxin receptors.

2.2.3 RXFP3
The discovery of RXFP3 dates back to the first year of this century (2000 for anyone

R3 B1-22R Inactive n.d 36.3 nM | Inactive

reading this after the year 2100). It was first named somatostatin- and angiotensin-like
peptide receptor, due to, as you might have guessed, its high amino acid similarity to
somatostatin and angiotensin receptors (not all scientists are creative when it comes
to naming things) (Matsumoto et al., 2000). Because it was an orphan GPCR, it was
then renamed in GPCR135 (yup, still lacking some personality) (Liu et al., 2003b). At
this time all the relaxin receptors were named differently: LGR7, LGR8, GPCR135 and
GPCR142 (1,2,3 and 4 respectively). In 2006, Bathgate and colleagues proposed a
nomenclature to unite all the receptors of the relaxin family under the same name:
RXFP (Bathgate et al., 2006a).

As previously said, relaxin-3 can bind to most of the RXFPs (if not all depending on the
species). Although, RXFP3 is considered the native receptor, first because only
relaxin-3 can bind and activate it with a high affinity (Bathgate et al., 2006b) (Table 1),
then because the genes for the peptide and the receptors are conserved
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phylogenetically (Hsu et al., 2005; Wilkinson et al., 2005). In addition, relaxin-3 and
RXFP3 are found in the same regions in the brain (Bathgate et al., 2013).

RXFP3 is activated by relaxin-3 at nanomolar concentrations. The B-chain, but not the
A-chain, of the peptide can also bind to and activate RXFP3 with a lower affinity than
the full peptide (Liu et al., 2003b). This suggests that the relaxin-3’s B-chain is essential
for the peptide binding and the receptor activation, while the A-chain increases the

affinity of the ligand-receptor interaction.

2.2.3.1 Intracellular signaling
Being Gain-coupled, the activation of the receptor triggers multiple intracellular
pathways, but | will only detail a few of them here (Figure 11); see (Bathgate et al.,
2013; Kocan et al., 2014) for more details.

\ - Relaxin-3

M-like current
channel

B-arrestin Active
B—arrestin cy(]ase

Adenylyl

Figure 11 Some intracellular pathways triggered by the activation of RXFP3. The dashed line represent a
effect for which we do not know which subunit of the G protein is involved in. — represent an activation
and — represent an inhibition.
The most classical and known one is the inhibition of the adenylyl cyclase by the a-
subunit of the G protein. This subsequently blocks cAMP accumulation in the cell
(Figure 11) (Liu et al., 2003b).

RXFP3 also activates AP-1-linked reporter genes, but this time, the pathway implicated
is not as clear. Indeed, depending on the cell line used, the MAPK signaling pathways

stimulating this activation are not the same (Van Der Westhuizen et al., 2010).

30



More recently, a study showed that RXFP3 activation on magnocellular secretory cells
of the hypothalamus induces inhibition of their electrical activity mediated by activation
of M-like current, which is a K* current involved in the regulation of membrane
excitability (Figure 11) (Kania et al., 2020). However, this effect has not been tested
when pre-treated with pertussis toxin, thus we cannot conclude whether this effect

happens downstream of Gain activation.

Finally, radioligand internalization assays showed that RXFP3 is internalized 10
minutes after being stimulated with human relaxin-3 (Van Der Westhuizen et al., 2010).
In addition, Kocan and colleagues showed using BRET studies that this internalization
occurs via an interaction with B-arrestin. When pre-treated with pertussis toxin, only
about 50% of these interactions are prevented, suggesting that it is not only mediated

by Giw signaling (Kocan et al., 2014).

2.2.3.2 Relaxin-3/RXFP3 interaction’s specificity

| previously said that only relaxin-3 can activate and bind to RXFP3 with a high affinity,
but it is not entirely true. There is a concept called ligand-directed signaling bias that
describe the fact that some ligands binding results in selective activation of
downstream signal transduction pathways (Bathgate et al., 2013). This means that one
ligand triggers a specific signaling pathway over another. This is what happened for
RXFP3 when the first study established the idea that only relaxin-3 could interact with
RXFP3. Indeed, they ‘only’ studied the different peptides selectivity in binding and
adenylyl cyclase assays, but they have not explored the potential cross-reactivity with
other relaxin peptides over other signal transduction pathways (Liu et al., 2003b). In
the studies of Van der Westhuizen and colleagues, they showed that the human
relaxin-2 can activate RXFP3 and trigger small changes in the extracellular
acidification rate (Van Der Westhuizen et al., 2005). They also showed that it can have
stronger effects on RXFP3 than relaxin-3 itself, as shown by the increased activation
of AP-1-linked reporter gene (Van Der Westhuizen et al., 2010).

2.2.3.3 RXFP3 (ant)agonist development
As previously said, relaxin-3 is not as faithful to RXFP3 as it pretends to. Indeed,
relaxin-3 can bind to RXFP1 (Bathgate et al., 2002), to the rat RXFP2 (Scott et al.,
2005), and to RXFP4 (Liu et al., 2005b). This complicates the study of the effect of
RXFP3 activation, as using the human relaxin-3 for example will not allow the
distinction between the receptors. Selective agonists and antagonists have thus been
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developed. First is the agonist R3/I5, a combination of the human relaxin-3 B-chain
with the human INSL-5 A-chain. This agonist has a similar affinity for and activates
RXFP3 the same way the human relaxin-3 does (Table 1). This agonist also has the
same properties for RXFP4 but not for RXFP1, for which it has a low affinity (Table 1).
This is an important point for the study of relaxin-3 in the brain since RXFP4 is not
present in the brain, but RXFP1 massively is (Liu et al., 2005a). However, this agonist
does not have a complete selectivity for RXFP3 over RXFP1. This is why Shabanpoor
and colleagues developed a new agonist by removing the intra-A-chain disulphide
bond and deleting 10 residues from the A-chain. This agonist called A2 binds to and
activates RXFP3 the same way relaxin-3 and R3/I5 do but does not bind to RXFP1
(Shabanpoor et al., 2012) (Table 1).

As we can never test if a molecule is specific to one receptor over all the other existing
receptors, specific antagonists also need to be developed. That is how the antagonist
R3(BA23-27)R/15, consisting of the INSL-5 A-chain and a modified relaxin-3 B-chain
with a replacement of a glycine to an arginine and a truncation at the C-terminus came
to existence. This antagonist has a high affinity binding for RXFP3, similar to relaxin-3
but does not bind to RXFP1 (Table 1). In addition, it antagonizes relaxin-3 effect on
RXFP3 but not RXFP1 in a dose-dependent manner (Kuei et al., 2007). Later, another
antagonist has been synthesized and named R3 B1-22R because it uses the truncated
chain of the previous antagonist, with a replacement of the native cysteine by a serine.
This antagonist has the same properties but, by being a single-chain 44 residues
smaller, is more convenient to produce (Haugaard-Kedstrom et al., 2011) (Table 1).
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2.2.3.4 RXFP3 activation and neuronal electric activity

Despite dreaming of fame
and money, the relaxin-3
peptide is not as notorious
as its expectations. As a
result, only a unique team of
brave scientists adventured
themselves in studying the
electrophysiological effect
of RFP3 activation. They
started off by showing that
thalamic neurons

expressing neuropeptide Y
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Figure 12 Representative electrophysiological recordings of
neuronal activity following the application of RXFP3 agonists (R3/I5
and A2) and in presence of the antagonist R3 B1-22R. Top traces
comes from (Blasiak et al., 2013) and bottom one comes from (Kania
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R3/15 by a hyperpolarization and a decrease in action potential firing (Figure 12),
whereas the neuropeptide Y-negative neurons respond either by a hyperpolarization
or a depolarization (Blasiak et al., 2013). Later, using this time the A2 agonist, they
showed in the paraventricular nucleus of the hypothalamus (PVN) that neurons are
inhibited following RXFP3 activation (Figure 12). This inhibition is blocked by the
application of the antagonist R3 B1-22R, confirming the involvement of RXFP3 (Kania
et al., 2017).

2.2.3.5 Distribution

Expression of RXFP3 is predominant in the central nervous system. Some expression
of mMRNA can be found in peripheral human tissues such as the adrenal gland, testis,
salivary gland and pancreas (Liu et al., 2003b; Matsumoto et al., 2000). In the human
brain, RXFP3 mRNA is found in the amygdala, the caudate nucleus, the hippocampus,
the corpus callosum, the substantia nigra, the spinal cord and the pituitary gland. In
the rodent, RXFP3 mRNA and binding sites are found in an extensive number of
structures including the amygdala, hypothalamus, septum, hippocampus efc.
(Figure 13) (for the detailed table in mice, see (Sutton et al., 2004); for the rats, see
(Smith et al., 2010)).
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Figure 13 Distribution map of relaxin/RXFP1 and relaxin-3/RXFP3 sites in the rat brain. AHI:
amygdalohippocampal area; Amy: amygdala; AON: anterior olfactory nucleus; APT: anterior pretectal
nucleus; Arc: arcuate nucleus; BST: bed nucleus of stria terminalis; CM: central medial thalamix nucleus;
Cx: cerebral cortex; DBB: diagonal band of Broca;, DG: dentate gyrus;, DMH: dorsomedial nucleus of
hypothalamus; DR: dorsal raphe nucleus; DTg: dorstal tegmental nucleus; Hi: hippocampus; Hpt:
hypothalamus; IC: inferior colliculus; IGL: intergeniculate leaflet of the thalamus; 10: inferior olive; IPN:
interpeduncular nucleus; LH: lateral hypothalamus; LS: lateral septum; MPA: medial preoptic area; ND:
nucleus of Darkschewitsch; NI: nucleus incertus; NST: nucleus of solitary tract; OB: olfactory bulb; Orb:
orbital cortex; PAG: periaqueductal gray; PH: posterior hypothalamus; Pir: piriform cortex; PnR: pontine
raphe; PP: peripeduncular nucleus; PVA: paraventricular thalamic area; PVN: paraventricular nucleus of
hypothalamus; Re: reuniens thalamic nucleus;, SC: super colliculus; SFO; subfornical organ; SHy:
septohypothalamic nucleus; SN: substantia nigra; SON: supraoptic nucleus of hypothalamus; Sp5: spinal
trigeminal tract; Sub: subiculum; SuM: supramammillary nucleus; VMH: ventromedial nucleus of
hypothalamus; VP: ventral pallidum. Adapted from (Bathgate et al., 2013).

2.2.4 Relaxin-3: synthesis, distribution and function

In periphery of the nervous system, the relaxin-3 has been observed in the human
serum (Erden et al.,, 2022; Hanafy et al., 2018), in the human breath & plasma,
(Moraes-Ferreira et al., 2022) and in the granulosa cells of the chicken (Ghanem and
Johnson, 2021). However, it is in the central nervous system that relaxin-3 is mainly
expressed. It can be found in the pontine raphe nucleus, medial and ventral
periaqueducal grey, and in an area dorsal to the substantia nigra. Although, relaxin-3
main expression is in the brainstem with ~2000 neurons grouped together in the pars

compacta of the nucleus incertus in rats (Figure 13). These neurons express GABA
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as their main neurotransmitter, and the relaxin-3 is stored in large dense-cored vesicles
(LDCV) that are transported to nerve endings near the synaptic terminals (Tanaka et
al., 2005). This suggests that relaxin-3 is released at the level of the synapse. The
nucleus incertus sends relaxin-3 positive projections in many different brain structures
(Figure 13) (Smith et al., 2010). It is worthy to note that the fibers distribution is similar
in rat, mouse and macaque (Ma et al., 2009), and that this distribution overall matches
that of the RXFP3 mRNA and binding sites (Ma et al., 2007; Smith et al., 2010; Sutton
et al., 2004). This variety of projection suggests that relaxin-3 affects a broad-spectrum
of functions, and, indeed, relaxin-3 has been reported to be implicated in the regulation
of feeding, circadian rhythms, arousal, learning and memory, and in emotional and
anxiety-like behaviors. In this manuscript, | will only focus on the latter.

2.2.4.1 Nucleus incertus, relaxin-3 and stress

Nucleus incertus neurons abundantly express the corticotrophin-releasing factor
receptor 1 (CRF1), which induces increased levels of relaxin-3 RNA and mRNA
(Banerjee et al., 2010). In addition, intracerebroventricular (i.c.v.) infusion of CRF leads
to an increased firing frequency of relaxin-3 neurons in the nucleus incertus, whereas
a decrease in the electrical activity was observed in the relaxin-3 negative neurons (Ma
et al., 2013). This suggests that the relaxin-3 neurons from the nucleus incertus
respond robustly to the stress hormone. Interestingly, i.c.v. infusion of relaxin-3
increases c-Fos and CRF mRNA expression in CRF neurons in the PVN in the rat
(Watanabe et al., 2011). This infusion also elevates plasma adrenocorticotropic and
corticosterone hormone levels, while intra-PVN infusion of relaxin-3 once again
increases the plasma levels of the two previously mentioned hormones, but also the
prolactin hormone levels. This suggests a reciprocal interaction between relaxin-3 and
CRF system, although further studies are needed as those are not enough to
determine if the relaxin-3 effect is direct or indirect.

2.2.4.2 Relaxin-3 and pain
To date, no studies have been published regarding the effect of relaxin-3 on pain.
However, there is a reason why | dedicated a whole section and part of my Ph.D to it.
Marc Landry’s lab was interested in a potential effect of relaxin-3 on pain, and thus,
injected the A2 agonist i.c.v. during mechanical and thermal nociceptive tests in both
mice and rats. These rodents were previously injected with the CFA in order to create
an inflammatory pain. As expected, the animals injected with the CFA developed an
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allodynia, and they found out that the injection of A2 agonist triggers an increase of the
nociceptive threshold, meaning an anti-allodynia. To further clarify this effect, they
injected the A2 in specific structures known for their implication in pain processing and
management such as the amygdala. Again, they found that the A2 injection in the
basolateral amygdala triggers a temporary mechanical and thermal anti-allodynia that
last for about 1 hour, and that this effect is completely blocked by the co-injection of an
RXFP3 antagonist (Data from Marc Landry’s lab, Figure 14). These results strongly
suggest that relaxin-3 can influence the nociceptive threshold when activating RXFP3

in the amygdala.
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Figure 14 A2 agonist injection in the amygdala triggers a transitory anti-nociception both mechanical
(A) and thermal (B) (top graphs). This effect is in both cases blocked by the co-injection of a RXFP3
antagonist (bottom graphs).
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2.2.5 Relaxin-3 and the amygdala

As previously described (see The amygdala in pain), the amygdala, and more

specifically the BA-to-CeA circuit, is an essential structure for the emotional aspect of

pain.

2.2.5.1 The basal amygdala

The basal amygdala is a cortical-like structure containing both the lateral amygdala
(LA) and the basal amygdala (BA). They contain glutamatergic pyramidal projection
neurons (PN) and GABAergic interneurons (Figure 15) (Veinante et al., 2013).
Similarly to the cortex’ histoarchitecture, the PN are not so diverse compared to the
interneurons (Kim et al., 2017). Indeed, based on transcriptional markers, they can be
divided into two major populations: the calbindin and calretinin. Then, they can be
further subdivided, with the calretinin interneurons co-expressing the vasointestinal
peptide (VIP) and the cholecystokinin (CCK) while the calbindin ones express the CCK
(without  VIP), o
the somatostatin
(SOM) and the %/_% ) |

parvalbumin %/\é %/%

®
(PV) (Mascagni

BA h Cel CeM

and McDonald, - 7

2003) Another %/—\K GABAergic neurons
Glutamatergic neurons

way of Wy RXFP3

discriminating _ _
_ ~ Figure 15 Schematic representation of the basal-to-central amygdala
them is to use their cijrcuit and their cytoarchitecture.

electrophysiological profiles (i.e. their action potential responses to an injection of a
depolarizing current), although it is quite incomplete and some profiles are not unique
to a specific type (Figure 16) (Spampanato et al., 2011). Finally, their innervation will
be different depending on their transcriptional markers. For example, the VIP
interneurons only contact other interneurons, mainly the PV and SOM. These two
contact the VIP interneurons back, but they also inhibit each other. In addition, they
both contact the PN, with the SOM contacting the distal dendrites, and the PV
contacting the proximal dendrites, soma and axon hillock (Guadagno et al., 2021; Wolff
et al., 2014). They consequently have a differential role for the inhibition of the PN.
Some preliminary studies done by Marc Landry’s team suggested that RXFP3 is
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expressed by SOM interneurons, which represent 20% of the total interneurons.
Interestingly enough, it seems that neurons expressing RXFP3 in the CeA are also the
SOM interneurons, located in the lateral part of the CeA (CeL), which then project
mainly on the neurons of the medial part of the CeA (CeM) (Figure 15).
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Figure 16 A. Different firing patterns found in the interneurons of the basal
amygdala. B. Table showing the firing patterns associated to a transcriptional
marker. Figure adapted from (Spampanato et al., 2011).
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2.3The oxytocin system

2.3.1 The oxytocin

Compared to relaxin-3, oxytocin (OT) can be seen as a lone wolf as it does not belong
to any family. Although, this lone wolf may be one of the most famous peptide
hormones, known as the ‘love hormone’. This designation comes from its role in
reproduction and social bonding. In addition, OT is more generally implicated in
promoting well-being by reducing anxiety or promoting social interactions (Jurek and
Neumann, 2018). To exert these effects, this nonapeptide can act either as a hormone,
or as a neuropeptide since it can either be released by the posterior pituitary in the

blood flow, or by oxytocinergic neurons in the brain.

2.3.1.1 Synthesis
OT is synthetized from a gene
named Oxt containing three Oxt(gene) .—.—.—.—.
exons. The first exon gives ‘ . R
rise to OT and a signal peptide NI

. Preprooxyphysin . .
while the other two encode a (precurson) Signal Neurophysin1

peptide named Neurophysin 1

(Figure 17) (Gimpl and
Fahrenholz, 2001). This

gene’s transcription can be  oxytocin

regulated by multiple ~ (Meuropeptide)

regulatory sequences, with

one of them being the

Figure 17 Oxytocin’s gene (top panel) gives rise to the
precursor preporoxyphysin (middle panel) containing the
(ERE), which favors the signal sequence and the coding sequences for OT and
L . Neurophysin 1. After maturation, the final OT peptide has
transcription of Oxt in the ,ine amino acids and a disulfide bond between the two
presence of estradiol (the cysteines. Asp: asparagine; Cys: cysteine; Gin: glutamine;

Gly: glycine; lle: isoleucine; Leu: leucine; Pro: proline;
most active form of estrogen) Tyr: tyrosine

Estrogen Regulatory Element

(Lee et al., 2009). As many neuropeptides, OT mRNA is translated into a
prepropeptide called preprooxyphysin. It is then cleaved to give rise to OT peptide and
the Neuropysin 1 protein ( Figure 17) (Jurek and Neumann, 2018).
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OT can be synthetized in many regions of the body, be it inside or outside the brain
(uterus, testis and the heart). In the former, it takes place in three nuclei of the
hypothalamus, namely the paraventricular nucleus (PVN), the supraoptic nucleus
(SON) and the accessory nuclei (AN) (Figure 18A), but also in the medial preoptic
area of the hypothalamus, the lateral amygdala and the bed nucleus of the stria
terminalis (Lee et al., 2009; Otero-Garcia et al., 2016; Young and Gainer, 2003).

2.3.1.2 Distribution and release

In the hypothalamus, OT is synthetized from two types of neurons: the big
magnocellular neurons (20-35 ym soma diameter) (magnOT), and the small
parvocellular neurons (12-15um soma diameter) (parvOT). Despite their obvious size
differences, there is also a discrepancy in their home structure, their projections and
their release sites. Indeed, the magnOT resides in the PVN, SON and AN, whereas
the parvOT are found only in the PVN. Furthermore, the magnOT will target the
forebrain regions, including the piriform and auditory cortices, the amygdala and the
striatum (Figure 18B) (Zhang et al., 2021). They also project to the neurohypophysis
to release OT in the blood flow, which will then act as a hormone (Jurek and Neumann,
2018). Contrarily, parvOT neurons project to midbrain structures, the brainstem and
the spinal cord (Figure 18B) (Eliava et al., 2016; Iwasaki et al., 2023; Knobloch et al.,
2012; Zhang et al., 2021). As most of the neuropeptides, OT is stored in LDCV that
are found in the soma, dendrites, axonal varicosities and synaptic buttons of OT
neurons (Leng and Ludwig, 2008). Compared to the vesicles containing the
neurotransmitters, LDCV are further away from the membrane, requiring bigger Ca?*
entrance in the neurons to provoke exocytosis. It is then necessary to have more action
potentials to trigger the release of OT compared to neurotransmitters (Del-Bel and De-
Miguel, 2018).
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Figure 18 A. Coronal slice of a rodent brain illustrating the three main OT-synthetizing nuclei: the
accessory nuclei (AN), the supraoptic nucleus (SON) and the paraventricular nucleus of the hypothalamus
(PVN). B. Sagittal view of a rodent brain illustrating the OT projections from the PVN and SON and the
structures where evidences support its release. Adapted from (Jurek and Neumann, 2018). AON: anterior
olfactory nucleus; BLA: basolateral amygdala; BNST: bed nucleus of the stria terminalis; CC: cingulate
cortex; CeA: central amygdala; CPu: caudate putamen; DRN: dorsal raphe nucleus; HDB: nucleus of the
horizontal limb of the diagonal band; HPC: hippocampus; LC: locus cceruleus; LS: lateral septum; MeA:
medial amygdala; MPOA: medial preoptic area; NAc: nucleus accumbens; OB: olfactory bulb; OT:
olfactory tubercle; OVLT: organum vasculosum laminae terminalis; PAG: periaqueductal gray; PBN:
parabrachial nucleus; PFC: prefrontal cortex; PP: posterior pituitary; PV. paraventricular nucleus of the
thalamus; PVN: paraventricular nucleus of the hypothalamus; SON: supraoptic nucleus; VTA: ventral
tegmental area.



2.3.1.3 Oxytocin Receptor
Once released and before being degradated, OT is on a ticking clock with only a few
minutes to navigate and find the Promised Land: the oxytocin receptor (OTR). This
receptor is a seven transmembrane domain receptor G protein-coupled receptor
encoded by a single gene Oxtr, with, again, an ERE element in its promoter, indicating
a control by estrogens. This receptor has the unusual ability to couple both Gq and Gi
proteins, although we do not yet have a clear idea of this feature’s usefulness.
Electrophysiologically speaking, OTR activation leads to an increased neuronal firing,
as it has been shown in the amygdala (Knobloch et al., 2012; Wahis et al., 2021), the
hippocampus (Bazaz et al., 2022; Tirko et al., 2018), the parabrachial nucleus (Ryan
et al., 2017), the ventral tegmental area (Tang et al., 2014), the striatum (Xiao et al.,
2017), and the supraoptic nucleus (Wang and Hatton, 2006). Although, it was also
shown that OTR activation activates a potassium ion channel, which leads to the

hyperpolarization of the neurons in the dorsal root ganglion (DRG) (Gong et al., 2015).

OT binds the OTR with high affinity, but it can also activate the Vasopressin (AVP)
receptor (V1a) and, in return, AVP can also binds to the OTR (Manning et al., 2012)
(Table 2). Because OT can also binds V1a, a selective agonist called [Thr*, Gly’]OT
(TGOT) is often used, this agonist has a similar affinity for OTR than OT, but cannot
bind the V1a (Table 2).

OTR Via References
Oxytocin 1nM 71 nM Manning et al., 2012
Vasopressin 1.7 nM 2.6 nM Manning et al., 2012
TGOT 0.8 nM >10,000 nM Manning et al., 2012
Atosiban 215 nM 1059 nM Manning et al., 2012

Table 2 Binding affinities for the OT, AVP, TGOT and Atosiban to the OTR and V1a.
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2.3.1.4 Grabor a tuned OTR
In order to detect the presence of OT in the extracellular space, Qian and colleagues
recently developed a modified version of the OTR called OT1.0 sensor or the more
aesthetically pleasing name Grabot (for GPCR activation-based sensor specific for
OT). This Graboris a modified OTR in which a circularly permutated GFP was inserted
in the third intracellular loop of the GFP
(Figure 19A). This results in a A

ot
fluorescent receptor that, upon ™
changing its conformation after binding
with OT, will shine even stronger N
(Figure 19B). This increase in

fluorescence is completely blocked by
the co-application of atosiban that acts

here as an antagonist (Qian et al.,

Expression Response

2023). However, we want to monitor OT
release for a certain amount of time, and
the OTR is known to be desensitized

relatively quickly as it occurs within a

few minutes (Busnelli and Chini, 2018).

0==500
AFJF, (%)

For this reason, they measured the -

arrestin coupling, and observed that this

Figure 19 A. Grabor is a modified OTR linked
with a circularly permutated GFP (left panel).
it, suggesting the absence of a B- When an OT molecule binds to it, the GFP’s
. . fluorescence increases (right panel). B. Example
arrestin-dependent  mechanism  of (" (ian et al, 2023) of cells expressing the
internalization. In  addition, after Graborwith a basal fluorescence (left panel), and

the relative increase of fluorescence after the
incubating rhe Grabor in OT for 2 hours application of 100 nM OT.

receptor was not capable of coupling to

long, the fluorescence present at the membrane of the cells did not change, suggesting
no or negligible desensitization (Qian et al., 2023). Finally, to use this sensor, we need
to express it in cells of the structure of interest. This results in an increase number of
OTR, which, when we want to study the OT system, might not be the wiser since it
might overstimulate the OTergic system. One important feature of this receptor is thus
to not trigger intracellular pathways. To verify this point, they performed calcium

imaging in cells expressing the Grabot and observed no calcium fluctuations following
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the application of OT, strongly suggesting that this modified receptor does not trigger

intracellular pathways (Qian et al., 2023).

2.3.2 Oxytocin and pain

The first evidence of OT antinociceptive effects comes from the 80s. In 1984, Hordower
and Bodnar showed that intracerebroventricular injections of OT increased the tail-flick
latency in rats (Kordower and Bodnar, 1984). In 1987, Madrazo and colleagues
injected intracerebroventricularly OT in a terminally ill cancer patient suffering from
thoracic pain and observed a strong analgesia for two hours (Madrazo et al., 1987).
From there, many studies showed an antinociceptive effect of OT in healthy animals
(Agren et al., 1995; Arletti et al., 1993; Lundeberg et al., 1994; Petersson et al., 1996),
in rodent models of inflammatory (Petersson et al., 2001; Yu et al.,, 2003) and
neuropathic pain (Condés-Lara et al., 2005; Miranda-Cardenas et al., 2006). In
addition, PVN stimulation was shown to increase OT concentration in the plasma, the
spinal cord and the cerebrospinal fluid. This stimulation also triggers a mechanical and
thermal antinociception (Martinez-Lorenzana et al., 2008). This study strongly
suggests that OT acts in the periphery of the central nervous system, in the spinal cord

and/or on supraspinal structures to mediate its antinociceptive effect.

2.3.2.1 Periphery effect.
Very few studies were interested in the potential effect of OT on peripheral OTR. It is
first important to note that OT was shown to not cross the blood brain barrier (Ermisch
et al., 1985), suggesting that effects induced by peripheral injection of OT should result
from a peripheral effect. Although, none of these studies peremptorily showed that this
effect was mediated by peripheral OTR. In addition, OT effect is unclear as some
studies showed that intranasal administration of OT in patients with chronic idiopathic
constipation reduced abdominal pain (Ohlsson et al., 2005), while others showed that
continuous intravenous administration of OT increased visceral pain perception
threshold in patients with irritable bowel syndrome (Louvel et al., 1996). De Araujo and
colleagues showed that, in mice with chronic visceral hypersensitivity, OT decreased
the activity of cultured colonic nociceptors, reducing nociceptive signaling and
suggesting an antinociceptive effect of OT on the nociceptors of the DRG (de Araujo
et al., 2014). Although, this study lacks in vivo effect of OT on behavior. In 2017, the
effect of subcutaneous OT has been investigated in chemical nociception using the

formalin test, and the activity of the different sensory fibers was recorded. Firstly, the
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authors saw that the OTR was expressed in the sciatic nerve and that its expression
was not changed by formalin application. Furthermore, they observed that
subcutaneous injection of OT in the paw decreased the neuronal activity of the Ad and
C fibers in response to the stimulation of the receptive field. This decrease lasted for
100 minutes and was blocked by the co-application of an OTR antagonist. Regarding
the behavior, OT injection blocked the nociceptive effect of the formalin application.
Using immunofluorescence, they also showed that OTR are present in the skin
(Gonzéalez-Hernandez et al., 2017). This study suggests that OT can act directly on
OTR of the skin to alter the transmission of the nociceptive information through the Ad
and C fibers. However, OT effects can also be explained by an action in the central

nervous system.

2.3.2.2 Spinal effect
OT neurons also project directly in the spinal cord (Eliava et al., 2016), and release OT
mainly in the lumbar sections (Juif et al., 2013). In addition, OTR are found in the
superficial layers of the spinal cord (Moreno-Lopez et al., 2013). In this structure, it
was shown that intrathecal injections of OT induces a decrease in the nociceptive
thresholds in both thermal and mechanical tests of an inflammatory pain model (Yu et
al., 2003) and a neuropathic pain one (Sun et al., 2018). In addition, the intrathecal
injection of OT completely abolishes Ad- and C fibers-evoked responses for almost an
hour when injected during the protocol. If OT is injected prior to the protocol, it blocks
the increase in the fibers activity (DeLaTorre et al., 2009). This suggests that OT blocks
the transmission of the information coming from the Ad and C fibers. In addition, this
effect is reproduced when stimulating the PVN just before starting a wind-up protocol
(i.e. electrical stimulation of the sciatic nerve or the paw) (DeLaTorre et al., 2009) or
during the protocol (Eliava et al.,, 2016). In rats with hypersensitivity due to the
stimulation of the sciatic nerve, either this injection of OT or the PVN stimulation
reverses the hypersensitivity, bringing the mechanical threshold back to basal
conditions. These effects are blocked by the intrathecal injection of an OT antagonist
(DeLaTorre et al., 2009). In an inflammatory model of pain, there is an increased OT
concentration in the spinal cord, and a tonic inhibition of the C fibers action potentials
discharge as shown by increase of action potentials following the local application of
the OTR antagonist dOVT (Juif et al., 2013). All these studies suggest that, in the spinal
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cord, OT is released mainly in the lumbar section to decrease the activity of the C fibers

(and the Ad) to block the nociceptive information and thus produce an antinociception.

2.3.2.3 Supraspinal effect

When injected i.c.v. in rodents, OT also induces an antinociception that lasts for about
40 min (Yang et al., 2007). More precisely, OT have been injected in many specific
structures to see whether an antinociception could be seen. OT injections resulted in
an antinociception when injected in the raphe magnus (Wang et al., 2003), the central
amygdala (Han and Yu, 2009), the nucleus accumbens (Gu and Yu, 2007; Li et al.,
2010), the ventrolateral orbital cortex (Taati and Tamaddonfard, 2018), the primary
sensory cortex (Esmaeilou et al., 2022), the anterior cingulate cortex (Esmaeilou et al.,
2022; Li et al., 2021) and the PAG (Ge et al., 2002).
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2.4Ph.D objectives

At its beginning, a long time ago when we were still wearing masks to go out and when
the bars were closed, my Ph.D was entitled “Modulation of the basal amygdala by the
relaxin-3/RXFP3 system”. At this time, based on preliminary data suggesting an
antinociceptive effect of the relaxin-3 in the BA, the objective of my thesis was to
describe the circuit in the amygdala modulated by the relaxin-3 leading to this
antinociception. To do this characterization, | used ex vivo electrophysiology
techniques combined with the application of RXFP3’ agonists to assess their potential

effect on the electrical activity of the BA neurons of naive mice.

Because of the results of this first project (I will not spoil, you can make a guess now
on whether or not it was conclusive), | moved on to another project. When | got involved
into this project, the article was under the second revision. It was the story of an
oxytocinergic pathway that activates vVIPAG neurons to induce antinociception. One of
the demands from the reviewers was to prove that the in vivo evoked release of OT in
the VIPAG was responsible of the observed antinoception. At this moment, | was
starting to characterize the Grabot ex vivo to implement it in the lab, so it was the
perfect opportunity to use this new tool, which was my contribution in terms of
experiment to this paper. In addition, the only existing characterization was performed

in vitro, | thus also did the pharmacological characterization ex vivo of this Grabor.

To simplify the comprehension of this manuscript, | will divide the following sections in
two: the relaxin-3 and the Grabor sections. The structure of the relaxin-3 section will
resemble that of a paper with a material and method and a result part, while the Grabor
will contain first the material and method and results part concerning the unpublished
data of the pharmacological characterization of the Grabor and then the paper in which
| used this tool.
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3 Relaxin-3

The relaxin-3 is a peptide synthetized in the nucleus incertus that acts through a
receptor named RXFP3, which activation decreases the electrical activity of the
neurons expressing it (Blasiak et al., 2013; Kania et al., 2017). Both relaxinergic fibers
and RXFP3 are found in the BA and the CeL (Smith et al., 2010), and more precisely,
RXFP3 mRNA is found predominantly in SOM expressing interneurons of the BA and
CeA according to preliminary results. Unpublished experiments showed that RXFP3
agonist injection in vivo in the BA increases the mechanical and thermal nociceptive
threshold in both rats and mice (Figure 14). In this study, we aimed at characterizing

the circuit in the amygdala that induces antinociception after the activation of RXFP3.

3.1 Material & Method

3.1.1.1 Animals

| used males and females C57BL6/J mice (wild-type and Gad65 transgenic mouse line
(Lopez-Bendito, 2004)) and C57BL6/N (SOM-Cre transgenic mouse line (Taniguchi et
al., 2011)) produced by the Chronobiotron. For the patch clamp experiments, the
animals were used between 3 and 8 weeks, and for the stereotaxic injections, they
were used at 6 weeks. Animals were housed by sex, in groups of 2 to 5 under standard
conditions (room temperature, 22 °C, 45% humidity; 12/12 h light/dark cycle) with ad
libitum access to food, water and behavioral enrichment. All experiments were
conducted in accordance with European law, under French Ministry license
APAFIS#23419-2019121210423483.

3.1.1 Stereotaxic injection

Anesthesia was induced with 4% isoflurane, and then mice were maintained with 2.5%.
From this point forward, the body temperature was monitored using an anal probe and
adjusted if necessary with a heating mat to keep them at 37-37.5°C. The mice head
was then trimmed to remove all hairs and Ocrygel was applied on both eyes to avoid
dessication. They then received Bupivacaine (sub cutaneous (s.c.), 2mg/kg) and
Lidocaine (s.c., 2 mg/kg) locally at the incision site, and Metacam (s.c., 2 mg/kg). Five
minutes after injecting the analgesics, an incision was performed to reveal the skull.
The Lambda and Bregma were then aligned to place the skull in ‘flat’ position. Using
the coordinates from the Paxinos mice brain atlas (Paxinos and Franklin, 2013)
(BA: ML: +/-3.25mm; AP:-13mm; DV: -53mm; CeA: ML:+/-3.1mm;
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AP: -1.25 mm; DV: -5 mm), holes were drilled in the skull. A virus containing double-
floxed inverted open reading frame (DIO)-GFP (pEf1a-DIO-GFP) was injected either
in the BA or the CeA of SOM-Cre mice to identify SOM-expressing interneurons. In
wild-type mice, retrograde red beads were injected in the CeA to label CeA-projecting
neurons from the BA. Each site was injected with 100 nL of either the viral solution or
the beads using a Hamilton pipette. The pipette was left in place for 5 minutes before
removing it slowly (0.6 mm/min) to avoid an aspiration, which would result in the virus
moving back up with the pipette. Finally, a NaCl solution was injected in the flank of
the animal (s.c., 100 pL) to help them get rehydrated, and 3-4 stitches were performed
at the incision site before placing the rats in a cage warmed by a red light. For viral
injections, the animals were then monitored for 3 days to follow their weight and used
2 weeks after the injections. For beads injection however, as they were injected to
identify neurons of the BA projecting in the CeA, which is right next to the BA, animals

were used 24h after the injection.

3.1.2 Electrophysiological recordings

All recordings were obtained with the software pClamp10 (Molecular Devices, CA,
USA) and an amplifier Axon MultiClamp 700B coupled to an analogue/digital interface
Digidata 1332A (Molecular Devices, CA, USA). Cells were recorded at a sampling
frequency of 20 kHz. All recordings were performed at room temperature.

3.1.2.1 Slice preparation
Mice were anesthetized by intraperitoneal (i.p.) administration of ketamine (Imalgene
400 mg/kg) and paxman (Rompun, 80 mg/kg). The paw reflexes were tested, and when
the animal was in deep anesthesia, a laparotomy followed by a thoracotomy were
performed to get access to the heart. Transcardial perfusion was then performed using
an ice-cold, NMDG-based solution (Table 3). To do so, a needle was inserted in the
left ventricle and the right atrium was opened using scissors. 25 mL were injected to
replace the blood by the NMDG-based solution. Mice were then decapitated, an
incision was made to have access to the skull, which was removed. The brain was
collected and the cerebellum cut out. The brain was glued against an agarose block
on the sample holder and 350 ym thick coronal slices containing the BA were obtained.
For the CeA, the brain was cut in two and the cortex was cut to flatten the dorsal part
of the brain. Both hemispheres were then reassembled and fixed on the sample holder
on its dorsal part and 350 um thick horizontal slices containing the CeA were obtained.

In any case, a Leica VT1000s vibratome was used for slicing. Slices were transferred
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in awarm (37°C) NMDG-based solution for 10 minutes before being placed in a holding
chamber filled with artificial cerebro-spinal fluid (aCSF) (Table 3) at room temperature
for at least 1h. Finally, slices were transferred from the holding chamber to an

immersion-recording chamber and superfused with aCSF at a rate of 2 ml/min.

Solution Composition (in mM)

NDMG-based solution [NMDG (93), KCI (2.5), NaH2PO4 (1.25), NaHCOs (30),
MgSOs (10), CaClz (0.5), HEPES (20), D-Glucose (25), L-
ascorbic acid (5), Thiourea (2), Sodium pyruvate (3), N-
acetyl-L-cysteine (10) and Kynurenic acid (2.5)

Artificial cerebro-spinal [NaCl (124), KCI (2.5), NaH2PO4 (1.25), NaHCOs3 (26),
fluid (aCSF) MgSOs4 (2), CaClz (2), D-Glucose (15)

Intrapipette solution |[KMeSO4 (125), CaClz (2), HEPES (10), Na2ATP (2), NaGTP
‘K-gluconate’ (0,3)

Intrapipette solution |KCI (150), HEPES (10), MgCl2 (4), CaCl2 (0,1), BAPTA (0,1),
‘KCr Na2ATP (2), NaGTP (0,3)

Table 3 Compositions of the solutions. The pH of all solutions were adjusted using either bases
(NaOH for the aCSFs; KOH for the intrapipette solutions) or acid (HCI) after bubbling them
with a gas comprised of 95% O, and 5% CO.. In addition, the osmolality of all solutions was
controlled to be between 290-310 mOsm.

3.1.2.2 Approaching the cell
The slice was placed in the recording chamber with a harp on it to avoid any movement
during the recording. Using a x4 objective, the structure of interest was identified. Cells
were then visualized under a x40 objective using an infrared light (590 nm). For each
recording, borosilicate pipettes (@ inside 0.86 mm; @ outside 1.5 mm) were heat-pulled

to get a resistance between 3 and 8 MQ (@ at the tip is about 2 ym).

3.1.2.3 Cell-attached configuration
In the cell-attached configuration, the solution was filled with aCSF because we did not
open the cell membrane. This configuration was used to record the action potential
without altering the intracellular medium. The pipette was brought on top of the wanted
cell until a deflection was seen on the membrane. Then, the pressure was removed
from the pipette to get the membrane to enter it until a resistance of 30-100 MQ was

reached. If not even one action potential was observed throughout the recording, the
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cell was discarded. For the puff application, a second pipette was brought near the cell
at ~100 ym. The recordings lasted for 10 minutes and the molecule of interest was
applied by puff application at 2 minutes during 1 minute. The pressure was applied

using a syringe.

3.1.2.4 Whole-cell configuration
In the whole-cell configuration, the pipette was either filled with a K-gluconate or a KCI
intrapipette solution (Table 3). The former was used to mimic the intracellular ion
concentrations in order to disturb as little as possible the cell physiology. Using this
solution, if we recorded the cell at a physiological membrane potential (i.e. ~-60/-70
mV) we would record excitatory post synaptic currents (EPSC). However, because of
the chlorine equilibrium potential being at around -65 mV we could not see the
inhibitory post-synaptic currents (IPSC) under these conditions. This is why we used
the other intrapipette solution KCI, which had a high concentration of chlorine ions,
thus inverting the gradient of this ion and amplifying it. As a result, the currents that

were supposed to be outward becomes inward with an amplified amplitude.

To reach the whole-cell configuration, the pipette was brought on top of the wanted cell
until a deflection was seen on the membrane. Then, the pressure was removed from
the pipette to get the membrane to enter it until the giga-seal was achieved, that is a
resistance of more than 1 GQ. At this point, we compensated the fast and slow
components of the pipette capacitance, and we then gave a tender kiss to the pipette
to create a depression in the pipette that would open the membrane. Then, we
compensated the series resistance to avoid any alteration of the recorded signal if we
wanted to record in voltage-clamp, or neutralized the pipette capacitance if we wanted
to record in current-clamp mode. Once all of this was done, the recording could begin.
The recordings lasted for 20 minutes with the molecule of interest being applied at
5 minutes through the perfusion system. In this configuration, the cell recorded was
not supposed to express the receptor; hence, the molecule of interest was applied in

the bath during either 40 s for the gad65 neurons or 3 min otherwise.

In addition, a current step was performed at the beginning of each recording, first to
verify that the cell can fire action potential, but also to have the firing pattern of the
recorded cell. To do that, the cell was recorded in current clamp and 500 ms currents

ranging from -80 pA to +200 pA were injected with a 20 pA increment.
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3.1.3 Immunohistochemistry

When using the Gad65 mice, | added 1 uM of biocytin to the K-gluconate intracellular
medium. | did it in order to fill neurons with biocytin during the recording so that | could
label them to find them back. At the end of a slice’s recording, the slice was put in
paraformaldehyde 4 % during 24 hours to fix it. After that, slices were washed 4 times
15 minutes in PBS 1x and incubated 45 minutes in PBS 1x + 0.5 % triton. This step
was done to permeabilise the cell membranes. Slices were washed again 3 times 10
minutes in PBS 1x and then incubated in the primary antibodies (Table 4) overnight
on a stirrer at room temperature. The next day, slices were washed 3 times 15 minutes
in PBS 1x and then incubated in the secondary antibodies (Table 4) overnight on a

stirrer at 4°C. The slices were then imaged using a confocal microscope.

Primary antibodies (or equivalent) Secondary antibodies (or equivalent)
Rabbit anti-somatostatin (1/500°) Donkey anti-rabbit Cyanine3 (1/800°)
Mouse anti-parvalbumin (1/2000°) Donkey anti-mouse AlexaFluor647 (1/2000°%)
Streptavidin MarinaBlue (1/100°) I

Table 4 Antibodies used for the immunohistochemistry.

3.1.4 Data analysis

All this data analysis section was performed using custom-written Python-based scripts

available here for spike detection: https://github.com/Etienneclcr/Spike-detection.qit,

and here for current analysis: https://github.com/Etienneclcr/current-analysis.git. The

action potential and currents were detected using the find_peaks function from the
scipy library. When | recorded in cell attached (10 minutes recording) and applied the

agonist using puff application, | used the three following windows:

- Baseline from 1 to 2 minutes,
- Drug application from 2 to 3 minutes,

- Washout from 6 to 7 minutes.

When | recorded in whole-cell (and made a 20 minutes recording) and applied the

agonist by bath application, | used the three following windows:

- Baseline from 2 to 5 minutes,
- Drug application from 6 minutes 40 seconds to 9 minutes 40 seconds,

- Washout from 15 to 18 minutes.
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3.1.5 Statistical analysis

The normality was tested using the Shapiro-Wilk test. If the distribution was normal, a
repeated-measure one-way ANOVA was performed. Because the measures were
repeated and not matched, the sphericity was not assumed. If there was a significant
difference, the ANOVA was followed by a Dunnett's multiple comparison. If the
condition was not normal, a non-parametric equivalent to the ANOVA was used, here
a Friedman test. If there was a signifi