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Abstract

Title: Characterization of different subpopulations of hypothalamic POMC neurons

in the regulation of the energy balance

Introduction: Obesity is a chronic multifactorial disease, characterized by a health-
threatening accumulation of body fat and whose prevalence has been increasing worldwide
since the 1980s. Obesity is a risk factor for type Il diabetes, cardiovascular disease and
various forms of cancer and is now a major public health issue. Unfortunately, available
pharmacological treatments are rare and not very effective. Thus, the study of the biological
mechanisms underlying body weight regulation could lead to the discovery of new

therapeutic targets and prove useful in the fight against this modern curse.

The brain plays a key role in controlling food intake and metabolism. In particular, some
hypothalamic neurons called POMC neurons are classically described as being responsible
for satiety. To date, most studies on these neurons have focused on their neuropeptide
production, but recent discoveries have uncovered the existence of subpopulations,
characterized by their ability to secrete different neurotransmitters (glutamate, GABA or

both). The functional consequences of this heterogeneity are largely unknown to this day.

Obijectives: The general objective of this thesis is to study the specific roles of different sub-
populations of POMC neurons, depending on the neurotransmitter they release: we will then
distinguish between POMC-Glut (pure glutamatergic), POMC-GABA (pure GABAergic)
and POMC-GIut/GABA (mixed) neurons. Three objectives have been defined:

- To develop a new neuroanatomical technical approach to identify subpopulations

of activated POMC neurons on mouse brain slices.
- To determine the impact of a hypercaloric diet on POMC subpopulations.

- To determine the role of the POMC Glutamatergic population in energy balance

by using a novel genetic model.



Results: First, we developed a new technique for the simultaneous detection of mRNAs of
GADG65/67, vglut2 and POMC combined with an immunostaining of the cFos protein (a
marker of cellular activity), in order to identify the subpopulations of activated POMC
neurons under various experimental conditions. Then, we applied this technique in a context
of an acute exposure to a high-calorie diet (HFD, for "high-fat-diet™). We then discovered
that POMC-GABA neurons were the main sub-population to be activated by HFD, unlike
POMC-Glut which were less likely to respond to the diet. Of note this preferential activation
of POMC-GABA happens in a context of HFD-driven hyperphagia. Finally, we created a
new genetically modified mouse line that allows the deletion of the vglut2 protein from
POMC neurons in an inducible way, thus preventing the release of glutamate from POMC
neurons. After carrying out the necessary controls, we conducted a metabolic
characterization of this mouse line. Inducible POMC-vglut2-KO mice, in which POMC
glutamatergic transmission is suppressed, have an exaggerated hyperphagic response
following a 24-hour fast. In addition, when placed on a HFD, these mice eat more and have

an increased energy expenditure.

Conclusions: This work led to the development of a new neuroanatomical technique whose
versatility is a major asset in the study of neurons controlling energy balance, but which can
also be used in many other projects. Our data suggest that there is a functional dichotomy
between POMC-Glut and POMC-GABA neurons, the former playing mainly the expected
role of satietogenic POMC neurons, while activity of the latter is associated with an increase
in HFD consumption. Future studies will be necessary to manipulate these different sub-
populations and identify their specific sites of action, in the hope to further clarify their role

in the regulation of energy balance.

Keywords: FISH, POMC, glutamate, GABA, hypothalamus, energy balance



Résume

Titre : Caractérisation de différentes sous-populations de neurones a POMC

hypothalamiques dans la régulation de la balance énergétique

Introduction : L’obésité est une maladie chronique d’origine multifactorielle, caractérisée
par une accumulation excessive de graisse corporelle néfaste pour la santé et dont la
prévalence n’a cessé de croitre au niveau mondial depuis les années 1980. Représentant un
facteur de risque pour le diabéte de type I, les maladies cardiovasculaires et différentes
formes de cancer, ’obésité est aujourd’hui un enjeu majeur de santé publique.
Malheureusement, les traitements pharmacologiques disponibles sont rares et peu efficaces.
Ainsi, I’étude des mécanismes biologiques qui sous-tendent la régulation du poids corporel
pourrait permettre de découvrir de nouvelles cibles thérapeutiques et se révéler utile dans

la lutte contre ce fléau moderne.

Le cerveau joue un role clé dans le contrble de la prise alimentaire et du métabolisme.
En particulier, certains neurones hypothalamiques, appelés neurones a POMC,
sont classiquement décrits comme étant responsables de la satiété. Jusqu’alors, la plupart
des études menées sur ces neurones se sont concentrées sur leur production de
neuropeptides, mais de récentes découvertes ont mis a jour I’existence de sous-populations,
caractérisées par leur capacité a sécréter différents neurotransmetteurs (glutamate, GABA
ou les deux). Les conséquences fonctionnelles de cette hétérogénéité, jusqu’a alors

largement insoupconnée, sont a ce jour inconnues.

Objectifs : L’objectif général de cette thése est d’étudier le role spécifique de différentes
sous-populations de neurones a POMC, en fonction du neurotransmetteur qu’ils libérent :
on distinguera alors les neurones a POMC-Glut (glutamatergiques purs), POMC-GABA
(GABAergiques purs) et POMC-GIut/GABA (mixtes). Trois objectifs ont été définis :

- Développer une nouvelle technique de neuro-anatomie afin de détecter les
différentes sous-populations de neurones a POMC activés, dans des coupes
flottantes de cerveau de souris.

- Déterminer I’impact d’un régime hypercalorique sur les sous-populations de

neurones a POMC.



- Déterminer le role des POMC-Glut dans la régulation de la balance énergétique a

partir d’un nouveau mode¢le de souris génétiquement modifiées.

Resultats : Tout d’abord, nous avons mis au point une nouvelle technique de détection
simultanée des ARNm de GADG65/67, vglut2 et POMC combinée a un marquage de la
protéine cFos (un marqueur d’activité cellulaire), afin d’identifier les différentes sous-
populations de neurones a POMC activées dans diverses conditions expérimentales.
Puis, nous avons mis en pratique cette technique lors d’une exposition aigué a un régime
hypercalorique (nommé HFD, pour « high-fat-diet »). Nous avons alors découvert que les
neurones a POMC-GABA étaient la principale sous-population a étre activee par le HFD,
contrairement aux neurones a POMC-Glut qui étaient moins nombreux a y répondre.
Cette activation préférentielle des POMC-GABA s’cffectue de plus dans un contexte
d’hyperphagie pour le HFD. Pour finir, nous avons créé une nouvelle lignée de souris
génétiqguement modifiées permettant la délétion inductible de la protéine vglut2 des
neurones a POMC, empéchant ainsi la libération de glutamate des neurones a POMC.
Aprés avoir effectué les contréles necessaires, nous avons entrepris une caractérisation
métabolique de cette lignée. Les souris POMC-vglut2-KO inductibles, dont la transmission
POMC glutamatergique est supprimée, ont une réponse hyperphagique exagéree suite a un
jetine de 24h. De plus, lorsqu’elles sont placées sous HFD, ces souris mangent davantage

et ont une dépense énergétique augmentee.

Conclusions : Ce travail aura permis la mise une point d’une nouvelle technique neuro-
anatomique dont la versatilité représente un atout majeur dans 1’é¢tude des neurones qui
contrélent la balance énergétique, mais qui pourra étre également employée dans bien
d’autres projets. Nos données suggerent qu’il existe une dichotomie fonctionnelle entre les
neurones a POMC-Glut et POMC-GABA, les premiers jouant principalement le role
satiétogene « classique » des neurones a POMC alors que I’activité des autres serait au
contraire associée a une stimulation de la consommation de HFD. De futures études
permettant de manipuler ces différentes sous-populations et identifier leurs sites d’actions
cérébraux spécifiques seront nécessaires afin d’éclaircir davantage leur role dans la

régulation de la balance énergétique.

Mots-clés : FISH, POMC, glutamate, GABA, hypothalamus, balance énergétique



Résumé étendu

Titre : Caracterisation de différentes sous-populations de neurones a POMC

hypothalamiques dans la régulation de la balance énergétique
Introduction

Chapitre 1 : L’obésité est une pathologie chronique caractérisée par une
accumulation de graisse corporelle néfaste pour la santé dont la prévalence mondiale ne
fait qu’augmenter depuis 50 ans, a tel point qu’on parle actuellement de pandémie.
En tant que facteur de risque de nombreuses autres maladies (diabéte, maladies
cardiovasculaires, cancers...), I’obésité se traduit par une diminution de 5 a 20 ans de
I’espérance de vie. Malheureusement, a I’heure actuelle, aucun régime alimentaire
spécifique ou traitement pharmacologique efficace n’a été trouvé pour lutter contre cette
pathologie. Seule la chirurgie bariatrique est efficace, mais elle s’accompagne de
nombreux effets secondaires, et son caractere invasif, souvent irréversible, en fait un
choix de dernier recours pour les cas les plus graves. De nouvelles stratégies
thérapeutiques doivent donc étre trouvées pour aider la majorité des patients.
Pour cela, il est nécessaire d’en apprendre plus sur les causes de I’obésité. Cette maladie
est d’origine multifactorielle, résultant d’une combinaison de facteurs
environnementaux (alimentation hypercalorique, sédentarisation) et biologiques
(génétique, épigénétique, maladies métaboliques, médicaments, microbiote intestinal,
virus) qui concourent a une plus ou moins forte accumulation de graisse corporelle.
Une connaissance plus approfondie des déterminants biologiques qui sous-tendent la

régulation du poids est donc nécessaire, dans I’espoir d’endiguer ce fléau moderne.

Chapitre 2 : Plusieurs cadres théoriques existent pour tenter d’expliquer les
variations de poids corporel chez les individus. Tout d’abord, la « théorie du point de
référence » (ou « set point theory ») part de I’idée que le poids corporel est régulé
comme la température le serait avec un thermostat. Il y aurait un point de référence
(« set point ») génétiquement déterminé qui fixerait le poids au-dessus et en-dessous
duquel des mécanismes physiologiques s’enclenchent pour lutter contre toute variation.

Ce modele permet d’expliquer pourquoi les individus ont généralement tendance a



garder un poids stable sur le long terme, malgré des fluctuations constantes d’apport et
dépense énergétiques. Cependant, il ne permet pas d’expliquer 1’épidémie d’obésité
observée a I’heure actuelle : si notre poids est génétiquement fixé, pourquoi certaines
personnes échappent au contréle et deviennent obéses ? Une autre théorie prend le
contre-pied de celle-ci et propose qu’il n’y a pas de régulation active du poids corporel,
mais seulement un équilibre qui se crée passivement entre I’apport et les dépenses
caloriques : c’est la «théorie du point d’équilibre » (ou « settling point theory »).
Dans ce modeéle, un exces de calories se traduit par un remplissage des réserves
(i.e. de graisse corporelle) jusqu’a ce que la dépense énergétique augmente
suffisamment pour compenser 1’apport et qu’un point d’équilibre ne soit atteint. Cette
théorie offre ainsi une explication a 1’épidémie d’obésité, mais se heurte a des
contradictions. En effet, les patients obeses ont une tres forte tendance a reprendre le
poids qu’ils ont perdu aprés une période de restriction calorique, ce qui explique
pourquoi les interventions alimentaires se soldent presque toujours par des échecs a long
terme. Si le poids n’était pas activement régulé, il serait aussi facile de perdre du poids
que d’en gagner, ce qui n’est pas le cas. Ainsi, une troisiéme théorie prétend réconcilier
les deux précédentes au sein d’un seul modele : le modele a double point d’intervention
(« dual intervention point model »). Ce mode¢le propose ’existence de deux limites
génétiqguement déterminées qui encadrent une gamme de poids corporel. Au-dessus de
la limite supérieure et en-dessous de la limite inférieure, des mécanismes biologiques
s’activent pour contrer la variation de poids, tout comme dans la théorie du point de
référence. Cependant, entre ces deux limites, le poids ne subirait pas de régulation
active, tout comme dans la théorie du point d’équilibre. Le niveau des limites
supérieures et inférieures aurait été fagonné par I’évolution, la limite inférieure ne
pouvant pas descendre trop bas par pression évolutive des maladies, qui tuent
prioritairement les plus maigres. A I’inverse, la limite haute n’a pas pu monter trop haut
a cause d’un risque accru de prédation envers les plus gros. Cependant, depuis Homo
erectus, la maitrise du feu et la constitution de groupes sociaux plus larges a aboli le
risque de prédation pour l’espéce humaine. La limite haute aurait ainsi dérivé
génetiquement, au gré des mutations aléatoires, sans étre soumise a une quelconque

pression évolutive. Cela expliquerait la grande variabilité de poids corporel dans les



sociétés modernes, ou différents individus plongés dans le méme environnement
obésogéne ne deviendront pas tous obeéses, la limite supérieure des individus résistants
a I’obésité devant étre beaucoup plus basse que pour les autres. Quant aux systémes
biologiques qui sous-tendent les régulations biologiques aux différentes limites, ils sont
pour I’heure inconnus, méme si des hypotheses ont ét¢ €émises. Une chose semble
certaine cependant: s’il y a un organe central dans la régulation du poids, c’est le
cerveau, car la majorité des variations génétiques associées au poids corporel concernent
des genes impliqués dans le fonctionnement du systeme nerveux. L’¢tude du cerveau

dans la régulation du poids corporel apparait ainsi comme primordiale.

Chapitre 3 : Dans le cerveau, différentes régions sont impliquées dans la
régulation de la « balance énergétique », a savoir 1’équilibre entre I’apport et la dépense
calorique. L hypothalamus et le tronc cérébral sont des structures centrales, car elles
rassemblent de nombreux neurones qui contr6lent la régulation endostatique
(= homéostatique) du poids corporel. D’autres régions sont quant a elles impliquées dans
la régulation exostatique de la balance énergétique, a savoir la motivation et le plaisir de
manger. Parmi ces structures, on trouve le noyau accumbens et ’aire tegmentale
ventrale pour la motivation ainsi que le pallidum ventral et le noyau parabrachial pour
le plaisir. Leur action conduit généralement a une stimulation de la prise alimentaire.
Cependant, il serait inapproprié de considérer ces deux systémes de régulation comme
séparés I’un de I’autre. En effet, certains neurones hypothalamiques participent a la fois
aux circuits endostatiques et exostatiques de la régulation du poids corporel. C’est le cas
notamment des neurones 8 POMC du noyau arqué de 1’hypothalamus, qui sont connus

pour stimuler la satiété en libérant des neuropeptides anorexigenes.

Chapitre 4 : Les neurones a POMC sont nécessaires a la régulation de la balance
énergétique. Leur fonction peut cependant étre altérée en situation d’obésité ou a cause
d’une alimentation riche en gras (HFD, pour « high-fat-diet »), ce qui contribue au
développement de 1’obésité. Parmi ces altérations, on trouve notamment : une resistance
a la leptine, des altérations de la dynamique mitochondriale, des défauts d’homéostasie

protéique, etc. Cependant, la plupart des études menées sur les neurones a POMC



considerent cette population comme un ensemble homogéne, mais de récentes données

mettent I’accent sur leur hétérogeénéité bien trop souvent négligée.

Chapitre 5 : Plusieurs ¢léments mettent en lumiére 1’hétérogénéité des neurones
a POMC hypothalamiques. Tout d’abord, suivant leur localisation rostro-caudale dans
le noyau arqué, ils ne projettent pas sur les mémes régions cérébrales. De plus, il existe
une segregation spatiale et fonctionnelle entre les neurones a POMC qui sont sensibles
a I’insuline, la leptine ou la sérotonine. Enfin, on distingue également 3 sous-populations
de neurones suivant le neurotransmetteur qu’ils libérent : POMC-Glut (glutamatergiques
purs), POMC-GABA (GABAergiques purs) et POMC-GIlut/GABA (mixtes). Des données
précédentes de notre equipe ont par ailleurs montré que ces sous-populations répondaient
de maniere opposée a un traitement a la rapamycine (RAPA), une molécule inhibitrice de
la voie de signalisation mTORCL1 qui est impliquée dans la régulation hypothalamique de
la balance énergétique. En effet, la RAPA active les POMC-GABA et inhibe les POMC-
Glut, suggérant une dichotomie fonctionnelle de ces deux sous-populations. Enfin, des
analyses d’ARNm de neurones a POMC en cellule unique ont confirmé leur grande
hétérogénéité, bien que les conséquences fonctionnelles de cette diversité moléculaire

soient encore largement inconnues.

Objectifs

L’objectif général de cette theése est d’étudier le role spécifique des différentes sous-
populations de neurones a POMC : POMC-GABA, POMC-Glut et POMC-GIut/GABA.

Trois objectifs ont été définis :

- Développer une nouvelle technique de neuro-anatomie afin de détecter les
différentes sous-populations de neurones a POMC activés, dans des coupes
flottantes de cerveau de souris.

- Déterminer I'impact d’un régime hypercalorique sur les sous-populations de
neurones a POMC.

- Déterminer le role des POMC-Glut dans la régulation de la balance énergétique a

partir d’un nouveau modele de souris génétiquement modifiées.



Résultats

Chapitre 1 : Nous avons tout d’abord mis au point une nouvelle technique de
détection simultanée des ARNm de GAD65/67 (marqueurs des neurones GABAergiques),
vglut2 (marqueur des neurones glutamatergiques) et POMC en FISH (hybridation in situ en
fluorescence) combinée a un immunomarquage (IHC) de la protéine cFos (un marqueur
d’activité cellulaire), afin d’identifier les différentes sous-populations de neurones a POMC
activées dans diverses conditions expérimentales. Le premier défi était d’adapter le
protocole de FISH dont nous disposions a 1’origine, qui était optimisé pour des coupes
fraiches sur lames. Disposant uniquement de coupes flottantes perfusées, nous avons dd
modifier dans un premier temps ce protocole, afin de préserver au mieux le tissu, qui se
retrouve dans un état de fragilité extréme apres les incubations a forte température
nécessaires au marquage FISH. Nous avons ainsi enlevé I’étape d’incubation a la protéinase
K et adapté et limité notre manipulation des coupes au maximum. Ensuite, nous avons
entrepris de combiner un simple marquage FISH avec I’'THC pour cFos. Il nous a fallu tester
3 anticorps différents ainsi que plusieurs protocoles pour réussir. Ici, 'THC doit étre réalisée
avant la FISH, avec une révelation basée sur la déposition de biotine, qui est fixée par une
nouvelle incubation au formaldéhyde et finalement révélée a la fin du protocole par un
systeme de complexe Avidine-Biotine couplé a une amplification du signal par tyramide.
Pour le simple marquage FISH de POMC, la sensibilité de 1’anticorps secondaire dirigé
contre la sonde était tellement faible qu’il a fallu que nous fabriquions nous-méme un réactif
d’amplification du signal qui soit suffisamment concentré pour permettre une détection du
marquage. Une autre difficulté a été la mise au point du marquage FISH de vglut2 :
4 sondes différentes ont été testées avant d’obtenir un marquage satisfaisant. La
combinaison des marquages de GAD65/67 et vglut2 a également posé probléme. Nous
avons testé 7 recettes de mix d’hybridation (solution dans laquelle les sondes pour FISH
sont diluées) et en avons trouvé une seule pour laquelle le co-marquage GAD/vglut2
fonctionnait. Aprés toutes ces péripéties, nous avons enfin mis au point un protocole pour
le co-marquage de GAD65/67, vglut2 et POMC en FISH combiné au marquage IHC de

cFos.



Chapitre 2 : Nous avons voulu étudier quelles sous-populations de neurones a
POMC ¢étaient activées lors d’une exposition a un régime hypercalorique et palatable
(HFD). Tout d’abord, nous avons mené une expérience de choix, ou des souris avaient
la possibilité de manger du HFD ou une nourriture standard (CD, pour « chow diet »)
pendant 2h, durant la phase diurne (moment de la journée ou les souris sont
généralement inactives). Nous avons vu que les souris consommaient une grande
quantité de HFD. Dans une autre expérience nous avons exposé les souris a du HFD
pendant 24h et les avons comparées a des souris qui étaient uniquement sous CD.
Nous avons observé une hyperphagie a 1h, 2h et 24h pour les souris ayant acces au HFD.
Cela s’accompagnait également d’une prise de poids corporel. Le jour d’apres, lorsque
les souris ayant eu le HFD sont mises de nouveau sous une alimentation standard, un
effet rebond a été observé, avec une forte hypophagie et une diminution du poids
corporel a 24h. Nous avons alors voulu savoir si les neurones a POMC étaient impliqués
dans ces réponses au HFD et si oui, quelles sous-populations en particulier. Le co-
marquage IHC de POMC et cFos a révélé qu’une courte exposition (2h) au HFD pendant
la phase diurne activait environ 1/3 des neurones a POMC. Le co-marquage
vglut2/GAD/POMC/cFos développé précédemment a permis de montrer que c¢’était
principalement la population de POMC-GABA qui était recrutée dans cette situation.
Dans I’autre situation expérimentale, ou les souris qui avaient acces au HFD reviennent
a leur ancien régime, nous avons également observé qu’1/3 des neurones a POMC ¢était
activés. Cependant, un probleme technique dans le marquage FISH/IHC a rendu
impossible la quantification des images et nous n’avons donc pas de réponse quant aux

sous-populations de neurones qui sont activés dans ces conditions.

Chapitre 3 : Afin d’étudier les conséquences fonctionnelles de la transmission
glutamatergique des neurones a POMC, nous avons généré un nouveau modele de souris
génétiquement modifiées, permettant la délétion inductible de la protéine vglut2 des
neurones a POMC (avec un traitement au tamoxiféne), empéchant ainsi la libération de
glutamate des neurones 8 POMC. Nous avons tout d’abord confirmé que cette délétion avait
bien lieu dans I’hypothalamus par PCR. La spécificité¢ de la recombinaison a été vérifice
grace a un autre modele de souris pour lesquelles une molécule fluorescente s’exprime dans

les cellules dans lesquelles la recombinaison a eu lieu. Nous avons ainsi confirmé que ce



sont bien les neurones & POMC qui sont devenus fluorescents aprés le traitement au
tamoxiféne. Nous avons alors entrepris une caractérisation métabolique de cette nouvelle
lignée. Nous avons observé que les souris POMC-vglut2-KO inductibles, dont la
transmission POMC glutamatergique est supprimée, ont une réponse hyperphagique
exagérée suite a un jetine de 24h. De plus, lorsqu’elles sont placées sous HFD, ces souris
mangent plus et ont une dépense énergétique augmentée qui vient compenser
I’augmentation des apports caloriques, d’ou une absence de variation du poids corporel.
A noter que I’hyperphagie induite par le HFD n’a pas été retrouvée dans un lot de souris
indépendant qui était placé dans des cages calorimétriques pour étudier finement leur
dépense énergétique, mais I’augmentation de la dépense énergétique sous HFD a elle, bien

été reproduite.

Discussion

Mise au point de la combinaison FISH/IHC :

Ce travail aura tout d’abord permis la mise au point d’une nouvelle technique neuro-
anatomique permettant la détection simultanée de trois ARNm et une protéine en
fluorescence, sur des coupes flottantes de cerveau n’ayant pas été récupérées en conditions
« RNAse-free ». Les deux ans et demi qui ont été nécessaires pour mettre au point ce
protocole nous ont permis d’identifier les facteurs critiques qui peuvent déterminer la
réussite ou I’échec de ce type de marquage (température d’hybridation, concentration des
anticorps, ordre des différentes étapes, méthodes d’amplification du signal, etc.).
Loin d’avoir mis au point un protocole « universel » qui s’appliquerait a toutes les
conditions, nous disposons néanmoins de trois grands modeles permettant de combiner
FISH et THC, selon que I'THC soit réalisée avant la FISH, aprés celle-ci, ou méme
entremélée. Nous avons été en mesure de combiner 4 marquages simultanément, mais
pensons que de futures améliorations permettront de dépasser cette limite, en particulier
grace a 'utilisation d’une gamme de fluorophores (Opal, PerkinElmer), dont les spectres
d’excitation/émission sont suffisamment éloignés pour permettre la détection de 6

marqueurs simultanément (7 en rajoutant un fluorophore bleu).



Indentification des sous-populations de neurones a POMC activeés :

Ce nouveau marquage a été immédiatement mis en application afin d’étudier le
phénotype des neurones a POMC activés lors d’une exposition aigué a un régime
hypercalorique. Notons tout d’abord que nous avons observé les 3 sous-populations
attendues : POMC-Glut, POMC-GABA et POMC-GIut/GABA. Un quatriéme groupe a
¢galement été identifi¢, pour lequel aucun marqueur glutamatergique ou GABAergique n’a
pu étre détecté (appelé « POMC-only »). Les proportions de POMC-GABA et POMC-
Glut/GABA sont par ailleurs comparables a celles obtenues dans une étude de PCR sur
cellule unique, confirmant la robustesse de la technique de FISH dans I’étude de ces sous-
populations. La proportion de POMC-Glut semble étre cependant sous-estimée par la FISH,
comparée a la PCR, sauf'si I’on rassemble les POMC-only et POMC-Glut au sein du méme
groupe. En effet, aucune cellule POMC-only n’a été décrite en PCR, laissant penser que ces
neurones soient en réalit¢ glutamatergiques, mais dont 1’expression de vglut2 est
insuffisante pour étre détectée par FISH. De plus, le marquage cFos obtenu lors de la
combinaison FISH/THC est similaire a celui obtenu lors d’une IHC classique, confirmant le
fait que le protocole FISH/IHC n’a pas altéré I’antigénicité de cFos et permet donc une
quantification optimale des neurones activés. Enfin, notre méthode de quantification a
consisté en un comptage visuel des cellules POMC qui étaient positives pour les trois autres
marqueurs (GADG65/67, vglut2 et /ou cFos). Pour approfondir les résultats obtenus, nous
pourrions a I’avenir étudier la localisation spatiale des neurones activés, en fonction du
niveau rostro-caudal et de la [latéralité par rapport au troisieme ventricule.
Une quantification de I’intensité des marquages apporterait également une information
supplémentaire, car nous avons remarqué une grande variabilit¢ dans l’intensité des

marquages vglut2 et GAD65/67, notamment dans les neurones mixtes POMC-GIlut/GABA.

POMC-GABA et HED : des neurones hyperphagiques ?

Les résultats de la quantification précédente ont montré une activation préférentielle
des POMC-GABA (environ 40%) aprés une exposition de 2h a du HFD au cours de la phase
diurne, chez des souris ayant déja été exposées a cette nourriture hypercalorique et
palatable. Cette exposition s’accompagnant d une hyperphagie, il est tentant d’imaginer que
les POMC-GABA vy participent, bien que nos données ne permettent d’établir aucune

relation de causalité en ce sens. Cependant, si tel était le cas, nous pourrions imaginer que



cet effet passe par une libération de y-MSH dans I’aire tegmentale ventrale, ou ’activation
des récepteurs MC3R est connue pour promouvoir la motivation pour manger, ou encore
une libération de B-endorphine dans les régions hédoniques du cerveau qui augmenterait le
plaisir 1ié a la prise alimentaire. En effet, la y-MSH et la B-endorphine sont deux
neuropeptides produits par le clivage de POMC, ce qui souligne la pertinence de 1’étude des
sécrétions neuropeptidergiques des différentes sous-populations de neurones a POMC que
nous devrions étre amenés a réaliser dans le futur. Il est a noter cependant que dans cette
condition, environ 60% des POMC-GABA ne répondent pas au HFD et 20% des POMC-
Glut y répondent, ce qui suggere qu’au sein méme des populations glutamatergiques et
GABAergiques, des différences fonctionnelles existent, complexifiant encore plus le réle
de ces neurones. Enfin, qu’en est-il de I’énigmatique population mixte POMC-
GIut/GABA ? A I’heure actuelle, nous ne savons pas si ces neurones sont capables de co-
libérer du glutamate et du GABA, que ce soit au sein des mémes veésicules ou sur différentes
synapses. Il est possible également qu’ils servent de neurones de réserve dont le phénotype
s’adapterait en fonction des conditions physiologiques. Nos données montrent que ces
neurones répondent au HFD d’une maniére similaire aux POMC-GABA, avec environ 1/3
de neurones activés, suggérant que leur phénotype fonctionnel se rapproche plus de celui
des POMC-GABA. Comme évoqué précédemment, une analyse plus précise de 1’intensité
relative du marquage GADG65/67 et vglut2 au sein de ces neurones permettrait de clarifier

ce point.

L’effet rebond lors du retour a une alimentation standard :

Nous avons observé un effet rebond (hypophagie et perte de poids) lorsque les souris
retournaient a une alimentation standard aprées 24h d’exposition au HFD. Malheureusement,
des problémes techniques lors du marquage FISH/IHC n’ont pas rendu possible
I’identification des sous-populations de neurones a POMC activés dans cette condition.
Nous pouvons cependant supposer que, contrairement a la situation précédente, les POMC-
Glut seraient ici plus nombreux a é&tre recrutés, participant a D’effet satiétogene
classiqguement décrit pour les neurones a POMC. Il est a noter que lors du double-marquage
POMC/cFos en IHC, I’intensité du marquage cFos était beaucoup plus variable que lors de
I’exposition a 2h de HFD. Le sacrifice ayant été réalisé au début de la phase nocturne,

correspondant a la phase active des souris, il est ainsi plus difficile d’interpréter le marquage



cFos : certaines cellules peuvent étre positives, non pas parce qu’elles ont répondu au
changement de nourriture per se, mais parce que les souris ont commencé a manger a des
temps différents apres le changement, induisant une accumulation plus ou moins forte de
cFos au sein des neurones a POMC. Le marquage cFos dans cette condition ne refléte donc
pas forcément la réponse neuronale au changement de nourriture. Pour surmonter ce
probléme, il pourrait étre intéressant de s’intéresser a d’autres marqueurs d’activité
cellulaire plus précoces, tels que ERK, dont la phosphorylation (pERK) peut survenir dans
les minutes qui suivent un stimulus. Ainsi, I’effet du changement de nourriture pourrait étre
étudié plus directement, sans les facteurs de confusion induits par la prise alimentaire

« normale » durant la phase nocturne.

Caractérisation du modéle POMC-vglut2-KO :

Nous avons créé une nouvelle lignée de souris transgéniques ou la délétion de vglut2
est réalisée spécifiguement dans les neurones a POMC aprés un traitement au tamoxiféene.
Le contrble de la délétion a été effectué par PCR sur hypothalamus total et la spécificité de
la recombinaison a été vérifiée grace a une lignée rapportrice. Pour autant, la délétion de
vglut2 n’a pas été directement observée dans les neurones 8 POMC, ce que nous ferons par
FISH lorsque nous disposerons d’une sonde permettant de détecter uniquement 1’exon 2 du
géne Slcl7a6 (codant pour vglut2), qui est excisé dans notre modéle. De méme, il serait
important de vérifier que cette délétion entraine bien une suppression de la transmission
glutamatergique des neurones a POMC, par électrophysiologie. Les données obtenues sur
ce modele montrent que la delétion de vglut2 entraine une hyperphagie lors d’une
réalimentation suite a un jeGne de 24h (également appelé « refeeding »), sous une
alimentation standard. Il est intéressant de noter que ce phénotype correspond également a
ce que notre laboratoire a observé dans de précédentes expériences, lorsque de la
rapamycine est administrée dans le ventricule latéral. Cette molécule, un inhibiteur de la
voie de signalisation mTORC1, provoque également une hyperphagie en situation de
refeeding, et inhibe les neurones a POMC glutamatergiques. De ce fait, la suppression
génétique de vglut2 récapitule le phénotype observé lors de 1’inhibition pharmacologique
des neurones POMC-Glut par la rapamycine. Les souris POMC-vglut2-KO présentent
également une légére augmentation de la prise alimentaire sous HFD, qui s’accompagne

d’une augmentation de la dépense énergétique, si bien que leur poids reste constant. Toutes



ces données placent la transmission glutamatergique des neurones a POMC comme un
signal anorexigene, caracteristique du role classique des neurones a POMC. Cependant,
plusieurs limitations sont a prendre en considération dans cette étude. Tout d’abord, le
traitement au tamoxiféne utilisé pour provoquer la délétion induit lui-méme des
modifications métaboliques a long terme, notamment en réponse au HFD, en agissant sur
les neurones a POMC. Cela souligne I’importance d’utiliser des controles qui auront eux-
mémes regus ce traitement, comme dans notre étude. Ensuite, la délétion touche I’ensemble
des neurones a POMC, a savoir ceux situés dans le noyau arqué de I’hypothalamus de méme
que ceux situés dans le noyau du faisceau solitaire, que nous n’avons pas étudié ici.
Pour ces derniers, le phénotype glutamatergique/GABAergique n’a pour I’instant jamais
été étudié. Les neurones mixtes POMC-GIut/GABA sont également affectés par cette
délétion, qui transforme leur phénotype en neurones a POMC GABAergiques purs.
Enfin, I’hyperphagie observée lorsque les souris sont soumises a une alimentation HFD n’a
été observée que dans une cohorte sur les deux étudiées ici. Dans la deuxieme cohorte
cependant, le HFD a été donné dans des cages métaboliques, et lorsque les souris étaient
plus jeunes, suggérant un role de 1’age dans la survenue de cette hyperphagie. De futures
expériences sont prévues, ou le HFD sera donné a différents ages afin d’en étudier I’impact.
Nous comptons également étudier le métabolisme glucidique et effectuer des tests de
préférence entre nourriture standard et nourriture HFD chez ces souris. A plus long terme,
la déletion de GAD65/67 des neurones 8 POMC est également prévue, par la création d’une
lignée similaire a celle-ci, en croisant des souris POMC-creER™ avec des souris
Gadl/Gad2-flox.

Conclusion générale et perspectives :

L’ensemble de ce travail tend a montrer qu’il existe une dichotomie fonctionnelle
entre les neurones a POMC GABAergiques et glutamatergiques. Les POMC-GABA sont
préférentiellement activés par une courte exposition a un régime hypercalorigque et palatable
et nous pouvons émettre 1’hypothése qu’ils jouent un réle orexigéne en agissant sur la
régulation exostatique de la prise alimentaire (stimulation de la motivation/plaisir pour la
nourriture). A I’inverse, les POMC-Glut auraient un role anorexigéne, plus en lien avec la
régulation endostatique de la balance énergétique. Ces données préliminaires devront étre

néanmoins confirmées et approfondies par de nouvelles études, en gardant a 1’esprit qu’il



est plus que probable qu’au sein méme de ces sous-populations, il existe également des
différences fonctionnelles. Ainsi, pour aller plus loin, il serait primordial de pouvoir
manipuler sélectivement les POMC-Glut, POMC-GABA et POMC-GIut/GABA afin de les
activer ou inhiber de maniére inductible et en étudier les conséquences sur le métabolisme.
Cela serait possible grace a une approche originale, combinant souris transgéniques et
vecteurs viraux pour une modulation pharmaco- ou optogénétique de ces sous-populations.
Des souris Gad2-Cre et vglut2-Flip pourraient étre croisées pour créer une nouvelle lignée
de souris dans lesquelles les neurones GABAergiques expriment la Cre-recombinase et les
neurones glutamatergiques expriment la Flippase. L’injection d’AAV dont 1’expression
nécessite la présence (-on) ou I’absence (-off) de la Cre et la Flip (systeme INTERSECT)
permettrait alors de cibler sélectivement les neurones glutamatergiques, GABAergiques et
mixtes. L’expression spécifique dans les neurones 8 POMC serait quant a elle possible si le
transgéne porté par le virus (molécule fluorescente, DREADD, opsine, etc.) est sous la
dépendance du promoteur de POMC. Ainsi, nous pourrions cibler spécifiqguement les
POMC-Glut (Cre-off/Flip-on), POMC-GABA (Cre-on/Flip-off) ou POMC-Glut/GABA
(Cre-on/Flip-on) pour étudier les sites de projection specifiques de ces sous-populations ou
encore les conséquences directes de leur activation/inhibition sur le comportement

alimentaire et le métabolisme.

Mots-clés : FISH, POMC, glutamate, GABA, hypothalamus, balance énergétique
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Introduction



Chapter 1

Globesity
A worldwide epidemic



This chapter will present the latest epidemiological data on worldwide obesity and

its human and economic consequences. The treatments and main aetiological factors
identified to date will also be discussed.

¢ Definition
Obesity is a pathological condition defined by an accumulation of fat that presents a
risk to health. According to the World Health Organization (WHO), an individual is

weight
height?

al. 2009, Rahman and Berenson 2010). The BMI is frequently used to estimate an

obese at a Body Mass Index (BMI = ) of at least 30kg/m? (Whitlock, Lewington et

individual's health risks relative to his weight, defining different categories, presented
in Figure 1.
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Figure 1: World Health Organization adult Body Mass Index classification

Figure taken from https://wikplus.blogspot.com/2019/03/obesity-and-overweight. html

However, many authors criticize the simplistic nature of this index, which takes into
account an individual's total mass, without differentiating the fat mass from the fat-free
mass (muscle mass + bone mass) (Hebert, Allison et al. 2013). This distinction matters,
since a top-level athlete who has developed a high muscle mass may be wrongly

classified as obese, although he or she does not have any excessive accumulation of fat
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(Kraemer, Torine et al. 2005). Other anthropometric measurements can be made, such
as waist circumference and waist-to-hip ratio. The WHO consider them as better
indicators than the BMI, because they give a more accurate representation of abdominal
fat (which is thought to have the most negative impact on health), with a more precise
classification, depending on age and gender. Of note, different methods exist to better
quantify the amount of adipose tissue: hydrostatic weighing, dual x-ray absorptiometry,
computed tomography and magnetic resonance imaging (MRI), but these techniques are

more expensive and impractical for routine clinical examinations (Purnell 2018).

Hence, despite their imprecision, the anthropometric indicators meet an imperative
of practicality and remain the reference used to define obesity in clinical and

epidemiological studies.

¢ Is obesity a disease?

Describing obesity as a disease or not is a long-standing debate in the medical field,
the difficulty coming from the fact that there is no universal definition of a disease (Kyle,
Dhurandhar et al. 2016). In Hippocrates' time, overweight was already considered as a
risk factor of increased mortality (Rosen 2014), an assertion that has not been denied
since. However, for most of the 20th century, obese people were held personally
responsible for their condition, which was considered to be the reflection of their poor
lifestyle and uncontrolled gluttony. In this view, an obese person is not a patient
suffering from a pathology, but an individual whose moral weaknesses and lack of

control have led to a state that could only be reverted by his own will.

This stigmatizing view of obesity has since been challenged by recent discoveries in
the identification of the real causes of obesity, including multiple biological factors
(genetic and hormonal) that influence fat accumulation. This new knowledge has
gradually led various organizations to change their definition of obesity and recognize
it as a real disease. In 1998, the US National Institutes of Health (NIH) recognized
obesity for the first time as a "complex chronic multifactorial disease”. Several

organizations did the same in the following years, but it was in 2013 that a decisive step



was reached, with the recognition by the American Medical Association (AMA) of
obesity as a “chronic progressive disease”, and not just a mere risk factor for other
pathologies (Rosen 2014). This decision is emblematic because the AMA is the largest

medical association in the United States.

Although still controversial to date, the qualification of obesity as a chronic disease
serves a more utilitarian than scientific purpose, in order to change the negative view of
the general public (and some doctors) towards obese people, encourage research in its
endeavour and a allow people to have medical coverage/insurance related to obesity
(Kyle, Dhurandhar et al. 2016).

+ Worldwide prevalence of obesity

Since 1975, the prevalence of overweight and obesity has almost tripled, reaching
about one-third of the world's population, including 1.9 billion adults (over 18 years
of age) and 381 million children/adolescents (under 19 years of age) in 2016,
according to the WHO. Overall, the obesity rate is higher among women than men
(Figure 2A) regardless of socio-economic background, and it increases with age,
with a maximum gender difference between 50 and 60 years of age (Chooi, Ding et
al. 2019). However, there is a fairly large regional disparity in the prevalence of
obesity, with rich countries being the most severely affected, with the notable
exception of some South-East Asian countries such as Japan and South Korea, where
the obesity rate is below 5% despite very high industrialization (Figure 2B). It should
also be noted that obesity differently affects social classes: in rich countries, obesity
mainly affects the underprivileged, while in poor countries, it preferentially affects

the urban upper class (Swinburn, Sacks et al. 2011).
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Figure 2: Prevalence of obesity
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A: Age-standardized global prevalence of overweight (left) and obesity (right) in men and
women >20 years old by year, from 1980 to 2015. Taken from (Chooi, Ding et al. 2019).
B: Percentage of obese adults within each country, worldwide. Source: WHO



Thus, while the obesity rate seems to have stabilized in some rich countries over
the past 10 years, such as in the United States where it remained at around 30-34%
between 2005 and 2015, the overall prevalence has increased worldwide, with a
general trend towards acceleration (Chooi, Ding et al. 2019). If this trend does not
change, 57.8% of the world's population could be overweight or obese by 2030
(Kelly, Yang et al. 2008). However, this prediction might be still below reality, as
all these studies use the BMI and associated thresholds to define overweight and
obesity. As explained above, this index is not necessarily the most precise, because
a given BMI value can underlie an almost twofold inter-individual variation in the
percentage of body fat, depending on age, sex and ethnicity (Gallagher, Visser et al.
1996, Gallagher, Heymsfield et al. 2000). For example, Asian populations have a
higher adiposity than European ones for a similar BMI, which led some Asian
countries to lower the threshold above which an individual is considered obese.
For instance, in China, the Working Group on Obesity has lowered this threshold
from 30kg/m? to 28kg/m?2 (Zhou 2002). As a result, the number of people whose
health is threatened by an excess amount of body fat could be even greater than in

the current estimates, which are already particularly alarming.

s Aetiology

In the last decades, the production and distribution of food has changed dramatically,

together with lifestyle modifications, especially in the most industrialized countries.

Since the 1970s, there has been an overproduction of high-calorie processed food and

sweetened beverages to feed an increasingly urbanized population, leading to an overall

increase in calorie intake (Kadouh and Acosta 2017). This was accompanied by an

increased sedentarization (e.g. time spent watching television) that promotes weight

gain (Hu 2003) and an overall decrease in physical activity, which in turn, increases the

risk of cardiovascular diseases and diabetes, among other things (Fox and Hillsdon

2007). Other factors such as sleep deprivation are correlated with an increase in obesity,

although to date, no causal relationship is clearly established (Cappuccio, Taggart et al.

2008). Taken together, these results show that the huge increase in the prevalence of
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obesity occurred in a period characterized by a profound environmental transformation,

in favour of caloric overload and physical inactivity (Piazza, Cota et al. 2017).

However, not all individuals living in this new “obesogenic” environment become
obese. This apparent discrepancy is not necessarily due to a difference in lifestyle
choice, but can be explained by the biological factors underlying body weight
regulation. Among these, the genetic factors are certainly the most important ones.
Indeed, studies of twins and adoptees suggest that up to 70% of the inter-individual
variation in fat mass has a genetic aetiology (Faroogi and O'Rahilly 2008). Some forms
of obesity are caused by the mutation of a single gene (e.g. POMC, leptin, leptin
receptor, melanocortin receptor 4...) or chromosome abnormalities (e.g. Prader-Willi
syndrome) but this is rare. Most of the time, multiple genetic variants contribute together
to the determination of the BMI (Kadouh and Acosta 2017), which is a highly
hereditable trait. Of note, gene expression is itself subjected to variations due to
chromatin modifications (acetylation, methylation) which take place particularly in pre-
and peri-natal periods. These "epigenetic" (from the Greek: “on top of genetics”)
changes are often considered to reflect the environment at the genetic level and could
therefore be a link between environmental changes and the development of obesity
(Lopomo, Burgio et al. 2016). In addition to these (epi)genetic determinants, other
factors can promote the development of obesity, such as physiological changes (e.g.
pregnancy, menopause), various endocrine diseases (e.g. Cushing's syndrome,
hypothyroidism) or drugs’ side effects. Finally, the composition of the gut microbiota
and some adenoviruses (namely Ad36 and Ad37) are also known to play an aetiological

role that is being studied with growing interest.

Thus, the current obesity pandemic is likely caused by an interaction between
environmental and biological factors (Figure 3). However, the debate about what is the
main cause of obesity, i.e. environment (Wilding 2012) or genetics, (Frayling 2012) still

rages on.
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Figure 3: Principal causes and consequences of obesity

Figure taken from https://www.pinterest.fr/obesitybild/

+ Consequences

Such an obesity pandemic has consequences, in terms of quality of life for obese
patients as well as socio-economic burden for the most affected countries.
Globally, overweight and obesity are estimated to be responsible for 5% of deaths,
making them the 5th leading cause of death. Obesity is associated with a decrease in life
expectancy from 5 to 20 years, depending on the severity of the associated co-
morbidities (Hruby, Manson et al. 2016). Indeed, obesity is a major risk factor for a
large number of non-communicable diseases (Figure 3). For example, oxidative stress
and chronic inflammation are common features of obesity and are among main causes
of insulin resistance, which can lead to the development of type 2 diabetes (Salmon
2016).  Thus, it is estimated that 85% of patients with type 2 diabetes are overweight
or obese (Bhupathiraju and Hu 2016).
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Many other health problems can result from obesity and diabetes, such as
hypertension, dyslipidaemia, fatty liver, vascular and renal impairment, retinal vascular
disease, peripheral neuropathy, peripheral vascular disease (Meldrum, Morris et al.
2017). Depending on how well patients are treated, these diseases can have serious
consequences such as amputations, blindness or senility, dramatically degrading their
quality of life. In general, obesity increases the risk of cardiovascular diseases such as
arrhythmias, heart attacks (Plourde, Sarrazin et al. 2014) or strokes (Rexrode,
Hennekens et al. 1997).

Obesity is also a risk factor for many cancers: colon, rectum, breast, uterus,
ovaries, oesophagus, pancreas, kidney, gallbladder, brain, lymphoma (Hruby, Manson
et al. 2016, Meldrum, Morris et al. 2017). Overall, high BMI and its increase are
associated with an enhanced risk of cancer and overweight contributes to 20% of all

cancer-related deaths, according to the American Cancer Association.

Moreover, obese patients have a 2-fold increase in the incidence of osteoarthritis
compared to thin subjects (Blagojevic, Jinks et al. 2010). Other physical
(thrombophlebitis, gallstones, urinary incontinence, easy fatigability) or mental health
problems (sexual dysfunction, depression, low self-esteem, motivational disorders,
eating disorders, impaired body image, interpersonal communication problems) and
neurodegenerative diseases like Alzheimer’s disease, occur more frequently in obese
people, but we will not discuss them further for the sake of space (Djalalinia, Qorbani
et al. 2015, Meldrum, Morris et al. 2017).

Economically, it is difficult to quantify the exact cost of obesity, since not all
studies include the same co-morbidities, often omitting the mental health problems
(Tremmel, Gerdtham et al. 2017). However, the McKinsey Global Institute estimated
that in 2012, obesity-related spending reached US$2,000 billion worldwide (i.e. 2.8%
of GDP). Obesity is thus an economic burden, both at the individual and national level,
through an increase in healthcare spending, but also in the number of people with
disabilities or unable to work (Runge 2007). Unfortunately, the increasing prevalence
of worldwide obesity is likely to weigh even more heavily on the economies of

developed countries.
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s Current treatments

Different strategies have been elaborated to fight against the global obesity epidemic,
although to date, no single country has succeeded in reverting the phenomenon
(Roberto, Swinburn et al. 2015). There are three main categories of treatments: lifestyle

interventions, pharmacological treatments and bariatric surgery.

First, the lifestyle interventions consist of changing patients' lifestyles in order to
achieve weight loss. In fact, the goal is to limit their caloric intake while promoting
physical activity, to place them in a state of "negative energy balance”. The energy
balance represents the balance between energy intake and expenditure and, by extension,
body weight gain or loss. Thus, dietary interventions are combined with behavioural
therapies in order to achieve weight loss. Different types of diets can be used for this
purpose, most of which vary in macronutrient composition (fat/protein/carbohydrates)

and/or in overall amount of calories (Ruban, Stoenchev et al. 2019) :

- Low fat diets: in these diets, lipids provide less than 30% of the total energy.
As these are the macronutrients with the highest calorie density (9 kcal/g), their
drastic reduction in the diet results in weight loss.

- Very low/Low carbohydrate diet: in these diets, the more or less significant
reduction in carbohydrates leads to an inversion of the energy balance.
Initial weight loss is faster than for low fat diets, probably due to the mobilization
of glycogen stocks and dehydration (Bray 2003).

- High protein diet: in these diets, more than 30% of the energy is provided by
proteins, because proteins are the most satietogenic nutrients. As a consequence,
their consumption in large quantities is expected to extend satiety, but the effects
on body weight are small (Santesso, Akl et al. 2012).

- Very low/Low calorie diet: unlike previous diets which varied in one specific
macronutrient, these diets are nutritionally balanced, but their total energy

density is reduced, to achieve a negative energy balance.

Overall, none of the aforementioned diets are successful in fighting against obesity in

the long term. It seems that caloric restriction, regardless of macronutrients, is the most
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effective way to lose weight, but the longstanding results of such dietary intervention
are very disappointing because of systematic weight regain. At best, the net benefit is a
long-term (3-year) weight reduction of 5% (Ruban, Stoenchev et al. 2019). The weight
regain can be explained by metabolic adaptations (i.e. reduction of energy expenditure)
to weight loss but also by patients' lack of compliance with overly restrictive diets.
An alternative is the "Mediterranean diet", which is less restrictive, characterized by a
high consumption of fruit, fish and vegetables with less meat and fat. This diet can lead

to weight loss and reduced risk of cardiovascular problems (Huo, Du et al. 2015).

Alone, lifestyles interventions are not very effective, but complementary
pharmacological treatments can potentiate their effects, particularly on weight loss
maintenance, although in some cases, their anti-obesity mechanisms are not known.
The main treatments approved by the US Food and Drug Administration are the

following (Ruban, Stoenchev et al. 2019) :

- Orlistat: this pancreatic lipase inhibitor prevents the absorption of about 30% of
the ingested lipids, which are then excreted in the feces. It causes modest weight
loss (generally less than 5%) and a reduction in cardiovascular risk and type 2
diabetes (Torgerson, Hauptman et al. 2004). The main side effects include oily
stools and incontinence.

- Saxenda®: its active substance, Liraglutide, is Glucacon-like peptide 1 (GLP-1)
receptor agonist. GLP-1 is a satiety hormone produced by the gastrointestinal
tract (Gl tract). It allows a dose-dependent weight reduction of up to 6% at 1 year
(Davies, Bergenstal et al. 2015). Side effects include gastrointestinal disorders
and acute pancreatitis.

- Mysimba®: this drug combines naltrexone, an opioid antagonist used in alcohol
and opioid addiction and bupropion, a dopamine and norepinephrine recapture
inhibitor, used as an antidepressant and for smoking cessation. Together, these
two molecules act as an appetite suppressant, resulting in a weight reduction of
about 6% (Greenway, Fujioka et al. 2010). Side effects include nausea, headache

and constipation.
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- Belvig®: its active substance, Lorcaserin, is a serotonin 5-HT2c receptor agonist
that increases serotonin reuptake, leading to a weight reduction of about 5%,
without causing heart problems, which are usually caused by other 5-HT2c
agonists such as fenfluramine (Bohula, Wiviott et al. 2018).

- Qsymia®: this new drug combines phentermine (an amphetamine derivative that
acts as an appetite moderator) and topiramate (an anti-convulsant that induces
moderate weight loss through an unknown mechanism). Together, they allow a

weight loss of about 13% over 2 years (Yanovski and Yanovski 2014).

Thus, all the treatments mentioned above have a modest efficacy and their use is
limited by the many associated side effects. Of note, in France, only Orlistat is

available as an anti-obesity drug.

When all dietary and/or drug interventions have failed, and for the most severe
cases of obesity, bariatric surgery is an interesting alternative because its
effectiveness on weight loss and associated comorbidities is much greater than other
treatments (Colquitt, Pickett et al. 2014). There are four types of bariatric surgery
(Figure 4):

Adjustable Roux-en-Y gastric
gastric banding bypass

Bilio-pancreatic
diversion with a
duodenal switch

Sleeve gastrectomy

Figure 4: Different bariatric surgeries
Figure modified from (Ruban, Stoenchev et al. 2019).
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Adjustable gastric banding (AGB): this operation consists of placing a silicone
band around the upper part of the stomach in order to limit the amount of food
ingested (Figure 4A). This allows an excessive weight loss (EWL) of 55% within
2 years of the procedure, as well as the remission of many associated
comorbidities (Chang, Stoll et al. 2014). Of note, the %EWL is the percentage of
weight lost with respect to the theoretical weight that a patient has to lose in order
to reach a BMI of 25. Side effects include gastroesophageal reflux and band
slippage.

Sleeve gastrectomy (SG): this operation consists of excising 80% of the stomach
(Figure 4C), thereby reducing the volume of food ingested. Unlike the previous
technique, this one is obviously irreversible but is more effective, with a %EWL
of 70% at one year, as well as the remission of many comorbidities (Chang, Stoll
et al. 2014). As with gastric banding, gastroesophageal reflux is one of the side
effects encountered. More serious complications, such as anastomotic leakage,
are also possible.

Roux-en-Y gastric bypass (RYGB): this operation consists of separating an
upper pouch of the stomach, which is then connected to the distal part of the
intestine (Figure 4B). The food ingested avoids most of the stomach and the
proximal part of the intestine. This technique achieves a % EWL of 72% at 1 year,
a significant remission of comorbidities and a good long-term weight loss
maintenance (Chang, Stoll et al. 2014). However, some severe surgical
complications can lead to bowel obstruction and perforation.

Biliopancreatic diversion with a duodenal switch (BPD-DS): this operation
consists first of a SG. Then, the distal part of the intestine (ileum) is connected to
the proximal part (duodenum), thus shunting most of the intestine (Figure 4D).
This operation achieves a %EWL of 73% with weight loss maintained up to 8
years, and decreased comorbidities (Buchwald, Estok et al. 2009). As BPD-DS
Is a rather complex procedure, it also combines the complications observed in SG

and RYGB, including anastomotic leaks and bowel obstruction.
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Bariatric surgery techniques are the most effective for long-term weight loss.
However, the risks associated with the surgery, the side effects and the irreversible
nature of these procedures (except for AGB) mean that they are generally reserved
for the most severe cases of obesity (BMI > 40kg/m? or BMI > 30kg/m? with co-
morbidities) for which everything else have failed. In addition to the surgical
complications, patients frequently suffer from dumping syndrome and nutritional
deficiencies (lipophilic vitamins, minerals...) after bariatric surgeries, and need
aesthetic type of surgery to remove the excess of skin. Finally, they are more likely
to develop behavioural disorders, often because the underlying behavioural
alterations related to food intake were not appropriately addressed (Ruban,
Stoenchev et al. 2019). Thus, if bariatric surgery can surely save lives, it is far from

an ideal solution for the majority of obese patients.

Therefore, a better understanding of the biological mechanisms at work in body

weight regulation is needed in the hope of developing new therapeutic strategies.
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Chapter 2

Theoretical framework(s) of body
welght regulation



This chapter will present the main models developed to explain whether and how
body weight is regulated. The advantages and disadvantages of the different models

will be discussed, as well as their possible biological correlates.

¢ Set point model

In the 1950s, studies made in rats laid the foundation for the first major theoretical
model of body weight regulation: the lipostatic model. Based on the observation that
rats were able to maintain stable fat stores according to different physiological situations
with highly variable energy demands, Kennedy hypothesized that the adipose tissue was
responsible for a feedback loop, in order to match energy intake with energy demands
(Kennedy 1953). This mechanism, called "lipostat”, is disrupted after hypothalamic
lesions in rats, suggesting that the hypothalamus is the brain region able to detect signals
from the adipose tissue (Figure 5A). These data were subsequently supported by other
experiments in which rats were subjected to a high-calorie diet or caloric restriction to
gain or lose weight, respectively (situations illustrated in Figure 5B and Figure 5C).
When the overload or caloric restriction stopped, the rats regained a body weight similar
to that of control-fed rats (Mitchel and Keesey 1977, Rothwell and Stock 1979).
These data therefore support the existence of a set point for body weight, whose role is
to maintain body weight constant in the long term despite temporary variations in energy
intake. In accordance with the high heritability (65-70%) of BMI discussed in the

previous chapter, this set point would likely be genetically determined.

The discovery of the leptin gene, which codes for an anorectic hormone produced by
adipocytes, subsequently provided a biological basis for the lipostatic theory (Zhang,
Proenca et al. 1994). The circulating levels of leptin are in proportion to the amount of
adipose tissue, making it an adiposity signal that is detected in many brain regions
involved in the control of energy balance, including the hypothalamus (Schwartz and
Zeltser 2013). The importance of leptin is further highlighted by the fact that humans
whose leptin gene or receptor is mutated are hyperphagic and develop morbid obesity
(Montague, Farooqi et al. 1997, Clement, Vaisse et al. 1998).
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Figure 5: The lipostatic model of body fat regulation.

In this model, fat tissue produces a signal (generally presumed to include leptin) that
1s passed to the brain, where it is compared with a target (the set point of the system)
A: Discrepancies between the level of the signal and the target are translated into
effects on energy expenditure and energy intake to equalize the discrepancy and

maintain homeostasis.

B: When body fatness is above the target level, expenditure is increased and intake
decreased until fatness falls and the signal and target are brought back in line.
C: When the individual is too thin as determined by the set point, intake is increased
and expenditure is reduced to drive the subject into a positive energy balance,
resulting in an increase in fatness and bringing the target and signal back in line.

Figure and legend modified from (Speakman, Levitsky et al. 2011).
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The set point model explains, among other things, why it is so difficult for obese
people to maintain their lost weight, as their bodies try to restore the fat levels
corresponding to the pre-established set point. However, this theory hardly explains why
an individual would become obese in the first place, if their "lean" initial body weight
was defended against any variation. In addition, most obese people have very high
endogenous leptin levels, consistent with their large volume of adipose tissue, and
attempts to treat obesity by adding exogenous leptin were unsuccessful (except when
done in leptin-deficient people) (Speakman 2018). This apparent contradiction has given
rise to the concept of "leptin resistance”, to describe the fact that leptin no longer seems
to produce a negative feedback on weight in obese people. In this context, the significant
increase in body weight would be due to a defect in the lipostatic regulation system.
Other authors support the idea of a variable set point, based on mathematical modelling.
This set point would remain stable as long as environmental conditions remain the same,
but could vary depending on food availability and/or risk of predation (Higginson,
McNamara et al. 2016).

Despite this, other problems exist in this model. For example, caloric restriction
induces a decrease in circulating leptin before there is even a decrease in body fat and
most of the signals involved in the negative feedback loops (insulin, nutrients,
hormones) respond to short-term variations in energy intake. Conversely, body weight
regulation in this system is carried out over much longer periods. As a consequence,
there is a discrepancy between the time period over which the regulatory signals (leptin,
insulin, nutrients, hormones) are responsive to energy imbalance (hours and days) and
the time period over which regulation seems to occur (weeks and months)
(Speakman, Levitsky et al. 2011).

In summary, the set point model explains the apparent long-term stability of body
weight in animal models when exposed to high variations in energy intake, similar to
what is observed in humans (Speakman 2018). The set point is characterized by
peripheral signals informing the brain of the body's energy stores. In response, the brain
adjusts the energy balance to maintain the body weight at a genetically pre-defined level

(Figure 5), but which may (or may not) vary depending on the environment.
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However, this homeostatic body weight regulation model struggles to explain the
explosion in obesity rates over the past 50 years and only takes into account intrinsic
physiological mechanisms, denying a role for socioeconomic and environmental factors
in the aetiology of obesity (Speakman, Levitsky et al. 2011). If we consider that the set
point is variable due to environmental pressures, such variations on a genetically-
determined set point could not occur within a few generations. This model therefore
does not explain the rapid change in the distribution of BMI worldwide, which is

increasingly skewed towards high BMIs.

s Settling point model

This model takes the opposite approach to the previous model because it considers
that there is no active regulation of body weight. Fat stores would behave like water
inside a reservoir, or a lake (Figure 6A), subject to passive regulation based on inflow
and outflow, which would naturally reach a balance (Speakman, Levitsky et al. 2011).
When the inflow increases, it temporarily surpasses the outflow, thus filling the
reservoir, until a new settling point is reached by the progressive increase of the outflow
(Figure 6B). Conversely, when the inflow decreases, the difference with the outflow will
empty the tank until the outflow adjusts again to a lower settling point (Figure 6C).
By applying this model to body weight regulation, our fat stores then only reflect our
energy intake (independent of the current volume of fat) and a passive adaptation of

energy expenditure (related to the current volume of fat).

The settling point model thus interprets the increasing prevalence of obesity as a
consequence of the modern obesogenic environment: increasing energy intake would
naturally lead to an accumulation of fat until a new equilibrium point is reached, when
energy expenditure again matches the intake (Speakman 2018). The regained weight
after a caloric restriction then corresponds to a rebalancing of the reserves compared to
normal caloric intakes, giving the illusion of a pre-determined, fixed set point.
Unlike the set point model, here, the main factors involved in body weight change are

the environment and lifestyle rather than genetics and physiology.
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Figure 6: An example of a settling point system: levels of water in a lake.

A: In this schematic, the input to the lake is rain falling in the hills. The output of
water from the lake is directly related to the depth of water at the outflow. The depth
of the water in the lake reaches a settling point at which the outflow is equal to the
inflow (indicated by the sizes of the arrows).

B: If the amount of rainfall increases (denoted by the larger arrow), the level of water
in the lake increases until a new settling point is reached, at which the outflow is
equal to the inflow.

C: If the amount of rainfall decreases, the water level in the lake falls until a new
settling point is reached, again where the outflow matches inflow.

Figure and legend taken from (Speakman, Levitsky et al. 2011). ”



Of note, this model requires that one of the variables (inflow or outflow) be
independent of the reserve level while the other depends on it. In the case of body weight
regulation, it is tempting to imagine that it is the energy expenditure that varies
according to the level of the reserve, because each variation in body weight corresponds
to a variation in fat mass (FM) and fat-free-mass (FFM), the latter being an energy
consumer (Speakman, Levitsky et al. 2011). Thus, variations in energy intake would
lead to a variation in FFM in the same direction, causing an increase in energy

expenditure, until a settling point is reached.

However, this model is in contradiction with numerous data. First, in a passive
regulation model, it would be very easy for an obese person to lose weight and maintain
it in the long term: a caloric restriction would be enough to re-establish a lower settling
point without any biological mechanism to fight against it. However, physiological
adaptations to caloric restriction are real and do not match the predictions of the settling
point model: the decrease in energy expenditure is higher than expected and there is a
difficulty for obese patients to maintain such a calorie-restricted diet over time because
of increased hunger sensation. Finally, when the calorie-restriction is lifted, hyperphagia
occur and weight re-gain is much faster than expected with a passive regulation model
(Speakman 2018). Thus, feeding studies in humans are more consistent with the set-

point rather than the settling point model (Hall and Guo 2017).

In summary, the settling point model provides a better explanation than the set point
model for the current obesity epidemic, considering that energy intake and energy
expenditure passively reach a state of equilibrium, allowing fat stores to be quite large
if the intake is also large (Figure 6B). On the other hand, this model is in contradiction
with all observations of active physiological processes that fight against weight loss.
Thus, unlike the set point model, which neglects environmental aspects, the settling
point model only takes into account environmental modifications and denies the

existence of all the biological mechanisms at work in the regulation of body weight.
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¢ Dual intervention point model

Faced with the inconsistencies of the two models described above, an alternative
model was proposed: the dual intervention point model. It is actually a combination of
the set point and settling point models. Here, there is not one, but two genetically
determined set points that represent an upper and lower limits (called "intervention
points™) above and below which body weight is actively regulated by distinct
physiological mechanisms. However, between these, there is a range of body weights
for which no active regulation takes place (Speakman, Levitsky et al. 2011).
Thus, just as in the set point model, predefined limits determine the activation of
biological mechanisms to counteract weight gain/loss, and just as in the settling point

model, the environment alone influences body weight between these limits (Figure 7).

While the set point model is based only on genetics and physiology and the settling
point model only takes into account the environment, the dual intervention point model
has the advantage of modelling gene-by-environment interactions (Speakman 2018).
Here, the compensatory mechanisms that occur after a caloric restriction or an
overfeeding period are due to the crossing of one of the limits. Moreover, the reason
why some individuals gain much more weight than others in the same environment is
related to the difference between these two limits: if we consider that body weight is not
actively regulated in this range, two people placed in an obesogenic environment are
likely to reach their upper limit, but the latter may be higher or lower depending on the
genes that determine it. But then, why is such a variation in the upper intervention point

possible?
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Figure 7: The dual intervention point model.

This model is illustrated here by changes in body weight over time. The body weight
varies depending on the prevailing direction of the environmental pressures.

A: These pressures largely favour weight loss, and the body weight or adiposity
declines.

B: These factors largely favour weight gain and body mass increases. At these times
weight is largely dictated by environmental factors.

C: Here, the pressure to gain weight has resulted in weight increasing to the upper
intervention point. Further weight gain is resisted by physiological (genetic) factors
(depicted by black arrow). The weight therefore remains in balance: declines are
prevented by the upward environmental pressures, and increases are prevented by
physiological factors.

D: Weight only starts to decline again when the environmental pressure to increase
weight is reversed (or an intervention is started).

In any situation in which there is a constant environmental pressure favouring weight
gain, individuals will increase to their upper intervention points, which vary among
individuals and are hypothesized to be genetically determined. (Similarly, weight loss
becomes resisted at the lower intervention point by other physiological mechanisms:
not illustrated here.) This model also combines the ideas of settling points and
uncompensated factors, which dominate between the intervention points, and
physiological feedback controls that operate when the intervention points are
reached.

Figure and legend taken from (Speakman, Levitsky et al. 2011).
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One explanation provided by Speakman is that we need to consider the evolutionary
pressures that have shaped the levels of these intervention points over time.
Classically, the starvation-predation trade-off is invoked in the set point model to
explain why some individuals have a higher set point than others: during evolution,
genes have been selected to promote fat storage (allowing survival in case of starvation,
also referred as the "thrifty gene hypothesis™) but without excessive accumulation
(beyond which the risk of predation increases). In the set point model, these two
evolutionary pressures oppose each other, to determine a single set point. In contrast, in
the dual intervention point model, Speakman proposes that each limit was independently
influenced by distinct evolutionary pressures. For instance, the lower limit was initially
considered to be linked to the risk of starvation, which prevented it from decreasing too
much. (Speakman, Levitsky et al. 2011). Speakman recently revised this model,
suggesting that diseases, instead of famines, have actually set the level of the lower limit,
high enough to protect individuals from pathogenic-induced anorexia (Speakman 2018).
On the other hand, the upper limit is determined primarily by the risk of predation, which
was abolished in the history of humanity as soon as our ancestors Homo erectus began
to use tools, control fire and gather in large social groups. Thus, this evolutionary
pressure that prevented the upper limit from rising too high disappeared, allowing
mutations to accumulate and this upper limit to drift over time: this conjecture is known

as the "drifty gene hypothesis" (Speakman 2018).

This drifty gene hypothesis is an interesting alternative to thrifty gene hypothesis
because it better reflects the wide distribution of BMIs in Western populations.
Indeed, if genetic variations have been selected under evolutionary pressure to promote
body fat accumulation, people living in an obesogenic environment should be much
more uniformly obese. But if we consider that this variability is in fact due to a random
genetic drift that is not under evolutionary pressure, it is easier to understand why so
many individuals in industrialized countries are not obese (Speakman 2018).
It should be noted that a dual intervention point model, combining high pressure on the
lower limit and no pressure on the upper limit, predicts a distribution of BMls that is

similar to that actually observed in humans (Speakman 2007). The model also predicts
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a stabilization in the number of obese people, which is already being observed in some
countries (Chooi, Ding et al. 2019).

However, this model is not perfect. Higginson et al criticize in particular the lack of
active regulation of body weight between the two limits, which would be illogical from
an evolutionary point. In their opinion, there must be an evolutionary advantage of such
an absence of regulation, which this model fails to provide (Higginson, McNamara et
al. 2016). In addition, the genetic determinants and physiological processes behind the
high and low limits are still largely unknown, even if some hypotheses have been
proposed. For instance, in this model, leptin would act as a signal of famine, since low
levels of circulating leptin cause physiological adaptations that counteract weight loss,
in accordance with what is expected when the lower limit is reached. In this view, the
phenomenon of leptin resistance observed in obese people is rather irrelevant,
considering that leptin would be only effective in defending the body against excessive
weight loss and not weight gain (Ohlsson, Hagg et al. 2018, Speakman 2018).
Furthermore, a new system has even been proposed as a potential biological basis for
the upper limit, called “gravitostat”. It consists of a homeostatic mechanism based on
the detection of body mass (whether biological or inert), likely dependent on osteocytes
and independent of leptin. This physiological weight-sensing mechanism could then
reduce body weight in response to an increased weight load (Jansson, Palsdottir et al.
2018).

In summary, the dual intervention point model provides a theoretical framework that
explain a large number of observations. In this model, the weight is passively regulated
according to environmental pressures between two genetically determined limits,
beyond which physiological mechanisms (still largely unknown) are engaged to
counteract this variation. During evolution, the lower limit was influenced by the need
to prevent pathogenic induced anorexia while the upper limit was limited by the risk of
predation. The latter has ceased to weigh on the human species since Homo erectus,
allowing the upper limit to drift without undergoing selective pressure.
Consequently, this upper limit can now have widely varying levels in the contemporary

human population. This high variability is fully apparent in Western countries, in which
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people are likely to reach this limit due to the obesogenic environment, and explains the
wide distribution of BMI. However, further studies are needed to determine if this model
is correct, and unravel the genetic determinants and physiological mechanisms

underlying its upper and lower boundaries.

** What’s next?

To date, there is no consensual model to explain how body weight is regulated.
In most models however, the brain plays a central role at integrating intrinsic (hormones,
nutrients) and extrinsic (food-related cues) signals and at regulating a large number of
physiological processes underlying the maintenance of energy balance. Of note, results
of a genome-wide association study recently identified 97 BMI-associated loci, within
which genes are enriched for expression in the brain and central nervous system (Locke,
Kahali et al. 2015) (Figure 8). Thus, one can suggest that obesity is primarily a brain
disease, which is why the study of brain circuits involved in body weight regulation

holds great promise in the hope of discovering new therapeutic target
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Figure 8: Tissues significantly enriched for genes within BMI-associated loci

Genes within BMI-associated loci (P <5 x 10 4) are enriched for expression in the
brain and central nervous system. Tissues are sorted by physiological system and
significantly enriched tissues are in black; the dotted line represents statistically
significant enrichment. 30

Figure and legend taken from (Locke, Kahali et al. 2015).



Chapter 3

Central regulation of energy balance
~ focus on the melanocortin system ~



This chapter will broadly present how the brain controls energy balance, with a

closer look at the hypothalamic melanocortin system.

* General overview of the central regulation of energy balance

Our brain is constantly exposed to intrinsic and extrinsic signals related to our

nutritional status and food-related cues (Piazza, Cota et al. 2017). Multiple neural

circuits then integrate these signals and communicate with downstream brain regions in

order to adapt the activity of various physiological mechanisms involved in the

regulation of energy balance (food search and intake, fat storage and energy

expenditure...). We will briefly introduce the different actors of this complex network

(Figure 9). For more detailed reviews, please see (Schneeberger, Gomis et al. 2014,
Waterson and Horvath 2015, Timper and Briining 2017).

Energy balance regulation

Behavioral autonomic

Reward/hedonic centers

LHA
VTA
NAc

Circulating hormones secreted
in proportion to fat stores
(insulin and leptin)

Homeostatic integrative centers

Hypothalamus Brainstem

.................................................................

Circulating Gl tract
hormones (ghrelin,
GLP1, PYY, etc.)

Vagal afferents from
Gl organs

Long-term regulation of energy balance

Short-term regulation of energy balance

Figure 9: Schematic integration of the different levels of food intake and energy

balance regulation.
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Figure 9: Schematic integration of the different levels of food intake and energy
balance regulation.

Food intake and energy balance are coordinately regulated by homeostatic and non-
homeostatic neural mechanisms. Circulating hormones and vagus stimuli inform the
CNS about whole-body nutritional and energy status. Leptin and insulin are believed
to be involved in the long-term regulation of energy balance, while GI hormones and
vagal afferents represent a short-term regulatory mechanism. These hormones act in
concert to engage specific neuronal circuits in homeostatic and hedonic centers,
establishing dynamic and complex interactions between these different brain regions
to elaborate coordinated endocrine, autonomic, and behavioural responses to regulate
energy balance. Sensory, emotional, and social cues also influence ingestive
behaviours probably through non-homeostatic and higher brain structures.

LHA, lateral hypothalamic area; VTA, ventral tegmental area; NAc, nucleus
accumbens.

Figure and legend taken from (Schneeberger, Gomis et al. 2014).

Peripheral signals: among them, the hormones leptin and insulin are classically

regarded as adiposity signals. As already mentioned in Chapter 2, leptin is produced by
the adipocytes, so that its circulating level is in proportion to the fat mass (Considine,
Sinha et al. 1996). Leptin is able to reach the brain, where it binds to its receptor, LepR,
highly expressed in hypothalamic nuclei and other brain regions involved in the
regulation of energy balance (EImquist, Bjorbaek et al. 1998). Insulin is produced by
pancreatic beta-cells and regulates glucose homeostasis by acting on glucose uptake by
peripheral organs (Bagdade, Bierman et al. 1967). Insulin receptors (InsR) are also
expressed in the mediobasal hypothalamus, and especially in the arcuate nucleus (ARC),
a key region for the control of energy balance (Plum, Schubert et al. 2005).
Overall, leptin and insulin actions in the hypothalamus lead to a decrease in food intake
and increase in energy expenditure, while also influencing glucose homeostasis, and
these hormones are considered critical for long-term regulation of energy balance
(Schneeberger, Gomis et al. 2014). Of note, leptin and insulin can also modulate the
reward aspects of feeding by acting in the ventral tegmental area (VTA), a brain region
containing dopaminergic neurons, which play a key role in motivation (Fulton, Pissios
et al. 2006, Hommel, Trinko et al. 2006, Liu and Borgland 2019).
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Apart from these adiposity signals, various hormones are produced by the
gastrointestinal tract and act as short-term signals related to the nutritional status.
Among them, ghrelin stands out, as it is the only known orexigenic hormone.
Ghrelin is secreted by the stomach and is responsible for hunger and initiation of the
meal (Yoshihara, Kojima et al. 2002). Its circulating levels rise just before meals and
drops back shortly thereafter (Cummings, Purnell et al. 2001). Ghrelin acts by binding
its receptor GHSR (for Growth Hormone Secretagogue receptor), which is highly
expressed in the ARC (Horvath, Diano et al. 2001). Other gut hormones (called
incretins) are produced by the intestinal epithelium, such as PYY (for peptide tyrosine
tyrosine), GLP-1 (for glucagon-like peptide 1) and CCK (cholecystokinin).
Contrary to ghrelin, their circulating levels rise after a meal and exert an anorectic effect

by acting centrally through their specific receptors (Schneeberger, Gomis et al. 2014).

Finally, the brain is able to sense many nutrients, which can participate as well in the
central regulation of energy balance (Cota, Proulx et al. 2007). These nutrients, such as
amino acids (Heeley and Blouet 2016), fatty acids (Le Foll 2019) and glucose (Lopez-
Gambero, Martinez et al. 2019), have an anorectic effect.

Homeostatic (Endostatic) requlation of energy balance: the hypothalamus is

the core region for this regulation. It is composed of many nuclei, which host different

neuronal populations that integrates peripheral signals to regulate energy balance:

- ARC (arcuate nucleus): located in the mediobasal hypothalamus, close to the
third ventricle and above the median eminence. It is home for two antagonistic
populations of neurones: the anorectic POMC/CART  neurons
(for proopiomelanocortin / Cocaine- and amphetamine-regulated transcript) and
orexigenic AgRP/NPY neurons (for agouti-related peptide / neuropeptide
tyrosine) (Coupe and Bouret 2013). Of note, the proximity of the median
eminence, which lacks a blood-brain barrier (BBB), allows ARC neurons to be
exposed to blood-borne signals such as nutrients and hormones.

- PVH (paraventricular nucleus): located in the anterior hypothalamus, on top of
the third ventricle. This nucleus receives a dense innervation from POMC and

AgRP neurons and mediates their action on food intake (Woods 2005). It is home
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to several neuronal populations involved in the regulation of energy balance, such
as MC3R and MC4R neurons (for melancortin receptor 3 and 4, which are the
targets of neuropeptides produced by POMC and AgRP neurons), TRH
(thyrotropin-releasing hormone), CRH (corticotrophin releasing hormone) and
oxytocin neurons (Schneeberger, Gomis et al. 2014). POMC, AgRP, MC3R and
MCA4R neurons are part of a neuronal system called “melanocortin system”,
which will be further described below.

VMH (ventromedial nucleus): located above the ARC. It is a satiety centre and
plays a role in glucose homeostasis (Fioramonti, Song et al. 2011) and adaptive
thermogenesis (Yang and Ruan 2015). The main neuronal population of the
VMH is SF-1 neurons (for steroidogenic factor 1), which play a significant role
in the regulation of energy balance (Cardinal, André et al. 2014).

DMH (dorsomedial nucleus): located above the VMH. This nucleus participates
in the orexigenic effect of NPY (Bi, Kim et al. 2012) and the control of glucose
homeostasis (Zhu, Yan et al. 2012). It is also involved in thermoregulation, stress
and circadian rhythms (Schneeberger, Gomis et al. 2014).

SCN (suprachiasmatic nucleus): located in the anterior hypothalamus, above the
optic chiasm. This nucleus regulates circadian rhythms by integrating
environmental and endogenous signals and induce the expression of “clock
genes” which will influence the release of neuropeptides involved in the
regulation of energy balance (Albrecht 2012).

LHA (lateral hypothalamic area): this region is considered mainly as a hunger
center, as well as a reward hot spot. It is at the interface between homeostatic and
non-homeostatic (or exostatic) control of energy balance. This nucleus hosts
orexin neurons and MCH neurons (for melanin-concentrating hormone), which
increase the seeking and consumption of food by interacting with the nucleus
accumbens and ventral tegmental area, which are part of the “reward system” of
the brain. Especially, it seems that orexin neurons enhance the seeking of food,
while MCH neurons integrate taste, olfactory and gut signals to increase the
reward value and promote the consumption of calorically-dense type of food.
(Cassidy and Tong 2017).
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Besides the hypothalamus, the brainstem is also an important region for the control
of energy homeostasis, in particular through a region called the dorsal vagal complex
(DVC), which is composed of the dorsal motor of the vagus, the nucleus of the tractus
solitarii (NTS) and the area postrema. Importantly, the latter has an incomplete BBB, so
that the neurons located here are readily exposed to peripheral signals (just as in the
ARC). In addition, similarly to the hypothalamus, neurons within the brainstem can
express various appetite-modulatory neuropeptides such as POMC, CART or NPY,
among others. However, contrary to the hypothalamus, they also receive vagal inputs,
which brings additional information related to the feeding status (e.g. stomach

distension) (Schneeberger, Gomis et al. 2014).

In summary, peripheral signals (hormones, nutrients, vagal inputs) are detected by
subsets of neurons located in the brainstem and the hypothalamus, which communicate
with one another (Figure 10) in order to appropriately adapt the feeding behaviour and
physiological responses to the nutritional status (Figure 9). A review of intra- and extra-
hypothalamic connections involving these different brain nuclei can be found here
(Waterson and Horvath 2015).
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Neuronal network in the hypothalamus

Food intake regulation

Brain stem

1/

nutrient signals

Figure 10: Hypothalamic networks for the regulation of energy homeostasis

The nucleus network in the hypothalamus is essential to determine the hunger signal.
The neural circuit around ARC and brainstem trigger food intake behaviour
modulation and reward system. In the hypothalamus, first order neurons in ARC
regulate appetite by NPY/AgRP pathway and satiation by the POMC/CART pathway.
The neurons interact with second order neurons in VMH, DMH, PVH, and LH,
projecting further to higher brain areas and to the brainstem. The central SCN clock
and peripheral clocks coordinate rhythmic gene expression and integrate nutrient
signals to maintain energy homeostasis.

ARC: arcuate nucleus. VMH: ventromedian nucleus. DMH: dorsomedial nucleus.
PVH: paraventricular nucleus. LH: lateral hypothalamic area. SCN: suprachiasmatic
nucleus

Figure and legend taken from (Hirayama, Mure et al. 2018).

Motivational and hedonic (Exostatic) requlation of energy balance: contrary

to the circuits involved in the homeostatic regulation of energy balance, whose functions
are to match internal energy needs and food consumption, others mainly favours energy
intake, by mediating reward aspects of feeding. Likely, these rewarding mechanisms
have evolved to guarantee the recognition of food high in calories and hence favour its
consumption and associated survival of the individual and of the species (Piazza, Cota
et al. 2017). When talking about reward, a distinction must be made between the

motivational and hedonic aspects of feeding behaviour. The motivation (‘“wanting”)
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encompasses the efforts made by an individual to obtain the food (“approach phase™)

as well as the amount of food eaten when obtained (“consummatory phase”).

The hedonic responses (“liking”) correspond to the pleasure provided by food

consumption. Both “wanting” and “liking” are necessary to get a full reward, and

although they often go hand in hand, their underlying circuits are quite distinct (Berridge

2009):

Motivation for food: the major circuit responsible for the motivation for food is
the mesolimbic dopaminergic pathway, in which dopaminergic (DA) neurons of
the VTA (a brain region located near the base of the midbrain) projects to the
NAc (nucleus accumbens, a basal forebrain region that is part of the ventral
striatum). The NAc is divided into a medial shell (NAcSh) and lateral core
(NAcc). Interestingly, the NAcSh is also connected with hypothalamic feeding-
realted nuclei, and is more responsive to signals arising from the hunger system
than the NAcc. In particular, and as previously mentioned, the LHA is in close
relationship with this pathway (Cassidy and Tong 2017).

Liking of food: some major hedonic hotspots have been identified in the
forebrain and brain stem. While the entire NAc is linked with “wanting” (as
previously mentioned), a hedonic hotspot can be found within it, which responds
mainly to opioids and endocannabinoids in order to increase “liking”.
This hotspot represents around 10% of the NAc surface. Another forebrain
hotspot is located in the posterior part of the ventral pallidum, onto which the
NAc heavily projects. The ventral pallidum also participates in mesolimbic-
thalamocortical loops to influence cognition and action. Finally, the parabrachial
nucleus (PBN) within the caudal brainstem also increases “liking” responses
when inhibited with benzodiazepines, and is a major relay of the taste information
(Berridge and Kringelbach 2015).

As a result, motivational and hedonic circuits contribute to the regulation of food intake,

by linking limbic forebrain areas with brainstem and higher cortical regions (Figure 11).
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Figure 11: Motivational and hedonic circuits

Hedonic hotspots are shown in nucleus accumbens, ventral pallidum, and brainstem
parabrachial nucleus where opioid or other signals cause amplification (in red) or
diminution (in blue) of “liking” reactions. Hedonic circuits are shown in light red.
Mesolimbic-thalamocortical loop is shown in light orange, in which the forebrain
hedonic hotspots are connected with higher cortical areas. Mesolimbic dopaminergic
pathways linked to the « wanting » circuits are shown in green.

VTA: ventral tegmental area.

Figure and legend taken from (Berridge 2009).

s Links between the hypothalamus and circuits of reward

Although presented in separate paragraphs in this chapter, the circuits regulating
energy homeostasis and reward for food share numerous interconnections (Figure 12).
We already mentioned the interaction between orexin and MCH neurons of the LHA
and the mesolimbic reward system. In addition, AgRP and POMC neurons of the ARC
also project onto the VTA and NAc.
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Figure 12: Hunger and satiety neurocircuits interface with the midbrain—basal
forebrain reward pathway

ARC: arcuate nucleus. LHA: lateral hypothalamic area. VTA: ventral tegmental area.
NAc: nucleus accumbens. NTS: nucleus of the tractus solitarii. LHb: lateral habenula.
mPFC: medial prefrontal cortex.

Figure taken from (Cassidy and Tong 2017).

For instance, GABAergic AgRP projections to the VTA inhibits dopaminergic and
glutamatergic release in the NAc (Dietrich, Bober et al. 2012) and yet, optogenetic
stimulations of AgRP neurons enhances food-seeking (“approach’) and food consuming
(“consummatory”) behaviours. This AgRP-induced inhibition of the reward system can
be interpreted as a way to prime this system in to responding to food rather than any
other stimulus (Cassidy and Tong 2017), which is confirmed by the observation that
AgRP activation by hunger is able to suppress competing behaviours such as social
interactions, drinking or anxiety-related behaviours when food is available (Burnett, Li
et al. 2016). In addition, POMC projections to the VTA and NAc have been identified
(Wang, He et al. 2015), and they might enhance sucrose consumption via the activation

of local MC3R, although their functional relevance is still largely unknown.
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¢ Close-up of the hypothalamic melanocortin system

In the ARC, the anorectic POMC and orexigenic AgRP neurons are involved
primarily in the homeostatic regulation of energy balance, but are also connected with
brain areas controlling the motivation for food, as we have seen previously.
A number of studies suggest that they are directly activated by blood-borne hormones
and nutrients leaking through the fenestrated capillaries that irrigates the nearby median
eminence (Ciofi, Garret et al. 2009). POMC and AgRP usually respond to these
signaling molecules in an opposite way. For instance, AgRP neurons are inhibited by
leptin while POMC neurons are activated by it (Varela and Horvath 2012). The appetite-
modulating effects of these neurons is achieved through the neuro-peptidergic
innervation of target neurons. Indeed, POMC is a protein precursor which can be cleaved
in (among other peptides) a-MSH, a potent appetite-suppressant neuropeptide exerting
its action through the activation of G-protein coupled receptors called melanocortin
receptors (MCR). AgRP, on the other hand, is an inverse agonist of the MCRs
(Williams, Bing et al. 2001). In the central nervous system, 5 sub-types of MCRs have
been identified (Abdel-Malek 2001), but only two are expressed in the hypothalamus:
MC3R and MC4R (Cone, Lu et al. 1996). Thus, in the hypothalamus, the first-order
POMC and AgRP neurons, the second-order MC3R and MCA4R expressing neurons, and
the MCR ligands a-MSH and AgRP together constitute what is called the “hypothalamic

melanocortin system”.

Among the two MCRs expressed in the hypothalamus, MC3R doesn’t seem to have
a critical impact on energy balance, since its deletion in mice doesn’t affect food intake
or body weight (although adiposity is increased) (Butler, Kesterson et al. 2000).
On the other hand, the deletion of MC4R leads to hyperphagia, hyperinsulinemia,
hyperleptinemia and obesity (Butler and Cone 2002). Accordingly, MC4R mutations
are the most common form of monogenic obesity in humans and have been implicated
in 1% to 6% of early-onset severe obesity (Serra-Juhé, Martos-Moreno et al. 2019).
MCA4Rs are densely expressed in the PVH, VMH, DMH and LHA, but the appetite-
suppressant effects of a-MSH are mediated by the MC4R expressed by parvocellular
neurons in the PVH, as assessed by a PVH-specific re-expression of this receptor in a
MC4R-KO mouse, which prevented 60% of the obesity and restored a normal feeding
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behaviour (Balthasar, Dalgaard et al. 2005). Thus, the ARC - PVH pathway is a critical
circuit for the regulation of food intake within the hypothalamic melanocortin system
(Figure 13A).

A, Metabolic homeostasis B. Obesity and metabolic syndrome
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Figure 13: Hypothalamic melanocortin system in normal and pathological
condition

A: Insulin and leptin act directly on neuronal subsets in the ARC of the hypothalamus
to control energy homeostasis. Through activation of POMC neurons and inhibition
of AgRP neurons, adipostatic signals activate MC4R-expressing neurons in the PVH.
During fasting conditions, the expression of AgRP increases, whereas POMC
expression is reduced, resulting in decreased MC4R signaling. In the fed state, AgRP
levels are diminished and POMC levels increase, which triggers MC4R signaling and
culminates in satiety and stimulation of energy expenditure.

B: Neuronal inflammation and the subsequent insulin and leptin resistance of ARC
neurons disrupts this metabolic feedback loop, further promoting increased food
intake and body weight gain.

ARC: arcuate nucleus. AgRP: agouti-related peptide. POMC: proopiomelanocortin.
a-MSH: alpha-melanocyte-stimulating hormone. PVH: paraventricular nucleus.
MCA4R: melanocortin receptor 4. NTS: nucleus of the tractus solitarii.

Figure and legend taken from (Jais and Bruning 2017).
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Optogenetic manipulation of AgRP and POMC neurons have further expanded our
understanding of their specific roles. For instance, activation of AgRP neurons leads to
voracious feeding as long as the photo-stimulation is maintained. Interestingly, this
effect is melanocortin-independent. On the other hand, brief stimulation of POMC
neurons has no impact, while prolonged stimulation leads to decreased food intake and
body weight (Aponte, Atasoy et al. 2011). This is consistent with the results of
pharmacogenetic activation of POMC neurons, which also required a long-term
treatment to elicit a reduction of food intake and body weight. These results were
obtained by only activating POMC neurons located in the ARC. In the same study
however, acute activation of POMC neurons within the NTS was sufficient to stop food
intake. Furthermore, diphtheria-toxin-induced ablation of POMC neurons in the ARC
but not NTS lead to hyperphagia, decreased energy expenditure and obesity (Zhan, Zhou
et al. 2013). Collectively, these results suggest that NTS POMC neurons may be
involved in short-term feeding behaviour, such as AgRP neurons, while ARC POMC
are rather critical long-term body weight regulation. To add complexity to the matter,
further studies by looking at neuronal calcium dynamics in vivo by fiber photometry
have shown that AgRP neurons are physiologically switched off and POMC neurons are
activated as soon as food or food-associated cues are present (Chen, Lin et al. 2015,
Brandt, Nolte et al. 2018).

Thus, large evidence highlight the critical role of the hypothalamic melanocortin
system in the regulation of energy homeostasis. However, during obesity or when fed a
high-fat-diet, multiple alterations such as leptin or insulin resistance can occur that
dampens the ability of the system to accurately maintain energy balance (Figure 13B).
Such alterations, particularly targeting the POMC neurons, will be discussed in the next

chapter.
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Chapter 4

POMC neurons alterations
In diet-induced obesity



This short chapter will present the main effects of high-fat diets on the functioning
of POMC neurons and the subsequent metabolic consequences. For a detailed review

on that topic, please see (Quarta, Fioramonti et al. 2019).

s POMC neurons dysfunction leads to obesity and metabolic

disorders

The central role of POMC neurons in body weight regulation is highlighted by the
fact that mutations in the POMC gene are responsible for monogenic forms of obesity
(Faroogi and O'Rahilly 2005). Loss-of-POMC function studies later revealed that the
action of POMC neurons extends beyond the mere regulation of fat stores. Indeed,
postnatal ablation of POMC neurons leads to hyperphagia, consistent with the satiety-
inducing role of POMC neurons, but also a reduction in energy expenditure via a
lowered activity of the peripheral sympathetic nervous system and consequent reduced
thermogenic activity of the adipose tissue (Greenman, Kuperman et al. 2013).
Taken together, data obtained from ablation (Greenman, Kuperman et al. 2013) or
pharmacogenetic inhibition (Zhan, Zhou et al. 2013) of POMC neurons showed that the
disruption of POMC signaling leads to a broad spectrum of metabolic disorders,
including glucose intolerance, insulin resistance and high cholesterol levels, all of which
can be found in human obesity. Thus, POMC deficiency increases energy intake,
decreases energy expenditure and causes metabolic disorders classically associated with
obesity. However, is there a causal link between high-calorie diets, dysfunction in

POMC neurons and diet-induced obesity?

+* High-fat diets induce leptin resistance in POMC neurons

POMC neurons are able to detect, among other signals, different hormones such as
leptin, insulin or ghrelin (Toda, Santoro et al. 2017). As already discussed in Chapter 3,
leptin is an anorectic hormone produced by the adipocytes, thought to serve as a brain
indicator of fat stores, since its circulating level is proportional to the amount of adipose
tissue. Interestingly, leptin signaling (as assessed by an immunostaining of its
downstream molecular target phospho-STAT3) is decreased in the ARC as early as after
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6 days of high-fat-diet (HFD) in mice. This apparent leptin resistance seems specific of
the ARC, since other brain regions, including intra-hypothalamic nuclei are still
responsive to leptin, even after 16 weeks of HFD-feeding (Munzberg, Flier et al. 2004).
By looking at the co-expression between AgRP, POMC and phospho-STATS3, Olofsson
et al found that AgRP neurons were the first ones to show a HFD-induced leptin
resistance (after 2 days of HFD only), but POMC neurons were affected as well (after
at least 2 weeks of HFD) (Olofsson, Unger et al. 2013). Of note, these effects occur even
before any change in body weight, indicating a direct effect of HFD in reducing leptin
sensitivity. This early-stage defect in leptin sensitivity could in turn contribute to the
development of obesity, since genetically-modified mice lacking the leptin receptor
(LepR) are more susceptible to diet-induced obesity (DIO) (Bell, Harlan et al. 2014).

Surprisingly however, pharmacological inhibition of LepR increased feeding and
body weight in lean as well as diet-induced obese mice to the same extent, suggesting
that leptin still works in obese animals (Ottaway, Mahbod et al. 2015). These effects
were associated with a decreased hypothalamic expression of the suppressor of cytokine
signaling 3 (SOCS3J), an inhibitor of the leptin signaling pathway. Thus, it is speculated
that in DIO, the excessive fat mass leads to hyperleptinemia and subsequent constant
activation of LepR, which in turn, induces an upregulation of molecular inhibitors such
as SOCS3. SOCS3 accumulation would then limit the maximal amplitude of LepRb
signaling in DIO mice, thereby preventing leptin to counteract diet-induced weight gain
(Myers 2015). On the contrary, enhancing leptin signaling via a POMC-specific deletion
of two other LepR signaling inhibitors (called TCPTP for T-cell protein tyrosine
phosphatase and PTP1B for protein tyrosine phosphatase 1B) prevents DIO thanks to

an increase in energy expenditure (Dodd, Decherf et al. 2015).

In summary, short-term HFD is associated with a decreased leptin sensitivity in the
ARC in general, and in POMC neurons in particular, even before body weight change
occurs, which could in turn exacerbate the accumulation of fat. In DIO mice, the
overproduction of leptin by the adipose tissue and its failure to prevent body weight gain
lead to an apparent leptin resistance state, which is likely due to an overexpression of

LepR signaling inhibitors.
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+» High-fat diets alter POMC neurons via sustained hypothalamic

inflammation

In addition to the aforementioned alteration in leptin signaling, short-term HFD also
activates neuronal inflammatory pathways (Jais and Bruning 2017). Indeed, between
day 1 and day 3 after HFD onset in rats, mMRNA expression of pro-inflammatory
cytokines are already increased in the ARC, and within the first week, markers of
neuronal injury and reactive gliosis are evident (Thaler, Yi et al. 2012).
Unlike peripheral organs, in which inflammation is considered a consequence of
obesity, here inflammation precedes any change in body weight, suggesting that it may
rather be a cause, especially since inflammatory processes occurring in response to
hypercaloric diets can also involve hypothalamic circuits implicated in energy
homeostasis (Le Thuc, Stobbe et al. 2017).

Moreover, in DIO mice, persistently active microglia hypersecrete pro-inflammatory
cytokines such as TNFa in the hypothalamus, affecting POMC neurons (Yi, Walter et
al. 2017). Consistent with this, our team has shown that a proliferation and recruitment
of pro-inflammatory microglia occurs in the ARC of mice, after 3 weeks of HFD.
Furthermore, the inhibition of such HFD-induced microglia expansion prevents diet-
induced hypothalamic inflammation, and blunts diet-induced weight gain (Andre,
Guzman-Quevedo et al. 2017). These data are in line with the emerging role of
hypothalamic non-neuronal cells in metabolic control. Indeed, astrocytes and microglia
are also able to detect hormones and nutrients, and can influence the melanocortin
system thanks to gliotransmitter release (Garcia-Caceres, Balland et al. 2019).
Of note, the consequences of the HFD-induced inflammation can be dramatic, since
apoptotic events in the hypothalamus have been also reported (Thaler, Yi et al. 2012,
Yi, Walter et al. 2017).

In summary, inflammatory-like reactions occurs in response to HFD, thanks in part
to the recruitment of pro-inflammatory microglia who are able to detect nutrients and
can release pro-inflammatory cytokines in the hypothalamus. This might undermine
POMC neurons activity and even cause their death, thereby contributing to diet-induced

obesity.
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¢ High-fat diets impair mitochondria dynamics in POMC neurons

One of the consequences of HFD-induced inflammation in the hypothalamus is that
TNFa is able to promote mitochondrial fusion in the neurites of POMC neurons (VYi,
Walter et al. 2017). These fusion vs fission processes are controlled by proteins named
mitofusins and are crucial for the activity of mitochondria by allowing them to connect
to each other as well as to other organelles such as the endoplasmic reticulum (ER)
(Schrepfer and Scorrano 2016). ER functions are essential for any cells, since this

organelle is the master regulator of protein synthesis, folding and maturation.

Of note, HFD decreases the expression of mitofusin 2 in POMC neurons, leading to
a reduction in mitochondria-ER contacts. Moreover, POMC-specific deletion of
mitofusin 2 is associated with increased ER stress, leading to hyperphagia, decreased
energy expenditure and obesity via altered POMC processing (Schneeberger, Dietrich
et al. 2013). Furthermore mice lacking mitofusin 1 specifically in POMC neurons have
a normal energy homeostasis, but are glucose intolerant, thanks to a defective pancreatic
insulin release (Ramirez, GoOmez-Valadés et al. 2017). On the contrary, overexpression
of mitofusin 2 in the hypothalamus of DIO mice improves several metabolic defects in
these animals, attenuating the obese phenotype (Schneeberger, Dietrich et al. 2013).
Consistent with this, the deletion a mitochondrial fission protein (DRP1, for dynamin
related protein 1) increases POMC neuronal activation in response to glucose and leptin

and consequently improves glucose metabolism (Santoro, Campolo et al. 2017).

Taken together, these results suggest that POMC-specific alterations in
mitochondrial dynamics (such as the ones observed after HFD feeding) lead to a
reduction in mitochondria-ER connectivity, ultimately causing an increased ER stress
which likely impacts energy and glucose homeostasis and participates in the aetiology

of obesity.
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¢ High-fat diets impair proteostasis in POMC neurons

As discussed above, a consequence of ER stress can be defective protein processing.
In order to avoid the accumulation of misfolded proteins, cells can engage two distinct
degradation pathways: proteasomal degradation and autophagy (Dikic 2017).
Of note, these systems, that are essential for the regulation of proteostasis (“protein
homeostasis™) are impaired in obesity, leading to an aggregation of ubiquitinated and
damaged proteins that undermines neuronal activity in the hypothalamus and negatively
impacts body weight control and systemic glucose metabolism (Cavadas, Aveleira et al.
2016). Consistent with this, when autophagy is permanently suppressed in POMC
neurons by preventing the expression of Atg7 (Autophagy-related gene 7), mice become
hyperphagic and obese and display an impaired glucose tolerance and leptin response.
At a cellular level, these Atg7-deficient POMC neurons display disrupted axonal
projections (Coupe, Ishii et al. 2012). Hence, defective proteostasis might participate,
at the level of POMC neurons, in the development of obesity and related metabolic

disorders.

+ But wait...are all POMC neurons equal?

It is clear that the function of POMC neurons during DIO is impaired by multiple
phenomena, which contribute to exacerbating body weight gain and metabolic disorders.
All the literature mentioned in this chapter has studied POMC neurons as a whole,
as a homogeneous population. However, the recent discovery of the molecular
heterogeneity of POMC neurons inevitably raises the question of the functional
consequences of this diversity. Do all POMC neurons respond in the same way to the
same signals? Are they all working towards the same goal, through different

mechanisms? Or do they have as many different roles as their molecular differences?
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Chapter 5

POMC neurons:
a striking heterogeneity



This last chapter will briefly expose the current knowledge about the molecular and
functional heterogeneity of POMC neurons and introduce the context of our own

research in that matter.

¢ Different projection sites

As previously discussed in Chapter 3, the paraventricular nucleus of the
hypothalamus (PVH) is a well-described projection site of POMC neurons. However, a
retrograde tracing experiment using fluorogold injection in the PVH of rats combined
with the labelling of POMC mRNAs revealed that only about 8% of POMC neurons
projected onto this hypothalamic region. In the same study, a difference was observed
in the rostro-caudal distribution of POMC cells that projected onto the PVH, most of
them being located in the mid-to-caudal part of the ARC (Baker and Herkenham 1995).

Another study investigated which hypothalamic neurons project to the thoracic
spinal cord by injecting fluorogold in the intermediolateral cell column of rats.
Interestingly, many retrogradely labeled cells were found in the rostro-lateral part of the
ARC, some of them also expressing CART (Elias, Lee et al. 1998). Since in the same
study, between 93-97% of CART neurons co-expressed POMC, we can speculate that

these rostral CART neurons projecting to the spinal cord were also POMC positive.

Taken together, these initial findings, which are more than 20 years old, suggest that
not all POMC neurons project on the same regions and even that a rostro-caudal
distribution pattern related to these projections sites actually exist. These findings were

among the first evidence pointing towards a possible heterogeneity of these cells.

¢ Different sensitivity to hormones and neurotransmitters

POMC neurons are responsive to numerous endogenous signals (Toda, Santoro et
al. 2017), although they do not behave equally. For instance, there is a segregation
between insulin- and leptin-responsive POMC neurons in mice: insulin-inhibited POMC
neurons are located in the retro-chiasmatic area and rostral ARC, while leptin-activated
POMC neurons are in the mid-to-caudal part of the ARC, especially above the median
eminence, as assessed by electrophysiologic recordings (Williams, Margatho et al.
2010).
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Furthermore, a similar study looking at serotonin- vs leptin-responsive POMC
neurons demonstrated that these two molecules activated distinct population of POMC
neurons. Indeed, electrophysiologic recordings showed that leptin-activated POMC
neurons did not respond to mCPP (for meta-Chlorophenylpiperazine, a serotonin
receptor 5-HT2c agonist) while, and vice-versa, mCPP-activated POMC neurons did
not respond to leptin. These two populations were anatomically segregated, with the
mCPP-responsive neurons occupying a medial position while the leptin-responsive ones
being more lateral, although they were on the same rostro-caudal plane (Sohn, Xu et al.
2011). This segregation has been confirmed by a drop-seq analysis of adult mouse
hypothalamic cells. Based on the transcripts profiles, the authors were able to distinguish
3 clusters within the POMC population with LepR transcript being restricted to one

cluster and 5-HT2c transcript to another (Campbell, Macosko et al. 2017).

In addition, POMC neurons react differently to glucose deprivation in
electrophysiologic recordings from mouse brain slices. Some POMC cells decrease their
spontaneous excitatory post-synaptic currents (SEPSCs) in response to low extracellular
glucose levels, while others increase their SEPSCs and a third group has a bi-phasic
reaction with a first decrease followed by a progressive increase, above baseline values
(Hu, Jiang et al. 2014). The location of these neurons was however not investigated in

this study.

Thus, these data clearly show that within the POMC neuronal population, subsets of
anatomically segregated neurons exist, whose molecular heterogeneity affects their

biological response to different signals (Figure 14).
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Figure 14: Localization of insulin-, leptin- and serotonin-responsive POMC
neurons in the ARC

3V: third ventricle. F: fornix. SON: supraoptic nucleus. Opt: optic chiasma.
VMH: ventromedial hypothalamus. DMH: dorsomedial hypothalamus

Figure taken from (Toda, Santoro et al. 2017).

+¢ Different neurotransmitter phenotypes

Although the ability of POMC neurons to release neuropeptides is well known,
they can also release classical neurotransmitters such as GABA, which is inhibitory, and
glutamate, which is excitatory. Studies from Hentges et al. were essential in defining
the different subpopulations of POMC neurons related to their neurotransmitter
phenotypes. First, they used a POMC/GADG67 double fluorescent reporter mouse line
(i.,e. POMC cells and GADG67 cells express a distinct fluorescent marker).
Of note, GAD67 (for glutamic acid decarboxylase of 67kDa) catalyzes the
decarboxylation of glutamate to GABA and is thus a marker of GABAergic neurons.
They found that approximately 40% of POMC neurons were also GADG67-positive
(POMC-GADG67), and can release GABA when put in culture (Hentges, Otero-Corchon
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et al. 2009). This was consistent with their previous report using POMC-eGFP mice, in
which they had found that around 35% of POMC co-expressed Gad mRNA and released
GABA (Hentges, Nishiyama et al. 2004). However, they also reported glutamate release
from 20% of cultured POMC neurons, which were all Gad67-negative, indicating that
both glutmatergic and GABAergic phenotypes could be found in POMC cells (Hentges,
Otero-Corchon et al. 2009). This was further confirmed in intact networks by
optogenetic activation of POMC neurons, which was able to elicit GABA or glutamate
transmission within the ARC (Dicken, Tooker et al. 2012). In addition, data generated
in our lab demonstrate that POMC neurons can release glutamate or GABA in the PVH,

also when optogenetically activated (Figure 3 of the annexed article).

In order to study the proportion and localization of glutamatergic and GABAergic
POMC neurons (POMC-Glut and POMC-GABA, respectively), mRNA staining for
different glutamatergic (vglutl and vglut2) and GABAergic (vGat, GAD65, GADG67)
markers were performed in POMC-eGFP mice. No POMC neurons co-expressed vglutl
(vesicular glutamate transporter 1) or vGat (vesicular GABA transporter). However,
there were around 45% of POMC-GADG65 and 38% of POMC-GADG67 neurons,
confirming once again the results obtained in the previous studies mentioned above.
These POMC-GABA neurons were homogeneously distributed in the rostro-caudal axis
of the ARC. On the other hand, there were 7% of POMC-vglut2 (vesicular transporter
2) neurons (Jarvie and Hentges 2012), consistent with the 10% of POMC-vglut2 found
in (Vong, Ye et al. 2011) by using a double vglut2/POMC fluorescent reporter model.
Of note, there was a rostro-caudal distribution pattern for these POMC-vglut2 neurons,
most of which were present in the rostral part of the arcuate nucleus. Finally, they also
reported that around 5% of POMC neurons that co-expressed GAD65 and vglut2
(POMC-GIut/GABA), suggesting a co-release of both neurotransmitters by the same
neurons or an identity switch in progress (Jarvie and Hentges 2012). In any case, this
series of studies briefly illustrated above successfully defined 3 subpopulations of
POMC neurons, based on their neurotransmitter phenotypes: POMC-Glut, POMC-
GABA and POMC-GIut/GABA. They also established GAD65, GAD67 and vglut2 as

key markers for the study of these different subpopulations.
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Interestingly, these glutamatergic and GABAergic phenotypes are highly plastic
during neurodevelopment. For instance, POMC-Glut neurons represent 40% of all
POMC neurons at P1, a proportion that seems to gradually decrease to reach around 8%
at 8 weeks of age. On the contrary, POMC-GABA neurons are 8% at P1 with a
progressive increase until it reaches 46% at 8 weeks of age. The POMC-GIut/GABA

population seems rather constant at around 7% (Dennison, King et al. 2016).

Besides, a recent single-cell mMRNA analysis on 163 POMC neurons from adult
POMC-eGFP mice was able to recapitulate these findings, although the proportions for
each subpopulations were higher than expected, likely because of the greater sensitivity
of this technique compared to mRNA staining by in situ hybridization. Indeed, they
found that 70% of POMC neurons expressed GAD67, around 50% expressed vglut2 and

24% co-expressed both markers (Lam, Cimino et al. 2017).

Altogether, these data reveal the phenotypic heterogeneity of POMC neurons
related to neurotransmission. POMC neurons can release either GABA or glutamate in

the adult mouse brain, and can even co-express glutamatergic and GABAergic markers.

s POMC-Glut and POMC-GABA have opposite response to
MTORCL inhibition

Unpublished data from our lab further expand our knowledge of these glutamatergic
and GABAergic POMC subpopulations. In the article annexed at the end of this
manuscript, we studied the role of the mechanistic target of rapamycin (mTOR), which
is an essential cellular energy sensor (Laplante and Sabatini 2012, Haissaguerre,
Saucisse et al. 2014), in the regulation of POMC neurons function. In the context of
these studies, we used Rapamycin (RAPA), which is a potent inhibitor of mMTORC1
(mechanistic target of rapamycin complex 1), a signaling pathway that is critical for the
hypothalamic regulation of food intake (Cota, Proulx et al. 2006). Interestingly,
mTORCL inhibition by RAPA produced different effects on POMC neurons, as assessed
by electrophysiological recordings on brain slices. Some POMC cells were activated,

some were inhibited and some did not respond, in equal proportion. As POMC-GABA
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are smaller and have higher input resistance than POMC-Glut (Hentges, Otero-Corchon
et al. 2009), we hypothesized the phenotype of the recorded neurons based on their
electrophysiological properties. By doing so, we found that the RAPA treatment was
inhibiting putative POMC-Glut neurons and activating putative POMC-GABA ones
(Figure 2 of the annexed article). To go further, we tested the effect of RAPA on post-
synaptic currents evoked in the PVH by optogenetic stimulation of POMC neurons.
Consistent with the previous result, glutamatergic currents were decreased by RAPA,

while GABAergic currents were enhanced (Figure 3 of the annexed article).

Taken together, our results suggest that mTORC1 inhibition, which mimics a
fasting-like state at the level of the hypothalamus, is able to activate POMC-GABA
neurons while inhibiting POMC-Glut ones (Figure 15). This differential effect is
extremely interesting, since RAPA causes hyperphagia after a 24h fast in mice.
Our data therefore indicate that some POMC neurons might be activated in response to
an orexigenic stimulus molecularly mimicking fasting, hence challenging the classical
idea of POMC neurons as exclusive drivers of satiety. Consequently, further studies,
which have been the object of my thesis, have been required so to better understand the
role of these different POMC subpopulations and the functional consequences of their

heterogeneity in the context of body weight regulation.
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Figure 15: mTORCI1 inhibition by RAPA activates POMC-GABA neurons and

inhibits POMC-Glut neurons

Electrophysiological recordings on mouse brain slices show that RAPA, an inhibitor
of mTORC1 pathway, activates POMC-Glut and inhibits POMC GABA.
Consistently, RAPA enhances glutamatergic (EPSC) and reduces GABAergic

(IPSC) currents evoked by optogenetic stimulation of POMC neurons in the PVH.

mTORC1: mechanistic target of rapamycin, complex 1. eEPSC: evoked excitatory
post-synaptic current. elPSC: evoked inhibitory post-synaptic current.

Figure adapted from (Mazier et al., 2019 and Saucisse et al., submitted).
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Objectives of the
study



Obesity is a multifactorial chronic disease whose worldwide prevalence is
increasingly alarming. Since no efficient treatment is available to date, further research
is needed to find suitable therapeutic strategies. Potential therapeutic targets include
POMC neurons, which are a group of hypothalamic neurons known to induce satiety.
For long, they have been considered as rather homogenous, but recently, several studies
have highlighted their long overlooked heterogeneity. In particular, POMC neurons
have been shown to be glutamatergic, GABAergic or even both, but the functional
relevance of these phenotypes is still largely unknown. The overarching goal of my
thesis has been to develop new tools in order to study these different subpopulations and
further characterize their impact in the context of food intake and body weight

regulation. The specific objectives were as follows:

1) To develop a new neuroanatomical technical approach to identify
subpopulations of activated POMC neurons on brain slices

In order to characterize the activity of different POMC neurons subpopulations under
different physiological conditions (fasting, refeeding, exposure to HFD, effects of
specific hormones, etc.), and to avoid the use of several reporter mouse lines, we set up
a novel fluorescent in situ hybridization (FISH)/immunofluorescence (IF) protocol that
allows combining POMC, GAD65, GADG67 and vglut2 staining together with a marker

of cellular activity such as cFos.

2) To determine the impact of the diet on POMC subpopulations

Given the deleterious effects of HFD that we have reviewed in Chapter 4 and
knowing that POMC cells function is altered under HFD, we have used the
neuroanatomical protocol we have developed to investigate the impact of an acute
exposure to HFD on POMC-GABA and POMC-Glut activity.
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3) To determine the role of the POMC Glutamatergic population in energy
balance by using a novel genetic model

Here we wanted to understand whether inhibition of POMC glutamatergic signaling
in adult animals may impact energy balance. In order to avoid any compensatory
mechanism and neurodevelopmental effect that can be quite confounding when studying
POMC neurons, we have generated an inducible model of deletion for vglut2 in POMC
neurons. Thus, we will describe the creation of the model, provide the appropriate
controls and present the data we have collected so far concerning the metabolic

characterization of this new mouse line.
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Materials and
Methods



Animals

+» Ethical approval and general housing conditions

All experiments were conducted in strict compliance with the European Union
recommendations (2013/63/EU) and were approved by the French Ministry of Higher
Education, Research and Innovation (animal experimentation authorization n°04078
and n°13232) and the local ethical committee of the University of Bordeaux (C2EA-
50). Maximal efforts were made to reduce any suffering and the number of animals used.
From the age of 7 weeks and after at least 3 days of acclimatization in the animal facility
in collective cages, male mice were separated and housed individually in standard plastic
rodent cages (332x150x130mm, #1144B, Tecniplast, Declines Charpieu, France), with
poplar wood-based litter (Lignocel® Select-Fine, SAFE, Augy, France) and enriched

with the following:

- cellulose squares (Lab nest, Serlab, Montataire, France) for nesting (8/cage)

- wooden stick (Aspen Bricks, S, #14155, Plexx, Elst, Netherlands) for
gnawing (1/cage)

- cardboard tube for hiding/handling (Play tunnel, S, #14151, Plexx, Elst,
Netherlands) (1/cage).

Animals were maintained on a 12-h light-dark cycle (lights off at 15:00 h) in a
thermo-regulated facility (22°C + 2°C) with ad libitum access to pelleted chow
(Standard Rodent Diet, A03, 3.395kcal/g, SAFE, Augy, France) and tap water, unless
otherwise specified: for some studies, mice were fasted 24h or their diet switched to a
60% high-fat-diet (HFD with 60% kcal from fat, D12492, 5.24kcal/g, Research Diets
Inc., New Brunswick, NJ, USA). A radio was placed in the housing room, to decrease
the sensitivity of the mice to environmental noise. All the mice were handled using their
individual cardboard tube, for experiments and cage change, to reduce their stress level
(Hurst and West 2010).
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Figure 16: Breeding strategy for the inducible POMC-vglut2-KO mouse line.
Male POMC-CreER™ (hemizygous for the CreER™ gene) mice are crossed with
female vglut2-flox mice (homozygous for vglut2l°* allele). After the first generation
(F1). male mice hemizygous for CreERT? and heterozygous for vglut2!°*? are crossed
again with female vglut2-flox mice. After the second generation (F2), male mice
hemizygous for CreER™ and homozygous for vglut2lo? are crossed again with
female vglut2-flox mice. Finally, the mice of the third generation (F3) are the
“POMC-vglut2-WT” (without CreERT? and homozygous for vglut2!°x) and “POMC-
vglut2-KO” (hemizygous for CreERT? and homozygous for vglut2°xr) that will be
studied. Effective deletion of vglut2 m POMC-vglut2-KO mice 1s done after
tamoxifen treatment. Male POMC-vglut2-KO are then crossed with female POMC-
vglut2-WT to maintain the line. Only male POMC-vglut2-WT/KO mice were used
for the experiments.

F1, F2 and F3 littermates appear on a light blue background.
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s Mouse lines

C57BL/6J mice were bought from Janvier, Le Genest-Saint-Isle, France.
Inducible POMC-vglut2-KO mice and their control littermates (POMC-vglut2-WT)
were generated in the breeding facility of the Neurocentre Magendie by crossing
POMC-CreER™ mice [C57BL/6J-Tg(Pomc-creERT™) ; (Berglund, Liu et al. 2013)] with
vglut2-flox mice [Slc17a6™-o"/]; JAX stock #012898; (Tong, Ye et al. 2007)] using
the breeding strategy illustrated in Figure 16. Inducible POMC-Ai6-CreER ™+ mice and
their control littermates (POMC-Ai6-CreER2-) were generated using the same strategy,
by crossing POMC-CreER™ mice with Ai6 mice [B6.Cg-Gt(ROSA)26Sorme(CAC-
zsGreenl)Hze 3 - JAX stock #007906; (Madisen, Zwingman et al. 2010)].

These new lines were generated following a three steps backcrossing method, as
previously described (Bellocchio, Soria-Gomez et al. 2013). They were in a mixed
genetic background, with a predominant C57BL/6J contribution. Effective Cre-
mediated deletion of vglut2 in POMC neurons after tamoxifen treatment was evaluated
by polymerase chain reaction (PCR, see below and Results, Chapter 3, Figure 27C).
Effective Cre-mediated expression of Zsgreenl in POMC neurons was assessed by
immunohistochemistry (IHC, see below and Results, Chapter 3, Figure 28B). Number

of animals used in the study is indicated in the figure legends.

«» Tamoxifen treatment for the induction of Cre-mediated

recombination

First, a 1g/mL suspension of tamoxifen (T5648, Sigma-Aldrich, Saint-Quentin
Fallavier, France) in 100% ethanol (20821.330, VWR, Briare, France) was prepared.
Then, corn oil (C8267, Sigma-Aldrich, Saint-Quentin Fallavier, France) pre-heated to
55°C was added to obtain a 50mg/mL stock solution. Enough solution was prepared for
a 5-day treatment. After vortexing to ensure complete dissolution of tamoxifen, 1-day

treatment aliquots were kept at -20°C.
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POMC-vglut2-WT/KO or POMC-Ai6-CreER™+ mice were singly housed and
handled daily for at least 7 days before starting the treatment. Then, using the stock
solution previously described, they were administered with 150mg/kg of tamoxifen,
daily, for 5 consecutive days by oral gavage. Each day, one aliquot was warmed up to
37°C before the drug administration. Any leftover was discarded. We used
polypropylene flexible gavage needles (FTP-20, Instechlabs, Plymouth Meeting, PA,
USA) to reduce trauma and decrease the risk of oesophagus perforation. Gavage volume

was of 3mL/kg (i.e. 90uL for a 30g mouse).

+» Genotyping (Cre, flox, Ai6) and excision control (vglut2)

Mice were genotyped by the genotyping facility of the Neurocentre Magendie,
from genomic DNA purified from tail biopsies by PCR using specific primers for Cre,
vglut2-flox and Ai6 controls. For the control of vglut2 excision in POMC-vglut2-
WT/KO mice, fresh hypothalami were dissected on ice and snap frozen after cervical
dislocation. Tails or hypothalami were incubated overnight at 56°C in Proteinase K
buffer (100mM Tris-HCI pH8, 5mM EDTA, 0.2% SDS, 200mM NaCl, 0.2mg/mL PK).
After 10min at 16300g, the supernatants were purified on silica columns, according to
the manufacturer protocol (Macherey nagel kit), on a zephyr automatic station.
PCR assay was carried out using a Biorad C1000 thermal cycler, with GoTaq G2 Hot
Start Green Master Mix (Promega, Charbonnieres-les-Bains, France), and 0.3 to 0.6puM
of each primer (see Table 1) in a 25uL volume. PCR conditions were as follows: 1 cycle,
5min at 95°C; 37 cycles, 30sec at 95°C, 30sec at 58°C for, 1min at 72°C; 1 cycle, 5min
at 72°C. PCR products was analyzed on a Labchip GX microfluidic electrophoresis
system (Caliper) using the DNAS5K kit.

65



Mouse . i~ Expected
line Primer Sequence 5'3 fragment ngth
POMC- Cre_Forward GCGGTCTGGCAGTAAAAACTATC
ERT2 CreER™ 100 bp
Cre Cre_Reverse GTGAAACAGCATTGCTGTCACTT
Ai6_WT_Forward AAGGGAGCTGCAGTGGAGTA
WT 300 bp
Ai6_WT_Reverse CCGAAAATCTGTGGGAAGTC
Aib
Ai6_Mutant_Forward AACCAGAAGTGGCACCTGAC
Ai6 210 bp
Ai6_Mutant_Reverse GGCATTAAAGCAGCGTATCC
vglut2_Forward CTGAGCGAAGGTGAGCTGAA Flox 400 bp
"%:g)t(z vglut2_Reverse TGGGCCAGAACACAGGATATG WT 270 bp
vglut2_Fwd_Excision TCACTGCCTTGTTCCTAGTGC Excision 700 bp

Table 1: Primers used for the genotyping.

*+ Body composition analysis by EchoMRI ™

Assessment of lean and fat mass in conscious male mice was performed using a

nuclear echomagnetic resonance imaging whole-body composition analyzer (Echo MRI
900; EchoMedical Systems, Houston, TX, USA) (Kovner, Taicher et al. 2010).

Scans were performed by placing animals into a thin-walled plastic cylinder (1.5 mm

thick, 4.7 cm inner diameter) with a cylindrical plastic insert added to limit movement.

While in the tube, animals were briefly subjected to a low-intensity (0.05 Tesla)

electromagnetic field to measure fat mass and lean mass. For each mouse, two

successive measurements of 1.5min accumulation time each were made and averaged.
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+» Indirect calorimetry — calorimetric cages

Mice were individually housed in calorimetric chambers (Labmaster, TSE
Systems GmbH, Bad Homburg, Germany) in which fluid, food intake, in-cage
locomotor activity, and gas exchange could be monitored. Studies were carried out at
22°C unless specified otherwise. Litter and nesting materials were provided to the
animals. After 1 week of acclimatization, O> consumption (Vo2, mL/h) and CO>
production (Vcoz, mL/h) were measured every 20 min to measure the gas exchange and
calculate respiratory exchange ratio as well as energy expenditure. Of note, respiratory
exchange ratio (RER), obtained by dividing Vcoz2 by Vo, is an indicator of substrate
utilization (low during lipid oxidation, and higher during carbohydrate oxidation).
Simultaneously, home-cage locomotor activity was determined using a tridimensional
infrared light beam system, and was defined as the sum of all X beam breaks (counts/h).
For data analysis, 12 hour-light phase and 12 hour-dark phase cumulative or averaged
results were obtained by summing up or averaging, respectively, data expressed as 1h-
bins over the relevant period. All recordings and data analysis were done by Philippe

Zizzari from our team.

¢ Food preference — polyfeeding cages

Mice were singly housed in operant polyfeeding cages (Imetronic, Pessac,
France) and acclimatized to their new environment one week before the beginning of
the experiment. Briefly, the cages have up to three food containers whose accessibility
can be programmed. For our experiment, only the more external compartments were
used. During the acclimatization phase, chow diet was placed in the two food containers
to estimate mouse preference for one or the other side and the least preferred side was
then paired with HFD. 2h preference for chow or HFD was evaluated during the light

period (beginning 4h after the light onset), in free-fed conditions.
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Immunohistochemistry and Fluorescent In situ Hyrbidization

For the exact references and suppliers of reagents, kits, and antibodies, please
see Table 3, Table 4 and Table 5 respectively, at the end of this chapter. All washes last

5min each and all incubations are done at room temperature, unless otherwise specified.

¢ Perfusion and brain processing

Mice were deeply anesthetized using pentobarbital sodium (Ceva Santé Animale,
Libourne, France) given intraperitoneally (IP, 300mg/kg) and then perfused
transcardially with ice-cold phosphate-buffered saline [PBS: Na;HPO4+2H>0
(14.95g/L) + NaH2PO4 (2.2g/L) + NaCl (9g/L) in distilled water], pH 7.4, until full
discoloration of the liver (around 30sec) followed by 10% neutral buffered formalin
(NBF) perfusion for at least 2min. Brains were extracted and postfixed in 10% NBF for
24h at 4°C, then cryoprotected with 30% sucrose in PBS at 4°C until saturation (assessed
by their sinking to the bottom of the tube). They were then frozen by immersion in dry
ice-cooled isopentane and stored at -80°C in a tightly closed container. Free-floating
coronal sections (30pm) were cut with a cryostat (CM 1950, Leica, Wetzlar Germany),
collected in antifreeze solution (30% ethylene glycol, 20% glycerol in PBS) and stored
at -20°C until further used.

+ Single IHC for POMC

Brain sections from POMC-Ai6-CreER™+ mice were processed for the co-
expression of ZsGreenl and POMC to evaluate the functionality and specificity of Cre-
mediated recombination after treatment with tamoxifen or its vehicle (see Results,
Chapter 3, Figure 29). After 3 washes in PBS, sections were incubated with rabbit anti-
POMC antibody (1/2000) in [PBS+0.3% Triton X-100] overnight at 4°C. The next day,
sections were washed 3 times in PBS and incubated for 2h with AlexaFluor647-
conjugated donkey anti-rabbit antibody (1/500) in [PBS+0.3% Triton X-100].
After 3 washes in PBS, sections were mounted using ProLong Gold medium, cover-
slipped (0.13-0.17mm thickness) and stored in the dark.
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¢ Double-IHC for POMC and cFos

Brain sections from C57BI/6J mice were processed for the co-expression of
POMC, and cFos, to evaluate the percentage of activated POMC neurons under different
experimental conditions (see Results, Chapter 2, Figures 25 and 26). After 3 washes in
PBS, sections were incubated with rabbit anti-POMC (1/2000) and goat anti-cFos
antibodies (1/250) in [PBS+0.3% Triton X-100] overnight at 4°C. The next day, sections
were washed 3 times in PBS and incubated for 2h with AlexaFluor647-conjugated
donkey anti-rabbit (1/500) and AlexaFluor488-conjugated donkey anti-goat (1/500)
antibodies in [PBS+0.3% Triton X-100]. After 3 washes in PBS, sections were mounted
using ProLong Gold medium, cover-slipped (0.13-0.17mm thickness) and stored in the
dark.

¢ Riboprobes synthesis

DNP-labeled riboprobe against mouse POMC (POMC-DNP), DIG-labeled probe
against mouse vglut2 (vglut2-DIG), FITC-labeled riboprobe against mouse GAD65
(GADG65-FITC) and FITC-labeled riboprobe against mouse GAD67 (GAD67-FITC)
were prepared as follows: from hypothalamic RNA reverse transcribed into cDNA,
DNA templates for POMC, vglut2, GAD65 and GADG67 were obtained via PCR with
the primers described in Table 2. Subsequently, these templates were sub-cloned into
pBluescript vector using the restriction enzymes EcoRI and BamHI. After linearization
with BamHI, the antisense riboprobes were synthesized with T3 RNA polymerase.
For the generation of the sense riboprobes, EcoRI was used for the linearization
and T7 RNA polymerase for the synthesis. 35% of the uridine triphosphate (UTPS) in
each reaction was replaced with either DNP-11-UTP, DIG-11-UTP or FITC-12-UTP
for POMC, vglut2 and GAD65/GADG67 probe production, respectively. All riboprobes
were generated by Astrid Cannich, in the lab of our collaborator Giovanni Marsicano at
INSERM U1215.
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Riboprobes Primers Reference
Forward: CGACGGAAGAGAAAAGAGGT Allen Brain Atlas :
POMC Probe
Reverse: TTGGAATGAGAAGACCCCTG RP_Baylor 102974
Forward: GTGGCAGGAGTTAAGATGAC
GAD65 Gift from Beat Lutz
Reverse: AGGGTGACTCTTCTGTCCTG
Forward: TGTGCCCAAACTGGTCCT Allen Brain Atlas,
GADG67 probe
Reverse: TGGCCGATGATTCTGGTT #RP_040324_01_FO1
Forward: TCATTGCTGCACTCGTCCACTA Gift from Dr Gilles
vglut2 Yeo's lab
Reverse: CCCTGGGATAGTTTGCAGTCCA (Cambridge)
Forward: CCAAATCTTACGGTGCTACCTC Allen Brain Atlas,
vglut2 probe
Reverse: AGCCATCTTTCCTGTTCCACT #RP_050921 01 _E03
valut2 Forward: TGGCTTCATTCACGAAGATG Gift from Robert
Reverse: GCTTGGTTGATATGTTTACA Edwards’ Lab (UCSF)
Forward: TCATTGCTGCACTCGTCCAC Gift from Jeffrey
Macklis' lab
vglut2 Add id
Reverse: CCCTGGGATAGTTTGCAC (Addgene, pasmi
#45639)

Table 2: Primers used for the DNA templates.

s Bench-made TSA-Cy5 reagents

Bench-made TSA-Cy5 was produced to obtain a more concentrated reagent and

thus achieve higher signal amplification. First, Cy5-NHS ester (the reactive form of

cyanine 5, for the labeling of amino groups) was dissolved in N,N-dimethylformamide

(DMF) to obtain a 10mg/mL solution. In parallel, a 10mg/mL tyramine solution was

prepared by dissolving tyramine in [DMF+1% triethylamine]. These two solutions were

then mixed at a 1:1 molar ratio and the mixture was incubated in the dark for 2h.

Finally, an appropriate amount of 100% ethanol was added to get a final concentration
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of 5Smg/mL of Cy5 after which aliquots were made and stored at -20°C. In order to know
how much of the tyramine solution needs to be added to the Cy5-NHS ester solution,

the following formula can be used:

(Volume of Cy5-NHS ester solution) x 173.64 x 1.1
Molecular weight of Cy5

Volume of tyramine solution =

Apart from this TSA-Cy5 reagent, we also prepared a bench-made amplification
buffer as follows: a stock solution was prepared by dissolving 2% dextran sulfate, 0.1%
Tween20 and 500ug/mL of 4-iodophenol in 0.1M borate solution and stored at 4°C.
Then, just before the TSA revelation, 0.006% of H>O. was added to the previous

solution, to make the amplification buffer.

s Triple-FISH for vglut2, GAD65/67 and POMC with IHC for cFos
Brain sections from C57BI6/J mice were processed for the co-expression of
POMC, vglut2, GAD65, GAD67 and cFos, to evaluate the phenotype of activated
POMC neurons under different experimental conditions (see Results, Chapter 2). We
took 4 sections per animal containing POMC neurons and spaced 300um apart, in order
to have an appropriate rostro-caudal representation of the ARC. The main steps
illustrating the development of this technique are further developed in Results, Chapter

1. Only the final version of the protocol is extensively described here.

Day 1: After 3 washes in PBS, endogenous peroxidases were quenched in 3%
H20. in PBST (PBS+0.1% Tween20) for 30min. After 1 wash in PBS, endogenous
biotins were blocked by incubated the slices in Avidin solution for 15min, washed in
PBS, incubated in Biotin solution for another 15min (Avdin/Biotin blocking kit) and
washed again in PBS. Rabbit anti-cFos antibody (1/1000) in [PBS+0.3% Triton X-100]

was incubated overnight at 4°C.
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Day 2: Sections were washed 3 times in PBS, incubated in HRP-conjugated goat
anti-rabbit (1/500) in [PBS+0.3% Triton X-100] for 2h and washed 3 times again with
PBS. Tyramide signal amplification (TSA) was done, using tyramine-labeled biotins
(TSA-Biotin dissolved in 1X Plus Amplification buffer, 1/250, 30min). After 3 washes
in PBS, HRP were blocked by a 30min-incubation in 3% H>O. in PBS followed by a
20min-incubation in 0.2M HCI (with 1 wash in PBS in between). Biotins were fixed by
a 10min-incubation in ice-cold 10% NBF. After 1 wash in PBS-DEPC (PBS with 0.01%
diethylpyrocarbonate) and 2 washes in PBST-DEPC (PBS-DEPC+0.1% Tween20),
sections were acetylated with a treatment of 0.25% acetic anhydride in 0.1M
triethanolamine (pH=8.0) for 10min (0.25% acetic anhydride were added again after the
first Smin, since it’s quickly degraded). After 1 wash in PBST-DEPC, the hybridization
solution was prepared as follows: POMC-DNP, vglut2-DIG, GADG65-FITC and
GADG67-FITC probes (1/1000 for each of them) were dissolved in hybmix (50%
deionized formamide, 20mM Tris at pH=8.0, 300mM NaCl, 5mM EDTA, 10% dextran
sulfate, 1X Denhardt’s solution, 0.5mg/mL tRNA, 0.2mg/mL acid-cleaved carrier DNA
from salmon’s sperm, IM DTT dissolved in water containing 0.01% DEPC) and heated
at 90°C for 5min to ensure probe linearization. Sections were then incubated in this
hybmix overnight (16h-20h) at 70°C in a waterbath.

Day 3: A series of washes with increased stringency was carried out as follows:

- 5X SSC (Saline Sodium Citrate) + 0.2% Tween20 for 5min at 65°C

- 2X SSC + 0.2% Tween20 + 50% Formamide Amide for 30min at 65°C

- 1X SSC + 0.2% Tween20 + 50% Formamide Amide for 30min at 65°C

- 0.1X SSC + 0.2% Tween20 for 30min at 65°C
After the last stringent wash, sections were washed once with TNT buffer (100mM Tris
at pH=7.5 + 150mM NacCl + 0.05% Tween20), incubated 30min with 3% H20; in PBS
followed by a 20min-incubation in 0.2M HCI (with 1 wash in TNT in between).
After awash in TNT, sections were incubated for 1h in TNB blocking buffer (from TSA
kits, prepared as per manufacturer’s instructions) then overnight at 4°C in HRP-labeled

anti-DIG antibody (1/1500) in TNB.
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Day 4: Sections were washed 3 times in TNT, and subjected to TSA-Cy3
revelation (TSA-Cy3 dissolved in 1X Plus Amplification buffer, 1/100, 30min).
After 3 washes in TNT, HRP were blocked by a 30min-incubation in 3% H>O> in PBS
followed by a 20min-incubation in 0.2M HCI (with 1 wash in TNT in between).
After 1 wash in TNT, sections were incubated in HRP-conjugated anti-FITC antibody
(1/1500) in TNB for 2h. Sections were washed 3 times in TNT, and subjected to TSA-
FITC revelation (TSA-FITC dissolved in 1X Plus Amplification buffer, 1/100, 30min).
After 3 washes in TNT, HRP were blocked by a 30min-incubation in 3% H>O> in PBS
followed by a 20min-incubation in 0.2M HCI (with 1 wash in TNT in between).
After 1 wash in TNT, sections were incubated in HRP-conjugated anti-DNP antibody
(1/100) in TNB overnight at 4°C.

Day 5: Sections were washed 3 times in TNT, and subjected to bench-made TSA-
Cy5 revelation (bench-made TSA-Cy5 reagent dissolved in bench-made Amplification
buffer, 1/200, 30min). After 3 washes in TNT, HRP were blocked by a 30min-incubation
in 3% H20: in PBS followed by a 20min-incubation in 0.2M HCI (with 1 wash in TNT
in between). After 1 wash in TNT, sections were incubated for 30min in Avidin-Biotin
complexes (ABC) prepared as per manufacturer’s instruction (1/50 of solution A and
1/50 of solution B in PBST, mixed at least 30min before the incubation). Sections were
then washed 3 times in TNT, and subjected to TSA-Coumarin revelation
(TSA-Coumarin dissolved in 1X Plus Amplification buffer, 1/100, 30min).
After 3 washes in TNT, HRP were blocked by a 30min-incubation in 3% H>O- in PBS
followed by a 20min-incubation in 0.2M HCI (with 1 wash in TNT in between).
After 2 washes in TNT and 1 final wash in 50mM Tris at pH=7.5, sections were mounted
using ProLong Gold medium, cover-slipped (0.13-0.17mm thickness) and stored in the
dark.
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¢ Image acquisition and analysis

For the development of the triple-FISH with IHC technique (Results, Chapter 1)
and the expression of Zsgreenl in POMC-AI6-cre+ mice (Results, Chapter 3),
images of the arcuate nucleus of the hypothalamus (ARC) were taken using a wide field
epifluorescence microscope (DM 4000B LED with a DFC365 FX camera, Leica,
Wetzlar Germany). For the POMC/cFos and POMC/vglut2/GAD65-67/cFos co-
expression (Results, Chapter 2), stacks of images containing each hemi-ARC (left and
right) were taken using a SP8 confocal microscope (Leica, Wetzlar, Germany) available
at the Bordeaux Imaging Center (BIC). Two sequences were programmed to acquire
simultaneously FITC+Cy5 channels and then coumarin+Cy3 ones. The acquisition
parameters were optimized on mono-stained slices to make sure that simultaneous
acquisitions could be made. We only used the hybrid detectors of the SP8 microscope
in photon counting mode. The voxel size was 0.284 x 0.284 x 0.7868 um?, with a bit
depth of 8 bits per pixels.

Image analysis was performed using ImageJ. After brightness and contrast
adjustment to reduce background and increase specific staining, the co-expression of
our different markers were assessed by eye. For each image, we used the multi-point
tool available in ImageJ to select and count POMC neurons that co-expressed (or not)
cFos, vglut2 and/or GADG65/67. Only one side (left of right) was quantified for each

animal.

Statistics

Statistical analyses were performed using Prism 8.3.0 (GraphPad Software, San
Diego, CA, USA). All values are reported as means £ SEM (standard error of the mean).
Depending on the variables and the groups evaluated, data were analyzed by unpaired
Student’s t-test, Mann-Whitney test or by repeated measurements ANOVAs, two-way,
one-way ANOVAs or Kruskal-Wallis test followed by post-hoc analysis as appropriate.

A p-value below 0.05 denotes statistical significance.
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Reagents / Antibodies / Kits Tables

Product Reference Supplier
4-1odophenol 110201 Slgma—AIdrlgh, Saint-Quentin
Fallavier, France
Acetic anhydride A6404 Slgma—AIdrlgh, Saint-Quentin
Fallavier, France
BamHI R0136 New England Biolabs, Evry, France
Borate (boric acid) B7660 Sigma-Aldrich, Saint-Quentin
Fallavier, France
Cy5 NHS ester PA15101 GE Healthcare Life Sciences, UK
Denhardt's solution (50X) 750018 Thermo Fisher Scientific, Bordeaux,
France
. Sigma-Aldrich, Saint-Quentin
DEPC (diethylpyrocarbonate ) 159220 Fallavier. France
Dextran sulfate D8906 Slgma-AIdrlgh, Saint-Quentin
Fallavier, France
DIG-11-UTP 11363905910 Slgma-AIdrlgh, Saint-Quentin
Fallavier, France
DMF (N,N-dimethylformamide) 227056 Sigma-Aldrich, Saint-Quentin
Fallavier, France
DNP-11-UTP NEL555001EA PerkinElmer, Villebon-sur-Yvette,
France
EcoRlI R0101 New England Biolabs, Evry, France
EDTA EDS Slgma-AIdrlgh, Saint-Quentin
Fallavier, France
Ethylene Glycol 24041.297 VWR, Briare, France
FITC-11-UTP 11427857910 Sigma-Aldrich, Saint-Quentin
Fallavier, France
Formamide (deionized) 4610 Slgma-AIdrlt_:h, Saint-Quentin
Fallavier, France
Formamide Amide 1117 Euromedex, Souffelweyersheim,
France
Glycerol 49781 Slgma-AIdrlc_h, Saint-Quentin
Fallavier, France
HCI (37% hydrochloric acid) 30721 Sigma-Aldrich, Saint-Quentin

Fallavier, France
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Sigma-Aldrich, Saint-Quentin

(Na2HPO42H20)

. . 0
Hydrogen peroxide solution (30%b) H1009 Fallavier, France
Isopentane (2-Methylbutane) M32631 Sigma-Aldrich, Saint-Quentin
Fallavier, France
NaCl (sodium chloride) 27810.295 VWR, Briare, France
NBF (10% Neutral Buffered Formalin) ~ HT501128 Sigma-Aldrich, Saint-Quentin
Fallavier, France
ProLong ™ Gold antifade reagent P36930 Thermo Fisher Scientific, Bordeaux,
France
Salmon’s sperm D7656 Slgma—AIdrlgh, Saint-Quentin
Fallavier, France
Sodium phosphate dibasic dihydrate 28040 291 VWR, Briare, France

Sodium phosphate monobasic
monohydrate (NaH2POQ4+°H20)

1.06146.1000

Sigma-Aldrich, Saint-Quentin
Fallavier, France

SSC (Saline Sodium Citrate)

GHYSSC00-08

Eurobio, Les Ulis, France

Sucrose

200-301-B

Euromedex, Souffelweyersheim,
France

T3 RNA polymerase

11 031 163 001

Sigma-Aldrich, Saint-Quentin
Fallavier, France

T7 RNA polymerase

10 881 767 001

Sigma-Aldrich, Saint-Quentin
Fallavier, France

Sigma-Aldrich, Saint-Quentin

TEA (triethylamine) TO0886 Fallavier, France

Triethanolamine 33729 Sigma-Aldrich, Saint-Quentin
Fallavier, France

Tris (Trizma phosphate monobasic) 93348 Sigma-Aldrich, Saint-Quentin
Fallavier, France

Triton X-100 X100 Slgma—AIdrlc_:h, Saint-Quentin
Fallavier, France

{RNA TRNABAK-RO Slgma-AIdrlt_:h, Saint-Quentin
Fallavier, France

Tween20 P1379 Slgma-AIdrlc_h, Saint-Quentin
Fallavier, France

Tyramine hydrochloride T2879 Sigma-Aldrich, Saint-Quentin

Fallavier, France

Table 3: List of reagents and enzymes used for FISH and IHC.




Kits Reference Supplier

Avidin/Biotin Blockint Kit SP-2001 Vector Laboratories, Peterborough, UK
TSA Coumarin System NEL703001KT  Akoya Biosciences, Marlborough, MA, USA
TSA Plus Biotin Kit NEL749A001KT Akoya Biosciences, Marlborough, MA, USA

TSA Plus Cyanine 3 (Cy3)

NEL744001KT  Akoya Biosciences, Marlborough, MA, USA
System

TSA Plus Fluorescein (FITC)

NEL741001KT  Akoya Biosciences, Marlborough, MA, USA
System

Vectastain Elite ABC HRP Kit PK-6100 Vector Laboratories, Peterborough, UK

Table 4: List of commercial kits used for FISH and IHC

Antibody Reference Supplier

Primary antibodies

Santa Cruz Biotechnologies,

cFos (goat, polyclonal) 5¢52:G Heidelberg, Germany
cFos (guinea pig, polyclonal) 226-005 Sygzzgfnzﬁt’eg‘;g;gﬂ
cFos (rabbit, monoclonal) 2250 Celll_iiiggi!i&%;ir;ﬂsgy'
POMC (rabbit polyclonal) H-029-30 Phoenix Pharmaceuticals,

Burlingame, CA, USA

Secondary antibodies

Jackson ImmunoResearch, Ely,

AlexaFluor488-conjugated donkey anti-goat ~ 705-545-003 UK

AlexaFluor647-conjugated donkey anti-rabbit  711-605-152 Jackson ImmunoResearch, Ely,

UK
. . . Cell Signaling Technology,
HRP-conjugated goat anti-rabbit 7074 Leiden, Netherlands
HRP-conjugated anti-DIG 11207733910  “lgma-Aldrich, Saint-Quentin
Fallavier, France
. . Akoya Biosciences, Marlborough,
HRP-conjugated anti-DNP FP1129 MA, USA
HRP-conjugated anti-FITC 11426346010 ~ >'9ma-Aldrich, Saint-Quentin

Fallavier, France

Table 5: List of antibodies used for FISH and IHC.
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Results



Chapter 1

Simultaneous detection of POMC,
GADG65, GADG67, vglut2 and cFos on
free-floating brain slices



One way to study POMC glutamatergic and GABAergic neurons is to identify
them on postmortem brain sections, after performing a specific stimulus, to see if one
subpopulation is more responsive than another. This requires the ability to differentiate
these neurons by using cell markers that are specific to these two subpopulations.
The only known glutamatergic marker of POMC neurons is a protein called "vesicular
glutamate transporter 2" (vglut2) (Vong, Ye et al. 2011, Jarvie and Hentges 2012).
This protein, encoded by the Slc17a6 gene, allows the accumulation of glutamate in
secretion vesicles and is therefore essential for glutamatergic transmission.
Concerning GABAergic neurons, the "vesicular GABA transporter" vGat protein fulfils
the same role as vglut2, but it is absent from GABAergic POMC neurons (Vong, Ye et
al. 2011), which is why we use the "glutamic acid decarboxylase of 65kDa" (GAD65)
and the "glutamic acid decarboxylase of 67kDa" (GADG67) as markers for this
subpopulation (Hentges, Nishiyama et al. 2004, Hentges, Otero-Corchon et al. 2009,
Jarvie and Hentges 2012). These two enzymes, encoded respectively by the Gad2 and
Gad1 genes, catalyze the decarboxylation of glutamate to GABA and are thus essential
to GABA production.

Unfortunately, vglut2, GAD65 and GADG67 are predominantly expressed in axon
terminals (Esclapez, Tillakaratne et al. 1994, Fremeau, VVoglmaier et al. 2004), which
makes their detection by immunohistochemistry (IHC) unsuitable to achieve our goal.
Indeed, in order to know the glutamatergic and/or GABAergic phenotype of POMC
neurons, the staining must be clearly visible at the level of the cell body. For this reason,
instead of the proteins, we have to detect the mRNAs of these different markers, which
accumulate strongly in the cytosol, using the fluorescence in situ hybridization (FISH)
technique. POMC neurons can obviously be identified by labelling the mRNA or POMC
protein. Since the protein is expressed in both the cell bodies and axonal projections,
the image analysis can be challenging, as a weak cytosolic staining can be lost among
the more intense axonal labelling. We have therefore chosen to stain POMC mRNA,

which is only present in the cytosol and thus facilitates image quantification.
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Finally, the detection of cFos on the same slices will provide a functional
information. Indeed, FOS is an "immediate early gene", meaning that it codes for a
protein - cFos - that is only very weakly expressed or not expressed at all at a basal level.
As a result, the cFos protein is used as a marker of cellular activity, because its synthesis
and accumulation in the nucleus of cells only takes place when these cells have
responded to a stimulus (Bullitt 1990). Both mRNA or cFos protein can be detected,
depending on the delay between the stimulus and the sacrifice: a peak of mRNA is
usually observed about 30 minutes after the stimulus while the peak of protein occurs
between 1 hour and 3 hours after, depending on the stimulus and the region of interest
(Wu, Lemus et al. 2014, Barros, Mundim et al. 2015). In all the studies of the present
work, mice were sacrificed 90 minutes or 2 hours after the stimulus, so it is the cFos
protein that will be used to identify the "activated" neurons under our different

experimental conditions.

For all these reasons mentioned above, it was necessary to develop a technique
for the combined labelling of vglut2, GAD65, GAD67, POMC mRNAs and cFos

protein.

+» Adaptation of FISH protocol on slides to a FISH protocol on free-

floating slices

In the past, our team has already carried out FISH staining on fresh (unfixed)
15um brain slices on slides (Cardinal, Andre et al. 2014). However, under all our
experimental conditions, mice were perfused with 4% formaldehyde (in PBS) and brains
processed for the classical IHC staining that we routinely perform: 24 hours of post-
fixation in 4% formaldehyde, cryoprotection in a 30% sucrose solution, freezing and
cryostat cut-30um free-floating sections. It was therefore necessary to adapt the previous

FISH protocol to make it compatible with free-floating, fixed sections.

The principle of mMRNA detection in FISH is based on the hybridization of a
nucleic probe that is complementary to some part of the target mMRNA. This probe can
be made of DNA or RNA. However, since RNA-RNA hybrids are more stable than
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DNA-DNA ones (Farrell 2010), we systematically use RNA probes. Before the
hybridization, "pre-treatment"” steps are used to denature endogenous peroxidases and
improve permeabilization (with 0.2M hydrochloric acid), inhibit endogenous RNAses
and increase the stability of RNA-RNA hybrids (with acetylation) (Figure 17A).
The hybridization step is carried out at a specific temperature, estimated at about 15°C
below the melting temperature (Tmrna), i.e. the temperature at which only half of the
RNA probes are hybridized. For each probe, the Tmrna is calculated in °C using the

following formula (J.F and Russell 2001):

G+C
Length

820
Length

G+C
Length

2
Tmgya = 79,8 + 18,5 X log[Na™] + 58,4 X ———+ 11,8 X ( ) — 0,35 x (%FA) —

With:

- [Na'] : concentration of Na* ions in the hybridization solution (hybmix), in M

- G+C : total number of guanidine and cytosine in the probe sequence

- Length : total number of nucleotides of the probe

- % FA : percentage of deionized formamide in the hybmix
This calculation, applied to the different probes used, gives different Tm, ranging from
77.5°C to 92°C, which is why we have chosen a common hybridization temperature of
70°C.
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A4 Acetylation

I8 Endogenous Rnase inhibition
RNA-RNA hybridization enhancement

16h-20h @ 70°C in waterbath
Tag = DIG or FITC or DNP
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M 7ag-iabelied probe detection

Fluorophore-Tyramide Signal
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Fluorophore covalent binding

Legend

Target mRNA

Tag-labelled probe
Y HRP-linked Anti-Tag
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inactive tyramide
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active tyramide
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Figure 17: Single FISH protocol.

A: Sketched protocol of a single FISH
for snap-frozen tissue sections (on
slides), adapted for free-floating
sections  from  perfused  brains.
Removed steps are crossed.

B: Representative image of a single
FISH for GADG6S5 using the protocol
described m A.

3V: Third ventricle. Scale bar: 200pum
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After the hybridization, successive washing steps are performed at high
temperature (65°C) and under increasing stringency conditions, to efficiently remove all
“non-hybridized” probes. The detection of hybridized probes is possible thanks to the
different "Tags" incorporated in their nucleotidic sequences. Indeed, during probe
synthesis, some of the nucleotides used are labeled with a hapten or a fluorophore
(hereby generally refered as "Tag", see Figure 17A): typically, some Uridines are
labeled with digoxigenin (DIG), fluorescein (FITC) or 2,4-Dinitrophenol (DNP) and
randomly incorporated instead of “non-labeled” Uridines. The probes are therefore
detected by an anti-Tag antibody (anti-DIG, anti-FITC or anti-DNP) coupled with
horseradish peroxidase (HRP). Finally, the fluorescent signal is obtained using a
commercial kit relying on the tyramide signal amplification technique (TSA).
This system is based on the accumulation of fluorophores (coumarin, fluorescein,
cyanine 3 or cyanine 5) coupled with tyramine. Tyramine is normally inactive, but in
the presence of peroxidase and H20-, radicals are added to its structure, making it highly
reactive and allowing its covalent binding to the nearby tyrosine moieties (Faget and
Hnasko 2015). This technique allows a very strong accumulation of fluorophores in the

vicinity of the HRP-linked antibody, and as such, at the probe’s location (Figure 17A).

As shown in Figure 17A, three steps of the initial protocol, intended for fresh

slices on slides, have been now removed:

- Formaldehyde fixation: this step is no longer necessary, since the sections are
already fixed.

- Proteinase K treatment: this step allows, through the digestion of proteins, a
better accessibility of the probes. However, this treatment makes the slices so
fragile that any handling is destructive for them, making slices mounting almost
impossible.

- Ethanol dehydration: since the slices are not on slides, this step is unnecessary.
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Figure 17B shows an example of a FISH for GADG65, using this adapted protocol.
The GADG65-DIG probe was detected using an anti-DIG-HRP antibody (Sigma,
#11207733910; 1/1500) followed by TSA-Cyanine 3 amplification (Akoya Biosciences,
#NEL704A001KT). The quality of the signal confirms that the protocol described above

allows a satisfactory detection of MRNA under our conditions.

% Combination of GAD65 (FISH) with cFos immunostaining

The next step was to combine FISH with cFos immunostaining. The sections on
which all the following tests were performed were taken from mouse brains in a
"fasting/refeeding™ condition, as this paradigm allows a strong expression of cFos in the
arcuate nucleus of the hypothalamus (ARC). This consists of a 24 hours fast, after which
mice are given back access to food (refeeding). These mice also received an
intracerebroventricular (icv) injection of 1uL of dimethylsulfoxide (DMSOQO) just before
refeeding, causing cFos expression in tanycytes. In accordance with the temporal
expression of the protein cFos, the mice were sacrificed 90 minutes after the icv injection

and refeeding.

We first tried to perform the IHC after doing a FISH for GADG65, using a classic IHC
protocol: incubation of the primary antibody overnight at 4°C, then the fluorophore-
labeled secondary antibody (Jackson ImmunoResearch, #705-545-003 or #706-545-
148; 1/500) for 2 hours the next day (Figure 18A). The first test, with a goat anti-cFos
antibody (Santa Cruz, sc-52-G; 1/250) was a failure, as neither the cFos nor the GAD65
staining was visible (Figure 18B, left image). We then tried the same protocol again,
using another primary antibody, made in guinea pig (Synaptic Systems, #226004;
1/1000). This time, both GADG65 and cFos signals were present (Figure 18B, central
image). However, to ensure that the FISH protocol did not alter the cFos signal, we
performed a simple IHC for cFos with the same antibody, but without any FISH step
(Figure 18B, right image). This revealed a much larger number of positive nuclei for
cFos than with the combination FISH-IHC. This suggests that the FISH protocol
significantly reduces cFos labelling, probably by denaturing some of the antigens

recognized by the primary antibody.

85



FISH for GADG65 (see Figure 1)
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Figure 18: Combination of FISH with cfos
immunostaining

A: Sketched protocol of a single FISH followed
by cfos immunostaining (IHC).

B: Representative images of the protocol m A,
using two different anti-cfos antibodies,
compared with a single IHC for cfos.

C:  Sketched protocol of a single FISH
preceded by cfos immunostaining.

D: Representative images of the protocol in C.

3V: Third ventricle. Scale bars: 50pm
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Although the previous protocol allowed the co-expression of GADG65 and cFos, the
decreased cFos labeling may lead to an underestimation of the positive cell count and
thus bias any quantification attempt. In order to overcome this problem, we tried to
reverse the order of the FISH and IHC steps, so that the cFos staining is carried out when
the antigens are still "intact” and not altered by the FISH. Several attempts (not all of
which are shown here) have led to the establishment of the protocol presented in Figure
18C. A "classical" IHC staining such as in Figure 18A is not possible, because the high
temperature incubations (hybridization and stringent washings) of the FISH denature
fluorophores, which lose their fluorescence. The use of a tertiary antibody after the
FISH, directed against the secondary antibody, was unsuccessful. After these failures,
we looked for another way to strongly mark cFos before the FISH while maintaining the
ability to detect the signal afterwards. As such, we opted for a staining of cFos with
TSA-Biotin before the FISH (similar to the system used for probe revelation, but with
biotin instead of a fluorophore), revealed with a fluorescent streptavidin after the FISH
(Figure 18C). In this test, the primary antibody used is made in rabbit (Cell Signaling,
#2250; 1/1000), because we only had an anti-rabbit-HRP available (Cell Signaling
#7074, 1/500). TSA-Biotin allows the accumulation of biotin in the vicinity of the anti-
rabbit-HRP antibody. After the FISH for GADG65, a fluorescent streptavidin (Vector
Laboratories, #SA-5001; 1/500) is incubated for 30 minutes to reveal the biotin
accumulated at the beginning of the protocol. The first test performed under these
conditions was a failure because of a lack of cFos staining. Thinking that the biotin could
have been removed by the stringent washes and high temperature, despite its covalent
binding to surrounding proteins, we added a formaldehyde fixing step (4%, 10 minutes)
just after the TSA-Biotin. Like this, we hoped to permanently fix the biotins allowing
their detection after the FISH. The addition of this step was decisive in the success of
the GADG65 and cFos co-staining (Figure 18D). Of note, under these conditions, the
cFos staining is similar to the one obtained with a simple IHC, without any visible loss

of signal.
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s Optimization of single FISH for GAD65/67, POMC and vglut2

Now that we can combine FISH and IHC, we undertook to set up all the different
FISH staining procedures required for our studies (GAD65, GADG67, vglut2 and
POMC), one after the other in successive single FISH experiments. Since the final goal
is to mix all the probes together, the "Tags" of each probe must be different, as well as
the fluorophores used for their revelation. This is the list of Tags and fluorophores that
we used for each probe:

- GADG65 and GADG67: Tag = FITC / Fluorophore = FITC

- POMC : Tag = DNP / Fluorophore = Cyanine 5

- vglut2 : Tag = DIG / Fluorophore = Cyanine 3

In order to simultaneously detect all GABAergic POMC neurons, we aimed at
revealing GADG65 and GADG67 together, which is why the GAD65 and GADG67 probes
are marked with the same Tag, namely fluorescein (FITC). The single FISH for these
two enzymes give a similar result (Figure 19A, left and central images). We then
incubated the two probes simultaneously, with a common revelation, using the same
fluorophore, with again an excellent outcome (Figure 19A, right image). From now on,
“GAD65/67” will refer to a co-staining of GAD65 and GADG67 in the same color as

shown here.
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. GADS65 only

B- POMC (anti-DNP @ 1/1500)

C- vglut2 (probe from UCSF)

vglut2 (probe from Allen Brain Atlas)

GAD67 only

POMC (anti-DNP @ 1/100)

vglut2 (probe from Addgene)

'.‘\ '

vglut2 (probe from Cambridge)

GAD65+GAD67

POMC (anti-DNP @ 1/100 +
Homemade TSA reagents)

Figure 19: Optimization
of single FISH for
GAD65/67, POMC and
vglut2

A: Smgle and double FISH
for GADG65 and GADG67
using FITC-labelled probes.
Both GAD65 and GAD67
are developed using the
same fluorophore to detect
all GABAergic neurons.

B: Optimization of the
smgle FISH for POMC
usmng a  DNP-labelled
probe, by testing two anti-
DNP antibody dilutions and
homemade TSA reagents.
C: Optimization of the
single FISH for vglut2,
using four different DIG-
labelled probes.

Scale bars: 200pum
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The next probe to be tested is POMC-DNP. The first try was very disappointing, as
the POMC signal was barely visible (Figure 19B, left image). We tried to increase the
concentration of the probe, but it did not improve the signal. We then increased the
concentration of the anti-DNP-HRP antibody (Akoya Biosciences, #FP1129) from
1/1500 to 1/100, resulting in a better sensitivity (Figure 19B, central image), although
many weakly stained neurons are still difficult to identify. In order to further increase
the intensity of the staining, we decided to prepare the TSA-Cy5 reagents ourselves, in
a much highly concentrated version than the one available in the commercial kit used
until now (Akoya Biosciences, #SAT705A001EA). For these “bench-made TSA
reagents”, we adapted existing protocols, often used for the "whole mount FISH"
technique, where whole embryos (or pieces of tissue) undergo a FISH staining
(Hopman, Ramaekers et al. 1998, Lauter, Soll et al. 2011) (see Materials and Methods
for the preparation of the TSA-Cy5 and the amplification buffer). The use of these
bench-made reagents combined with the high concentration of the anti-DNP-HRP
antibody (1/100) significantly increased the intensity of the POMC signal and the signal-

to-noise ratio (Figure 19B, right image).

The last staining to be developed was vglut2. We already had a vglut2 probe
available from Robert Edwards' laboratory at the University of California, San Francisco
(UCSF). Unfortunately, the resulting signal was not very clear, with an unsatisfactory
signal-to-noise ratio (Figure 19C, top left image). Attempts to optimize the
concentration of the probe, the anti-DIG-HRP antibody (similar to the approach used to
optimize POMC staining) or the use of homemade TSA reagents were not successful in
improving this signal. We then tested several probes from different sources. One of
them, shared by Jeffrey Macklis' laboratory (Harvard Stem Cell Institute) on Addgene
(plasmid #45639), gave an unexpected signal: the ventromedial nucleus of the
hypothalamus (VMN) as well as the thalamus, although known as strong vglut2
expressing regions (Moechars, Weston et al. 2006) are not stained here (Figure 19C, top
right image). We therefore abandoned the use of this probe. The last two probes tested
came either from available ISH data from the Allen Brain Atlas (probe
#RP 050921 01 EO03) or from Dr. Gilles Yeo’s laboratory in Cambridge.

Between these two probes, the staining obtained is very similar and of much better
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quality than for previous ones: the VMN is clearly visible, cells in the thalamus are
strongly stained and the signal-to-noise ratio is very satisfactory (Figure 19C, bottom
images). Since the Cambridge probe gives a stronger signal than the Allen Brain Atlas

probe, we chose this one for the next steps (Figure 19C, bottom right image).

+ Combination of POMC, vglut2, GAD65/67 (FISH) and cFos (IHC)

After having developed separately all the single FISH protocols for our studies, we
started to combine them, two by two. For any double- (or triple-)FISH staining,
the probes are detected and revealed sequentially because the revelation is always based
on a peroxidase activity. Thus, after incubation of the first anti-Tag-HRP antibody and
its revelation by TSA, the sections undergo a treatment of 3% H2>O (30 minutes) then
0.2M HCI (20 minutes) (Liu, Amin et al. 2006), in order to quench the HRPs present on
the first anti-Tag-HRP so that they do not interfere with the future TSA revelation of the

following probes.

The tests performed show that the double-FISH for vglut2+POMC and
GADG65/67+POMC are as good as the single FISH, but the double-FISH
GADG65/67+vglut2 is a failure (Figure 20A). In an attempt to solve this problem,
we modified the composition of the hybridization solution (hybmix), as it has been
shown that an increase in the concentration of dextran sulfate (DS) and 1,4-dithiothreitol
(DTT), two of the components of the hybmix, can improve the sensitivity of
radioisotopically-labeled ISH probes (Hrabovszky and Petersen 2002). Moreover, it has
been reported that replacing deionized formamide with 4M urea also improves the
signal-to-noise ratio in a whole-mount ISH setting, as well as being less toxic for the
experimenters (Sinigaglia, Thiel et al. 2017). Therefore, we designed a series of
different hybmix recipes, with two concentrations of DS and DTT and the replacement
of deionized formamide by urea (U5378, Sigma-Aldrich, Saint-Quentin Fallavier,
France) to test whether any of these recipes would be suitable for the GAD65/67+vglut2
double-FISH (Table 6):
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DEIOHIZ.ed Urea Dextran DTT |Tris/HCI| EDTA | Nacl Denha.rdts tRNA Salmon
Formamide Sulfate solution Sperm
izinal
(H);'E::;( 50% | OM | 10% [200mM| 20mM | 5mM |300mM| 1X  |0.5mg/mL|0.2mg/mL
Hybmix
1 0% aMm 10% |[200mM | 20mM | 5mM |300mM 1X 0.5mg/mL | 0.2mg/mL
Hybmix
5 50% oM 30% iM 20mM | 5mM |300mM 1X 0.5mg/mL | 0.2mg/mL
Hybmix
3 0% aMm 30% M 20mM | 5mM |300mM 1X 0.5mg/mL | 0.2mg/mL
Hybmix
4 0% aMm 10% M 20mM | 5mM |300mM 1X 0.5mg/mL | 0.2mg/mL
Hybmix
5 50% oM 10% iM 20mM | 5mM |300mM 1X 0.5mg/mL | 0.2mg/mL
Hybmix
6 50% oM 30% |200mM | 20mM | 5mM |300mM 1X 0.5mg/mL | 0.2mg/mL
Hybmix
7 0% am 30% |200mM | 20mM | 5mM |300mM 1X 0.5mg/mL | 0.2mg/mL

Table 6 : List of the different hybmix recipes tested in Figure 20B.

Of the seven hybmix recipes tested, only hybmix 5 provided a satisfactory co-staining

of GAD65/67 and vglut2 (Figure 20B, central image of second line). This recipe is

identical to our original hybmix recipe, but with an increased concentration of DTT,

from 200mM to 1M.
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Figure 20: Optimization of a double FISH
GAD/POMC; vglut2/POMC and GAD/vglut2.

A: Representative 1mages of a double FISH for
GAD/POMC, vglut2/POMC and GAD/vglut2.

B: Optimization of the double FISH GAD/vglut2 by
testing different “Hybmix” recipes (see table 1 for more
details).

3V: Third ventricle. Scale bar: 200um
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Next, the triple-FISH for GADG65/67+vglut+POMC was attempted, in
combination with the cFos IHC. Since fluorophores emitting in the green, red and far
red spectra are already used for GAD65/67, vglut2 and POMC respectively, the cFos
staining had to be done using an AMCA-labeled streptavidin, since it’s a fluorophore
emitting in the blue spectrum. Unfortunately, the signal obtained for cFos under these
conditions was too weak to be easily detected, probably because in this part of the light
spectrum, the autofluorescence of the tissue is much higher. It was therefore necessary
to find a way to further amplify the cFos staining after biotin detection. To do so, instead
of using a fluorescent streptavidin, we performed an “avidine-biotin amplification”,
using a commercial kit (Vector laboratories, #PK-6100). This technique allows an
accumulation of avidin-biotin complexes that binds to accessible biotins in the tissue
(i.e. at the level of cFos in our situation). In these complexes, biotins are also coupled
with HRP, so that a TSA-coumarin revelation can be performed. The amplification is
such that it overcomes autofluorescence and achieves a signal-to-noise ratio sufficient

to detect the cFos signal without difficulty.

Finally, all the steps described above were combined, shaping the final protocol:
IHC for cFos, TSA-biotin revelation, formaldehyde fixation, pre-treatment,
hybridization of vglut2-DIG, GAD65-FITC, GAD67-FITC and POMC-DNP probes at
70°C, stringent washes, detection of the different probes with anti-[DIG/FITC/DNP]-
HRP antibodies, revelation with [Cy3/FITC/Homemade Cy5]-TSA, detection of biotin
by avidin-biotin complexes and final revelation of cFos with TSA-coumarin (Figure
21A). The result is more than acceptable for all the markers, enabling us to identify

which of the POMC subpopulations are cFos positive, on a single section (Figure 21B).
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Biotin detection

IHC for cfos FISH for vglut2 + GAD65/GAD67 + POMC (Avidin-Biotin Complex
with Biotin-TSA | + Couramin-TSA)
....... I e n >

/l’ é é ™ t t t ) ‘: :
+H,0; +H,0 U W A
e ek » *

ul

. w s
+H;0; @ \\+:0;  +H:0: @ +H;0; +H;0; )\ +H
*/ @\ " *j @\ " *Jﬁ ﬁg

5O o
'

Figure 21: Quadruple staining for POMC, GAD65/67, vglut2 (FISH) and
cfos IHC)

A: Sketched protocol for the quadruple staining.

B: Representative images of the protocol in A.

3V: Third ventricle. Scale bar: 200pm
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Chapter 2

Acute exposure to high fat diet
preferentially activates POMC
GABAergic neurons



In the chapter 4 of the introduction, | described the multiple alterations that
POMC neurons can be subjected to, because of high-fat diet (HFD) exposure.
However, the influence of the glutamatergic or GABAergic phenotypes has never been
studied in this context. Taking advantage of the FISH/IHC technique that we have
developed and that is described in the previous chapter, we aimed at identifying the
specific subpopulations of POMC neurons that respond to HFD, if any. Results are
expressed by mean £SEM. Exact p-values and statistical analysis are reported in the

figures. A p-value below 0.05 denotes statistical significance.

¢ Mice prefer high-fat diet over chow diet

First, we assessed mouse preference for HFD over chow diet (CD) by using
polyfeeding cages (Imetronic, see Materials and Methods). Briefly, 8 C57BI/6J mice
aged 10 weeks were singly housed into polyfeeding cages, with two accessible food
containers filled with CD and located at opposite sides of the cages. During the 1-week
habituation period, mice preference for one or the other food container was recorded.
Then, in the least-preferred one, CD was replaced by HFD in the middle of the light
phase, for 2 hours only (Figure 22A). CD and HFD intake were measured at the end of
the 2 hours. Of note, over the 2 days preceding the experiment, mice were exposed to a
very small amount of HFD disposed in the cage, in order to avoid neophobia during the

preference test.

A clear preference for HFD over CD was observed, with a 0.88g £0.08g of HFD
intake at 2h versus 0.08g +0.05g of CD intake (p<0.001, Figure 22B). The difference
was of course even more pronounced when considering the caloric intake, since HFD is
more energetically dense (5.24 kcal/g) than CD (3.2 kcal/g) (p<0.0001, Figure 22C).
Indeed, mice ate 4.6kcal £0.22kcal of HFD, which is the equivalent of 1.4g of CD, i.e.
roughly a third of their daily energy intake. This was done in the middle of the light
phase, a period in which mice are inactive and usually do not engage in prolonged food
seeking/intake. When looking at the data mouse per mouse, we realize that over 8 mice,
3 ate only HFD, 4 ate more than 85% of HFD and only one had a more balanced intake
with approximately 60% of HFD vs 40% of CD (Figure 22D).
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Figure 22: Mice prefer HFD over chow diet in the light phase
A: Sketched protocol for the food preference test. After 1 week of habituation in polyfeeding cages in
which 8 C57Bl/6] mice are given access ad libitum to chow diet in two different food hoppers, they
are given access to HFD for 2 hours m the least-explored food hopper, n the middle of the light

phase.

B: Mean food intake of chow and HFD at the end of the 2 hour choice test.
C: Same as B, but with caloric intake.
D: Food preference for each mouse.

Taken together, these results show that mice prefer the HFD over CD and that the

HFD strongly promotes feeding behaviour during the light phase, which is directed

almost exclusively toward the consumption of this palatable diet.
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s Acute HFD exposure during 24h causes hyperphagia and body
weight gain
We then designed another experiment with a larger cohort of animals to assess
body weight change and food intake after a 24h-exposure to HFD followed by a return
to CD. 20 chow-fed C57BI/6J mice aged 7 weeks were singly housed in our animal
facility for 7 days before the start of the experiment and handled on a daily basis.
They were then divided into two body weight-matched groups of 10 mice each: “Chow”
vs “HFD”. In the HFD group, the food was switched from CD to HFD five hours before
the onset of the dark phase, while the Chow group was still fed with CD. Food intake
was measured at 1h, 2h and 24h after the switch. Body weights were measured before
and 24h after the switch (Figure 23A). This experiment was repeated once per week
during 4 consecutive weeks. The results presented below and exposed in Figure 23 and

Figure 24 are the mean of these 4 experiments.

HFD-fed mice were hyperphagic at 1h (0.57g +£0.02g vs 0.05g £0.01g, p<0.0001)
and 2h (0.74g +0.02g vs 0.1g +£0.01g, p<0.0001) compared with CD-fed mice, an effect
that is still visible at 24h (5.12g =0.2g vs 4.37¢g %0.15g, p=0.02, Figure 23B).
Consistently, their caloric intake was largely enhanced over these 24h of HFD exposure
(p<0.0001, Figure 23C). HFD-fed mice also increased their body weight by 1.3g £0.1g
and their food efficiency (body weight change divided by caloric intake) was also much
larger than in CD-fed mice, suggesting a strong recruitment of biological systems to

promote body weight gain (p<0.0001, Figure 23D and Figure 23E, respectively).

In line with the food preference experiment, these results highlight the fact that
mice fed with HFD but not CD engage in feeding behaviour during the light phase (1h
and 2h food intake). Overall, they also eat a higher amount of food, corresponding to a

large caloric surplus, which translates into a 24h body weight gain of more than 1g.
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Figure 23: Mice are hyperphagic when switched to HFD during 24h.
A: Sketched protocol for the 24h HFD switch. Five hours before the onset of the dark phase, 10
C57Bl/6] mice are switched to HFD, during 24h. Their food intake is measured at 1h and 2h after the
switch. Body weight and food intake are measured again the next day. They are then switched back to
chow. Food intake and body weight are measured again 24h after (results shown in Figure 22). These
mice are compared with 10 control chow-fed mice during the same period.
B: Mean food intake of chow and HFD 1h. 2h and 24h after the HFD switch.
C: Same as B, but with caloric intake.

D: Body weight change 24h after the HFD switch
E: Food efficiency over the 24h access to HFD

Chow
HFD
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«» The switch from HFD back to CD induces a rebound effect, with

hypophagia and body weight loss

After the 24h exposure to HFD, mice in the HFD group were switched back to
CD (“HFD-to-chow” group) while mice in the Chow group were still CD-fed.
Body weight and food intake were again measured the next day (Figure 24A).
As expected, we observed a rebound effect at 24h in food intake, body weight change
and food efficiency in the HFD-to-chow mice. Indeed, they were hypophagic (1.46g
+0.15g vs 4.00g +£0.13g, p<0.0001, Figure 24B), resulting in a decreased 24h caloric
intake (p<0.0001, Figure 24C). In addition, a 24h body weight loss of 1g +0.15g was
observed (p<0.0001, Figure 24D), as well as a strong reduction of the food efficiency
(p<0.0001, Figure 24E), suggesting the engagement of endostatic mechanisms to drive

the body weight down in response to the caloric overload of the previous day.

Altogether, these results suggest that acute exposure to HFD recruits exostatic
mechanisms, which override homeostatic regulations in order to promote hyperphagia,
caloric overload and subsequent body weight gain. When the CD is returned, endostatic
mechanisms Kkick in order to restore initial body weight, by promoting hypophagia,

caloric restriction and body weight loss.
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Figure 24: Rebound effect after the return to chow diet

A The protocol 1s the same as in Figure 21. The results shown here are those when
mice are switched from HFD back to chow diet.

B: Mean chow intake 24h after mice are switched from HFD back to chow.

C: Same as B, but with caloric intake.

D: Body weight change 24h after the HFD to chow switch.

E: Food efficiency over the 24h after the HFD to chow switch.
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s Acute exposure to HFD in the light phase activates POMC

neurons

In an attempt to unravel the biological substrates underlying these effects, we
then explored the response of POMC neurons to acute HFD exposure, using the same
experimental paradigm as before. Mice from the HFD group were switched to HFD
5 hours before the onset of the dark phase, while mice in the Chow group remained
CD-fed. Two hours after the switch, half of each group was sacrificed by transcardial
perfusion of 4% formaldehyde (Figure 25A) and their brains processed for
immunohistochemical analysis (see Materials and Methods). To assess activation of
POMC neurons in response to the diet, POMC/cFos co-immunostaining was performed
on 3 slices per animal, containing the rostral ARC (= -1.06mm to Bregma), mid ARC
(= -1.58mm to Bregma) and caudal ARC (= -2.06mm to Bregma). Of note, one mouse

brain of each group was unusable because of a technical issue, resulting in 4 brains per
group.

First, we verified that HFD-fed mice were still hyperphagic at 2h, before the
sacrifice, compared to CD-fed mice (1.08g £0.13g vs 0.10g +0.02g, p=0.03, Figure
25B). The co-staining for POMC/cFos (Figure 25C) revealed that after HFD switch,
36% 5% POMC neurons are activated in the HFD group, versus 6% +1% in the Chow
group (Figure 25D). To better characterize these POMC neurons, we looked at their
rostro-caudal distribution in Chow and HFD groups, separately. However, there was no
significant difference in the % of POMC-cFos+ cells between the rostral-, mid- and
caudal ARC for either groups (Figure 25E and Figure 25F), although it seems that rostral
ARCs are slightly enriched in POMC-cFos+ compared to the other ARC levels.

Thus, these results show that an acute HFD exposure in the light phase is able to

recruit more than one third of POMC neurons.
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Figure 25: Acute exposition of HFD in the light phase activates POMC neurons

A: Sketched protocol: 4 mice are switched to HFD 5 hours before the onset of the dark
phase, compared with 4 chow-fed mice. 2 hours after the HFD switch, they are sacrificed by
transcardial perfusion.

B: Food imntake 2 hours after the HFD switch, 1.e. just before the mice were sacrificed.

C: Representative images POMC/cfos coexpression by IHC. 3V: third ventricle.

Scale bar = 100pum. D: Quantification of the POMC/cfos coexpression. E: Same as C,
represented by the level of the ARC (rostral, mid or caudal) for the chow-fed group.

F: Same as D for the HFD group.
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+» POMC neurons are also activated after the switch from HFD back

to chow

Next, we wanted to know how POMC neurons would respond to the switch from
HFD back to CD. Thus, the remaining half of the HFD group was switched back to chow
just before the onset of the dark phase, in order to compare them with CD-fed mice when
they are physiologically engaged to eat (classically, at the beginning of the dark phase).
Two hours after the diet switch (and onset of the dark phase), mice were sacrificed by
transcardial perfusion and their brains processed for POMC/cFos co-immunostaining as

mentioned earlier (Figure 26A).

As expected, when food intake was measured just before the sacrifice, HFD-to-
chow mice were hypophagic relative to Chow mice, with a difference that was almost
statistically significant (0.35g #0.08g vs 0.65g +0.08g, p=0.057, Figure 26B).
The POMC/cFos co-staining (Figure 26C) showed an equivalent proportion of activated
POMC neurons between Chow group (42% £3%) and HFD-to-chow group (37% £3%)
(Figure 26D). However, as seen previously with the acute HFD switch, no significant
difference were found in the rostro-caudal distribution of these activated POMC
neurons, although the same trend towards rostral ARC enrichment was observed again
(Figure 26E and Figure 26F).

Thus, the switch from HFD back to chow is also associated with POMC neurons
activation, in the same proportion as chow-fed mice who engage in normal feeding

behaviour. However, are these the same neurons or not?
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Figure 26: HFD to chow diet switch at the onset of the dark phase activates POMC neurons
A: Sketched protocol: 4 mice are switched to HFD 5 hours before the onset of the dark phase. The
next day, they are switched back to chow diet at the onset of the dark phase. 2 hours later, they are
sacrificed by perfusion. They are compared with 4 chow-fed mice.
B: Food intake 2 hours after the onset of the dark phase, 1.e. just before the mice were sacrificed.
C: Representative images POMC/cfos coexpression by IHC. 3V: third ventricle.

Scale bar = 100pm D: Quantification of the POMC/cfos coexpression. E: Same as C, represented
by the level of the ARC (rostral, mid or caudal) for the chow-fed group sacrificed mn the dark
phase. F: Same as D for the [HFD to chow] switch group.
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s GABAergic POMC neurons are preferentially recruited by a 2h
HFD switch during the light phase

So far, we demonstrated an activation of POMC neurons under different
conditions (2h HFD exposure, HFD exposure followed by switch to CD or CD in dark
phase). To go further, we sought to identify the GABAergic and/or glutamatergic nature
of these activated POMC neurons by using the simultaneous detection of GADG5,
GADG67 and vglut2 mRNAs combined with cFos immunostaining that we developed
previously. Unfortunately, this experiment gave a suboptimal result for the Chow (dark
phase) and HFD-to-chow groups, so that signal quantification was nearly impossible for
GADG65/67 and vglut2. Therefore, we will only present here the results for the acute
HFD switch during the light phase.

First, thanks to the GAD65/67, vglut2, POMC, cFos co-staining (Figure 27A),
we assessed the global repartition of the different subpopulations of POMC neurons
relative to their neurotransmitter phenotype. We were able to distinguish pure
GABAergic (POMC-GAD+ = POMC-GABA\) and pure glutamatergic (POMC-vglut2+
= POMC-Glut) POMC neurons as well as neurons that co-express both markers
(POMC-GAD/vglut2+ = POMC-GIut/GABA). Of note, for some cells, we were unable
to detect GADG65/67 neither vglut2 and qualified these neurons as “POMC only”.
These subpopulations were unequally represented, with a higher proportion of POMC-
GABA (37% £2%) and POMC-GIut/GABA (29% +0.7%) compared to POMC-Glut
(14% £1%) or POMC only (19% +0.5%) (Figure 27B).

Then, we focused on activated POMC neurons by looking at the repartition of the
different subpopulations within POMC-cFos+ neurons. We found that the majority of
activated POMC neurons under acute exposure to HFD have GABAergic (46% +4%)
or mixed GIut/GABA (33.5% %3%) phenotypes. Glutamatergic POMC neurons only
accounted for 9.5% 42% of activated POMC neurons, similarly as “POMC only”
neurons (11% £1.5%) (Figure 27C).
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Figure 27: Acute exposure to HFD in the light phase preferentially recruits POMC-GABA
over POMC-Glut.

A: Simultaneous detection of vglut2 (red), GAD65/67 (green) and POMC (blue) mRNA by FISH,
combined with immunodetection of cfos (white). 3V: third ventricle. Scale bar = 100um.

B: Representation of each subpopulation among all POMC neurons.

C: Representation of each subpopulation among all POMC-cfos+ (activated) neurons.

D: Coexpression of cfos among each subpopulation.
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Finally, we expressed the number of POMC-cFos+ neurons as percentage of
neurons within each POMC subpopulation. Here again, we found that the GABAergic
and mixed Glut/GABA populations were the most activated ones (38% +3% for GABA
and 35.5% 3% for Glut/GABA), while POMC-Glut and “POMC only” had only 20%
+3% and 19.5% +3% cFos+ cells, respectively (Figure 27D).

s Summary

In these sets of experiments, we studied how mice react to an acute exposure to
HFD and how the different subpopulations of POMC neurons respond to this
calorically-dense diet. First, we observed that, when given the opportunity, mice will eat
HFD over CD during the light phase, even without previous caloric restriction.
When this diet is given for 24h, mice have a hyperphagic behaviour leading to an
enhanced caloric intake and body weight gain, likely through exostatic mechanisms.
A 2h exposure to HFD is also associated with the activation of around 36% of POMC
neurons, with almost half of them being POMC-GABA (vs only 14% of POMC-Glut).
This clearly highlights the fact that HFD preferentially recruits POMC-GABA neurons.
Finally, when mice are switched back to CD after 24h of HFD, they are hypophagic and
lose weight, likely through the activation of endostatic mechanisms. This is also
associated with POMC neurons activation, but their specific phenotypes have yet to be

determined.
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Chapter 3

Characterization of inducible
POMC-vglut2-KO mice



After studying the impact of a short exposure to HFD diet on the activation of
different subpopulations of POMC neurons, and having found that the hyperphagia to
HFD is associated with recruitment of the GABAergic, but not glutamatergic POMC
component, which is in line with our previous study (see annexed article), our prediction
was that genetic removal of the glutamatergic component would also cause hyperphagia.
To test this, we generated a new transgenic mouse line for which the deletion of vglut2
is inducible in POMC neurons, after tamoxifen treatment (see Materials and Methods
for details on generating this new line). In short, POMC-creER™ mice (which express a
cre-recombinase fused to the mutated ligand-binding domain of the human estrogen
receptor ER'?, specifically in POMC neurons) were crossed with vglut2-floxed mice
(whose exon 2 of the vglut2 gene is flanked by two loxP sequences), giving rise to
vglut2'o® cre-, thereafter called POMC-vglut2-WT and vglut2'®®, cre+, thereafter
called POMC-vglut2-KO mice.

Since ER is a nuclear receptor, it is constitutively sequestered in the cytosol until
a ligand binds to it, causing its translocation to the nucleus (Jensen and Jordan 2003).
The use of the fusion protein creER™ allows the sequestration of cre recombinase in the
cytosol, preventing any constitutive cre-dependent recombination (Feil, Valtcheva et al.
2009). ERT does not respond to endogenous estrogens, but it remains the target of two
synthetic agonists: 4-hydroxytamoxifen (4-OHT) and 4-hydroxy-N-desmethyl
tamoxifen (also called Endoxifen). These are the two main active metabolites produced
by cytochrome P3A (CYP3A) and P2D6 (CYP2D6) in the liver, from tamoxifen (Felker,
Nieuwenhuize et al. 2016). Thus, tamoxifen treatment is necessary to produce 4-OHT
and endoxifen, whose binding to creER™ allows its translocation to the nucleus and by
extension the recombination of the floxed sequence (Figure 28A). This system is
therefore particularly useful for temporally controlling the deletion, and avoiding for

instance, deletion of the gene of interest during the prenatal period.
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A. POMC-vglut2-KO mice
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Figure 28: Inducible Cre-LoxP recombination systems in POMC-Ai6-creER™+ and
POMC-vglut2-KO mice

A: In POMC-vglut2-KO mice, exon 2 of Slcl7a6 gene is floxed. After tamoxifen
treatment, this exon excised, resulting m a nul/l vglut2 allele in Cre-positive cells (i.e.
POMC neurons in this model).

B: In POMC-Ai6-creER™+ mice, the expression of a reporter gene, Zsgreenl, is
constitutively repressed by a floxed STOP sequence. After tamoxifen treatment, this

sequence 1s excised, allowing the expression of Zsgreenl in Cre-positive cells (i.e.
POMC neurons in this model).
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For the study of POMC neurons, temporal control of deletion is essential, as
POMC is transiently expressed during development by many neurons that stop
producing it in adulthood (Padilla, Reef et al. 2012), including some neuropeptide Y
(NPY)-expressing neurons (Padilla, Carmody et al. 2010). A constitutive POMC-cre
model would then be far from ideal because it could lead to the deletion of the gene of
interest in many neurons that no longer express POMC in adulthood, inducing probable
developmental effects that could bias the variables studied. Thus, our new POMC-
vglut2-WT/KO model makes it possible to prevent the expression of vglut2 in POMC
neurons in an inducible way, causing a probable suppression of glutamate release,
while avoiding the biases associated with a constitutive deletion mentioned above.
Male POMC-vglut2-KO mice are compared to their POMC-vglut2-WT littermates who
also receive tamoxifen treatment, but without vglut2 deletion since they do not express

creER™2,

% Evaluation of the specificity and functionality of the model

First, we assessed the specificity and functionality of our new model. The most
direct way would have been to perform a FISH for vglut2 in POMC-vglut2-WT/KO
mice to verify the absence of vglut2 staining in KO mice. Unfortunately, our vglut2
probe is directed against another part of vglut2 mRNA than the one excised in this model
and therefore cannot be used. While waiting for the production of a specific probe
against the deleted exon 2, we used a reporter model to visualize in which cells the
recombination took place. We crossed POMC-creER™ mice with Ai6 mice, whose cells
can express a green fluorescent protein, Zsgreenl, when the floxed STOP sequence that
prevents its expression is excised in a cre-dependent manner, after tamoxifen treatment
(Figure 28B). To confirm the identity of the Zsgreenl-positive neurons, 8-weeks-old
male POMC-Ai6-CreER™+ mice were treated with tamoxifen (150mg/kg by gavage,
daily, for 5 days, n=4) or its vehicle (5% ethanol in corn oil, n=4) after 1 week of
habituation (Figure 29A). Five weeks after the end of the treatment, the mice were
perfused with formaldehyde and their brains processed for POMC immunostaining

(see Materials and Methods). The first observation is that in the absence of tamoxifen
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(vehicle group), no Zsgreenl expression is induced, supporting the absence of
constitutive  cre-dependent  recombination  (Figure  29B, top  panel).
Conversely, tamoxifen treatment induces Zsgreenl expression, localized in POMC

neurons (Figure 29B, bottom panel), validating the specificity of the POMC-CreER '
model.
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Figure 29: Specificity and functionality of inducible Cre-recombination in POMC-
CreER™ mice

A: Timeline of tamoxifen recombination in POMC-Ai6-creER™+ and POMC-vglut2-
WT/KO mice

B: Representative images of the co-expression of Zsgreenl (green) and POMC (red) in
POMC-Ai16-creER™+ mice after tamoxifen treatment (n=4) or its vehicle (n=4).
Zsgreenl signal corresponds to its endogenous fluorescence, while POMC was detected
by immunostaining.

C: Detection of vglut2 excision in POMC-vglut2-WT (cre-, n=14) and POMC-vglut2-
KO (Cret+, n=19) mice by PCR, after tamoxifen treatment. Excision fragment is
expected at 700bp. Red arrows indicate an absence of excision in POMC-vglut2-KO
mice. Green arrow indicates an excision in POMC-vglut2-KO mouse.

3V: Third ventricle. Scale bar: 100pm
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After confirming the location of recombination events, we wanted to check their
functionality in our POMC-vglut2-WT/KO model. To do this, 33 male mice (14 POMC-
vglut2-WT and 19 POMC-vglut2-KO) were treated with tamoxifen using the same
protocol as before. The mice were sacrificed by cervical dislocation and their
hypothalami extracted and snap-frozen to perform PCR, using specific primers to detect
recombination of the floxed vglut2 allele (see Materials and Methods). We were able to
detect vglut2 excision in 17 of the 19 POMC-vglut2-KO mice (Figure 29C, bands at
700bp). Surprisingly, 1 of the 14 POMC-vglut2-WT mice showed signs of
recombination (Figure 29C, green arrow). These results demonstrate that our model is
overall functional and can therefore be used to study the impact of vglut2 deletion in

POMC neurons on metabolism and feeding behaviour.

% POMC-vglut2-KO mice have a normal energy balance under

chow diet up to 4 weeks after the end of tamoxifen treatment

Once the model was set up, we aimed at characterizing any alterations in energy
balance in POMC-vglut2-KO mice in a new cohort of animals. 15 POMC-vglut2-WT
and 8 POMC-vglut2-KO mice aged 10 weeks were singly housed and handled daily for
1 week. Then, all of them received tamoxifen treatment as previously described.
At the end of the treatment, a 4 weeks recovery period allowed the recombination to
occur in all POMC neurons. Nonetheless, we followed the mice during this period, in
which body weight and food intake were measured on a daily basis, to detect a possible

differences between genotypes (Figure 30A).

During these 4 weeks, we found no significant difference between WT and KO mice
in food intake although KO mice seemed to eat overall slightly more than their WT
littermates at week 2 and week 3 (Figure 30B). Consistently, the cumulative food intake
over these 4 weeks was slightly higher for KO mice (p=0.2049, Figure30C). In addition,
no difference was found in body weight or food efficiency (Figure 30D, Figure 30E and
Figure 30F).
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Figure 30: Chow-fed POMC-vglut2-KO have a normal energy balance after tamoxifen

treatment
A: Sketched protocol:

15 POMC-vglut2-WT and 8 POMC-vglut2-KO received tamoxifen

treatment at 11 weeks of age, after 1 week of habituation. Their body weights and food intake were
recorded during a 4 weeks recovery period post-treatment.
B: Weekly food intake. C: Cumulative food mtake over 4 weeks post-treatment.

D: Weekly body weight. E: Total body weight change over 4 weeks post-treatment.
F: Food efficiency over 4 weeks post-treatment
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s POMC-vglut2-KO mice have an impaired reaction to refeeding
after a 24h fast

Since we did not observe any behavioural or metabolic difference between WT and
KO mice in basal condition, we challenged the mice with a fasting/refeeding
experiment, in which mice are fasted for 24h, then refed in the light phase, to evaluate
their adaptation to a strongly negative energy balance. First, we found a tendency
towards increased body weight loss after 24h fasting in KO mice (-1.61g £0.24g vs -
1.219 £0.13g, p=0.1272, Figure 31A). One hour after food was returned, KO mice were
hyperphagic compared to their WT littermates (0.81g £0.05 vs 0.62g +0.04g, p=0.009,
Figure 31B). Of note, one WT mouse was excluded from this data set because it wasted
the food so much that is was impossible to accurately measure its actual food intake.
The next day, KO mice had regained more weight (2.1g £0.18g vs 1.5g +0.11g, p=0.011,
Figure 31C) and had a higher feed efficiency than WT controls (p=0.033, Figure 31D).

Taken together, these results highlight an exaggerated response of KO mice to
refeeding, with a 1h hyperphagia and an enhanced 24h food efficiency and body weight

gain.

s POMC-vglut2-KO mice are hyperphagic under chronic HFD

exposure

In the same cohort of animals, we tested the effect of a chronic HFD exposure, up to
12 weeks. During this period, we found that overall, KO mice were hyperphagic
(p=0.0102, Figure 32A), although post-hoc analysis revealed that food intake was
different only during the first 3 weeks of HFD exposure (Figure 32A). Consistently,
cumulative food intake was higher in KO mice compared to WT controls, at 1 week and
12 weeks of HFD exposure (Figure 32B and Figure 32C, respectively).
However, despite an increased energy intake, body weights did not differ between

genotypes (Figure 32D and Figure 32E), neither did the food efficiency (Figure 32F).
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Figure 31: POMC-vglut2-KO mice have an impaired reaction to fasting/refeeding

14 POMC-vglut2-WT and 8 POMC-vglut2-KO chow-fed mice were fasted for 24h. The next
day, the were refed 5 hours before the onset of the dark phase. Mice were 17 weeks old.

A: Body weight change after 24h of fasting.

B: Food mtake after 1h of redeefing.

C: Body weight change and

D: Food efficiency 24h after refeeding.
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Figure 32: POMC-vglut2-KO mice are slightly hyperphagic under chronic exposure to HFD

15 POMC-vglut2-WT and 8§ POMC-vglut2-KO chow-fed mice were switched on HFD at the age of 22
weeks and followed for 12 weeks.

A: Weekly food intake over 12 weeks of HFD. B: Cumulative food intake of the first week of HFD.

C: Cumulative food mtake for the 12 weeks of HFD.

D: Weekly body weight over 12 weeks of HFD. E: Body weight difference after 12 weeks of HFD.

F: Food efficiency at 12 weeks of HFD.
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Then, by using an EchoMRI system (see Materials and Methods), we evaluated the
body composition of the animals before HFD switch and after 9 weeks of HFD exposure.
We calculated the difference in fat mass and lean mass between these two time points.
There was no genotype difference in either fat mass or lean mass change during these
9 weeks of HFD feeding (Figure 33A and Figure 33B, respectively). However, thanks
to these data, we were able to estimate the total energy expenditure (TEE) during this
period, using the formula validated in (Ravussin, Gutman et al. 2013):
TEE=MEI-(AFat massx9.4 + ALean massx1). Here, MEI stands for metabolizable
energy intake, and corresponds to the caloric intake over a certain period of time
(which must be of at least 30 days to be accurate). AFat/Lean mass represents the
fat/lean mass changes over the same period and were assigned caloric equivalents
(9.4kcal/g for fat mass and 1kcal/g for lean mass). Using this formula, we found that
KO mice had a higher energy expenditure over 9 weeks of HFD (857kcal £25kcal vs
794kcal £12kcal, p=0.018, Figure 33C), consistent with the fact that they were eating

more without gaining body weight.

In summary, these results show that the deletion of vglut2 in POMC neurons is
associated with an increase in HFD intake, particularly evident during the first 3 weeks
of HFD exposure, which is compensated by a concomitant increase in energy

expenditure, so that body weight over time is not affected.
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Figure 33: POMC-vglut2-KO mice have an increased total energy expenditure under chronic
exposure to HFD

A: Fat mass and B: Lean mass difference after 9 weeks of HFD.

C: Total energy expenditure calculated after 9 weeks of HFD
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s POMC-vglut2-KO mice have an alteration of energy expenditure

after thermoneutrality and during HFD feeding

Given the enhanced energy expenditure observed in the previous experiment,
we wanted to better characterize daily energy expenditure using indirect calorimetry.
To do so, we used another cohort of mice (12 WT vs 12 KO) which were treated
as usual: 1 week of habituation in our animal facility, singly housed and handled daily,
then treated with tamoxifen, followed by a recovery period of 4 weeks. They were then
put into metabolic cages (see Materials and Methods). After a 1-week habituation
period, they underwent a thermoneutrality challenge: for 2 days, the temperature was
raised up to 33°C, so that the mice do not need to spend energy to maintain their core
body temperature and their sympathetic nervous system (SNS) is not engaged. The next
day, the temperature returned to 22°C. Food intake, drink intake, respiratory exchange

ratio (RER), energy expenditure and locomotor activity were all recorded.

During the thermoneutrality period, we did not observe any significant difference in
any of the variables studied (Figure 34), except during the light phase of the first day,
in which KO animals had a lower locomotor activity than WT mice (p=0.012, Figure
34A). However, when the temperature went back to 22°C, we found an increase in
energy expenditure in KO mice during the light phase (p=0.049, Figure 34D) possibly
suggesting a heightened activity of the SNS.

After a 1 week recovery period at the end of the thermoneutrality challenge,
mice were then switched to HFD and all the previous variables were recorded again for
1 week (Figure 35).Surprisingly, we did not find back the hyperphagia observed in the
previous cohort of mice under chronic HFD-feeding (Figure 35C). However, an increase
in energy expenditure in KO mice was observed during the 6" and 7" day of HFD-
feeding (Figure 35D).
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Figure 34: POMC-vghut2-KO
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s Summary

We successfully established a new model to study POMC-Glut neurons by deleting
vglut2 from POMC neurons in adult mice, upon tamoxifen-induced cre-mediated
recombination. The data that we have gathered so far suggest that the deletion of vglut2
from POMC neurons (which likely prevents any glutamatergic neurotransmission from
these neurons) is associated with an exaggerated response to fasting/refeeding and an
initial hyperphagia under HFD-feeding that is compensated by an increase in energy

expenditure which seems to occur specifically during the light phase.
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Discussion



This last part will summarize the main technical and scientific results and put them
in perspective with the current literature. We will also propose relevant research
perspectives in this context.

s FISH and IHC combination: a versatile technique with

unpredictable outcomes (at times)
In Chapter 1 of the results, we described the development of a protocol for combining
3 FISH and 1 IHC staining, on free-floating brain slices. Several technical challenges
had to be addressed during the 2.5 years leading up to the final version of the protocol
and its use in the context of actual experiments detailed here and also part of other

studies currently ongoing in the laboratory.

A gentle touch for optimal tissue quality: we started from an optimized protocol

for FISH on slides. The first difficulty was to prevent the free-floating slices from being
completely degraded due to the high temperature incubations that weakened it.
Indeed, during our first tests, the slices were so fragile that we only had fragments left
at the end of the experiment. This weakening process is likely due to the destruction of
cross-linking methylene bridges between proteins and nucleic acids (formed during
formaldehyde fixation) due to high temperature incubations (which is also the basis of
antigen retrieval). Indeed, when a tissue is well fixed, it is rather insensitive to external
conditions, such as the tonicity of incubating solutions, since the cross-linking chemical
bridges keep membrane proteins together and thus prevent any gross morphological
alteration. Consequently, the tissue can be handled without major damage risks.
However, when such links are removed, the tissue tears more easily and morphological
changes are possible, as assessed by the shrinkage of brain slices happening during 0.2M

HCI incubations, only after hybridization is done.

Taken into consideration this issue, we tried to remove from the protocol all the steps
that could aggravate the destruction of cross-links. We first removed the proteinase K
incubation, whose aim is to digest proteins and cross-links in order to facilitate the
access of nucleic acids to exogenous probes. Removal of this step did not affect the

quality of FISH staining but improved tissue preservation.
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We could not reduce much the temperature of hybridization, since it is determined
by the sequence of the probe (as explained in the Chapter 1 of the Results). Instead, we
tried to shorten the incubation length at 70°C and the subsequent washes at 65°C.
However, whatever modification we did in that direction led to a much poorer signal
quality (data not shown). As a result, we kept the protocol as it is in this current version

and never tried to change temperature settings again.

Finally, we adapted our way of handling slices by keeping them in the same well
from the beginning until the end of the experiment: we changed the solutions between
steps within each well instead of transferring the slices from well to well, in order to
limit unnecessary handling. We also limited the number of slices to 4 per well,
maximum. Above this number, slices begin to stick to each other, which increases the
risks of damage and makes washes less efficient. These slices must also be evenly
distributed in the wells and must be floating all the time, especially within the viscous
hybmix, otherwise they will end up being stuck at the bottom of the wells, making them
nearly impossible to detach without any damage. Although they might seem anecdotal,
these multiple technical tips progressively improved tissue quality at the end of the FISH

from “torn pieces of tissue” to “fragile-but-entire slices”.

FISH and IHC, a matter of order: in an attempt to combine cFos immunostaining

with other FISH staining, we tested several protocols, where IHC is done either after or
before FISH. For a successful cFos staining, IHC had to be done before FISH, using a
sophisticated TSA-based amplification technique. However, we also used this
FISH/IHC combination in other projects outside of this thesis, with different markers.
As a result, rather than having one ready-to-use protocol in which probes and antibodies
are exchangeable, we ended up with several “template protocols” that can be used in
different situations, depending on the compatibility between IHC and FISH staining, i.e.
how one affects another (Figure 36). Indeed, we found that for some immunostaining
such as GFP (green fluorescent protein), IHC can be performed after FISH without any

loss in signal quality (Figure 36A). Others have to be done before in order to succeed,
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such as mCherry, in a protocol similar as for cFos (Figure 36B). Finally, for most
antigens that we tested in combination with FISH, an “intermediate protocol” works the
best, where the FISH and IHC steps are intermingled (Figure 36C): here, the primary
antibodies are incubated after probes hybridization but revealed by secondary antibodies

only after probes revelation.

The type and number of antigens to detect in combination with FISH dictate the
choice of one or the other protocol. Template in Figure 36A is ideal when IHC is not
affected by FISH and/or if primary antibodies affect FISH revelation. Of course, this
protocol is suitable for multiple IHC staining. Template in Figure 36B is necessary when
FISH completely disrupts the antigen of interest, making IHC impossible to do after
FISH. However, this protocol only allows one IHC staining before FISH.
Finally, template in Figure 36C is, in our hands, the most useful, as the incubation of
primary antibody before FISH revelation generally yields to a better signal/noise ratio
without affecting FISH staining. In this protocol, secondary antibodies incubation is
done after FISH revelation since in our experience, they often seriously decrease FISH
signal if incubated before. This last protocol also allows multiple IHC staining.
So far, using these different templates, we were able to set up different FISH/IHC
combination such as POMC/GADG65-67/vglut2/cFos, POMC/AgRP/ZsGreenl/NeuN or
POMC/AgRP/ZsGreenl/Thx3 among others. We have not presented these results since

they are out of the scope of this thesis.

Remaining issues and future development: however advanced our

understanding of FISH/IHC combination is by now, some issues remain.
For instance, as explained in the Chapter 2 of the Results, we had a technical issue
doing the FISH/IHC staining in the “chow (dark phase)” vs “HFD-to-chow”
experiment, with a suboptimal GAD65/67 and vglut2 staining (POMC and cFos
were perfectly fine). This is likely due to a difference in fixation quality that in

return affects the binding of probes and secondary antibodies for probe detection.
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A. IHC after FISH (ex: GFP)

asH | [ FisH IHC IHC
hybridization | Revelation Primary antibody|  Secondary antibody

B. IHC before FISH (ex: cFos, mCherry)

IHC

IHC
!HC Secondary FISH FISH Biotin
Primary antibody hybridization Revelation

antibody) | 7a-piotin

revelation

C. FISH/IHC intermingled (ex: Zsgreenl, NeuN, Tbhx3)

FISH IHC FISH IHC
hybridization Primary antibody Revelation Secondary antibody

Figure 36: Different protocol templates for FISH/IHC combination

A: Template for IHC after FISH. Easiest to do, but acceptable only when FISH doesn’t

affect IHC signal. Multiple IHC staining can be done at once.

B: Template for IHC before FISH. Same as described in Results, Chapter 1. IHC is done
using biotin-TSA revelation before FISH. FISH 1s performed entirely and biotin
revelation 1s completed at the end of the protocol. It gives the best IHC staining (if the

primary antibody 1s specific). Only one IHC staining can be performed like this.

C: Template for THC intermingled with FISH. Here, THC primary antibodies are
mcubated after probes hybridization but before probes revelation. Revelation of primary
antibodies is done at the end. Usually gives better IHC signal, but may cause FISH
problems if primary antibodies interfere with probes revelation. Multiple IHC staining

can be done at once.
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When we faced this issue in the development process, we found that the best way
to cope for these inter-experimental variations was to titrate the secondary
antibodies (anti-DIG and anti-FITC) for each new experiment, in order to find the
best dilution (usually between 1/500 and 1/2000). Here we used a 1/1500 dilution
for both anti-DIG and anti-FITC, which is the best-working dilution we found at
the end of the FISH/IHC development. However, if the FISH signal is not strong
enough, this dilution must be too low for some experiments. Of note,
concentrating too much these secondary antibodies usually leads to a lot of non-
specific staining, so a balance must be found between sensitivity and specificity.
Therefore, even if our protocols are working and reproducible, ideal anti-DIG and
anti-FITC antibody dilution must be found empirically for each new experiment

in order to achieve the best signal/noise ratio.

So far, we are able to combine 4 different markers (5 in total if we consider the
POMC/GADG65-67/vglut2/cFos co-staining, but GAD65 and GADG67 were
revealed in the same colour). Would it be possible to go further than that?
Probably, yes. For FISH staining, the main limit is the number of “Tags” available
to label the probes. Only 4 non-radioactive tags are widely used: DIG, FITC, DNP
and biotin. In our experiments, we only used DIG, FITC and DNP probes, because
biotin was already used for the IHC before the FISH (Figure 36B). Yet, in theory,
it should be possible to add another probe labelled with biotins and use HRP-
labelled streptavidins with TSA amplification do detect the signal.
However, another limiting step is the number of different fluorophores/colours
we can use at once and still be able to discriminate from one another using a
confocal microscope. Here, we used blue/green/red/far red fluorophores whose
excitation/emission spectra were separated enough to allow proper image
acquisition. To optimize this, PerkinElmer has developed a new line of
6 fluorophores for TSA amplification, specifically designed for the simultaneous
detection of antigens (Opal 520/540/570/620/650/690). If we consider these Opal
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fluorophores together with a blue fluorophore, we could theoretically combine up
to 7 markers simultaneously (with a maximum of 4 different FISH staining due to
the probe labelling limitation discussed above). Although such a high
combination would be probably difficult to set up, it is not impossible and such

effort could be initiated, should we need it in the near future.

%+ ldentification of activated POMC-Glut and POMC-GABA

neurons in brain slices
The FISH/IHC combination developed in the context of this thesis is a necessary tool
that allowed us to detect activated (i.e. cFos+) POMC-Glut and POMC-GABA neurons

in brain slices, after for instance an acute HFD exposure.

Phenotype of POMC neurons: it should be first noted that the numbers we
obtained when defining the different POMC populations (POMC only, POMC-Glut,
POMC-GABA and POMC-GIut/GABA, Figure 27B) are overall consistent with what
is found in a recent single-cell RNA sequencing study. Indeed, Lam and colleagues
reported 46% of POMC-GABA, around 30% of POMC-Glut and 24% of POMC-
Glut/GABA (Lam, Cimino et al. 2017), while we found 37% of POMC-GABA,
14% of POMC-Glut and 29% of POMC-GIut/GABA. These numbers are quite similar,

except for POMC-Glut neurons, which seemed underestimated in our quantification.

However, we found as well 19% of POMC-only neurons, in which neither vglut2
nor GADG65/67 could be detected. It is then very likely that these POMC-only neurons
do express vglut2 and/or GADG65/67, but at a very low level, below the detection
threshold in our FISH experiment. We could then speculate that most of these neurons
are actually glutamatergic since we observed that the POMC-only subpopulation had
the same response to HFD as the POMC-Glut one (Figure 27C and Figure 27D).
This would be consistent with the fact that Wittmann et al. reported the difficulty of
detecting vglut2 by radioactive FISH in formaldehyde-fixed brains, compared with

fresh-frozen tissue (Wittmann, Hrabovszky et al. 2013). Finally, if we add the numbers
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of POMC-Glut and POMC-only subpopulations, we get 33%, which is close to the 30%
reported by Lam (Lam, Cimino et al. 2017).

In summary, our quadruple FISH staining is a reliable way to detect different
subpopulations of POMC neurons in mouse brain slices. The results are similar to those
obtained by a much more sensitive technique of single cell RNA sequencing.
The most difficult marker to detect is vglut2, since a large number of glutamatergic
neurons may express it at low levels, making them difficult to identify by FISH and
leading to a fourth subpopulation of “POMC only” neurons which might in reality be
POMC-Glut ones for the most part.

Detection of activated POMC neurons: another important verification is that our

FISH/IHC staining does not alter the quantity of POMC-cFos+ observed. Since we first
performed a POMC/cFos immunostaining, we could compare the numbers of total
POMC-cFos+ neurons after a classical IHC or FISH/IHC staining. By double-IHC,
we found that 36% £5% of POMC neurons were cFos+ after an acute HFD exposure
(Figure 25D). By doing now the FISH/IHC on the same samples, we found 31% 2%
of POMC-cFos+ neurons (data not shown), confirming once more that our FISH/IHC
protocol is perfectly reliable to study the activation of glutamatergic vs GABAergic
POMC neurons.

An_improved guantification for a deeper understanding: the quantification

performed in this study only focused on the number of cells in each category. If we want
to fully extract the knowledge we can acquire from our images, a more detailed analysis
will have to be done. First, a spatial distribution of activated POMC-Glut vs POMC-
GABA neurons would be interesting, to see whether the distribution pattern of activated
cells follows the distribution pattern of known POMC subpopulations (such as leptin-,
insulin- or serotonin- responsive neurons, discussed in the Chapter 5 of the
Introduction). To do so, we will need to differentiate the different rostro-caudal levels
and laterality (by means of the distance from the third ventricle) in our future analysis.
This type of spatial distribution analysis was done by our collaborators in Cambridge

for the Saucisse et al. manuscript that we have recently submitted (see also annexe).
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In addition, quantifying the signal intensity for each marker would be of great
relevance. Indeed, Dicken et al. found that GAD67 mRNA was a reliable predictor of
GABA release from AgRP neurons, so we could speculate that a similar result would be
observed in POMC neurons (Dicken, Hughes et al. 2015). As such, GAD65/67 mRNA
intensities could then be correlated with cFos intensity in order to see whether the
activated POMC-GABA neurons are the ones with the highest expression of GAD
(and perhaps the highest release of GABA). It should also be noted that although we
never quantified intensities, we visually observed a huge variation of POMC signal
intensity during the quantification process. Some POMC cells were barely visible while
some others were almost at saturation levels. In this context, very preliminary data from
our lab seem to indicate that POMC neurons react differently to long-term HFD
exposure, depending on their level of POMC expression: after 3 month of HFD feeding,
the low-expressing POMC neurons are not anymore detected, although at this stage we
still do not know if they are undergoing cell death or simply stop to produce POMC.
Thus, it would be very interesting to link the POMC intensity data with their
neurotransmitter phenotype. Finally, the quantification of intensities would also bring a
more detailed description of the POMC-GIut/GABA population, since we clearly
observed differences in vglut2 and GAD expression: some POMC-GIut/GABA
expressed much more GAD than vglut2 and vice versa. Thus, heterogeneity can be
found even among these subpopulations, and a better definition of their phenotype

(in favour of Glut or GABA) might help to clarify their physiological role.
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s POMC-Glut and POMC-GABA respond differently to HFD

POMC-GABA as potential orexigenic neurons: We have found that an acute

exposure to HFD during the light phase, which leads to hyperphagia, was associated to
an activation of around one third of POMC neurons, among which the majority were
POMC-GABA and POMC-GIut/GABA neurons. Interestingly, almost 40% of all
POMC-GABA were activated, versus only 20% of all POMC-Glut, suggesting that the
GABAergic transmission from POMC neurons might be involved in the hyperphagic
behaviour. This is in line with our own data regarding the effect of rapamycin on POMC-
GABA neurons: rapamycin, an appetite-stimulant and inhibitor of the mTORC1 kinase,
iIs able to stimulate POMC-GABA activity and enhance POMC GABAergic
neurotransmission into the PVH (see annexed article, Figure 2 and Figure 3), suggesting

once more an association between POMC-GABA and hyperphagia.

Of note, Lam and colleagues found that 27% of adult POMC neurons also
co-expressed AgRP, reflecting the developmental origin of AgRP neurons, with up to
25% of them deriving from the same progenitors as POMC neurons (Padilla, Carmody
et al. 2010, Lam, Cimino et al. 2017). Since these POMC/AgRP neurons were all
GABAergic (Lam, Cimino et al. 2017), we could speculate that they share a similar
physiological function in the regulation of food intake, i.e. stimulating food intake,
and could then be part of the activated POMC-GABA neurons under acute HFD
exposure (Jarvie, King et al. 2017). However, although we did not perform AgRP
staining in the same slices, the location of cFos+ nuclei indicate that AgRP cells are not
likely to be activated by HFD in our experimental condition, since AgRP is located very
close to the third ventricle (see Figure 25C and Figure 27A). Moreover, AgRP neurons
physiologically respond strongly to caloric deficit rather than overload,
so if POMC/AgRP neurons behave in a similar fashion, they should not be activated in

this specific context.
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In addition, Jarvie et al. found that overnight fasting reduced the number of POMC
neurons co-expressing GAD67 (but not GADG65) in male and female mice (Jarvie, King
et al. 2017), contrary to what is found in AgRP neurons, in which caloric restriction
increases GADG67 expression and subsequent GABA release (Dicken, Hughes et al.
2015). These results are in contradiction with the fact that POMC-GABA would all
behave as AgRP neurons and rather suggest an opposite regulation. However, we cannot
exclude the possibility that different subpopulations exist within the POMC-GABA
population, some of which may have opposite role. For instance, the 40% POMC-
GABA cells activated after acute HFD exposure might not be the same as the ones
affected by caloric restriction or co-expressing AgRP. Similarly, the 20% of activated
POMC-Glut in this condition might have the same physiological role as the 40%
activated POMC-GABA, by acting on different targets, suggesting that subsets of
POMC-Glut and POMC-GABA cells could share similar functions.

In summary, our data highlight the fact that POMC-GABA are the main
subpopulation that respond to an acute HFD exposure, although 60% of them do not
respond to the diet, indicating that the POMC-GABA population might not be
functionally homogenous or might express/cover different function in relation to where
they project to. Moreover, the causal link between the hyperphagia caused by HFD
exposure and the activation of POMC-GABA has yet to be clearly demonstrated.
Finally, it should be noted that when mice were sacrificed after 2h HFD exposure,
they had already been exposed to HFD four times before, during 24h each time.
Consequently, they were not naive to the diet, and we may wonder if the same neurons

would be activated after the very first exposition to the diet or not.
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How could POMC-GABA neurons stimulate HED intake (if they do): it could be
far-stretched to hypothesize putative POMC-GABA orexigenic circuits, given that

neither our data, nor the current literature have clearly established a causal link between
POMC-GABA neurons and hyperphagia. However, if such circuits exist, they might
involve brain regions implicated in the exostatic regulation of feeding behaviour,
such as the ventral tegmental area (VTA) and the nucleus accumbens (NAc) (discussed
in the Chapter 4 of the Introduction). Indeed, the hyperphagia elicited by HFD exposure
in the light phase occurred without prior caloric restriction, so that mice were not in a
physiological state of negative energy balance. And yet, a subset of POMC-GABA
neurons was activated under these circumstances. If their activation is causally linked
with the intake of HFD, we could speculate that it involves an enhancement in
motivation and/or pleasure to eat. For instance, it is known that POMC to VTA
projections increase motivation for food reward through MC3R signaling (Pandit,
Omrani et al. 2016). In addition, is has been proposed that the orexigenic effect of
tetrahydrocannabinol (THC), the principal psychoactive component of marijuana, relies
on B-endorphin release from POMC neurons (Koch, Varela et al. 2015). These results
highlight the relevance of studying neuropeptide production in POMC-Glut vs POMC-
GABA, and especially in POMC cells that respond to HFD. Indeed, if POMC neurons
are generally known to produce the anorectic neuropeptide a-MSH, a MC4R agonist,
POMC processing can also lead to the release of y-MSH, a MC3R agonist and the

orexigenic B-endorphin, an opioid receptor agonist.

In this context, it is possible that different subpopulations of POMC neurons express
different neuropeptides, with for instance a preferential B-endorphin release from
POMC-GABA neurons into hedonic hotspots within the NAc in response to HFD that
could increase the pleasure to eat palatable food. A preferential y-MSH release from
POMC-GABA in the VTA in order to stimulate the motivation for food reward might
be another possibility. In any case, these hypotheses remain very speculative, as we have

not specifically addressed the motivation and hedonic responses in our experiments.

137



Moreover, studying neuropeptides production represents a huge challenge in our
conditions, since they are produced after POMC cleavage and accumulate mainly in
axonal projections. As such, FISH is not an option for their detection (since there are no
specific mMRNAs for these molecules). A treatment with colchicine, a microtubule
polymerization inhibitor that blocks axon trafficking has long been used to induce the
accumulation of neuropeptides within cell bodies, allowing their detection by
immunostaining. However, this technique is completely incompatible with a functional
approach such as cFos co-staining, since colchicine is very toxic and makes mice very
sick (beyond the ethical issue of using such a violent treatment in alive animals).
An alternative would be to dissect several brain regions (NAc, VTA, hypothalamus)
after acute HFD exposure and measure by ELISA the concentration of different
neuropeptides (a-MSH, y-MSH, B-endorphin...) and/or evaluate signal densities in
POMC neuronal projections onto these brain areas by using antibodies against these

molecules.

In summary, even though it is tempting to imagine that POMC-GABA neurons that
respond to HFD might stimulate exostatic circuits to increase HFD consumption,
further studies are required to confirm the causal link between POMC-GABA activation

and hyperphagia, as well as the circuits and signals by which they may exert such effect.

The enigmatic POMC-Glut/GABA population: so far, we have mainly talked about
POMC-GABA, POMC-Glut and POMC-only populations, the latter being probably
POMC-Glut in which vglut2 could not be detected by FISH. However, the role of
POMC-GIut/GABA neurons remains uncertain. We have found that after acute HFD
exposure, the POMC-GIlut/GABA population behaved in a similar way as the POMC-
GABA population, with 35% of mixed neurons activated by HFD (Figure 27D).

As discussed earlier, the quantification of GAD and vglut2 signal intensities would
allow us to better define these neurons, as they might have had a predominant
GABAergic phenotype, despite expressing both markers. On the other hand, when we
studied the effect of rapamycin on POMC neurons, beyond the RAPA-activated POMC-
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GABA and RAPA-inhibited POMC-Glut neurons, we also found a third subpopulation
that was neither activated nor inhibited by RAPA (see annexed article, Figure2),
which was likely to be the POMC-GIlut/GABA population. It is yet unclear whether we
should consider this mixed subpopulation as distinct from POMC-GABA and POMC-

Glut or if it can behave as one or the other depending on the situation.

It is also unknown if POMC-GIut/GABA cells can release either GABA or
glutamate onto distinct synapses or if they co-release the two neurotransmitters onto the
same targets. Indeed, a co-accumulation of GABA and glutamate has already been
described in an artificial model of exogenous expression of vglut3 in GABAergic
neurons (Zimmermann, Herman et al. 2015). In addition, somatostatin interneurons in
the striatum can co-release GABA and glutamate onto different targets (Cattaneo, Zaghi
et al. 2019). Whether this applies to POMC-GIut/GABA neurons remains to be

elucidated.

Another possibility is that these mixed neurons could serve as a reserve pool of
POMC neurons whose neurotransmitter identity could adapt to different physiological
situations, by switching from a predominant GABAergic to a predominant
glutamatergic phenotype (or vice versa), on demand. This is supported by the
observation that GADG65/67 and vglut2 expression are highly plastic during
development (Dennison, King et al. 2016) and that GAD67 mRNA respond to energy
status (Dicken, Hughes et al. 2015, Jarvie, King et al. 2017).

Here as well, future studies will need to clarify the role and functioning of this

enigmatic mixed neuronal subpopulation.
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* What about the rebound effect after HFD to chow switch?

We have observed that, after 24h of HFD exposure, the switch back to chow diet
induces a hypophagia, likely reflecting the action of endostatic mechanisms trying to
compensate the previous caloric overload. This was associated with the activation of
37% of POMC neurons. However, we were unable to identify the different
subpopulations among these activated POMC neurons due to a technical issue in the
FISH staining, as discussed previously. Therefore, we can only speculate about the
results of this experiment. If we consider that the POMC-GABA population is involved
in HFD hyperphagic responses, we can on the contrary suggest that the POMC-Glut
population would be recruited in an opposite situation. As such, we can expect a higher
proportion of POMC-Glut that are cFos+ in the “HFD to chow” group. This hypothesis
would also agree with the observed recruitment of the POM-Glut population in relation
to cellular energy availability (see annexed article). Of course, as suggested before,
we cannot exclude the possibility that other subsets of POMC-GABA neurons might be
involved in different responses, so a certain number of activated POMC-GABA neurons

are likely to be activated as well.

Another observation based on the double POMC/cFos immunostaining is that the
intensity of cFos staining is much more variable from cell to cell in the “HFD to chow”
group than for the “HFD” group. This finding can be explained by the fact that mice
have been sacrificed 2h after the onset of the dark phase for the “HFD to chow” group,
a period in which the animals are active and are likely to respond to many external
stimuli. Consequently, different POMC-cFos+ neurons whose cFos intensities are
different might have not responded to the same stimulus. It is therefore difficult to link
cFos staining with actual neuronal response to the switch of diet, in this particular
situation. Again, the quantification of cFos signal intensity might help in overcoming

this issue.
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To go further, in such situation, neuronal activation markers that could be detected
earlier than the classical immediate-early-genes (IEG) would be particularly useful.
In this context, proteins that are phosphorylated upon cellular activation are of great
interest, since they can be detected early after the stimulus, contrary to IEGs, for which
mRNA or protein synthesis has to be completed (=30min to 2h). Some authors have
used phosphoS6, a downstream effector of the mTORC1 pathway as a marker of cellular
activation (Knight, Tan et al. 2012). Our own data show that pS6 is co-expressed with
cFos in neurons, after pharmacogenetic activation (see annexed article, Figure S5).
However, due to the opposite response of POMC-GABA and POMC-Glut to rapamycin
treatment (see annexed article), an activation marker that is in direct connection with the
mTORC1 pathway might not be the best candidate. Another possibility is to use
phosphoERK (pERK), a downstream effector of the MAPK (mitogen-activated protein
kinases) pathway, as a proxy for neuronal activation (Gao and Ji 2009). The time course
of pERK accumulation after a stimulus is much faster than for cFos. For instance, pERK
levels reach a peak in the spinal cord between 2 to 5 minutes only after a nociceptive
stimulus (Ji, Baba et al. 1999). Whether the same time course applies to HFD (or other
diets) exposure, fasting/refeeding, food-related cues and other relevant stimuli in the
study of feeding behaviour in POMC neurons is unknown. However, given the timing
advantage that such an early activation marker could provide, it would be of great
interest to test if it could be applied to the study of POMC neurons activation after
various physiological stimuli and try to combine pERK immunostaining with our
quadruple FISH staining. Replacing cFos with pERK would then bring more accurate

information about the very first neurons that respond to different types of stimuli.
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s POMC-vglut2-KO: a model of mild HFD hyperphagia

Control of vglut2 deletion: The third chapter of the results focused on a new model

that we have generated by crossing inducible POMC-CreER™ mice with vglut2-flox
mice, in order to delete exon 2 of vglut2 gene (Slcl7a6) in POMC neurons,
after tamoxifen administration in adult male mice. We confirmed the deletion of vglut2
in hypothalami by PCR and verified the specificity of the recombination in POMC-AI6-
CreER™+ mice. However complementary these approaches were, they are still indirect,
and the best way to prove that vglut2 recombination occurred in POMC neurons is to do
a FISH, using a probe directed against the exon 2 of vglut2 (that is deleted in KO
animal), as in (Tong, Ye et al. 2007). Once this will be done, it would also be important
to confirm that this mutation prevents any glutamatergic transmission from POMC

neurons, as it did in SF1 (steroidogenic factor 1) neurons (Tong, Ye et al. 2007).

Phenotype of POMC-vglut2-KO mice: the data that we have gathered so far

concerning the metabolic characterization of POMC-vglut2-WT/KO animals show that
KO mice have an exaggerated 1h food intake after a 24h fast. Importantly, rapamycin
has the exact same effect, by stimulating food intake after 24h fasting and is able to
inhibit POMC-Glut neurons (see annexed article, Figure 2). Thus, we can draw a parallel
between the results obtained in POMC-vglut2-KO mice and the rapamycin experiments:
in both scenario, POMC glutamatergic transmission is suppressed or reduced (either by
genetic deletion or pharmacologic inhibition), and short-term food intake enhanced after
a 24h fast, suggesting a consistent anorectic action of POMC-GIlut in a context of

negative energy balance.

In addition, when fed a HFD, POMC-vglut2-KO mice exhibited a mild hyperphagia
that was present throughout 12 weeks of HFD feeding. This effect was however
compensated by an increase in energy expenditure (EE), so that body weights remained
comparable between WT and KO animals. These results suggest once more that POMC-
Glut neurons exert an anorexigenic action, this time in a context of chronic positive

energy balance. These results are rather consistent with what Dennison and colleagues
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observed using a constitutive model of vglut2 deletion in POMC neurons, in which male
mice (but not females) were hyperphagic under HFD (Dennison, King et al. 2016).
In their model, however, the increase in food intake was accompanied by an increase in
body weight. Finally, consistent with our data, they found no food intake or body weight

difference under chow diet.

Moreover, data obtained from another cohort of mice and placed in calorimetric
chambers revealed an increase in energy expenditure of KO animals at the end of the
first week of HFD exposure, only in the light phase. Surprisingly, this effect occurred
without any increase in food intake contrary to what was observed in the previous
cohort, indicating that the effect on EE is independent of food intake. This increase in
EE might come from an enhanced sympathetic tone in KO animals, as suggested by
their inability to quickly adapt their EE after thermoneutrality. Evaluating markers of
SNS activity in the periphery of this KO model may therefore shed light on the possible
mechanisms implicated in the observed increase in EE. Besides, repeating indirect
calorimetry in chemically sympathectomised animals (after 6-hydroxydopamine
injections for instance) might prevent EE increase and induce body weight gain in KO

animals.

Taken together, these results suggest a predominant role of POMC-Glut as anorectic
neurons in the endostatic regulation of feeding behaviour. This is confirmed by a recent
study where a selective restoration of POMC expression in vglut2+ cells was sufficient
to normalize body weight and body composition in male and female mice with a
hypothalamic POMC null background (Jones, Wittmann et al. 2019). However,
the increase in EE observed in our study in the calorimetric cages, independently from
food intake, suggests that POMC-Glut may physiologically favour a reduction in EE,
under certain circumstances. Finally, similarly to POMC-GABA, we cannot exclude
that different subsets of POMC-Glut exert different actions, so that a global disruption
of glutamatergic transmission may provoke concomitant opposite effects. It should also
be noted that in this model, vglut2 deletion also affects POMC-Glut/GABA neurons,
which are likely to have a different role than POMC-Glut, given their diverse response

to HFD observed previously.
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Limitations: several limitations in our POMC-vglut2-KO metabolic
characterization have to be accounted for. First, we only used male mice in our
experiments, even though constitutive vglut2 deletion in POMC neurons differently
affects males and females (Dennison, King et al. 2016). We should try to replicate our
data in female POMC-vglut2-WT/KO mice.

Then, all the mice were individually housed in order to assess individual food intake
and avoid confounding effects of feeding behaviour due to the social status.
However, such long-term social isolation has various metabolic effects, from increased

fat mass to decreased food intake (Sun, Choi et al. 2014).

It should also be noted that short-term tamoxifen treatment (such as the one we did
in our model) has long-term metabolic effects in mice. Indeed, a 5-days tamoxifen
treatment is sufficient to protect mice against diet-induced-obesity and improve glucose
metabolism, up to 20 weeks after the end of the treatment (Liu, Cheng et al. 2018).
For this reason, WT control mice received a similar tamoxifen treatment as KO mice.
This protective effect of tamoxifen is probably the reason why, despite 12 weeks of HFD

exposure, WT and KO mice had only gained between 5g and 10g of body weight.

Finally, the participation of POMC neurons within the nucleus of the tractus
solitarii (NTS) has never been explored in our model. We currently do not know if these
neurons have the same neurotransmitter variety than hypothalamic POMC neurons.
A GAD/vglut2/POMC co-staining in FISH would then be of interest in WT/KO mice in
order to explore the neurotransmitter phenotype of NTS POMC neurons and determine
if the consequences of vglut2 deletion are also mediated by glutamatergic NTS POMC

transmission.
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Perspectives: Future experiments will need to confirm and deepen the

characterization of inducible POMC-vglut2-KO mice. First, we will need to reproduce
the hyperphagia observed in the first cohort under HFD, since we did not find this
phenotype back in the second cohort. One explanation is that mice from the second
cohort were placed into calorimetric cages, a more stressful environment, since they are
in complete isolation. Another difference is that mice of the first cohort were older that
mice of the second cohort, when HFD exposure started (22 weeks vs 17 weeks).
Given that mTORC1 pathway is a critical component of POMC neurons physiology
(see annexed article) and aging increases mTOR signaling in POMC neurons (Yang,
Tien et al. 2012), it is therefore possible that an interaction exists between age,
HFD exposure and vglut2 deletion in POMC neurons. Thus, we could divide a cohort
of mice into different groups that would be exposed to HFD at different ages,

to determine if older KO mice are more sensitive to HFD than younger ones.

In addition, we have never looked at glucose metabolism in this model. Since a
subset of POMC neurons are glucose-sensitive and control glucose metabolism (Parton,
Ye et al. 2007), it would be interesting to test the involvement of POMC-Glut in this
context. To do so, we could do a series of glucose-, insulin- and pyruvate tolerance tests

in chow-fed and HFD-fed WT/KO mice, at different time points throughout their lives.

Moreover, we should perform a preference test between chow and HFD in WT/KO
mice. Indeed, if POMC glutamatergic transmission is primarily associated with
endostatic regulation of food intake, its suppression in KO animals might lead to an
enhanced preference for HFD, by leaving only a functional GABAergic transmission.
Of note, such a choice between chow and HFD should be maintained for a long period,

to see whether it can influence long-term body weight regulation.
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Finally, in order to compare the effects of POMC glutamatergic vs GABAergic
transmission, a similar mouse model should be created for the suppression of POMC
GABAergic transmission. Since vGat is not expressed in POMC neurons, we could
cross Gad1'®/Gad2'® mice (in which both Gadl and Gad2 genes are floxed, The
Jackson Laboratory, #031800) with our POMC-CreER™ mice. After tamoxifen
treatment, GABA production in POMC neurons would be suppressed in CreERT?+
animals. The metabolic characterization of such mice would then give complementary
information about the functional relevance of POMC GABAergic transmission in the

regulation of energy balance.

* General conclusion and long-term research perspectives
A functional dichotomy between POMC-Glut and POMC-GABA: The

general aim of this thesis was to characterize different POMC subpopulations based on

their neurotransmitter phenotypes and determine if they were functionally equivalent or
different. We started with the hypothesis that POMC-Glut and POMC-GABA have
opposite roles based on our previous data demonstrating that they were oppositely
regulated by rapamycin (see annexed article, Figure 2 and Figure 3). In addition,
single-cell transcriptome profiling of adult POMC neurons revealed that POMC-Glut,
POMC-GABA and POMC-GIut/GABA neurons have distinct molecular profiles
(see annexed article, Figure 1B), reinforcing the idea of a functional segregation.
Consistent with this, our data show that POMC-GABA and POMC-GIut/GABA are
much more recruited than POMC-Glut by acute HFD exposure and are associated with
a hyperphagic behaviour (although a causal link has yet to be demonstrated),
suggesting an involvement of POMC-GABA neurons in exostatic regulation of feeding
behaviour. On the contrary, POMC-Glut might rather play the classic role of anorectic
POMC neurons, based on our POMC-vglut2 inducible deletion data and the effect of

the selective POMC re-expression in vglut2 neurons (Jones, Wittmann et al. 2019).
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Are all POMC-Glut and POMC-GABA the same? Despite the evidence of
a functional dichotomy between POMC-Glut and POMC-GABA discussed above,
it would be unwise to consider them as homogenous populations. Indeed, even though
we observed that 40% of POMC-GABA cells were activated after acute HFD exposure,
this also means that 60% of them were not. Similarly, 80% of POMC-Glut neurons did

not respond to HFD, but 20% did. This suggests not only that these groups are not
homogeneous, but that some POMC-Glut and POMC-GABA might share a similar
function. In line with this, when hypothalamic POMC neurons are analysed by
single-cell RNA sequencing in an unbiased way, POMC-Glut and POMC-GABA do
not fall into distinct clusters (Lam, Cimino et al. 2017). Therefore, further studies are
needed to fully elucidate the role of different subpopulations of POMC neurons,
and perhaps find more relevant markers to better define such functionally distinct

subgroups.

Towards a more precise targeting of POMC-Glut and POMC-GABA: in
order to expand our understanding of POMC-Glut and POMC-GABA neurons, we could

try to acutely manipulate these subpopulations, using pharmaco- and/or optogenetic
approaches. An indirect way to do so would be to pharmacogenetically activate all
POMC neurons (using a Cre-dependant DREADD in POMC-Cre mice) and inject at the
same time either picrotoxin (GABAA antagonist) or NBQX/APV (glutamate receptor —
AMPAR/NMDAR antagonists) in the lateral ventricle or directly in a target region of
POMC cells, such has the PVH, in order to block GABAergic or glutamatergic
transmission, respectively, under a specific behavioural paradigm. A titration of these
drugs should be made, in order to determine a dose for which no effect in food intake is
elicited per se. Of course, this approach is not the most elegant one, given the off-target

effects of GABA/glutamate receptor antagonists.

The biggest challenge is then to express a transgene (e.g. DREADD,
channelrhodopsin, fluorescent reporter...) only in POMC-Glut or POMC-GABA
neurons. One way to do so would be to use the INTERSECT vectors developed by
Karl Deisseroth’s lab (Fenno, Mattis et al. 2014). Indeed, they have produced viral

vectors in which the transgene requires both Cre-recombinase and Flippase (Flip) to be
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expressed. Thus, by crossing POMC-Cre mice with vglut2-Flip mice (The Jackson
Laboratory, #030212), POMC-GIlut neurons in the offspring would co-express Cre and
Flip. Using an INTERSECT vector from Deisseroth’s lab (Flip- and Cre-dependent),
we would then be able to express a transgene only in POMC-Glut neurons. Of note, only
few transgenes are available so far (mainly eYFP and channelrhosopsin2). A similar
approach could be done in theory by crossing POMC-CreER™ with Gad1-Flip (or Gad2-
Flip) mice, but none of them are available so far. The biggest downfall of this technique
is that in any case, the POMC-GIlut/GABA subpopulation would also be affected by the
transgene, in either POMC-Cre-vglut2-Flip or POMC-Cre-Gad-Flip animals.

Then, is there a way to specifically target POMC-GABA, POMC-Glut and
POMC-GIut/GABA separately? No, not with the tools that are available to date.
However, we can imagine a system in which this could be possible. Indeed, Deisseroth
has also developed viruses in which the transgene expression is dependent on Cre-
recombinase (Cre-on), but also excluded from Flip-expressing cells (Flip-off) (or vice
versa for a Cre-off/Flip-on vector) (Fenno, Mattis et al. 2014). By crossing vglut2-Flip
mice with Gad2-Cre mice (The Jackson Laboratory, #010802), the new mouse line
would express Flip in vglut2+ neurons and Cre in GAD65+ neurons. We would finally
need to replace the promoter of Deisseroth viral vectors by a POMC promoter and inject
the viruses in vglut2-Flip-Gad2-Cre mice to specifically target POMC-GABA, POMC-
Glut and POMC-GIut/GABA neurons without overlapping expression, as follows:

-  POMC-GABA: injection of a Cre-on/Flip-off vector under a POMC promoter
- POMC-Glut: injection of a Cre-off/Flip-on vector under a POMC promoter
- POMC-GIut/GABA: injection of a Cre-on/Flip-on vector under a POMC

promoter

Such approach would open tremendous possibilities in the study of POMC
subpopulations, such as specific mapping of neuron projections, pharmaco- or
optogenetic modulation, targeted neuronal cell death (with caspase 3 overexpression or
diphteric toxin receptor expression followed by diphteric toxin injection), etc.

However, setting up these new tools would certainly require a full new PhD project.
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Summary

Hypothalamic Pro-opiomelanocortin (POMC) neurons classically trigger satiety. However,
POMC neurons encompass heterogeneous subpopulations possibly using GABA and/or
glutamate as neurotransmitter(s), whose specific functions are unknown.

Here we show that POMC neurons expressing GABA, glutamate or both neurotransmitters
possess specific spatial distribution and molecular signatures. Pharmacological blockade of
the key energy sensor mechanistic Target of Rapamycin Complex 1 (mTORC1)
simultaneously inhibited glutamatergic and activated GABAergic POMC neurons and it
oppositely regulated optogenetically-stimulated POMC glutamatergic and GABAergic
neurotransmission. Chemogenetics and conditional deletion of mMTORC1 then demonstrated
that mTORC1 blockade in POMC neurons caused hyperphagia. This was due to decreased
POMC-derived anorexigenic a-melanocyte-stimulating hormone and recruitment of
endocannabinoid-CB; receptor signaling, which restrained feeding by inhibiting POMC
GABAergic neurotransmission. Genetic inhibition of glutamate release from POMC neurons
also caused hyperphagia, recapitulating the phenotype observed with mTORC1 blockade.
Altogether, these findings pinpoint the molecular mechanisms engaged by POMC neurons to

oppositely control feeding, thereby challenging conventional views about their functions.

Keywords: Food intake, hypothalamus, mTORC1, mTORC2, Endocannabinoid, CB:

receptor, POMC, a-MSH, Glutamate, GABA



Introduction

Food intake is a highly complex behavior controlled by the coordinated action of different
neural circuits containing specialized cell types. Within the arcuate nucleus (ARC) of the
hypothalamus, two neuronal populations respectively expressing Pro-opiomelanocortin
(POMC) and Agouti-related peptide (AgRP) are known to oppositely control food intake and
body weight. This is due to the opposed effects of the neuropeptides that they produce on
melanocortin receptors type 4 (MC4R) (Koch and Horvath, 2014; Krashes et al., 2016).

Both POMC and AgRP neurons respond to nutrient and hormonal signals reflecting short-
and long-term energy availability in the organism (Cota et al., 2007; Krashes et al., 2016).
Energy deficit activates AgRP neurons, which drive food seeking and intake through the
release of the MC4R antagonist AgRP, the Neuropeptide Y (NPY), and the inhibitory
neurotransmitter y-aminobutyric acid (GABA) (Fan et al., 1997; Ollmann et al., 1997; Tong et
al., 2008). Whilst, energy surfeit activates POMC neurons, which typically promote satiety by
releasing the MC4R agonist a-melanocyte-stimulating hormone (a-MSH) (Krashes et al.,
2016). Re-exposure to food after a prolonged fast (refeeding) increases POMC neurons’
activity, regulating meal size through o-MSH dependent MC4R activation in the
hypothalamic paraventricular nucleus (PVN), among other brain areas (Balthasar et al., 2005;
Fekete et al., 2012; Singru et al., 2007). However, recent studies have also shown that AgRP
and POMC neurons match the organism’s energy needs to contextual information. In
particular, sensory detection of food occurring before food intake simultaneously inhibits
AgRP neurons and activates POMC neurons, which in turn prepare the organism to the
imminent ingestion of food (Brandt et al., 2018; Chen et al., 2015). Thus, the classic view of
AgRP and POMC neurons as “Yin and Yang” partners regulating food intake through their
opposite action on melanocortin signaling may be an over-simplistic and incomplete depiction

of the relevant circuit. Indeed, AgRP neurons seem physiologically relevant for the search of



food rather than food intake, while POMC neurons may actually be the ones in charge of
controlling not only the termination, but also the start of the feeding response (Brandt et al.,
2018; Chen et al., 2015). In support of this hypothesis, POMC cleavage does not only produce
o-MSH, but also the opioid B-endorphin (B-EP), which stimulates food intake (Koch et al.,
2015; Wardlaw, 2011). Besides, and differently from AgRP neurons, which are exclusively
GABAergic (Tong et al., 2008), POMC neurons include GABAergic and glutamatergic
neurons, as well as cells containing both these neurotransmitters (Dicken et al., 2012; Hentges
et al., 2004; Hentges et al., 2009; Jarvie and Hentges, 2012; Mazier et al., 2019; Wittmann et
al., 2013). Finally, recent single cell transcriptomic studies have shown that POMC neurons
are molecularly heterogeneous (Campbell et al., 2017; Henry et al., 2015; Lam et al., 2017).
Nevertheless, the functional specificities of molecularly identified POMC neurons
subpopulations in the context of the regulation of food intake remain unexplored.

The mechanistic target of rapamycin (mMTOR) kinase is a critical energy sensor, whose
increased activity is a readout of increased intracellular energy availability (Haissaguerre et
al., 2014; Saxton and Sabatini, 2017). By forming two distinct complexes (MTOR complex 1
- mTORC1, and mTOR complex 2 - mTORC2), mTOR controls cellular metabolism in
response to nutrients, growth factors, hormones and cellular stress (Haissaguerre et al., 2014;
Saxton and Sabatini, 2017). In neurons, the mTOR pathway regulates soma size, dendrite and
axon growth (Bockaert and Marin, 2015), and it affects both glutamatergic and GABAergic
neurotransmission (Weston et al., 2012). Others and we have shown that mMTORC1 signaling
participates in the regulation of energy balance by modulating the function of AgRP and
POMC neurons (Burke et al., 2017; Cota et al., 2006; Dagon et al., 2012; Smith et al., 2015).
MTORC1 also regulates oxidative metabolism in POMC neurons (Haissaguerre et al., 2018)
and glutamatergic transmission in the PVN (Mazier et al., 2019). Yet it remains unknown

whether mTORC1 signaling plays a role in matching energy availability to POMC neuronal



function depending on POMC neurotransmitter subtypes, and how this in turn impacts food
intake.

GABAergic and glutamatergic neurotransmission, including in areas targeted by POMC
neurons, is regulated by specific mechanisms (Dietrich and Horvath, 2013). Among these, the
retrograde suppression of neurotransmitter release through endocannabinoids acting at the
presynaptic cannabinoid type 1 receptor (CB1R) is well described (Busquets-Garcia et al.,
2018; Castillo et al., 2012). Brain CB1R activation generally stimulates food intake (Mazier et
al., 2015) and it opposes a-MSH-dependent effects in the PVN (Mazier et al., 2019; Monge-
Roffarello et al., 2014; Verty et al., 2004). However, the impact of brain CB1R signaling on
food consumption is also cell-type specific (Piazza et al., 2017). For instance, CBiR-
dependent inhibition of glutamatergic neurotransmission induces hyperphagia, while CB1R-
depedent inhibition of GABAergic neurons is hypophagic (Bellocchio et al., 2010; Soria-
Gomez et al., 2014b). Whether CB:R on POMC neurons might affect feeding by participating
to the modulation of neurotransmitter release is not known.

Here we have used neuroanatomical, transcriptomic, pharmacological, genetic, chemogenetic,
electrophysiological, optogenetic and behavioral approaches to address the physiological role
of POMC neurons in the control of food intake. These experiments have revealed the
existence of functionally distinct POMC neuronal subclasses, whose activity is under the
control of mMTORCL1 and CBL1R signaling. These findings pinpoint the molecular mechanisms
engaged by different POMC neurons subpopulations to oppositely regulate feeding, showing
how mTORCL is used to coordinate both neuropeptidergic- and neurotransmitter-dependent
responses in relation to food consumption.

Altogether, this evidence challenges classic notions about the role of POMC neurons as

exclusive drivers of satiety.



Results

POMC neurons with specific neurotransmitter profiles have distinct spatial distribution and
molecular fingerprints

POMC neurons are molecularly heterogeneous (Campbell et al., 2017; Henry et al., 2015;
Lam et al.,, 2017) and may include different subtypes, based on the neurotransmitter they
produce (Dicken et al., 2012; Hentges et al., 2004; Hentges et al., 2009; Jarvie and Hentges,
2012; Wittmann et al., 2013). Accordingly, triple FISH analysis carried out in brains of
C57BL/6J mice allowed identifying different hypothalamic POMC subpopulations depending
on whether or not POMC cells expressed mRNA for the GABA synthesizing enzyme GAD67
and/or the glutamatergic marker vesicular glutamate transporter 2 (vGlut2, Figure 1A).
Different POMC subpopulations had specific distance from the ventricle and rostro-caudal
distribution (Figure S1A-C). In particular, POMC glutamatergic neurons were furthest from
the ventricle and showed a rostro-caudal decrease in number, whereas POMC GABAergic
neurons were closest to the ventricle and showed a rostro-caudal increase (Figure S1A-C).
POMC GABA/glutamatergic cells and POMC cells negative for the 2 neurotransmitters were
somewhat in between these two populations (Figure S1A-C). To then align POMC neurons to
GABA, glutamate or mixed neurotransmitters expression, we analyzed publicly available
single-cell RNA sequencing data of POMC neurons from the hypothalamus of C57BL/6N
mice [GEO accession number: GSE74672, (Romanov et al., 2017)] by means of differential
expression profiling (Figure 1B and Figure S2). Of the 28 POMC cells examined, 7
exclusively expressed Slc17a6, coding for vGlut2; 11 exclusively contained Gadl and Gadz2,
coding for the GABAergic markers GAD67 and GADG5, respectively, and 10 were positive
for both glutamatergic and GABAergic markers (Figure 1B). Two out of 11 POMC
GABAergic neurons were also positive for Npy, and Npy and Agrp, implying that

approximately 18% of POMC GABAergic neurons co-express these orexigenic



neuropeptides. FISH analysis further confirmed that some co-localization between POMC and
AgRP exists in the adult mouse hypothalamus (Figure S1D). POMC GABAergic and
glutamatergic subpopulations had non-overlapping gene expression profiles (Figure 1B and
Figure S2). Conversely, the GABAergic/glutamatergic population expressed a combination of
molecular markers typical for both POMC GABAergic and glutamatergic cells (Figure 1B
and Figure S2). Further differential gene expression analysis performed on POMC
GABAergic vs. glutamatergic subpopulations demonstrated that these two groups of neurons
are substantially different. POMC GABAergic neurons were enriched in the expression of
genes regulating glucose and lipid metabolism as well as protein transcription and catabolism
(Table 1). In contrast, POMC glutamatergic neurons had increased expression of genes
involved in synaptic vesicular function, purine metabolism and GTP signaling (Table 1).
Hence, hypothalamic POMC neurons include different neurotransmitter-type subpopulations,
which have specific spatial distribution and distinct molecular signatures. mTOR and
associated proteins such as rptor and rictor (Saxton and Sabatini, 2017), as well as CB1R were

detected in all POMC subpopulations (see GEO: GSE74672).

MTORC1 activity oppositely impacts activity of POMC neurons depending on their
neurotransmitter profile

Based on these neuroanatomical and transcriptomic data, we asked whether modulation
mTORC1 activity, which is a cellular readout of changes in energy availability (Haissaguerre
et al., 2014; Saxton and Sabatini, 2017) might differentially regulate distinct POMC neuronal
subpopulations. Thus, we monitored POMC neuronal firing in hypothalamic slices from
POMC-YFP mice under basal conditions and after bath application of the mTORCL inhibitor

rapamycin (RAPA, 200 nM).



Taken all cell responses together, RAPA had no effect on firing frequency (Figure S3A,
n=117). However, individual firing analysis allowed identifying distinct POMC neuronal
populations that responded differently to RAPA: (i) POMC neurons inhibited by RAPA
(RAPA™ Figures 2A and 2B, n=41/117, 35.1%), (ii) POMC neurons activated by RAPA
(RAPA®, Figures 2A and 2C, n=37/117, 31.6%), and (iii) POMC neurons with RAPA having
no effect on firing frequency (RAPA™, Figures 2A and 2D, n=39/117, 33.3%).

These subpopulations had specific electrophysiological properties, allowing prediction of
their functional properties. In particular, RAPA*' POMC neurons had higher membrane
resting potential (Em) and resistance (Figures 2E and 2F), and lower membrane capacitance
(Cm, Figure 2G) than RAPA™ POMC cells. RAPA™ cells had characteristics that were in-
between RAPA® and RAPA™ POMC neurons (data not shown). RAPA depolarized RAPA®
POMC cells while hyperpolarizing RAPA™ POMC cells (Figure S3B). An inverse
correlation was found between the recorded cells’ Cm and the firing changes induced by
RAPA (Figure 2H).

Cm is an indicator of cell size (Hentges et al., 2009) and relatively smaller size seems the
most reliable marker to distinguish POMC GABAergic neurons vs. glutamatergic ones
(Hentges et al., 2004; Hentges et al., 2009). Based on the Cm, we hypothesized that RAPA™"
POMC cells were likely glutamatergic, while RAPA*' POMC neurons were GABAergic. To
confirm this, recorded neurons were filled with biocytin and subsequently labelled with an
antiserum directed against the GABAergic markers GAD65/67. RAPA® POMC neurons had
significant GADG65/67 staining, whereas RAPA™ POMC neurons did not overcome
background staining levels (Figures 21, 2J, S3C and S3D). Importantly, GAD65/67 staining
inside the cell positively correlated with the firing changes induced by RAPA (Figure 2K) and

was inversely associated with the Cm of the analyzed cells (Figure S3E). A negative



correlation was also found between the firing changes induced by RAPA and the Cm (Figure
S3F), overall implying that small POMC cells activated by RAPA are very likely GABAergic.
Then, by using an optogenetic approach, we evaluated whether the pharmacological inhibition
of mMTORCL1 activity could actually alter POMC-driven neurotransmission. We evaluated this
effect onto parvocellular neurons of the PVN, which are known target of the action of POMC
neurons for the control of food intake (Mazier et al., 2019; Singru et al., 2012).

Using the FLEX system (Atasoy et al., 2008) in POMC-Cre neurons (Balthasar et al., 2004),
we specifically expressed the photoactivable channelrhodopsin-2 (ChR2) (Atasoy et al., 2008)
and recorded light-evoked ARC POMC synaptic inputs onto PVN parvocellular neurons
(Figure 3A), which were recognized based on their electrophysiological properties (Luther
and Tasker, 2000). About 1 in 10 parvocellular neurons were synaptically connected to
terminals arising from infected POMC neurons (31/321 cells; 9.66%). Pharmacological assays
on light-evoked synaptic transmission were performed in 17 parvocellular cells (Figure 3B,
S4 and Table S1). The majority of the POMC terminals connecting onto parvocellular
neurons released pure glutamatergic inputs (58.82%; 10/17); a proportion of the recorded cells
received pure GABAergic (17.65%; 3/17) or mixed GABA/glutamate inputs (23.53%; 4/17)
(Figure 3B). To test the involvement of mTORCL1 in the control of neurotransmitter release
from POMC terminals onto parvocellular neurons, we challenged light-evoked
neurotransmission by adding RAPA to the perfusate. Acute inhibition of mMTORCL1 activity
reduced light-evoked excitatory post-synaptic currents (eEPSCs) amplitude (Figures 3C and
3D), while increasing light-evoked inhibitory post-synaptic currents (elPSCs) amplitude
(Figures 3C and 3E). Thus, mTORC1 activity oppositely regulates POMC GABAergic and

glutamatergic neurotransmission.

mTORCL1 signaling in POMC neurons regulates fasting-induced food intake



Hypothalamic POMC neurons are typically recruited in response to fasting-induced food
intake (or refeeding), a condition engaging a-MSH dependent MC4R signaling in the PVN,
which then helps terminating the meal (Balthasar et al., 2005; Fekete et al., 2012; Singru et
al., 2007).

To test the relevance of the mTORCL1 pathway in modulating POMC neurons-associated
feeding responses, we first evaluated the impact of RAPA on the refeeding of C57BL/6J
mice. Intracerebroventricular (icv) administration of RAPA just before allowing 24-h fasted
mice access to food strongly increased food intake (Figure 4A).

To then assess whether mMTORC1 in POMC neurons was necessary for RAPA-induced
hyperphagia, we tested the effect of the drug in POMC-Rptor-KO, which carry a specific
deletion of the gene rptor, necessary for functional MTORC1 (Hara et al., 2002), in POMC
neurons (Haissaguerre et al., 2018). RAPA icv induced hyperphagia in POMC-Rptor-controls,
but not in POMC-Rptor-KO littermates (Figure 4B). In contrast, RAPA administered icv to
conditional mutant mice lacking the gene rictor [required for mTORC2 formation (Sarbassov
et al., 2004)] in POMC neurons (POMC-Rictor-KO mice; Figures S5A and B) still increased
food intake (Figure 4C). Thus, acute pharmacological inhibition of mMTORCL1 activity causes
hyperphagia by specifically targeting mTORCL1 in POMC neurons.

To then evaluate whether activation of POMC neurons, could counteract RAPA-induced
hyperphagia, we wused the designer-receptors-exclusively-activated-by-designer-drugs
(DREADD) method (Alexander et al., 2009). The gene encoding the evolved human M3-
muscarinic receptor fused to the fluorescent protein mCherry (hM3Dg-mCherry) was
selectively expressed in POMC neurons by injecting a Cre-inducible adeno-associated viral
vector (AAV-DIO-hM3Dg-mCherry) into the ARC of POMC-Cre mutants to obtain POMC-
ARC"™3P4 mice [Figure S5C and (Zhan et al., 2013)]. As expected, systemic administration

of the hM3Dq ligand clozapine-N-oxide (CNO, 1mg/kg) in these mice increased the
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expression of the neuronal activity marker c-Fos in mCherry-positive POMC neurons (Figure
S5D and S5E). Cells that expressed c-Fos were also largely co-labeled by an antiserum
detecting the phosphorylated form of the S6 ribosomal protein (Figure S5D and S5F), a
downstream target of mMTORC1 (Saxton and Sabatini, 2017). Systemic CNO administration
did not alter the refeeding response of POMC-ARC™3P4 mice (Figure S5G). However, when
it was combined with icv RAPA administration, CNO treatment fully prevented the
hyperphagic effect of RAPA (Figure 4D). CNO was unable to block RAPA-induced
hyperphagia in POMC-ARC"™3Pd_control mice, obtained by injecting AAV-DIO-hM3Dg-
mCherry into the ARC of mice not expressing Cre in POMC neurons (Figure S5H).

Hence, inhibition mTORCL1 signaling increases food intake by altering the function of POMC
neurons. Consequently, we went on to assess which changes in POMC-derived neuropeptides

and/or POMC-associated neurotransmitters could be involved in this phenomenon.

Acute inhibition of mMTORC1 activity causes fasting-like changes in hypothalamic a-
MSH and endocannabinoids levels

POMC is a precursor protein that must be cleaved to generate active peptides that modulate
food intake [Figure 5A and (Wardlaw, 2011)]. We therefore measured hypothalamic content
of POMC protein, its processing intermediates and its cleavage products in 24-h fasted and 2-
h refed mice treated icv with RAPA or its vehicle. Neither POMC itself nor its initial cleavage
product adrenocorticotrophic hormone (ACTH) was altered by RAPA or refeeding (Table
S2). However, hypothalamic levels of a-MSH were increased after 2-h refeeding relative to
fasting, and RAPA administration just before access to food completely prevented this
increase (Figure 5B). As mentioned earlier, a-MSH is implicated in determining satiety
(Balthasar et al., 2005; Singru et al., 2007; Singru et al., 2012), while B-EP stimulates feeding

(Koch et al., 2015). Also B-EP showed changes, albeit non-significant, similar to a-MSH in
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response to refeeding and to RAPA (Table S2). When we calculated ratios of a-MSH/POMC,
o-MSH/ACTH and a-MSH/B-EP, a significant relative reduction in hypothalamic a-MSH
was found in refed, RAPA-treated mice as compared to vehicle (Figure 5C-E). Thus, acute
inhibition of mMTORC1 activity prevents the increase in hypothalamic a-MSH levels
classically observed with food consumption (Krashes et al., 2016).

Opposite to a-MSH, hypothalamic endocannabinoids levels are high in fasting and low in
refeeding (Kirkham et al., 2002) and CB1R activation counteracts a-MSH effects (Mazier et
al., 2019; Monge-Roffarello et al., 2014; Verty et al., 2004). We therefore reasoned that
changes in hypothalamic a-MSH levels induced by the acute blockade of mMTORCL activity
could be accompanied by opposite changes in hypothalamic endocannabinoid levels. As
compared to fasting, refeeding dampened hypothalamic levels of the endocannabinoid
anandamide (AEA) (Figure 5F). However, icv administration of RAPA just before access to
food maintained hypothalamic AEA levels high, like in fasting (Figure 5F). RAPA had no
effect on the hypothalamic (Figure 5G) or extra-hypothalamic (Table S2) content of the other
main endocannabinoid 2-arachidonoyl glycerol (2-AG) or on extra-hypothalamic levels of
AEA (Table S2), independently of the feeding state. To then determine whether RAPA-
induced changes in hypothalamic a-MSH and AEA levels were causally linked, we co-
administered RAPA icv together with the stable a-MSH analog MTII, used at a dose that did
not have any effect on food intake or on hypothalamic AEA levels per se (0.02 nug icv, Figure
S6A and S6B). In refed mice, MTII blocked the effect of RAPA on hypothalamic AEA levels
(Figure 5H). Similarly, chemogenetic activation of POMC neurons prevented the effect of
RAPA on hypothalamic AEA levels (Figure 51). Hence, re-establishment of melanocortin

signaling precludes the hypothalamic increase of AEA caused by mTORCL inhibition.
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MTORC1-dependent recruitment of CB:R signaling restrains GABA release from POMC
neurons

To then verify whether the hyperphagia induced by RAPA was due to increased
endocannabinoid-CB1R signaling at the level of POMC neurons, we evaluated the effect of
the mTORCL inhibitor in POMC-CB1-KO mice (Mazier et al., 2019). Deletion of CB: from
POMC neurons had no effect per se on the refeeding response (Figure 6A). As expected, icv
RAPA administration just before access to food caused hyperphagia in POMC-CB;-control
mice (Figure 6A). Surprisingly, however, POMC-CB:1-KO mice displayed greater
hyperphagia than their controls in response to RAPA, implying that CB:R on POMC neurons
might actually inhibit food intake (Figure 6A). Past work from our laboratory has
demonstrated that while activation of CBiR on glutamatergic neurons increases fasting-
induced food intake, its activation on GABAergic terminals decreases it (Bellocchio et al.,
2010). As RAPA stimulates the firing of POMC GABAergic cells (Figure 2) and POMC
GABAergic transmission onto the PVN (Figure 3), we hypothesized that deletion of CB1R in
POMC neurons would not restrain anymore GABA release from POMC synaptic terminals,
thereby further increasing food intake under acute mMTORCL1 blockade. Confirming this idea,
co-administration of a sub-effective dose [i.e. unable to affect food intake when administered
alone (0.03 pg/ul icv, see Figures S7TA and S7B)] of the GABAAa receptor antagonist
picrotoxin (Ptx), blocked the excessive RAPA-induced hyperphagia observed in POMC-CB:-
KO mice, reducing their hyperphagic response to similar levels as RAPA-treated, POMC-
CBs-control littermates (Figure 6A). Then, to test whether lack of CB1Rs on POMC neurons
indeed alters POMC GABAergic transmission, we evaluated miniature inhibitory post-
synaptic currents (mIPSCs) frequency onto parvocellular neurons of the PVN. Bath
application of the CB:R agonist WIN 55,212-2 inhibited mIPSCs frequency in control

littermates, but not in POMC-CB1-KO mice (Figure S7 C-E).
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Altogether, these data indicate that acute mTORCL1 inhibition activates POMC GABAergic

transmission, which in turn drives feeding and is under the negative control of CB:R.

Inhibition of glutamate release from POMC neurons causes hyperphagia

Our electrophysiology studies also indicated that acute blockade of mTORCL1 activity
inhibited POMC glutamatergic transmission. To evaluate in vivo the relevance of this effect
for feeding behavior, we generated tamoxifen-inducible POMC-CreER™/vglut2™™ mice
(thereafter called POMC-vGIut2-KO). We used POMC-CreERT2-Ai6 reporter mice to confirm
that tamoxifen induced recombination in POMC neurons (Figure S7F) and verified deletion of
vGlut2 in hypothalamic samples of POMC-vGlut2-KO and control littermates by PCR
(Figure S7G). As compared to their controls, POMC-vGlut2-KO mice showed hyperphagia in
refeeding (Figure 6B), which was likely the result of the POMC GABAergic component
being still functional in this mouse model. Besides, POMC-vGlut2-KO mice did not respond
to the icv administration of RAPA (Figure 6C). Thus, the genetic inhibition of glutamate
signaling from POMC neurons recapitulates the hyperphagic phenotype obtained with the
pharmacological blockade of mMTORC1.

Overall, the data indicate that POMC GABAergic and glutamatergic neurons counterbalance

each other in an mTORC1-dependent manner to modulate feeding.
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Discussion

Over the past 20 years, several studies have outlined the functions of AgRP and POMC
neurons in the context of energy balance, leading to the widespread notion that AgQRP neurons
increase food intake, while POMC neurons unvaryingly control feeding cessation. The present
data reveal that the functional meaning of two distinct POMC neuronal subtypes, one
GABAEergic, the other glutamatergic, is to oppositely regulate food intake under the control of
the mTORC1 pathway.

When energy levels are low, like in fasting, mTORCL1 activity in POMC neurons is low,
causing concomitant activation of POMC GABAergic neurons and inhibition of POMC
glutamatergic cells and melanocortin signaling. This leads to the recruitment of
endocannabinoid-CB;:R signaling, which acts as a break on feeding behavior by inhibiting
excessive GABA release from POMC neurons. In contrast, during food intake, increased
MTORC1 activity in POMC neurons simultaneously increases glutamatergic and decreases
GABAergic neurotransmission, stimulates a-MSH secretion and decreases AEA levels,
ceasing food intake. Accordingly, deletion of glutamatergic signaling from POMC neurons of
adult mice behaviorally recapitulates the effects observed by blocking mTORC1 with
rapamycin, which intracellularly mimics a negative energy state (Saxton and Sabatini, 2017).
Collectively, these findings uncover a more complex and dynamic role for POMC neurons in
the control of food intake than has been appreciated so far and substantially suggest that the
dichotomic view of AgRP vs. POMC neurons in the control of food intake is one piece of a
far more complex picture. Recent fiber photometry studies have shown that the sensory
detection of food is sufficient to immediately switch off AgRP neurons and activate POMC
neurons (Chen et al., 2015). This happens before any food is consumed (Chen et al., 2015)
and it helps preparing the organism to the imminent ingestion of food (Brandt et al., 2018).

However, these studies did not address the neurotransmitter nature of the POMC cells
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involved. Our data provide explanation of how POMC neurons, thanks to their heterogeneity,
can both favor ingestion of food and lead to the termination of the meal. Future studies will
address the interesting question of the nature of POMC neurons activated in pre- and post-
prandial conditions.

Previous investigations have proposed that at least 3 subpopulations of POMC neurons can be
distinguished based on the neurotransmitter expressed (Dicken et al., 2012; Jarvie and
Hentges, 2012; Jones et al., 2019; Wittmann et al., 2013). Our findings now offer functional
significance to this long overlooked information, presenting evidence for an mTORC1-
dependent opposite regulation of POMC glutamatergic and GABAergic neuronal
subpopulations in the context of feeding behavior.

Our neuroanatomical analysis shows that distinct POMC neurotransmitter cells subtypes have
specific spatial location within the ARC. This is in agreement with other recent studies
describing specific spatial distribution of POMC neurons based on the expression of
GABAergic and glutamatergic markers (Jones et al., 2019). Spatial location could be
eventually associated with specific projections targets, as it has been already demonstrated for
AgRP neurons (Betley et al., 2013). Transcriptomic profiling also demonstrates that POMC
glutamatergic and GABAergic subpopulations have specific neurochemical features. POMC
GABAergic cells are endowed with higher glycolytic capacity and expression of transcription
factors and lower expression of synaptic proteins than POMC glutamatergic neurons. Notably,
a small % of GABAergic POMC neurons in the hypothalamus of C57BL/6 mice also co-
expressed NPY and/or AgRP. This implies that there is an additional subpopulation of
GABAergic cells in the adult mouse hypothalamus that contains both POMC and AgRP, as
we have further confirmed by FISH analysis. This observation agrees with previous

transcriptomic data obtained by using reporter mice to trace and identify POMC and AgRP
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neurons (Henry et al., 2015; Lam et al., 2017), likely reflecting the shared developmental
origins of POMC and AgRP cells (Padilla et al., 2010).

It has been proposed that the proportion of glutamatergic and GABAergic POMC neurons
varies with age (Dennison et al., 2016). In this context, future longitudinal studies will address
the interesting possibility that the dual GABA/glutamatergic population that we have also
identified might be indicative of a switch in neurotransmitter phenotype over time and/or it
might represent another way for POMC neurons to fine-tune their actions on target circuits.
Noteworthy, the heterogeneity in neurotransmitter type likely explains the inability to observe
acute, rapid changes in food intake reported in several studies using optogenetic or
chemogenetic approaches to modulate POMC neurons activity [present findings and (Aponte
et al., 2011; Koch et al., 2015; Zhan et al., 2013)]. Accordingly, the fact that POMC-Rptor-
KO, POMC-Rictor-KO and POMC-CB;-KO mice did not have per se a phenotype during the
fasting-induced food intake paradigm could be possibly due to the similar expression of the
deleted genes across the different POMC neuronal subpopulations and their counterbalancing
physiological functions.

Our optogenetic electrophysiology studies also demonstrate that POMC glutamatergic and
GABAergic neurons functionally project to parvocellular neurons of the PVN, contributing to
the activity of this brain region. This evidence agrees with previous studies illustrating both
synaptic GABA and glutamate release from POMC neurons (Atasoy et al., 2008; Dicken et
al., 2012; Hentges et al., 2004; Mazier et al., 2019). However, another study in which
optogenetics was used to assess glutamatergic POMC transmission onto the PVN was unable
to find any, rather showing that such transmission depends upon ARC vGlut2-positive
neurons, 44% of which were nevertheless POMC neurons (Fenselau et al., 2017). These
differences could be due to the genetic models used, the interval between the intra-ARC

virally-mediated delivery of the opsin and actual electrophysiological recordings, and the
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number and type of PVN cells analyzed. For instance, Fenselau et al. did not evaluate
transmission onto parvocellular neurons, but studied all neurons expressing MC4R (Fenselau
et al., 2017). Besides, our study demonstrates that POMC glutamatergic activity is particularly
relevant to inhibit food intake. Accordingly, others have shown that mice with constitutive
deletion of vGlut2 in POMC neurons are prone to develop diet-induced obesity (Dennison et
al., 2016).

After the discovery of the involvement of the mTORC1 pathway in the hypothalamic
regulation of energy balance (Cota et al., 2006), several studies have investigated the role of
the mTOR kinase or of components of its pathway in AgRP and POMC neurons (Burke et al.,
2017; Caron et al., 2016; Smith et al., 2015). Some of these investigations have shown that
sustained MTORC1 activity, induced by genetic manipulation or aging, causes functional and
morphological alterations in POMC neurons, leading to hyperphagia and obesity (Mori et al.,
2009; Yang et al., 2012).

The current findings now demonstrate that mTORC1 is critically implicated in the recruitment
of POMC neurons in response to energy availability and that, depending on the
neurotransmitter type, mTORC1 activity leads to opposite effects on the regulation of
neurotransmission and food intake. Previous studies have shown that the mTOR pathway has
a key role in neurotransmission, particularly in the hippocampus, by modulating dendrite
length and spine density, and by modifying the function and coding properties of individual
synapses (Weston et al., 2012). Accordingly, we have found that rapamycin rapidly alters
action potentials of POMC neurons and modulates POMC neurotransmission onto PVN
parvocellular neurons in opposite ways depending upon the POMC neurotransmitter type.
While further studies will have to investigate the molecular mechanisms underlying the

effects of rapamycin on POMC neuronal activity, it is worth mentioning that mTOR activity
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differentially regulate glutamatergic and GABAergic neurotransmission in other brain areas
as well (Weston et al., 2012).

Changes in POMC neuronal activity induced by mTORC1 are then associated with changes in
hypothalamic levels of a-MSH and the endocannabinoid AEA, which eventually modulate
neurotransmitter release and the feeding response. Thus, mTORCL1 activity coordinates
neuropeptidergic- (i.e. levels of a-MSH) and neurotransmitter-dependent responses in POMC
neurons in relation to food intake. In agreement with previous evidence (Mazier et al., 2019;
Monge-Roffarello et al., 2014; Verty et al., 2004), the recruitment of melanocortin signaling
is upstream endocannabinoid-dependent CB1R activation. The latter not only inhibits POMC
glutamatergic transmission (Mazier et al., 2019), but it exerts an important inhibitory action
on the POMC GABAergic neuronal subpopulation, whose mTORC1-dependent activation
stimulates food intake. The phenomena described are part of the classic effects attributed to
presynaptic CB1R and are consistent with our past work demonstrating opposite roles of
CB1R signaling on food intake depending on the neurotransmitter cell type (Bellocchio et al.,
2010; Soria-Gomez et al., 2014a). Besides, although not investigated in the current study, it is
likely that the potential endocannabinoid-dependent retrograde suppression of GABA release
and consequent modulation of food intake may involve POMC GABAergic projections onto
the PVN, as our previous findings have shown that blockade of CB:R signaling in the PVN
further increases food intake during refeeding (Soria-Gomez et al., 2014b). Recent work has
also shown that POMC neurons drive the hyperphagia induced by exogenous cannabinoids in
sated mice through a mechanism that relies on CB1R modulation of presynaptic inputs onto
POMC cells and on CB1R-dependent mitochondrial adaptations in POMC neurons, causing a
switch in the release from a-MSH to B-EP (Koch et al., 2015). In view of our current

findings, it is possible that mMTORC1 regulates POMC processing in response to different
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endogenous or exogenous stimuli, and that such processing might differ depending on the

specific neurotransmitter cell subtype engaged in different moments of the feeding process.

The present study provides compelling evidence for a sophisticated role of POMC neurons in
the regulation of feeding, indicating that specific subpopulations of POMC neurons
differentially impact this behavior. These findings reveal an unforeseen neuronal mechanism,
which modifies our notion of hypothalamic circuits regulating food intake, energy balance

and associated pathological states.
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Figure Legends

Figure 1. POMC neurons include GABAergic and glutamaterigic subtypes with distinct
molecular fingerprints.

(A) Representative images from triple FISH, illustrating the presence of different POMC
subpopulations expressing or not GABAergic (Gad67) and glutamatergic (vGlut2) markers. A
total of 3914 POMC neurons from 4 C57BL/6J mice were analyzed. Scale bars: 15um. (B)
Neurotransmitter type-specific single-cell transcriptome profiling of hypothalamic Pomc*
neurons. The heat map illustrates the differential expression of several genes depending on
whether Pomc™ cells are GABAergic (11 cells studied, column 1 to 11 from the left),
glutamatergic (7 cells studied, columns 12 to 18 from the left) or GABA/glutamatergic (10
cells studied, columns 19 to 28 from the left). The color scale bar shows the color coding of
the single-cell expression level. Data are normalized to maximum single-cell level in the

dataset for every gene. On the right: gene names. See also Table 1 and Figures S1 and S2.

Figure 2. mMTORC1 blockade oppositely regulates POMC neurons activity depending on
neurotransmitter cell type.

(A) Repartition of the tested POMC neurons as a function of their response to rapamycin
(RAPA) and time course of the POMC neurons response after RAPA perfusion (200nM). (B-
D) Representative traces of POMC neurons firing during RAPA perfusion recorded in whole
cell current clamp configuration from POMC-YFP mice and corresponding firing changes in
response to RAPA (right side). RAPA decreases (B, n=41/117 cells), increases (C, n=37/117
cells) or has no effect (D, n=39/117 cells) on POMC firing (46 mice analyzed in total). (E-G)
RAPA® POMC neurons (n=37) have increased membrane resting potential (Em; E), and
membrane resistance (Rm; F), and decreased cell capacitance (Cm; G) as compared to

RAPA™ POMC neurons (n=41). (H) Change in cell firing in response to RAPA is correlated
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with Cm (n=78 cells). (1) Representative 3D-reconstruction from Z-stack confocal images of
RAPA™ and RAPA® POMC neurons used for electrophysiological recordings.
Reconstruction of cell body (biocytin: blue surface) and GAD staining (GADG65/67: red spots,
left panel), and corresponding images showing only the GAD spots present inside the cell
body surface (yellow, right panel). (J) Number of GADG65/67 spots over membrane
capacitance is higher in RAPA® POMC neurons as compared to RAPA™ POMC neurons
(n=7-11 cells). (K) Change in action potential firing under RAPA correlates with the number
of GAD spots present inside the cell body (n=18 cells). Data are mean + SEM. **p<0.01;

***n<0.001. Scale bar in I: 3 um. For statistical analysis, see Table S3. See also Figure S3.

Figure 3. mMTORC1 activity modulates POMC neurons neurotransmission onto PVN
parvocellular cells.

(A) Representative image of mCherry-positive, ChR2-expressing projections from ARC
POMC neurons onto the hypothalamic paraventricular nucleus (PVN). (B) Distribution of the
neurotransmission type recorded in PVN parvocellular neurons after photostimulation (n=17
cells) and representative traces of light-evoked post-synaptic currents recorded from
parvocellular neurons of the PVN for each neurotransmission type. POMC neurons mainly
release glutamate (58.82%, 10/17 cells) onto parvocellular neurons; however pure
GABAergic (17.65%; 3/17 cells) and mixed GABA/Glutamate (23.53%, 4/17 cells)
connections were also observed. (C) Amplitude time course of light-evoked EPSC (red; n=6
cells) and IPSC (green; n=5 cells) normalized to baseline. RAPA decreases eEPSCs
amplitude (D), and increases elPSCs amplitude (E). Representative traces of eEPSC (D; top)
and elPSC (E; top) before (bef, in C) and after (aft, in C) RAPA application. Data are mean *
SEM.*p<0.05, ***p<0.001. V: 3" ventricle. Scale bar in A: 50 um. Blue square: light. For

statistical analysis, see Table S3. See also Figure S4.
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Figure 4. mTORC1 in POMC neurons controls food intake.

Fasting-induced food intake (refeeding) in C57BL/6J mice (A, n=5 mice per group), POMC-
Rptor-Control and KO littermates (B, n=6-9 mice per group), and POMC-Rictor-Control and
KO littermates (C, n=5 mice per group) treated icv with RAPA or its vehicle. (D) Acute ip
CNO injection inhibits icv RAPA-induced hyperphagia in POMC-ARC™?3P4 mice (n=5 mice
per group). Data are mean = SEM. *p<0.05; **p<0.01; ***p<0.001. *p<0.05, treatment effect.

For statistical analysis, see Table S3. See also Figure S5.

Figure 5. mTORC1 blockade induces fasting-like a-MSH and AEA changes in
hypothalamus.

(A) Schematic diagram illustrating hypothalamic POMC processing. (B) a-MSH content in
the hypothalami of 24-h fasted or 2-h refed C57BL/6J mice treated icv with RAPA or its
vehicle (n=8 mice per group). (C-E) Hypothalamic a-MSH/POMC (C), a-MSH/ACTH (D)
and o-MSH/B-EP (E) ratios in 2-h refed C57BL/6J mice treated icv with RAPA or its vehicle
(n=8 mice per group). (F, G) Effect of icv administration of RAPA or its vehicle on
hypothalamic AEA (F) and 2-AG (G) content in fasted or refed C57BL/6J mice (n=3-5 mice
per group). (H) Effect of the combined icv administration of the a-MSH analog MTII (0.02
Hg) and RAPA on hypothalamic AEA content in refed C57BL/6J mice (n=6 mice per group).
(1) Effect of the combined administration of CNO and RAPA on hypothalamic AEA content
in refed POMC-ARC"™?2P4 mice (n=8-10 mice per group). Data are mean + SEM. *p<0.05;

**p<0.01; ***p<0.001. For statistical analysis, see Table S3. See also Figure S6.

Figure 6. POMC GABAergic and glutamatergic neurons oppositely regulate food intake.
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(A) Refeeding in POMC-CB:-WT and KO littermates treated icv with RAPA, its vehicle or a
combination of RAPA and the GABAA receptor antagonist picrotoxin (Ptx) (n=8-18 mice per
group, 2 experiments pooled together). (B) Refeeding response in POMC-vGlut2-Control and
KO littermates (n=8-14 mice per group) and (C) effect of an icv administration of RAPA or
its vehicle on refeeding in POMC-vGlut2-KO mice (n=8 mice per group). Data are mean +
SEM. *p<0.05; **p<0.01; ***p<0.001. For statistical analysis, see Table S3. See also Figure

ST.
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Table 1. Gene annotation enrichment analysis of differentially expressed genes in POMC

GABAergic and glutamatergic neurons.

Database Term Fold Count p-value
Enrichment

Gene Ontology Glutamate decarboxylase activity 67.11 2 2,94E-02

Gene Ontology Glucose-6-phosphate/hexose phosphate transport 45.07 2 4,35E-02

Gene Ontology Transcriptional repressor complex 11.75 5 7,79E-04

Gene Ontology Proteasomal ubiquitin-dependent protein catabolic process 9.01 4 9,52E-03

Gene Ontology Neutral lipid metabolic process 6.01 4 2,84E-02

Gene Ontology Glycerol ether metabolic process 6.01 4 2,84E-02

< Gene Ontology Triglyceride metabolic process 5.63 3 9,81E-02
g Gene Ontology Chromatin binding 4.33 10 5,03E-04
e Gene Ontology Regulation of gene-specific transcription 4.04 4 7,59E-02
5 g Gene Ontology Transcription coactivator activity 4.03 6 1,65E-02
£ 2 Gene Ontology Transcription cofactor activity 3.82 12 3,10E-04
E Gene Ontology Transcription repressor activity 3.73 10 1,45E-03
E Gene Ontology Transcription corepressor activity 3.73 4 9,12E-02
Gene Ontology Glycerolipid metabolic process 3.14 4,19E-02

Gene Ontology Ubiquitin-dependent protein catabolic process 2.88 6 5,74E-02

Gene Ontology Transcription factor binding 2.80 12 3,82E-03

Gene Ontology Negative regulation of transcription 2.54 14 3,56E-03

Gene Ontology Negative regulation of gene expression 2.47 15 3,04E-03

Gene Ontology Transcription factor complex 2.25 8 6,50E-02

Gene Ontology Synaptic vesicle membrane 34.64 2 5,48E-02

0 e Gene Ontology Synaptic vesicle membrane 34.64 2 5,48E-02
% § Gene Ontology Clathrin coated vesicle membrane 27.42 3 5,04E-03
,Qg_ % Gene Ontology Cytoplasmic vesicle membrane 11.35 3 2,72E-02
E é Kegg pathway Purine metabolism 7.31 3 5,46E-02
§ g Gene Ontology GTP binding 4.42 4 5,68E-02
we Gene Ontology Vesicle 3.17 5 6,59E-02
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Experimental Procedures

Animals

All experiments were conducted in strict compliance with the European Union
recommendations (2013/63/EU) and were approved by the French Ministry of Agriculture
and Fisheries (animal experimentation authorization n°3309004) and the local ethical
committee of the University of Bordeaux (DIR1354; APAFIS13232). For the triple FISH
studies, no regulated procedures under the Animals (Scientific Procedures) Act 1986 were
carried out on the animals used and the studies was reviewed by the University of Cambridge
Animal Welfare and Ethical Review Body (AWERB) processes. Maximal efforts were made
to reduce any suffering and the number of animals used. Number of animals for each
experiment is detailed in the figure legends.

Male mice, aged 7 to 16 weeks, were housed individually in standard plastic rodent cages,
maintained on a 12-h light-dark cycle (lights off at 1300 h) with ad libitum access to pelleted
chow (A03, SAFE, France) and water, unless otherwise specified. C57BL/6J mice (Janvier,
France), POMC-Cre mice [Tg(Pomcl-cre)l6Lowl/J, JAX Stock #005965, The Jackson
Laboratory, USA; (Balthasar et al., 2004)], POMC-YFP mice, POMC-Rptor-KO, POMC-
Rictor-KO, POMC-CB;1-KO, as well as POMC-CreER™/vGlut2-flox (thereafter called
POMC-vGlut2-KO after tamoxifen administration), POMC-CreER™-Ai6 and their control
littermates were used for the studies.

POMC-YFP mice were obtained by crossing POMC-Cre mice with Rosy mice [B6.129X1-
Gt(ROSA)26Sortm1(EYFP)Cos/J, JAX Stock #006148, The Jackson Laboratory]. POMC-
Rptor-KO and control littermates were generated by crossing POMC-Cre mice with Rptor-
Flox mice (B6.Cg-Rptortml.1Dmsa/J, JAX Stock #013188, The Jackson Laboratory).
POMC-Rictor-KO and control littermates were obtained by crossing POMC-Cre mice with

Rictor-Flox mice (Rictortm1.1Klg/SjmJ, JAX Stock #020649, The Jackson Laboratory).
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POMC-CB:-KO and control littermates were generated by crossing POMC-Cre mice with
CB1-Flox mice (Marsicano et al., 2003). Tamoxifen inducible POMC-vGlut2-KO and control
littermates were generated by crossing POMC-CreER™ mice [C57BL/6J-Tg(Pomc-creERT2),
kind gift of Dr. Joel EImquist at UT Southwestern, (Berglund et al., 2013)] with vGlut2-flox
mice [Slcl7a6tmlLowl/J, JAX stock #012898, (Tong et al., 2007)]. Inducible POMC-
CreERT™-Ai6 mice were generated by crossing POMC-CreER™ mice with Ai6 mice [B6.Cg-
Gt(ROSA)26Sortm6(CAG-ZsGreenl)Hze/J, JAX stock #007906, (Madisen et al., 2010)].
New conditional KO lines were generated following a three step backcrossing method
(Bellocchio et al., 2013). All lines were in a mixed genetic background. All animals used in
experiments involving mutant mice were littermates. We have previously characterized
POMC-Rptor-KO mice and POMC-CB;:-KO mice (Haissaguerre et al., 2018; Mazier et al.,
2019). Effective Cre-mediated deletion of rictor in POMC neurons was assessed by
immunohistochemistry; while appropriate recombination after tamoxifen administration was
evaluated by immunohistochemistry using the reporter POMC-CreER™-Ai6 mouse and by

assessing vGlut2 deletion in POMC neurons by PCR (see further below).

PCR for mouse genotyping

Mice were genotyped from genomic DNA purified from tail biopsies by PCR using specific
primers. For analysis of induced vGlut2 excision in POMC-vGlut2-KO mice and their control
littermates, fresh hypothalami were dissected on ice and snap frozen after cervical dislocation.
Tails or hypothalamic samples were incubated overnight at 56°C in Proteinase K buffer
(100mM Tris-HCI pH8, 5mM EDTA, 0.2 % SDS, 200mM NaCl, 0,2mg/mL PK). After 10
min at 13200 rpm, the supernatants were purified on silica columns, according to the
manufacturer protocol (Macherey nagel kit), on a zephyr automatic station. PCR assay was

carried out using a Biorad C1000 thermal cycler, with GoTag G2 Hot Start Green Master Mix
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(Promega), and 0.3 to 0.6puM of each primer in a 25uL volume. PCR conditions were as
follows: 1 cycle, 5 min at 95°C; 37 cycles, 30 sec at 95°C, 30 sec at 55°C for, 1 min at 72°C,;
1 cycle, 5 min at 72°C. PCR products was analyzed on a Labchip GX microfluidic
electrophoresis system (Caliper) using the DNAS5K Kit.

Primers for genotype analysis.

Mouse line  Primer sequence 5'3' expected fragment & length

POMC-Cre |Cre-F GCGGTCTGGCAGTAAAAACTATC Cre 100 pb
Cre-R GTGAAACAGCATTGCTGTCACTT

El(r)e'\E/llgTz Cre-F GCGGTCTGGCAGTAAAAACTATC CreER™ 100 bp
Cre-R GTGAAACAGCATTGCTGTCACTT

CB:-Flox CB1-F GCTGTCTCTGGTCCTCTTAAA wt 450 bp
CB1-R GGTGTCACCTCTGAAAACAGA Flox 555 bp
CB1-ex CTCCTGTATGCCATAGCTCTT excision 680 bp

Rictor-Flox | Rictor-F CAAGCATCATGCAGCTCTTC Flox 560 bp
Rptor-R TCCCAGAATTTCCAGGCTTA wt 410 bp

Rptor-Flox | Rptor-F CTCAGTAGTGGTATGTGCTCAG Flox 200 bp
Rptor-R GGGTACAGTATGTCAGCACAG wt 160 bp

vGlut2-flox | vglut2-F CTGAGCGAAGGTGAGCTGAA Flox 400 bp
vglut2-R TGGGCCAGAACACAGGATATG wt 270 bp
vglut2-ex ~ TCACTGCCTTGTTCCTAGTGC excision 700 bp

POMC-YFP |WT-F AAAGTCGCTCTGAGTTGTTAT wt 620 bp
Ki-F GCGAAGAGTTTGTCCTCAACC Ki 330 bp
Common-R  GGAGCGGGAGAAATGGATATG

Ai6 Ai6-WT-F  AAGGGAGCTGCAGTGGAGTA wt 300 bp
Ai6-WT-R  CCGAAAATCTGTGGGAAGTC
Ai6-mut-F  AACCAGAAGTGGCACCTGAC Aib 210 bp
Ai6-mut-R  GGCATTAAAGCAGCGTATCC

AAV vectors for hM3Dq and channelrhodopsin-2 (ChR2) expression

Gg-coupled human M3 muscarinic DREADD (hM3Dq) fused to mCherry (Alexander et al.,
2009), provided by Brian L. Roth (University of North Carolina, Chapel Hill, NC, USA) was
subcloned in a CAG-DIO rAAV vector for Cre-dependent expression (Atasoy et al., 2008) by
using standard molecular biology techniques. AAV-DIO-hChR2-mCherry was generated

using pAAV-Efla-DO-hChR2(H134R)-mCherry-WPRE-pA  plasmid as  backbone
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(ADDGENE #37082). Vectors used were of an AAV1/AAV2 mixed serotype, and were
generated by calcium phosphate transfection of HEK-293T cells and subsequent purification

as described (Monory et al., 2006).

Tamoxifen treatment for the induction of Cre-mediated recombination

First, a 1g/mL suspension of tamoxifen (T5648, Sigma-Aldrich, Saint-Quentin Fallavier,
France) in 100% ethanol (20821.330, VWR, Briare, France) was prepared. Then, corn oil
(C8267, Sigma-Aldrich, Saint-Quentin Fallavier, France) pre-heated to 55°C was added to
obtain a 50mg/mL stock solution. Enough solution was prepared for a 5-day treatment. After
vortexing to ensure complete dissolution of tamoxifen, 1-day treatment aliquots were kept at -
20°C. Mice were administered with 150mg/kg of tamoxifen, daily, for 5 consecutive days by
oral gavage. Each day, one aliquot was warmed up to 37°C before the drug administration.
Any leftover was discarded. We used polypropylene flexible gavage needles (FTP-20,
Instechlabs, Plymouth Meeting, PA, USA) to reduce trauma and decrease the risk of

esophagus perforation. Gavage volume was of 3mL/kg (i.e. 90pL for a 30g mouse).

Stereotaxic surgery

Mice were anesthetized with a mixture of ketamine (100 mg/kg, ip) and xylazine (10 mg/kg,
ip), placed in a stereotaxic holder (David Kopf Instruments, USA) and implanted with a
cannula in the lateral cerebral ventricle (coordinate AP/DV/ML = —0.5/-2.1/-1.2 mm).
Cannula placement was verified by administering 5 pg of neuropeptide Y (NPY) (Phoenix
Pharmaceuticals Inc., France) in 0.1 M PBS (pH 7.4) and by assessing subsequent food
intake, as in (Brown et al., 2006).

Stereotaxic virus injection. POMC-Cre** and POMC-Cre” mice were anesthetized and

placed in a stereotaxic holder. Hamilton syringe with NanoFil needle (85 um tip diameter)
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were filled with AAV and inserted into the ARC. AAV vectors (500 nL) were infused with
pressure (coordinate AP/DV/ML = —1.5/-5.5/0.2 mm; infusion speed = 100 nL/min;
UltraMicroPump UMP3 (one) with SYS-Micro4 Controller, WPI, USA). To activate neurons,
AAV-DIO-hM3Dg-mCherry vectors were injected into the ARC of POMC-Cre** mice
(thereafter named POMC-ARC"™3P4 mice). For control, AAV-DIO-hM3Dg-mCherry virus
was also injected into the ARC of POMC-Cre”" mice (thereafter named POMC-ARC™M3Da.
control mice). Mice were then implanted with cannulae into the lateral cerebral ventricle as
detailed above. Mice were used for the behavioral studies after at least 4 weeks from the intra-
ARC AAV administration. For optogenetic electrophysiology studies, 5-weeks old POMC-
Cre*™* mice were stereotaxically and bilaterally injected with an AAV-DIO-hChR2-mCherry
virus at same coordinates as before (injection volume: 500 nL and injection speed:
100 nL/min). Animals were used for electrophysiology studies after 4 to 5 weeks from the

intra-ARC AAV administration.

Drugs preparations and food intake studies

Rapamycin (RAPA, EMD Millipore, USA), and picrotoxin (Ptx, Sigma-Aldrich, USA), were
dissolved in DMSO, the a-MSH analog melanotan Il (MTII, Phoenix Pharmaceuticals, USA)
was dissolved in phosphate-buffered saline (PBS), and clozapine-N-oxide (CNO, Sigma-
Aldrich, USA) was dissolved in saline.

Fasting-induced food intake studies. Mice were singly housed for at least 7 days before the
fasting-induced food intake experiments. The day before the experiment, food was removed
from the cages for 24 hours. Fasted mice received an icv injection of RAPA (25 ug in 1 pl
DMSO) or its vehicle, which were administered 4 h before dark onset. The same protocol was
followed when Ptx (0.03 pg in 1 pl DMSO), MTII (0.02 pg in 1 pl PBS) or CNO (1 mg/kg in

saline, ip) were combined with RAPA. Ptx or MTII were simultaneously administered icv
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with RAPA; CNO or its vehicle were administered 15 min before the icv administration of
RAPA or its vehicle. Food was returned immediately after the drugs injections and intake was
recorded after 1h, 2h and, in some cases, after 24h. Body weight was measured immediately
before and 24 h after the treatments.

MTII and Ptx dose-responses. The MTII and the Ptx dose-response were carried out in 24-h
fasted C57BL/6J mice that received MTII (0.5, 0.25, 0.125, 0.0625, 0.03, 0.02 or 0.01 pg/pL
in saline, icv) or Ptx (0.03, 0.06 or 0.09 pg/pL in DMSO, icv) respectively 1 h and 4 h before
dark onset. Food intake was recorded at 1h, 2h and 24h. Body weight was measured
immediately before and 24h after the treatments.

In order to reduce the number of animals to employ, whenever possible a latin square design
was used in which the same animals belonging to the same genotype underwent the different
treatments. Animals showing sign of stress or malaise during the behavioral experiments were

removed from further analysis.

Immunohistochemistry

Mice were deeply anesthetized using pentobarbital given ip and then perfused transcardially
with ice-cold PBS, pH 7.4, followed by 4% paraformaldehyde (PFA, Sigma-Aldrich, France)
in PBS with 0.2% picric acid. Brains were extracted and postfixed in 4% PFA overnight at
4°C, then cryoprotected with 30% sucrose in PBS at 4°C. Coronal sections (30 um) were cut
with a cryostat (CM1950, Leica, Germany), collected in PBS and stored in antifreeze solution
(30% ethylene glycol, 30% glycerol in KPBS) at -20°C until further used.

Single-labeling immunohistochemistry. Brain sections from 90 min refed POMC-ARC"™?3Pd
mice were processed for the co-localization of mCherry and POMC. Sections were first
incubated with 10% normal goat serum (Dako, Denmark) and then with rabbit anti-POMC

antibody (1:2000; Phoenix Pharmaceuticals, USA) overnight at 4°C. The next day, sections
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were washed in PBS and incubated for 1h with A488-conjugated secondary goat anti-rabbit
antibody (1:500, Cell Signaling, USA). Similar procedures were followed for POMC labelling
in brain sections from POMC-CreER™-Ai6 mice. Because of the endogenous green
fluorescence of Zsgreenlexpressed in this mouse line after tamoxifen administration, an
Ab647-conjugated secondary donkey anti-rabbit antibody (1:500, Cell Signaling) was used to
reveal the POMC staining.

Double-labeling immunohistochemistry. Brain sections from POMC-Rictor-KO and their
control littermates were processed for the co-localization of rictor and POMC. Sections were
first incubated with 10% normal goat serum (Dako) and then with rabbit anti-rictor antibody
(1:1000, Bethyl Laboratories, Inc., USA) overnight at 4°C. The next day sections were
washed in PBS and incubated for 1h with A647-conjugated secondary goat anti-rabbit
antibody (1:500, Cell Signaling). Sections were washed in PBS and incubated with Goat Fab
Fragment Anti-Rabbit IgG (1:100, Jackson ImmunoResearch Laboratories, USA) to avoid
cross-reactivity. Sections were then washed in PBS and blocked with 10% normal goat serum
(Dako) and then incubated with rabbit anti-POMC antibody (1:2000; Phoenix
Pharmaceuticals) overnight at 4°C. The next day sections were washed in PBS and incubated
for 1h with A488-conjugated secondary goat anti-rabbit antibody (1:500, Cell Signaling).
Evaluation of chemogenetic activation of POMC neurons. Free-fed POMC-ARC"™3Dd
mice received a single injection of CNO (1 mg/kg, ip) or its vehicle 90 minutes before
sacrifice and expression of c-Fos and phosphorylated S6 ribosomal protein (p-S6) in
mCherry-expressing POMC neurons was evaluated. Collected sections were first incubated
with 10% normal donkey serum (Jackson ImmunoResearch Laboratories) and then with goat
anti-c-Fos antibody (1:250; Santa Cruz Biotechnology, USA) overnight at 4°C. The next day
sections were washed in PBS and incubated for 1h with A488-conjugated secondary donkey

anti-goat antibody (1:500, EMD Millipore, USA). Sections were then washed in PBS and
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blocked with 10% normal goat serum (Dako) and subsequently incubated with rabbit anti-p-
S6 ser240/244 antibody (1:200; Cell Signalling) overnight at 4°C. The next day sections were
washed in PBS and incubated for 1h with A647-conjugated secondary goat anti-rabbit
antibody (1:500, Cell Signaling).

Quantification of the immunohistochemical signal. All sections processed for
immunohistochemistry were mounted and cover-slipped. Fluorescent images were acquired
with a confocal microscope (SP8-STED, Leica, Germany), corrected for brightness and

contrast, and sections containing the ARC were rostro-caudally analyzed using ImageJ.

Fluorescent in situ hybridization (FISH)

Double FISH. Brain sections from perfused POMC-CreER™-Ai6 mice were also used to
assess possible co-expression of AgRP and POMC mRNA. Digoxigenin-labeled riboprobe
against mouse AgRP (AgRP-DIG, Allen Brain Atlas, #RP_050419 04_DO06) and fluorescein-
labeled probe against mouse POMC (POMC-FITC, Allen Brain Atlas, RP_Baylor_102974)
were prepared as previously described (Marsicano et al., 2002). Free-floating sections from
perfused mouse brains containing the ARC were treated with 0.2M HCI then acetylated with
0.25% acetic anhydride in 0.1 M triethanolamine, pH=8.0 for 10 min. Between all steps,
sections were rinsed in PBS-DEPC (PBS with 0.01% diethylpyrocarbonate). Hybmix solution
was prepared by dissolving AgRP-DIG and POMC-FITC probes 1/1000 and heated at 90°C
for 5min. After hybridization overnight at 70°C, sections were washed at 65°C with increased
stringency buffers (5X SSC for 5min, 2X SSC+50%Formamide Amide, 1X
SSC+50%Formamide Amide and 0.1X SSC for 30min each, with 0.1% Tween20 added to
each buffer). After blocking 1h in TNB buffer (AkoyaBiosciences, prepared as per
manufacturer’s instructions), sections were incubated overnight at 4°C in HRP-anti-DIG

antibody (1/1500, Sigma) in TNB. The revelation was made using TSA-Cy3 kit (1/100,
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30min, AkoyaBiosciences). After quenching the peroxidase with 3% H.O in PBS (30min)
and 0.2M HCI treatment (20min), sections were incubated in HRP-anti-FITC antibody
(1/1500, Sigma) in TNB for 2h. The revelation was made using TSA-FITC kit (1/100, 30min,
AkoyaBiosciences).

Triple FISH. Seven-week-old male C57BL/6J mice with ad libitum access to food and water,
were Killed by an overdose of pentobarbital. The brains were removed, instantly embedded in
OCT Embedding Medium (Thermo Scientific) and stored at -80°C. 10 um thick coronal
sections of the entire ARC were prepared on a Leica CM1950 Cryostat. One section every
100 pm was stained and analyzed from each animal. The following primers were used for
FISH antisense probe production: Pomc forward GCAGTGACTAAGAGAGGCCACT, Pomc
reverse  ATTTAGGTGACACTATAGAAGAGGACTGCCATCTCCCCACAC;  Gad67
forward GAAAGGGCCAATTCAGTCAC, Gad67 reverse
ATTTAGGTGACACTATAGAGCTGCCTTCAGTGAGATGGCCTAG; vGlut2 forward
TCATTGCTGCACTCGTCCACTA, vGlut2 reverse
ATTTAGGTGACACTATAGAAGAGCCCTGGGATAGTTTGCAGTCCA. Reverse primers
included a SP6 recognition sequence. A hypothalamic mouse RNA library was reverse
transcribed into a cDNA library and DNA templates for the relevant transcripts were obtained
via PCR using the above primers. Subsequently, these templates were in vitro transcribed into
antisense RNA probes using MAXIscript SP6 In Vitro Transcription Kit (Thermo Scientific).
35% of the UTP in each reaction was replaced with either Fluorescein-12-UTP (Roche),
Digoxigenin-11-UTP (Roche) or DNP-11-UTP (PerkinElmer) for Pomc, VGlut2 and Gad67
probe production, respectively. For FISH, the following antibodies and tyramide solutions
were used: Anti-Fluorescein-POD Fab fragments (Roche), Anti-Digoxigenin-POD Fab
fragments (Roche) and Anti-DNP HRP Conjugate (PerkinElmer) as well as Cyanine 3

Tyramide Reagent and Cyanine 5 Tyramide Reagent and Fluorescein Tyramide Reagent (all
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PerkinElmer), respectively. Briefly, cryosections were fixed in 4% PFA, washed in PBST and
0.1 M TEA and acetylated, washed again in PBST, and in 5x SSC/50% formamide at 65°C.
They were pre-hybridised in prehybridization buffer for 30 min at 65°C and incubated with
hybridisation buffer containing all three antisense RNA probes overnight at 65°C. Following
washes in 5x SSC, 1x SSC/50% formamide, 2x SSC and 0.2x SSC at 65°C, slides were rinsed
with MABT, incubated with one of the above antibodies for 1h, washed with MABT again
and developed with one of the above tyramide solutions for 20 min in the dark. Slides were
washed with PBST and the remaining enzyme activity of the antibody quenched with 3%
H202 in PBS for 30 min and subsequent citrate buffer at 95°C for 10 min. The antibody and
tyramide incubation steps and the quenching procedure were repeated twice with the
remaining antibodies and tyramide solutions. Finally, slides were washed several times in
MABT, counterstained with DAPI in PBST and mounted with Adqua-Poly/Mount
(Polysciences). All steps were carried out at room temperature unless stated otherwise.

Whole-slide images were acquired on a Axio Scan.Z1 (Zeiss). Image analysis and cell counts
were obtained manually in the HALO software (Indica Labs Inc.). Analysis thresholds were
applied before images were taken. Brightness and contrast were subsequently modified to
facilitate signal visibility. A schematic image of each analyzed coronal brain section was
created using Adobe Illustrator CS5 (Adobe Systems Software). For each POMC neuron, its
distance to the ventricle and the subpopulations it belonged to was extracted from these

schematic images by a custom-written Python script (Graham N. Stratton).

Hypothalamic neuropeptides assays
Hypothalami from 24h fasted or 2h refed C57BL/6J mice, treated icv with RAPA or its
vehicle, were extracted in 0.1N HCI and assayed for POMC peptides as previously described

(Savontaus et al., 2004). a-MSH RIA was performed with antiserum that cross-reacts fully
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with des-acetyl-a-MSH, but has no cross-reactivity with ACTH or CLIP, nor with the free
acid form of a-MSH that has not been amidated. 3-EP RIA was performed with an antiserum
directed at B-EP1s2s. ACTH RIA was performed with antiserum directed against ACTH7-1s
(1gG Corp. TN, USA), which cross-reacts with Pro-ACTH but has no cross-reactivity with o-
MSH, CLIP or B-EP (Papadopoulos and Wardlaw, 1999). ELISA for POMC protein was

performed with reagents provided by Dr. Anne White at the University of Manchester (Tsigos

et al., 1993). Data are expressed versus mg protein.

Endocannabinoid measurements

Hypothalamus, hippocampus and cortex of 24h fasted or 1h refed C57BL/6J mice, treated icv
with RAPA or its vehicle, were dissected, flash frozen and stored at -80°C until analysis. In
other experiments, hypothalami were collected from 1 h refed C57BL/6J mice injected icv
with MTII (0.02ug) or PBS, or with RAPA or with RAPA combined to MTII. Hypothalami
were also collected from 1h refed POMC-ARC"™3P4 mice sacrificed after ip injection of CNO
or its vehicle and icv administration of RAPA. Measurements of AEA and 2-AG were carried
out as in (Gatta-Cherifi et al., 2012). Endocannabinoids content was expressed as fmol or

pmol of mg of tissue.

Single-cell RNA sequencing analysis

RNA-seq data on Pomc-expressing neurons (>2 mRNA copies per cell) were extracted from
our publicly available dataset on hypothalamic neurons obtained from 2-4 weeks old
C57BL/6N mice (GEO accession number: GSE74672, (Romanov et al., 2017). We evaluated
the distribution of cells expressing Pomc transcripts in the hypothalamus through public
databases on in situ mMRNA hybridization (Allen Brain Atlas, Mouse Brain, experiments 2493

and 2494) and noted highly specific Pomc expression in the ARC. This validates that Pomc-
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expressing neurons in our single-cell RNA-seq dataset originate from the ARC, and can be
used for subtype deconvolution. For the validity of our following analysis, we checked cells
for outliers using Principal Component Analysis to exclude those neurons coming to the
dataset because of the contamination/ectopic Pomc gene transcription. Finally, we performed
differential gene expression profiling of Pomc* neurons by using Genepattern 3.9.8 (Reich et
al., 2006); https://genepattern.broadinstitute.org) with the “ComparativeMarkerSelection” and
“ExtractComparativeMarkerResults” modules. Data were then rendered into heatmaps
(HeatMaplmage module) for maximum visual clarity. The Database for Annotation,
Visualization and Integrated Discovery (DAVID) Bioinformatics Resources 6.7 was used to
identify the genes that had statistically significant differences in expression among the
different POMC neuron subpopulations (Huang da et al., 2009). To interpret our data, we
used the «Functional annotation chart» tool. This tool associates gene ID with a biological
term which belongs to one out of the 40 annotation categories available in DAVID, including
Gene Ontology terms and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways.
This extended annotation coverage increases the analytic power by allowing investigators to
analyze their genes from many different biological aspects in a single space. Each functional
annotation was associated with an enrichment score, which depended on the distribution of
the enrichment (p-values) of each gene. A good enrichment score was obtained when most of
genes had good p-values. This score is a relative score instead of a statistical probability with
a minimum and a maximum value. This means that enrichment scores could be considered

only together, by comparing them.

Electrophysiology

Brain slices preparation. Acute coronal brain slices were prepared from 8 to 12 week-old

mice expressing YFP or Chr2 coupled to mCherry selectively in POMC neurons or from
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POMC-CB;-KO and their control littermates. Animals were anesthetized with isoflurane, the
brain extracted and immediately placed in an ice-cold oxygenated cutting solution (in mM:
180 Sucrose, 26 NaHCO3, 11 Glucose, 2.5 KCI, 1.25 NaH2PO4, 12 MgS0O4, 0.2 CaCly,
saturated with 95% O2-5% CO2). Slices were obtained using a vibratome (VT1200S Leica,
Germany) and transferred into a 34°C bath of oxygenated aCSF (in mM: 123 NaCl, 26
NaHCOgz, 11 Glucose, 2.5 KCI, 1.25 NaH2POs4, 1.3 MgSO4, 2.5 CaCl,; osmolarity 310
mOsm/l, pH 7.4) for 30 minutes and then cooled down progressively till room temperature
(RT; 23-25°C) in oxygenated aCSF. After a 45 min recovery period at RT, slices were
bisected by cutting along the third ventricle axis. The hemi-slice was anchored with platinum
wire at the bottom of the recording chamber and continuously bathed in oxygenated aCSF
(32-34°C; 2ml/min) during recording.

Evaluation of WIN effect on mIPSC on PVN parvocellular neurons of POMC-CB:1 mice.
Patch electrodes were pulled (micropipette puller P-97, Sutter instrument, USA) from
borosilicate glass (O.D. 1.5 mm, I.D. 0.86 mm, Sutter Instrument) to a resistance of 2-4 mQ.
Electrophysiological data were recorded using a Multiclamp 700B amplifier (Molecular
devices, UK), low-pass filtered at 4 kHz and digitized at 10Hz (current clamp) or 4 Hz
(voltage clamp) (Digidata 1440A, Molecular devices, UK). Signals were analyzed offline
(Clampfit software, pClamp 10, Molecular devices, UK). The pipette internal solution
contained [in mM: 125 potassium gluconate, 5 KCI, 10 Hepes, 0.6 EGTA, 2 MgCly, 7
Phosphocreatine, 3 adenosine-5’-triphosphate (magnesium salt), 0.3 guanosine-5’-
triphosphate (sodium salt) (pH adjusted to 7.25 with KOH; osmolarity 300 mOsm/I adjusted
with d-Mannitol; liquid junction potential -14.8mV corrected on the data presented)].
Parvocellular neurons were differentiated from magnocellular neurons immediately after
patch rupture by preliminary electrophysiological analysis. Indeed, when submitted to a

depolarizing current magnocellular neurons exhibit a large transient outward rectification, not
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found in parvocellular neurons (Luther and Tasker, 2000). Then cells were switched in
voltage clamp (Vh = -70 mV). Miniature GABAergic transmission was pharmacologically
isolated using a mix of NBQX (10 uM), APV (50 uM) and tetrodotoxin (TTX, 1uM). Note
that as a control, few cells were perfused with a GABAA selective antagonist (picrotoxin, 100
uM) at the end of the experiment to fully block miniature transmission. To challenge the CB1
receptor, the selective agonist (WIN55-212, 5 uM) was added. For statistical analysis,
miniature events frequency and amplitude during the last 4 minutes of baseline were
compared to the same parameters after 10 minutes of drug perfusion (4 minutes also).

Evaluation of RAPA effect on POMC neurons firing. Fluorescent POMC-YFP neurons
were identified onto 250 um thick slices obtained from 8-12 weeks old male POMC-YFP
mice, using fluorescence/infrared light (pE-2 CoolLED excitation system, UK). Neurons
action potential firing was monitored in whole-cell current-clamp recording configuration. For
each recorded neuron, membrane potential (Em), membrane capacitance (Cm) and membrane
resistance (Rm) were collected right after cell opening. After a 10 min baseline, RAPA (200
nM) was added in the bath for 20 minutes. For the analysis, considering the variability of the
POMC neurons basal firing, the significance of RAPA-induced changes in action potential
firing was calculated by comparing the firing rate before and during RAPA application (bin
size of 10 sec) using a normalization via Z-score transformation of individuals instantaneous
frequencies values (Courtin et al., 2014). Z-score values were calculated by subtracting bin
average instantaneous frequencies to the average baseline instantaneous frequency established
over at least 120 sec preceding RAPA application and by dividing the difference by the
baseline standard deviation. Scores under drug application were obtained comparing the firing
rate of recorded neurons 120 sec before and after 4 min of drug application. Neurons with at
least 5 significant positive or negative z-score bins (z-score > +1.96, p < 0.05) after RAPA

application onset were considered as drug-responsive neurons.
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Effect of RAPA on light-evoked POMC to parvocellular neurons neurotransmission.
Brains from POMC-Cre** mice bilaterally injected with an AAV-DIO-hChR2 were obtained
after 5 weeks from the AAV intra-ARC administration and 350um thick brain slices were
prepared following the preparation protocol described above. Here the aCSF was modified in
order to increase the neurotransmission success rate (3 mM Ca2+, 0.1 mM Mg2+ and 100uM
4 aminopyridine). Parvocellular neurons were switched in voltage clamp configuration (Vh =
-70mV) and synaptic transmission was evoked with a 5 milliseconds flash of blue light
(470nm, 1-3mW at 0.03 Hz; pE-2 CoolLED excitation system). Light-evoked glutamatergic
or GABAergic transmission was pharmacologically isolated using picrotoxin (100uM) or a
NBQX/APV mix (10uM/50uM), respectively. RAPA was added for 20 minutes after at least
10 minutes of stable amplitude light-evoked eEPSCs or elPSCs. At the end of each
experiment, responses were fully blocked using TTX (1uM). For statistical analysis, mean
eEPSCs or elPSCs amplitudes during the last 4 minutes of baseline period were compared to
the amplitudes obtained in the same cells after 5 minutes of RAPA perfusion.

POMC neuronal type characterization by immunofluorescence after recording. In order
to get information about the cell type of the recorded POMC neurons, we ran immunostaining
against the GABAergic marker GAD65/67. The presence of this enzyme within the cell body
of the recorded cell indicated a GABAergic profile. During recording POMC neurons were
filled via passive diffusion of biocytin (0.4% in internal solution, Sigma, France). Afterwards,
slices were fixed overnight at 4°C in 4% PFA-containing phosphate buffer (PB). After
washing (3x15min in PB), slices were permeabilized and saturated for 3 hours at RT (0.3%
triton, 10% bovine serum albumin in PB). Slices were incubated with primary antibody (anti-
GADG65/67 made in rabbit, 1/2000, Millipore) for 72 hours at 4°C. Then the fluorophore-
coupled secondary antibody (A647-conjugated secondary goat anti-rabbit antibody, 1:500,

Cell Signaling, USA) and a fluorescent streptavidin (AMCA, anti-biotin, 1/1000, Vector
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laboratories) were applied overnight at 4°C. Slices were mounted with fluoromount and
stored at 4°C in the dark. Pictures of POMC cells were captured using a confocal microscope
with objective 63X (SP8-STED, Leica) setting fixed acquisition parameters. Sampling rate
respected the optic resolution of the system (voxel size: 0.0819x0.0819x0.2985 umq) and z-
axis stacks were processed (around 20 images per cells). Images were acquired separately for
each wavelength (blue=405nm and far red=647nm) and then merged for analysis. Using
Imaris 8.1.2 software (Bitplane, Switzerland), POMC cell body volume (default settings for
surface reconstruction) and individual GAD65/67 staining spots (0.4 um diameters dots,
threshold of 3500 pixels set taking into account background signal obtained from staining
carried out in the absence of the primary antibody) were automatically reconstructed in 3D. A
dedicated analysis module allowed making a clear distinction between the GAD65/67 spots

located around the cell and the ones present within the cell body of the POMC neuron.

Statistical analyses

Statistical analyses were performed using Prism (Graphpad, USA). All values are reported as
means = SEM. Data were analyzed by unpaired or paired Student’s t-tests or by 1-way or 2-
way ANOVAs, as appropriate. Repeated measures for matched individuals were used when
same animals underwent different treatments. Significant ANOVAs were followed by Fisher
LSD post-hoc test. A Kruskal-Wallis test followed by Dunn’s post-test was carried out to test
for differences in the distance to the ventricle across the different POMC subpopulations. To
describe rostro-caudal changes in the distance to the ventricle for each subpopulation, linear
regression analysis was performed using R. Single-cell RNA-seq data for the various Pomc*
cells subgroups was analyzed using Student’s t-test on log-transformed mRNA copy data.

P<0.05 denote statistical significance.
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Supplemental Information
Supplemental Information includes 7 figures, 2 data tables, and 2 tables with detailed

statistical analysis description.
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Figure 3
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Table S1. Detailed data about the different light-evoked POMC inputs recorded in 17 connected
parvocellular neurons (Related to Figure 3). Recorded cell features (Em, Cm and Rm) were
collected right after patch establishment. Parameters on light-evoked transmission (Peak

amplitude, Time of peak and Decay time constant) are indicated as the mean of 4 minutes (+

sem) after at least 10 minutes of treatment.

Recorded cell Treatment | Peak Amplitude (pA) | Time of peak (msec) Decay
(msec)
Pure Glut (no effect of picrotoxin)
Cell# 1 Veh -32.3+3.41 15.1+0.16 2.7+0.23
-44mV 22pF MQ Picrotoxin -33.1 £ 0.47 14.9+0.05 2.6+0.18
Cell# 2 Veh -43.8 +2.62 19.8+0.1 2.3+0.08
-43mV 19pF 750MQ | Picrotoxin -46.3 +1.43 21.5+0.53 20+0.11
Cell# 3 Veh -24.5+1.32 14.8 + 0.08 2.6+0.17
-44mV 22pF 750MQ | Picrotoxin -27.9£2.02 15.1+0.15 2.4+0.13
Cell# 4 Veh -138.0 £ 0.97 12.5+0.03 3.5 +£0.04
-52mV 34pF 750MQ | Picrotoxin -144.0 £1.70 12.5+0.02 3.2+0.09
Pure Glut (full blockade by NBQX APV)
Cell# 5 Veh -22.8 +1.09 16.1+0.30 2.7+0.20
-42mV 23pF 800MQ | NBQX/APV no peak no peak no peak
Cell# 6 Veh -32.4 + 1.06 10.9+0.04 1.6 +0.01
-48mV 23pF 710MQ | NBQX/APV no peak no peak no peak
Cell# 7 Veh -27.5+0.91 13.1£0.07 19+0.34
-49mV 26pF 650MQ | NBQX/APV no peak no peak no peak
Cell# 8 Veh -26.0+ 1.52 11.6 £ 0.03 2.2+0.04
-46mV 21pF 850MQ | NBQX/APV no peak no peak no peak
Cell# 9 Veh -87.3+2.44 21.5+0.18 3.1+0.05
-49mV 18pF 750MQ | NBQX/APV no peak no peak no peak
Cell# 10 Veh -40.2 £2.21 12.5+0.23 2.1+0.17
-46mV 23pF 930MQ | NBQX/APV no peak no peak no peak
Pure GABA (full blockade by picrotoxin)
Cell# 11 Veh -79.0+£1.44 50.6 £ 0.63 7.6 +0.16
-44mV 19pF 1500MQ | Picrotoxin no peak no peak no peak
Cell# 12 Veh -56.0£1.78 15.1£0.09 11.7 £0.67
-42mV 15pF 2000MQ | Picrotoxin no peak no peak no peak
Cell# 13 Veh -25.7+0.82 18.7 £ 0.29 8.1+0.64
-44mV 17pF 2000MQ | Picrotoxin no peak no peak no peak
GABA/GIut (isolation of Glut)
Cell# 14 Veh -220.9+7.31 14.3+0.04 6.3+0.21
-42mV 17pF 900MQ | Picrotoxin -26.7 £ 1.09 12.4+0.06 2.9+0.27
Cell# 15 Veh -20.7 £ 0.25 18.3 £ 0.07 3.5+0.07
-48mV 22pF 820MQ | Picrotoxin -24.9+1.21 18.3+0.52 29+0.14
GABA/Glut (isolation of GABA)
Cell# 16 Veh -72.7+2.14 13.3+0.03 5.4 +0.07
-45mV 19pF 750MQ | NBQX/APV -44.9 + 0.96 13.3+0.06 59+0.17
Cell# 17 Veh -63.7 £ 1.20 20.7 £ 0.08 5.1+0.12
-48mV 23pF 1800MQ | NBQX/APV 474 +2.24 21.7+0.16 4.9+0.04







Table S2. POMC and POMC-derived peptides ACTH and B-EP levels in the hypothalamus and

endocannabinoid levels in the cortex and the hippocampus of mice fasted or refed and treated

with an icv injection of RAPA or its vehicle. Data are Mean + SEM.

Analyte Fasted/Veh Refed/VVeh Refed/RAPA N Analysis Degree of freedom  p-value
mice & F/t/R etc value
POMC (fmol/mg prot) 25418 +14.85 29294 +29.63 281.99 +24.07 8 One-way ANOVA  F(2,21)=0.7140 0.5012
ACTH (fmol/mg prot) 7198+11.06  84.88+12.95 78.91+8.15 8 One-way ANOVA  F(2,21)=0.3511  0.7080
B-EP (fmol/mg prot) 462.2+26.11  620.0+88.03  502.4+22.15 8 One-way ANOVA  F(2,21)=2261  0.1201
AEA (fmol/mg tissue)
Hippocampus 38.99 £4.99 43.14 £ 4.45 38.16 £4.03 3-5 One-way ANOVA  F(2,10) =0.3972 0.6823
Cortex 35.22 £4.52 38.72+4.38 38.25+6.72 3-5 One-way ANOVA  F(2,10)=0.08910  0.9155
2-AG (pmol/mg tissue)
Hippocampus 12.55+2.94 14.89 £+ 1.14 13.85 + 1.66 3-5 One-way ANOVA  F (2, 10) =0.3893 0.6873
Cortex 16.84 +0.50 15.38+0.68 16.53+2.15 3-5 One-way ANOVA  F(2,10)=0.2237  0.8035




Table S3. Statistical analyses for main figures.

. . Factor . Degree of freedom
Figure | Dependent variable(s) Analyzed Analysis n & E/UR etc value P value
. . 41 t=7.175
2B POMC AP firing Treatment Paired t-test cells df=40 p<0.0001
. . 37 t=6.707
2C POMC AP firing Treatment Paired t-test cells 4f=36 p<0.0001
_ . 39 t=1.692 _
2D POMC AP firing Treatment Paired t-test cells df=38 p=0.0989
. 41-37 t=3.425 _
2E POMC cell Em Group Unpaired t-test cells 4f=76 p=0.0010
. 41-37 t=6.653
2F POMC cell Rm Group Unpaired t-test cells 4f=76 p<0.0001
. 41-37 t=5.282
2G POMC cell Cm Group Unpaired t-test cells 4f=76 p<0.0001
oH | RAPAEffect vs POMC | oo oavion Linear 78 R?=0.1191 p=0.0020
cell Cm Regression cells
Ratio GAD spots . 7-11 t=3.063 _
2] number / Cm Group Unpaired t-test cells df=16 p=0.0074
AP firing change (%) . Linear 18 .
2K vs GAD spots number Correlation Regression cells R®=0.6683 p<0.0001
0, i i _
gp | N ChangeineEPSC | ppo iment | Palredttest o ois | t6.802, df=5 | p=0.0005
amplitude one-tailed
0, i i _
3E % Change in eIPSC | pooipene | Palredttest, g ooye | 122290, df=4 | p=0.041
amplitude one-tailed
4A 2h food intake Treatment Unpaired t-test 5 t=2.359 df=8 p=0.0460
. RM Two-way _ _
4B 2h food intake Genotype ANOVA 6-9 F(1,13)=1.828 p=0.1994
. RM Two-way _ _
4B 2h food intake Treatment ANOVA 6-9 F(1,13)=21.71 p=0.0004
. . RM Two-way _ _
4B 2h food intake Interaction ANOVA 6-9 F(1,13)=5.870 | p=0.0307
. Matched RM Two-way _ _
4B 2h food intake individuals ANOVA 6-9 F (13,13) =1,623 | p=0.1970
. RM Two-way _ _
4C 2h food intake Genotype ANOVA 5 F(1,8)=4.325 p=0.0711
. RM Two-way _ _
4C 2h food intake Treatment ANOVA 5 F (1, 8) =6,337 p=0.0360
. . RM Two-way _ —
4C 2h food intake Interaction ANOVA 5 F(1,8)=0.6067 | p=0.4585
. Matched RM Two-way _ _
4C 2h food intake individuals ANOVA 5 F (8,8) =0.5056 | p=0.8229
. RM one-way F (1.938, 7.751) = _
4D 2h food intake Treatment ANOVA 5 3042 p=0.0002
. Matched RM one-way _ _
4D 2h food intake individuals ANOVA 5 F (4,8)=7.995 p=0.0067
One-way _ _
5B a-MSH levels Treatment ANOVA 8 F(2,21)=4.440 | p=0.0246
5C a-MSH/POMC Treatment Unpaired t-test 8 t=2.873 df=14 p=0.0123
5D a-MSH/ACTH Treatment Unpaired t-test 8 t=2.646 df=14 p=0.0192
SE a-MSH/B-EP Treatment Unpaired t-test 8 t=2.807 df=14 p=0.0140
5F AEA levels Treatment One-way 3-5 F (2,10)=4.737 | p=0.0357




ANOVA

One-way _ _
5G 2-AG levels Treatment ANOVA 3-5 F (2,10)=0,2019 | p=0.8204
5H AEA levels Treatment Unpaired t-test 6 t=2.556 df=10 p=0.0286
51 AEA levels Treatment Unpaired t-test 8-10 t=2.171 df=16 p=0.0453
. Two-way _ _
6A 2h food intake Genotype ANOVA 8-18 F(1,78)=0.111 p=0.739
. Two-way _
6A 2h food intake Treatment ANOVA 8-18 F (2, 78) =20.37 | p<0.0001
. . Two-way _ _
6A 2h food intake Interaction ANOVA 8-18 F(2,78)=6.288 | p=0.0029
6B 1h food intake Genotype Unpaired t-test 8-14 t=2.902 df=20 p=0.0088
6C 2h food intake Treatment Paired t-test 8 t=0.1839 df=7 p=0.859




Table S4. Statistical analyses for supplemental figures.

. . Factor . Degree of freedom
Figure | Dependent variable(s) Analyzed Analysis n & E/UR etc value P value
S1B Distance from ventricle Group Kruskal-Wallis | 3914 p<0.0001
test cells
Si1cC Slope of the lines Group Lmeqr 3914 F=1.185e+014 dfn=3 | p<0.0001
regression cells
S3A POMC AP firing Treatment | Paired t-test Cle}; t=0.0793 df=116 | p=0.9369
Change in Em under 41-
S3B g Group Unpaired t-test 37 t=5.244 df=76 p<0.0001
RAPA cells
s3g | GAPS@INNg vsPOMC 1 ¢ elation Linear 18 R?=0.4008 p=0.0048
size Regression cells
AP firing change (%) vs . Linear 18 o _
S3F POMC size Correlation Regression cells R<=0.5256 p=0.0007
% of Rictor expression in . _ -
S5B POMC neurons Genotype Unpaired t-test 4 t=61.38 df=6 p<0.0001
% c-Fos in mCherry- . _ _ _
S5E POMC positive neurons Treatment Unpaired t-test 2-4 t=3.774 df=4 p=0.019
% of p-S6 in mCherry
S5F and c-Fos positive Treatment Unpaired t-test 2-4 t=46.60 df=4 p<0.0001
POMC neurons
S5G 2h food intake Treatment Paired t-test 6 t=0.03704 df=5 p=0.9719
S5H 2h food intake Treatment Paired t-test 7 t=3.090 df=6 p=0.0214
. One-way _
S6A 2h food intake Treatment ANOVA 6-23 F(7,67)=7.475 p<0.0001
S6B AEA levels Treatment Unpaired t-test 6 t=0.183 df=10 p=0.8584
. One-way _ _
STA 2h food intake Treatment ANOVA 6-8 F (3,25)=0.770 p=0.5217
. One-way F (3, 25) =5.000 p=0.0075
S7B 24h food intake Treatment ANOVA 6-8
S7C mIPSC frequency Treatment Paired t-test cilols t=2.609 df=9 P=0.0283
S7D mIPSC frequency Treatment Paired t-test ciﬁs t=1.511 df=11 P=0.159
10-
S7E Change mIPSC Genotype Unpaired t-test 12 t=2.272 df=20 P=0.0343

cells




Supplemental Figure Legends

Figure S1. Analysis of the distribution of the different POMC subpopulations in the
hypothalamic ARC, Related to Figure 1. (A) Rostro-caudal distribution of different POMC
subpopulations in C57BL/6J mice, expressing or not GABAergic and glutamatergic markers. (B)
All subpopulations differ significantly concerning distance from the ventricle irrespective of
rostro-caudal position, as determined by a Kruskal-Wallis test. (C) Linear regression was applied
to each individual subpopulation. Slope parameters for all POMC neurons (black, R?=0.01,
p=1.44*10"1%), for glutamatergic POMC neurons (red, R?=0.09, p=2.06*10"%) and for
GABA/GLUT POMC neurons (orange, R?=0.007, p=3.21*107) differ significantly from 0. For
data in A-C, brains from 4 C57BL/6J mice were analyzed. (D) Representative FISH images
illustrating AgRP and POMC mRNA colocalization in the ARC of adult POMC-CreER™-Ai6
mice (n=2 mice). Scale bar in A is 100um, scale bar in D is 50um and 25um for smaller inset.

*p<0.05; ***p<0.001.V: 3" ventricle. For statistical analysis see Table S4.

Figure S2. POMC GABAergic, glutamatergic and GABA/glutamatergic neurons have
specific gene expression profile, Related to Figure 1. Neurotransmitter type-specific single cell
transcriptome profiling of hypothalamic Pomc* neurons. The heat map illustrates top rank 100
genes differently expressed in each Pomc™ neurotransmitter-determined group (GABA, GLUT
and GABA/GLUT, indicated by green rectangle). Left to heatmaps — p values for log transformed

data, group of interest vs other 2 groups; right — gene names.

Figure S3. Differential response of POMC neurons to mTORCL1 blockade depending on

their neurotransmitter type, Related to Figure 2. (A) Taking all analyzed POMC neurons



together (n=117 cells), RAPA perfusion has no significant effect on cell firing. (B) Effect of
RAPA treatment on cell membrane potential in POMC RAPA®! neurons (+2.13 + 0.43 mV, n=37
cells) and in POMC RAPA™ neurons (-1.23 + 0.46 mV, n=41 cells). (C,D) Representative
images (Z-stack 3D-reconstruction) of a recorded POMC neuron (C) and a hippocampal CA1
pyramidal cell (D). When running the immunofluorescence protocol in absence of the primary
antibody anti-GAD65/67, POMC cells do not exhibit GAD signal within the cell surface (C),
some background signal can still be observed; CAL pyramidal cells (glutamatergic cells), which
were used as negative control, do not have GAD staining (D). (E,F) POMC neurons capacitance
negatively correlates with GAD spots quantity (E) and with the change in action potential firing
induced by RAPA perfusion (F) (n= 18 cells). Scale bar in C and D is 3um. Data are mean *

SEM. ***p<0.001. For statistical analysis see Table S4.

Figure S4. Pharmacological strategies used to characterize the nature of light-evoked
POMC inputs on parvocellular neurons, Related to Figure 3. Neurotransmission
classification (mixed GABA/Glut, pure GABA and pure Glut) was made after perfusion of
picrotoxin to block GABAA related currents (A) or of NBQX/APV to block AMPA/NMDA

receptors mediated currents (B).

Figure S5. Expression of rictor protein in hypothalamic POMC neurons and
characterization of DREADD strategy to activate hypothalamic POMC neurons, Related to
Figure 4. (A, B) Representative images illustrating rictor (red) protein staining in POMC-
expressing neurons (green) in the ARC of POMC-Rictor-KO and control littermates (A) and

related quantification (B) (n=4 mice per group). Scale bar in A 50 um; 5 um for smaller inset.



(C) POMC neurons in the ARC (green) express mCherry-labelled DREADD (red, arrowheads).
Scale bar in C: 25 um. (D-F) Representative images (D) from the ARC of POMC-ARCM3Pd
mice treated with CNO or its vehicle and related quantification of c-Fos expression (green, E)
and phosphorylation of S6 (p-S6, purple, F) in POMC mCherry-positive neurons (red) (n=2-4
mice per group). Scale bar in D: 50 um; 10 um for smaller inset. (G) Acute ip injection of CNO
does not alter refeeding response in POMC-ARC™3PA mice having received an icv
administration of DMSO (vehicle used for RAPA) (n=6 mice per group). (H) Acute ip CNO
injection does not alter RAPA-induced hyperphagia in POMC-ARC"™3Pd_control littermates that
do not express the Cre recombinase (n=7 mice per group). Data are mean £ SEM. *p<0.05 and

***n<0,001. V: 3" ventricle. For statistical analysis see Table S4.

Figure S6. Effect of the a-MSH analog MTII on food intake and hypothalamic AEA levels,
Related to Figure 5. (A) Dose-response effect of an icv administration of MTII on 2h refed
C57BL/6J mice (n=6-23 mice per group; 3 experiments pooled together). (B) Hypothalamic AEA
content in refed C57BL/6J mice treated with MTII (0.02 pg, icv) or its vehicle (n=6 mice per
group). Data are mean £ SEM. *p<0.05; **p<0.01; ***p<0.001. For statistical analysis see Table

S4.

Figure S7. Evaluation of GABAergic transmission in POMC-CB:-KO and of genetic
deletion of vGlut2 in POMC neurons, Related to Figure 6. (A, B) Dose-response effect of an
icv administration of the GABAA receptor antagonist picrotoxin (Ptx) in 2h refed C57BL/6J mice
(n=6-8 mice per group). (C-E) Effect of the CB1R agonist WIN55-212 on miniatures inhibitory

post-synaptic currents (mIPSC) frequency of parvocellular neurons of the PVN of POMC-CB:-



Control (C, n=10 cells) and -KO littermates (D, n=12 cells); (E) Change in mIPC frequency
under WIN (n=10-12 cells). (F) Representative images of the co-expression of Zsgreenl (green)
and POMC (red) in POMC-CreER™-Ai6 mice to demonstrate appropriate recombination in the
ARC after tamoxifen (TAM) administration (4 mice per group). (G) Representative PCR
showing deletion of vGlut2 in hypothalami of POMC-vGlut2-KO mice. Note the excision
fragment obtained at 700bp in the KO after tamoxifen administration. Data are mean + SEM.

*p<0.05, **p<0.01. Scale bar in F: 100pum; V= 3" ventricle. For statistical analysis see Table S4.
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Figure S1, related to Figure 1
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Figure S2, related to Figure
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Figure S3, related to Figure 2
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Figure S4, related to Figure 3

A
fuII blockade = pure GABA
>. —— partial blockade = mix GABA/Glut
no blockade = pure Glut
B

OLED

full blockade = pure Glut

NBQX —— partial blockade = mix GABA/Glut

APV \
no blockade = pure GABA




Figure S5, related to Figure 4
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Figure S6, related to Figure 5
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Figure S7, related to Figure 6
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