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To my grandpa

A mon papi

« La seule trace qui vaille est celle qu'on se crée,

a la pointe extréme de ce qu'on peut. »

A. Damasio,
La Horde du Contrevent
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Résumé de these en francais

Introduction

La douleur chronique, définie comme une douleur persistante ou récurrente de plus de trois
mois, affecte 30% de la population francaise. Cette expérience sensorielle désagréable
détériore significativement la vie des patients et peut devenir invalidante. Il est en effet
fréquent que les patients douloureux chroniques développent des troubles de I’lhumeur ou
anxieux, tel qu’un trouble dépressif majeur ou un trouble anxieux généralisé. Cette
comorbidité touche entre 30% et 80% des patients atteints de douleur chronique suivant le
type de douleur considéré, faisant de cette derniére I'un des facteurs de risque pour le
développement de troubles émotionnels. De plus, ces troubles semblent aggraver la sensation
de douleur chez les patients souffrant de douleurs chroniques. Cette forte comorbidité
complique grandement le diagnostic ainsi que le choix de stratégies thérapeutiques.

Au cours des deux derniéres décennies, de nombreux modeles rongeurs ont été développés
afin de modéliser et étudier la comorbidité entre douleur chronique et troubles émotionnels.
Si ces modeles ont permis de mieux décrire les mécanismes neurobiologiques impliqués dans
ce phénomene clinique grave, les circuits neuronaux sous-tendant le développement et le
maintien des troubles émotionnels induits par la douleur chronique restent encore
majoritairement inconnus. Au sein de notre équipe, nous utilisons un modele de douleur
neuropathique, qui est une douleur causée par une lésion ou maladie du systéme nerveux
somatosensoriel. Ce dernier consiste en I'implantation d’'un manchon en polyéthyléne autour
de la branche principale du nerf sciatique. Ce modele, dit du « cuff », induit non seulement
une hypersensibilité mécanique apres la chirurgie, mais provoque également des symptémes
de types anxiodépressifs. Ces symptomes somatosensoriels et émotionnels suivent une
chronologie précise et similaire a celle retrouvée chez des patients douloureux, a savoir dans
un premier temps le développement de I’hypersensibilité mécanique, suivi par I'apparition de
symptome anxieux, puis de symptoémes dépressifs, lesquels subsistent apres la disparition de
la composante somatosensorielle.

De nombreuses études, réalisées ces derniéres années chez ’'Homme ou dans des modeéles
animaux, ont mis en lumiére des structures cérébrales impliquées dans la douleur chronique,
les troubles émotionnels, mais également leur comorbidité. Parmi ces structures, le cortex

cingulaire antérieur (CCA) joue un réle crucial dans la physiopathologie de la douleur



chronique et des troubles anxiodépressifs. C’'est en effet I'un des principaux modulateurs du
systeme régulant les émotions. Par exemple, chez des patients atteints de douleurs
chroniques associées a des troubles dépressifs, une stimulation magnétique transcranienne
ou une ablation chirurgicale du CCA ont amélioré les symptomes résultant des deux
pathologies. Au niveau fondamental, notre équipe a d’ores et déja confirmé le role primordial
joué par le CCA dans le contréle émotionnel: 1) chez des souris naives, l'activation
optogénétique des cellules pyramidales glutamatergiques du CCA est suffisante pour
déclencher des comportements de type anxiodépressifs ; 2) dans notre modele murin du cuff,
une lésion ou une inactivation optogénétique du CCA contrecarrent les symptomes
anxiodépressifs sans affecter I'allodynie mécanique. Ces résultats ont ainsi mis en évidence le
réle majeur du CCA dans les conséquences émotionnelles de la douleur chronique.
Cependant, ces comorbidités ne dépendent pas d’une seule structure cérébrale, mais sont des
pathologies dites de réseau. En effet, I'altération du CCA provoquée par la douleur chronique
peut ensuite se « propager » aux structures qu’il contacte. Afin de mieux comprendre et
décrire ce phénomene, grace a des techniques de tracage et d’imagerie cérébrale chez le
rongeur, notre équipe a commencé a étudier le connectome du CCA et a ainsi mis en évidence
des efférences du CCA potentiellement impliquées dans le développement des conséquences
émotionnelles de la douleur chronique. Notamment, une connexion entre le CCA et I’habénula
latérale (HbL) semble pouvoir jouer un réle important dans la comorbidité entre douleur
chronique et troubles émotionnels. Notamment, il a été démontré que I'HbL est impliquée
dans des processus aversifs et qu’une altération de son activité participe au développement
de symptomes dépressifs, y compris induits par une douleur chronique.

Ma these s’est donc déroulée dans ce cadre conceptuel, visant a caractériser la voie cingulo-
habénulaire dans les conséquences émotionnelles de la douleur chronique chez la souris. Dans
un premier temps nous avons évalué si la voie cortico-habénulaire (CCA-HbL) participait au
développement de la comorbidité entre douleur chronique et troubles émotionnels. Dans un
second temps, nous avons cherché a savoir si les altérations moléculaires observées au sein
de cette voie pouvaient étre impliquées dans les changements neuro-adaptatifs et
comportementaux observés.

Pour répondre a ces questions, nous avons combiné des outils optogénétiques, d’'imagerie
calcique (par la technique de « fiber photometry ») et de biologie moléculaire et avons défini

3 grands objectifs :
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1) étudier I'impact de la manipulation de la voie CCA-HbL sur les comportements émotionnels
et nociceptifs ;
2) caractériser I’activité des neurones du CCA projetant vers I'HbL ;

3) identifier des modifications transcriptomiques des neurones du CCA projetant vers I’'HbL.

Ftude de I'impact de la manipulation optogénétique de la voie CCA-HbL sur les
comportements émotionnels et nociceptifs

La premiere étape de ce travail de thése a été de caractériser comportementalement le role
de la voie CCA-HbL dans les réponses nociceptives et émotionnelles. Pour cela, nous avons
utilisé une approche optogénétique consistant en I'expression d’opsines (des protéines photo-
activables), par [lintermédiaire de vecteurs viraux, permettant soit ['activation
(channelrhodopsine — ChR2) soit I'inhibition (archéorhodopsine — Arch) lors d’une stimulation
lumineuse. Lors de nos expériences nous avons opté pour une stratégie virale rétrograde
permettant la manipulation optogénétique des neurones du CCA-projetant a I'HbL. Nous
avons ensuite évalué I'effet de la manipulation de la voie CCA-HbL sur la douleur, I'anxiété et
la dépression grace a une batterie de tests comportementaux incluant des tests d’allodynie
mécanique (filaments de von Frey), d’aspect aversif d’une douleur persistante (évitement en
temps réel, conditionnement de préférence de place) et des tests d’anxiété et de dépression
(test du clair-obscur, test d’hyponéophagie, test de nage forcée), chez des souris libres de
leurs mouvements. L’inhibition neuronale a eu lieu chez des souris neuropathiques et
contréles avec une stimulation unique (continue, 5 min). Nous avons ainsi montré que
I'inhibition de la voie CCA-HbL suffisait a prévenir les comportements de type dépressifs, mais
pas douloureux, provoqués par une douleur chronique. Afin de mieux comprendre le réle de
cette voie dans les troubles émotionnels, nous avons également utilisé un modele murin de
stress chronique léger. De facon surprenante, la méme manipulation de la voie CCA-HbL n’a
pas impacté les conséquences émotionnelles provoquées par le stress chronique, suggérant
ainsi que la voie CCA-HbL est spécifique aux troubles anxiodépressifs induits par une douleur
chronique.

Nous nous sommes ensuite demandé si I’activation de cette voie chez des animaux naifs, ne
présentant pas de douleur, était suffisante pour induire des comportements de type
anxiodépressifs. Une stimulation unique n’a provoqué aucune réponse comportementale.

Cependant, il est connu que I'apparition de troubles de type anxiodépressifs suite a une
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douleur chronique est progressive. Une activation unique n’étant potentiellement pas
suffisante, nous avons alors choisi de tester |'effet de stimulations répétées, soit une
stimulation de 30 minutes par jour durant quatre jours consécutifs. Les tests
comportementaux ont été réalisés a la suite de ce protocole et sans stimulation. Cette
activation chronique de la voie CCA-HbL a déclenché quant a elle des comportements de type
anxieux et dépressifs chez des animaux naifs. Ces résultats viennent confirmer I'implication
de la voie CCA-HbL dans les processus émotionnels et suggerent qu’une plasticité est mise en
place par notre protocole de stimulation chronique qui provoquerait en conséquence des
comportements de type anxiodépressifs. Ceci reste cohérent avec nos résultats dans le
modele neuropathique, dans lequel les comportements de type anxiodépressifs mettent
plusieurs semaines a se mettre en place, a I'instar de I'hyperactivité du CCA, ce qui suppose

également une plasticité du CCA.

Caractérisation de 'activité des neurones du CCA projetant vers I'HbL

La seconde étape de ce projet de thése a été de caractériser I'activité globale des neurones
du CCA projetant vers I’'HbL dans notre modele neuropathique en regard de I'activité totale
des neurones du CCA. Pour ce faire, nous avons utilisé une approche d’imagerie calcique in
vivo consistant en I’expression de biosenseurs calciques par I'intermédiaire de vecteurs viraux.
Cette technique, appelée « fiber photometry », permet de mesurer les fluctuations de
calcium, considérées comme un reflet de I'activité neuronale, via une fibre optique implantée
a demeure et des biosenseurs calciques qui émettent de la fluorescence lorsqu’ils sont au
contact d’ion calcium. Afin de cibler la totalité des neurones du CCA et également les neurones
du CCA projetant vers I’'HbL, nous avons utilisé une stratégie virale double, avec d’une part
I'injection d’un virus rétrograde dans I'HbL, et d’autre part I'injection d’un virus local dans
I’ACC. Les virus permettent chacun |'expression de biosenseurs calciques différents
(GCaMP6m et jJRGECO1a) avec chacun une longueur d’onde d’excitation et une fluorescence
spécifique, afin de pouvoir enregistrer les deux signaux chez les mémes animaux. Les animaux
neuropathiques et controles ont été enregistrés lors des tests comportementaux décrits
précédemment (filament de Von Frey, test du clair-obscur, test d’hyponéophagie). L’analyse
des fluctuations de calcium au sein de I'ensemble des neurones du CCA mais aussi, plus
spécifiguement, des neurones CCA projetant a I'HbL nous permettra d’évaluer si cette

derniere population joue un role particulier dans les comportements susmentionnés. De plus,
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la comparaison des fluctuations calciques entre animaux neuropathiques et contrdles nous
permettra de mieux comprendre les mécanismes cellulaires sous-tendant le développement
des troubles émotionnels provoquées par la douleur au sein de la voie CCA-HbL. Toutes ces

expériences sont en cours et devraient se terminer courant mars 2023.

Caractérisation moléculaire des neurones du CCA projetant vers I’'HbL

A la suite de notre caractérisation comportementale, nous avons cherché a étudier I'impact
de la comorbidité entre douleur chronique et troubles anxiodépressifs sur I'expression des
génes dans les neurones du CCA projetant a I’'HbL. Pour caractériser la signature moléculaire
des neurones du CCA projetant vers I’ACC, nous avons utilisé la technique de « viral Translating
Ribosome Affinity Purification » (VTRAP). Cette technique repose sur le marquage génétique
de la protéine ribosomale Rpl10a et I'immunopurification des ribosomes d’un type cellulaire
spécifique de facon a ne récupérer que les ARN messagers en transcription. lci, un vecteur
viral exprimant des protéines Rpl10a marquée avec la protéine mCherry a été injecté dans
I'HbL et transporté de maniere rétrograde pour immunoprécipiter uniquement les ribosomes
des neurones du CCA projetant vers I'HbL. Ces ribosomes ont été traités pour I'extraction
d’ARN et les ARN en transcription ont ensuite été analysés grace a du séquencage ARN a haut
débit. La comparaison des ARN de souris neuropathiques et controles nous permettent
d’identifier les altérations transcriptomiques conséquentes a une douleur chronique associée
a des troubles émotionnels (en cours). Nous allons pour ce faire effectuer différentes analyses.
La premiére méthode est celle du Gene Set Enrichment Analysis (GSEA) qui permet d’identifier
des classes de genes et des réseaux ontologiques représentés différemment entre nos deux
conditions (contrdles et neuropathiques). Ensuite, nous utiliserons une approche de biologie
des systémes, c’est-a-dire une analyse des réseaux de co-expression de genes qui permet de
comparer la signature de I’expression génique de deux échantillons. Cette seconde approche
nous permettra d’évaluer quels sont les génes conservés ou non entre le transcriptome
complet du CCA et le transcriptome caractéristique des neurones du CCA projetant a I'HbL,
afin d’identifier des genes spécifiqguement dérégulés dans la voie CCA-HbL chez nos animaux
neuropathiques, qui devraient étre confirmés par PCR d’ici la soutenance de thése (en cours).
Ces résultats nous permettraient par la suite de sélectionner un gene cible et de le manipuler
dans notre modele du cuff afin d’établir un lien causal entre les modifications moléculaires

observées et les troubles émotionnels induits par une douleur chronique.
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Conclusion

Ce travail de thése a permis de mettre en évidence le role important joué par la voie CCA-HbL
dans les comportements émotionnels, notamment a la suite d’une douleur chronique. En
effet, de maniere intéressante l'inhibition de la voie CCA-HbL n’a un effet sur les
comportements émotionnels que dans notre modeéle de douleur neuropathique, mais pas
dans un modele de stress chronique. De plus, bien que I'HbL soit impliquée dans les processus
nociceptifs, il semblerait que I'inhibition des neurones projetant vers cette derniére n’ait
aucun impact sur la réponse nociceptive. |l est probable que les neurones de la voie CCA-HbL
soient soumis a une plasticité, étant donné qu’une stimulation unique de ces derniers ne suffit
pas a évoquer des comportements de type anxiodépressif, a l'inverse d’'un protocole
chronique. L'étude de I'activité des neurones du CCA projetant vers I’'HbL nous permettra de
caractériser fonctionnellement de facon plus poussée la voie CCA-HbL. Enfin, les données
transcriptionnelles obtenues nous permettront d’apporter un lien de causalité entre la
dérégulation de genes cibles et les conséquences émotionnelles de la douleur chronique.

Ce projet de thése aura été I'occasion de caractériser pour la premiére fois la contribution de
la voie CCA-HbL dans les conséquences émotionnelles de la douleur chronique, et ce de facon
comportementale, fonctionnelle et transcriptionnelle, placant ainsi cette voie dans la
circuiterie de la comorbidité entre douleur chronique et troubles émotionnels. Les résultats
de ce projet de these feront I'objet d’un article scientifique. Ce dernier est en cours d’écriture

et nous espérons pouvoir le soumettre d’ici la fin de cette these.
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Pain
“An unpleasant sensory and emotional experience associated with, or

resembling that associated with, actual or potential tissue damage."

Notes

o Pain is always a personal experience that is influenced to varying degrees by
biological, psychological, and social factors.

o Pain and nociception are different phenomena. Pain cannot be inferred
solely from activity in sensory neurons.

o  Through their life experiences, individuals learn the concept of pain.
o A person’s report of an experience as pain should be respected.*

o  Although pain usually serves an adaptive role, it may have adverse effects on
function and social and psychological well-being.

o Verbal description is only one of several behaviors to express pain; inability
to communicate does not negate the possibility that a human or a
nonhuman animal experiences pain.

Etymology
Middle English, from Anglo-French peine (pain, suffering), from Latin poena
(penalty, punishment), in turn from Greek poiné (payment, penalty, recompense).

*The Declaration of Montréal, a document developed during the First
International Pain Summit on September 3, 2010, states that “Access to pain
management is a fundamental human right.”

Figure 1. IASP revised definition of pain (Raja et al., 2020)
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General Introduction

Pain & Nociception

Pain is defined in the Oxford Dictionary as “the feelings that you have in your body when
you have been hurt or when you are sick”. This definition is well known by the general
public and raises two interesting points: the concept of feelings, something that you feel
through the mind or through the senses and the fact that pain arises in abnormal
situations. However, this definition does not account for the valence of these feelings,
which is central in pain. On the other hand, in clinical settings, the International
Association for the Study of Pain (IASP) used to define pain as an “unpleasant sensory and
emotional experience associated with actual or potential tissue damage, or described in
terms of such damage” (Bonica, 1979). Pain is thus distinct from nociception, defined as
the neural process of encoding noxious stimuli (IASP), which solely relies on peripheral
nociceptors-mediated detection of potentially damaging stimuli; whereas pain is a
conscious concept. Nociception can thus occur without pain sensation and vice versa.
Interestingly, compared to the more general dictionary definition, in the IASP definition
the somatosensory discriminative and emotional components of pain are clearly
separated. After 40 years of status quo, this definition was recently revised to take into
consideration nuances and complexity of pain. Indeed, pain is now defined as “an
unpleasant sensory and emotional experience associated with, or resembling that
associated with, actual or potential tissue damage” (Raja et al., 2020). This definition is
now accompanied by key notes to provide a better context (Figure 1) and be more
inclusive. It was brought by a multinational task force and relies partly on reviews and
essays to reconsider the definition of pain. Within the proposed revisions, Cohen et al.
(2018) offered the following: “Pain is a mutually recognizable somatic experience that
reflects a person’s apprehension of threat to their bodily or existential integrity”. Although
this definition does not account for several important points of the current definition of
pain, in particular the different components of pain, it highlights the primal survival value
of acute pain, which is supposed to be a red flag for an underlying condition (i.e., actual

or potential tissue damage) and usually disappears with it.
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Chronic pain

: : : (Chronic secondary
Chronic primary pain pain syndromes)

Chronic widespread pain Chronic cancer-related pain
Chronic postsurgical or
Complex regional posttraumatic pain
pain syndrome
Chronic neuropathic pain
Chronic primary headache
or orofacial pain Chronic secondary headache

or orofacial pain pain

Chronic primary
visceral pain Chronic secondary
visceral pain

L

Chronic primary Chronic secondary
muscoskeletal pain 3

Top level diagnosis [ 1% level diagnosis ]

Figure 2. ICD-11 classification of chronic pain. Adapted from
Treede et al. (2019)

Chronic neuropathic pain

Chronic peripheral Chronic central
neuropathic pain neuropathic pain

Trigeminal neuralgia Chronic central neuropathic
pain associated with spinal
cord injury
Chronic neuropathic pain

after peripheral nerve injury
Chronic central neuropathic

pain associated with brain

Painful polyneuropathy njury

Chronic central neuropathic
Postherpetic pain associated with
neuralgia multiple sclerosis

Painful Chronic central
radiculopathy post-stroke pain
Top level diagnosis 2" |evel diagnosis [ 3 level diagnosis ]

Figure 3. ICD-11 classification of chronic neuropathic pain.
Adapted from Scholz et al. (2019)
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Chronic pain
While acute pain is usually considered as a symptom of another condition (e.g.,
sickness or injury) and has an evolutionary significance in terms of survival because it
serves to avoid and/or limit potential threats to one’s own integrity, chronic pain does
not seem to have any survival value. Chronic pain may arise because the condition that
caused it cannot be treated correctly, but also when the treatments were successful.
To describe chronic pain, a solely temporal criterion was chosen, and it is nowadays
defined as a pain that lasts or recurs for more than 3 months. The World Health
Organization (WHO) International Classification of Diseases (ICD) classifies pain
conditions into chronic primary and chronic secondary pain syndromes based on IASP
systematic classification (Treede et al., 2019, 2015). Chronic primary pain is considered
as a disease in itself and encompasses numerous pain syndromes, (e.g., chronic
widespread pain, complex regional pain syndrome, etc.). On the other hand, chronic
secondary pains are conceived as symptoms to other medical conditions and include
cancer-related, postsurgical/posttraumatic, neuropathic, secondary
headache/orofacial, secondary visceral and secondary muscoskeletal pain (Figure 2)
(Treede et al., 2019). When the pain becomes chronic, it usually is either a core or
leading complaint from patients, which makes it a debilitating condition. The weight
on the patients’ health and quality of life can be overwhelming, which in turns becomes
a massive socio-economic burden to society (Phillips and Harper, 2011), especially
when considering that about an estimated 20% of the world population is affected by

it (Global Burden of Disease Study 2013 Collaborators, 2015).

Neuropathic pain
Although ICD classification is mainly based on the variety in aetiologies and severities
of pain conditions and the need for treatment strategies specificity (Treede et al.,
2019), these different pain conditions are usually divided into two types of pain based
on their aetiology: nociceptive pain and neuropathic pain (Cohen and Mao, 2014;
Kosek et al., 2016; Treede et al., 2008). Nociceptive pain is characterised by actual or
potential non-neural tissular damage and due to activation of nociceptors (e.g.,

inflammatory pain), while neuropathic pain occurs after a lesion or a disease affecting
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Neuropathic pain

Positive symptoms Negative symptoms
Mechanical
hypoesthesia

Thermal
hypoesthesia

‘f Paresthesia

\Pa roxysmal

Temporal
summation

Dynamic
mechanical

allodynia
Y Mechanical

hypoalgesia

Mechanical
hyperalgesia

OrE

Thermal
hypoalegsia

Heat
hyperalgesia

Cold
hyperalgesia

Figure 4. Symptoms of chronic neuropathic pain. Positive symptoms refer
to a gain of somatosensory function and negative symptoms to a loss of
somatosensory function.
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the somatosensory nervous system. This classification into nociceptive and
neuropathic pain has been criticised, largely because it overlooks dysfunctions to the
nervous system without confirmed activation of nociceptors, which are present in pain
groups such as fibromyalgia patients (Kosek et al., 2016).

Chronic neuropathic pain is estimated to affect 7-10% of the world population,
contributing greatly to the global burden of disease (van Hecke et al., 2014). It can be
divided in two main categories, peripheral and central (Gierthmuhlen and Baron, 2016;
Scholz et al., 2019), which are further classified into different subtypes based on the
cause of the neuropathy (Figure 3; ICD-11). Another division could be done based
solely on the cause of the neuropathic pain, i.e., whether it arises from a lesion of the
nervous system (e.g., spinal cord -SC- or brain injury) or due to a disease (e.g., diabetes,
multiple sclerosis, herpes, etc.) (Scholz et al., 2019). In chronic neuropathic pain, a
diverse range of somatosensory symptoms can be described, classified in negative
symptomes, i.e., loss of somatosensory function, and positive symptoms, i.e., gain of
somatosensory function (Figure 4) (Gierthmiihlen and Baron, 2016). Negative
symptoms are always evoked by a stimulus, while positive symptoms can be either
spontaneous or evoked. Negative symptoms encompass mechanical and thermal
hypcesthesia, which correspond to reduced perception/sensation to mechanical or
cold/warm stimuli respectively; and mechanical and thermal hypoalgesia correspond
to reduced sensation to painful mechanical stimuli/blunt pressure or to painful thermal
stimuli respectively. Positive spontaneous symptoms include paresthesia, i.e.,
nonpainful ongoing sensation described as “pins and needles”, paroxysmal pain, i.e.,
electric shock-like attacks, and ongoing pain, which is often reported as “burning pain”.
Finally, positive evoked symptoms can be divided in three main categories: temporal
summation, dynamic mechanical allodynia and mechanical/cold/heat hyperalgesia.
Temporal summation refers to sharp superficial pain of increasing intensity that is
evoked by repeated painful static mechanical stimuli. Allodynia, defined by IASP as
“pain due to a stimulus that does not normally provoke pain”, corresponds to a painful
response to an ordinarily non-nociceptive stimulus. On the other hand, hyperalgesia
refers to “increased pain to a stimulus that normally provokes pain” (IASP), meaning a
suprathreshold stimulus elicits the same painful response than would usually a lower

threshold stimulus do (Figure 5). Despite this symptomatic diversity, some symptoms
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Figure 5. Schematic diagram illustrating allodynia and hyperalgesia after injury compared
to normal pain. Adapted from Cohen and Mao (2014)

Diagnostic criteria for chronic neuropathic pain

Pain must persist or recur for 2 3 months and fulfil at least criteria A
and D below. Criteria B and C increase the level of diagnostic
certainty.

A. The pain is characterised by both of the following:
A.1. History of relevant neurological lesion or disease
A.2. Pain distribution neuroanatomically plausible

B. Pain is associated with sensory signs in the same
neuroanatomically plausible distribution

C. Diagnostic test confirming a lesion or disease of the somatosensory
nervous system explaining the pain

D. Not better accounted for by another diagnosis of chronic pain

Comments

Negative or positive sensory signs consistent with the distribution of the pain
may be sufficient to indicate the presence of a lesion or disease of the peripheral
somatosensory nervous system. The clinical examination may be supplemented
by laboratory tests, e.g., quantitative sensory testing.

Figure 6. Diagnostic criteria used for chronic neuropathic pain (IASP)
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are prominent in neuropathic pain patients. For instance, around 15-20% of patients
present allodynia and hyperalgesia (Jensen and Finnerup, 2014). Mechanical allodynia
and hyperalgesia are present in three types based on the nature of the stimulus:
dynamic (e.g., brush), punctate (e.g., filament, pinprick) and static (pressure); while
thermal allodynia and hyperalgesia are usually divided between cold and heat (Jensen
and Finnerup, 2014).

These somatosensory symptoms are accompanied by a range of sleep and psychosocial
comorbidities, which complicates the understanding of the pathophysiology of this
disease and the treatments strategies. In addition to the 3 months threshold for
chronic pain, criteria used for diagnosis of chronic neuropathic pain are as follows: the
pain is characterized by a history of neurological lesion or disease; the pain distribution
is neuroanatomically plausible with the cause and is not better accounted for by
another diagnosis of chronic pain. Additional criteria can increase the certainty of
diagnosis (Figure 6; IASP).

Current pharmacological treatments for chronic neuropathic pain comprise first-,
second- and third-line treatments and focus on the treatment of symptoms. First-line
treatments encompass anticonvulsants -gabapentin or pregabalin-, and classical
antidepressant, such as tricyclic antidepressants (TCAs) -nortriptyline or desipramine-
and selective serotonin noradrenaline reuptake inhibitors -duloxetine or venlafaxine.
Second line and third line treatments include lidocaine, capsaicin, tramadol or
tapentadol, and strong opioids and botulinum toxin type A respectively (Attal et al.,
2010; Colloca et al., 2017; Dworkin et al., 2007; Finnerup et al., 2021, 2015). Non-
pharmacological treatments such as neuromuscular or neuronal stimulations can also
be found in clinical settings, but either as auxiliary therapies or in the case of ineffective

drug treatment.

The study of pain in rodents
One of the important things to consider when looking at chronic pain in animals is the
definition of chronicity. While in patients the usual timepoint used to classify pain as
chronic is three months, it is not possible to just apply the same timepoint to animal
models, mainly because of the biological disparities between humans and rodents.

Nowadays, most chronic pain rodent models rely on what we could call persistent pain.
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In the case of chronic inflammatory pain models, such persistence is usually attained
with a unique long lasting (>3 weeks) injection of an inflammatory agent (e.g.,
Complete Freund’s Adjuvant - CFA). On the other hand, for chronic neuropathic pain,
specifically in injury models, it is considered that the pain is persistent, thus chronic,
because the injury itself is not healed (Kremer et al., 2021).

One must also be careful when considering pain in animal models. Indeed, as stated
earlier, the sensation (nociception) and its interpretation (pain) are two different
components that, although closely related, are still distinct. The assessment of pain in
patients relies mainly on verbal evaluations, which is not possible in animals.
Therefore, all the tests used to evaluate “pain” in rodents are indeed nociceptive tests
that do not rely on the interpretation of a stimulus (Kremer et al., 2021). All nociceptive
tests are thus based on reflexes, but their interpretation in the literature is often
confusing. Indeed, a lot of articles often refer to increased sensitivity measured by
reflexes’ means as allodynia, although the definition of allodynia involves a painful
component that is not quantifiable in rodents. However, nociceptive tests used in
rodent studies cover both thermal and mechanical components, with even a
differentiation between dynamic (e.g., brush test) and punctate (e.g., von Frey
filaments) mechanical sensitivity (Kremer et al., 2021), which still makes them a good
output compared to pain observed in humans. Changes in one of the components
should therefore be mentioned as thermal or mechanical hypersensitivity rather than
thermal or mechanical allodynia as to not mislead the reader.

To characterise the presence of thermal/mechanical hypersensitivity in pain models,
several nociceptive tests have been developed in rodents and are based either on
thermal or mechanical stimuli (Figure 7) (Barrot, 2012; Kremer et al., 2021).

Tests relying on withdrawal reflexes include the tail flick test (D’amour and Smith,
1941), based on the withdrawal reflex of the tail to a heat beam or a hot bath, while
hot/cold plate tests (Bennett and Xie, 1988; Hunskaar et al., 1985; Woolfe and
Macdonald, 1944) and Hargreaves test (Hargreaves et al., 1988), based on thermal
(hot, cold or laser) stimulation of the paw. Some thermal nociceptive tests rely on the
observation and quantification of nociceptive behaviours, such as the acetone test
(Yoon et al., 1994), which application produces a cold stimulus. Finally, the most

common mechanical nociceptive test is the von Frey test, for which calibrated von Frey
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Figure 7. Schematic representation of tests used for the evaluation of nociceptive

behaviours.

filaments of increasing pressure are applied to the hindpaw of the animal (Chaplan et
al., 1994). This test relies on the pressure threshold needed to elicit a nociceptive

response.

Rodent models of neuropathic pain — The cuff model

During the last decades, several rodent models have been developed to understand
better the physiopathology of chronic neuropathic pain and to improve treatment
strategies (Colleoni and Sacerdote, 2010; Jaggi et al., 2011; Kumar et al., 2018).

It is noteworthy that the vast majority of rodent animal models of neuropathic pain
are traumatic, even though most prevalent chronic neuropathic pain is induced by
diabetes (Kremer et al., 2021; van Hecke et al., 2014). Diabetes- (e.g., streptozotocin-
induced or genetic models), drug- (e.g., chemotherapy or anti-HIV agents), virus-
induced (e.g., HIV or post-herpetic) and bone cancer pain-induced neuropathic pain
models are however also currently used in preclinical settings to understand the
mechanisms underlying different aetiologies of neuropathic pain (Jaggi et al., 2011).
On the other hand, traumatic injury models are usually based on injuries of spinal
nerves (peripheral neuropathic pain), and for a few on injuries of the spinal cord

(central neuropathic pain) (Figure 8) (Kremer et al., 2021). They often rely on the
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Figure 8. Experimental models of neuropathic pain (NP). (1) Chemotherapy induced NP; (2)
chemically induced diabetic NP; (3) bone-cancer pain by injection of cancer cells in the bone
marrow; (4) postsurgical pain by incision of tissues and muscle; (5) chronic constriction of
multiple dorsal root ganglia; (6) L5 spinal nerve ligation; (7) sciatic nerve ligation; (8)
complete axotomy; (9) partial axotomy; (10) chronic constriction injury; (11) sciatic nerve
cuffing (cuff); (12) partial sciatic nerve ligation; (13) tibial nerve transection; (14) spared
nerve injury. The nerve roots’ insertion may vary according to strains, hence the double
numbering on lumbar sections. For diabetes induced NP models, genetic or hypercaloric diet
induced can also be used.
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Figure 9. Cuff implantation on the sciatic nerve (A) induces a heat hypersensitivity in the
ipsilateral paw during the first 3 weeks post-surgery (B) while the mechanical hypersensitivity
is sustained for at least 12 weeks post-surgery (C). Treatment with the tricyclic antidepressant
amitriptyline alleviates the mechanical hypersensitivity (D). Both weight and locomotor
activity are not affected by the cuff. Adapted from Benbouzid et al. (2008a, 2008b)
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transection, ligation, constriction or cuffing of the sciatic nerve (e.g., complete sciatic
nerve transection, partial sciatic nerve ligation, chronic constriction injury or cuffing-
induced sciatic nerve injury models respectively). The most frequently used sciatic
nerve model, the chronic constriction injury model (CCl), originates in the 90s. Bennett
and Xie (1988) designed a model of peripheral mononeuropathy in rats that would
elicit symptoms as seen in humans, which most of the current models at the time failed
to do. The CCl model is produced by loose constrictive ligatures around the common
sciatic nerve, which elicited “hyperalgesia” (i.e., increased sensitivity), “allodynia” (i.e.,
hypersensitivity) and possibly spontaneous pain. However, in this model, there is a
great variation in the neuronal fibre spectrum altered, with different populations and
percentages of fibres affected by the ligation. The cuffing-induced sciatic nerve injury,
also known as the cuff model, was first developed in rat in 1996 (Mosconi and Kruger,
1996) as a mean to fill this reproducibility gap. Implantation of a fixed-diameter
polyethylene tube allows standardising and reducing the variability between studies.

| will now focus more specifically on this model as it is the one used in this thesis work.
Cuffing of the sciatic nerve does produce nociceptive behaviours in rats resembling
that of peripheral nerve injury patients, but also reproducible decrease of axon
numbers, degeneration and inflammatory reaction (Mosconi and Kruger, 1996). This
model was later adapted to C57BL/6J mice in our team (Benbouzid et al., 2008b). We
showed that the cuffing of the right sciatic nerve induces thermal hypersensitivity
during the first three weeks after surgery and mechanical hypersensitivity for at least
12 weeks after induction (Figure 9) (Yalcin et al., 2014). Interestingly, this model does
not induce any locomotor or weight changes, nor hindlimb auto mutilation or
autophagy (Benbouzid et al., 2008b) which can be found in various models of
peripheral neuropathic pain (Zeltser et al., 2000). In addition, it was shown that
treatments generally used for neuropathic pain such as the anticonvulsant gabapentin
or carbamazepine, chronic TCAs nortriptyline, amitriptyline or desipramine, the SNRI
duloxetine, the opioid drug morphine or ketamine suppressed the cuff-induced
mechanical hypersensitivity (Benbouzid et al., 2008b, 2008a; Salvat et al., 2018).
Altogether, it seems that the cuff model is a standardised, reproducible and pertinent

model for the study of neuropathic pain and its treatments.
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Chronic pain and its emotional component and consequences
The definition of pain highlights not only the somatosensory discriminative component of
pain, but also the emotional experience, hence component, of pain. In addition to the
sensory symptoms and the unpleasantness of pain, when pain becomes chronic it is
frequently comorbid with emotional dysregulations, which aggravates the patients’
quality of life, complicates the treatment strategies and often worsen the pain sensation
(Kirsh, 2010). Amongst psychiatric disorders comorbid to chronic pain, anxiety and
depression are the most prevalent (Attal et al., 2010; Means-Christensen et al., 2008).
Indeed, while the development of anxiety and depression in the general population is
close to 20-30% (Santomauro et al., 2021), this prevalence reaches 30 to 80% when
looking at chronic pain patients depending on the type of pain considered (Bair et al.,
2003; de Heer et al., 2014; Demyttenaere et al., 2007; Gureje et al., 2008; Von Korff et al.,
2005; Williams, 2003). On the other hand, around half of patients diagnosed with major
depressive disorder (MDD) report pain problems (Meints and Edwards, 2018; Williams,
2003). This comorbidity is thus even more important to address because the link between
chronic pain and emotional disorders is bidirectional, with each acting as a risk factor for

the other (Bandelow, 2015; Fishbain et al., 1997).

Aversion
The aversiveness of pain, especially in chronic pain patients, is an important factor to
consider, because it might lead to strategies to avoid pain. The desire to avoid pain can
thus be considered a good indicator of the emotional component of pain (Price, 2000).
Aversion refers to a strong feeling of not liking something or someone. Because of its
unpleasantness, painis, in itself, aversive. Even though aversion per se is not a disorder,
it is closely linked to anxiety and depression, and probably precipitates the
development of these disorders. Indeed, neural circuits associated with aversion
present maladaptive changes in anxiety and depression (Chen, 2022). As stated earlier,
pain is not fully assessable in rodents, however, the aversiveness of pain on the other
hand is an output that is measurable and is an indirect factor for the assessment of
pain. Some paradigms have been developed in the last 20 years to assess aversion in

the context of pain (Figure 10) (Kremer et al.,, 2021). The place escape-avoidance
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paradigm (PEAP) relies on the selection of the animal between a safe environment (i.e.,
dark area) associated with mechanical stimuli or an unsafe environment (i.e., lit area)
without mechanical stimuli (LaBuda and Fuchs, 2000). To assess the aversiveness of
thermal stimuli Mogrich et al. (2005), designed a thermotaxis assay, giving the choice
to the animal between two surfaces with different temperatures. In addition, ongoing
pain indirect measure can be achieved with place preference/aversion (CPP, CPA)
paradigms relying on the injection of pain-relieving drug (Barthas et al., 2015), or in the
inflammatory agents respectively (e.g., formalin) (Johansen et al.,, 2001). One
compartment is coupled with the injection of the pain-relieving drug or the
inflammatory agent, while the other is coupled with a saline injection during the
conditioning. On the day of the test, the time spent in each compartment is monitored

to assess the potential aversiveness or preference of the injected solution.

Pain-related aversion tests

PP — gl
] N VAN N
st \
CPA Pain Saline
Habituation (CFA, formalin)  Conditioning Test
Free access Restricted access Free access
PEAP Thermotaxis assay
Light side Dark side

\ 4
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Figure 10. Schematic representation of tests used for the evaluation of aversive
behaviours. CPA, conditioned place aversion; CPP, conditioned place preference; PEAP,
place escape avoidance paradigm.
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Figure 12. Schematic representation of tests used for the evaluation of anxiety-
like behaviours. EPM, elevated plus maze; EOM, elevated zero maze; LD, light-dark

test; NSF, novelty supressed feeding test; OFT, open-field test.
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General Anxiety Disorder

Chronic pain is frequently associated with anxiety, which is a feeling of unease, such as
worry or fear, towards everyday situations or specific items. The Diagnostic and
Statistical Manual of Mental Disorders, Fifth Edition (DSM-V) classifies anxiety
disorders based mainly on their aetiology and specifies 11 different types of anxiety
disorders (Figure 11).

For the scope of this thesis, | will provide a particular focus on generalised anxiety
disorder (GAD). GAD is characterised by excessive anxiety and worry for most days for
at least 6 months. The anxiety/worry is not focused on a single trigger and is not
explained by another mental disorder, and associates with at least 3 symptoms of the
following: restlessness, fatigue, difficulty concentrating, irritability, muscle tension and
sleep disturbances. Finally, the anxiety, worry and/or physical symptoms are causing
significant distress or impairment in the patients’ life (DSM-V).

Treatments for GAD will depend greatly on the severity of the disorder, reflected by
the severity of the symptoms. All GAD patients require psychotherapy, mostly
cognitive behavioural therapy that can be associated with pharmacological treatment.
First-line treatments for GAD are selective serotonin reuptake inhibitors (SSRIs) -
sertraline, escitalopram or paroxetine- followed by SNRIs -duloxetine or venlafaxine-,
and the anticonvulsant pregabalin. Benzodiazepines -diazepam- are usually used for
short-term treatment during severe periods of anxiety when all the aforementioned
treatments are unresponsive (Bandelow et al., 2017). Anxiety-like behaviours are well
characterised in rodent models and several tests are routinely used. These tests
present a good predictive validity as they respond to anxiolytic drugs. They rely on the
innate behaviour of rodents, which tend to avoid open and lit areas for the profit of
closed dark ones, offering more security. Therefore, tests currently used in lab settings
are the open-field test, elevated mazes, light-dark box (Crawley and Goodwin, 1980).
In addition, tests based on avoidance behaviours, such as social interaction or marble
burying, are also used as they are considered to represent a good output of anxiety-

like behaviours (Figure 12) (Kremer et al., 2021).
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Figure 13. ICD-11 classification of mood disorders.
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Figure 14. Schematic representation of tests used for the evaluation of
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Major Depressive Disorder
Like anxiety disorders, depression is often associated with chronic pain and falls within
the mood disorders. There are various mood disorders that are classified by the DSM-
V depending on their duration, timing and supposed aetiology. Their first division is
between bipolar or related disorders and depressive disorders, the first containing 7
types of bipolar disorders and the latter 7 types of depressive disorders (Figure 13)
(Spijker and Claes, 2014).
I will in this thesis focus solely on major depressive disorder (MDD), which is
characterised by the presence of two core symptoms: depressed mood or loss of
interest or pleasure (anhedonia). These primary symptoms are accompanied by
additional symptoms: insomnia, feelings of guilt, decreased energy levels, decreased
concentration, decreased appetite, psychomotor activity changes, and recurrent
suicidal ideation/attempts or acts of self-harm. Out of all the primary and secondary
symptoms, at least 5 should be present for almost every day for 2 weeks or more (DSM-
V).
Like for GAD, treatments for MDD will vary depending on the severity of the disorder,
ranging from mild, some impact on the patients’ daily life, to severe, the patients find
it impossible to get through daily life. The severities are further detailed and assessable
by a scale provided in DSM-V. For all severities, therapies such as cognitive behavioural
therapies are always recommended. For moderate and severe depression,
pharmacological treatments in the form of antidepressant are prescribed. They
comprise classical antidepressant such as SSRIs -paroxetine, fluoxetine or citalopram-,
SNRIs -venlafaxine or duloxetine- and TCAs -imipramine or amitriptyline-, and other
antidepressant such as the serotonin modulator and stimulator vortioxetine or the
noradrenergic and specific serotonergic antidepressant mirtazapine (Kupfer et al.,
2012).
Depressive-like behaviours can be observed in rodents, and they rely mainly on three
features: well-being of the animal, anhedonia and despair. For the well-being, tests
commonly used are the splash test for the grooming behaviour and the nest test. For
the anhedonic component, the sucrose preference test is the most widely used. Finally,
tests relying on despair-like behaviour, such as the tail suspension test (TST) (Steru et

al., 1985) or the forced swim test (FST) (Porsolt et al., 1977), are the most widely used
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and described in the literature (Figure 14; Kremer et al., 2021). However, their
predictive validity has been widely criticised due to their answer not only to
antidepressant drugs, but also to psychostimulants (Porsolt et al., 1978). In addition,
these two tests rely widely on stress-coping behaviours, which are impaired in
depression, but also in other conditions such as autism (Commons et al., 2017).
Therefore, as for anxiety-like behaviours, one must be careful to select a battery of
tests to correctly assess the behavioural output of animals as not to misinterpret the

results.

Animal models of chronic pain-induced emotional disorders

Due to the various aetiology of anxiety and depression, several animal models were
established. These models have been developed based on the causes of the disease:
early life stress (e.g., maternal separation), social stress (e.g., social defeat),
environmental factors (e.g., unpredictable chronic mild stress, restraint stress,
predator stress) or biological causes (e.g., genetic models, corticosterone drinking,
inflammation-induced depression by lipopolysaccharide injection) (Planchez et al.,
2019). However, these models, although valid and important to understand the
physiopathology of these diseases, are only displaying either anxiety, depression or
the comorbidity of both. Stress is indeed the first cause of anxiety and depression, but
it is also well known that they can co-occur with a range of other conditions, including
chronic pain.

While chronic pain, anxiety and depression have been widely studied individually, only
in the last 20 years the comorbidity between these disorders has been more closely
examined. Interestingly, no matter the chronic pain type considered, aversion and/or
anxiodepressive-like behaviours can usually be measured consequently to pain
(Kremer et al.,, 2021). However, while most studies reported anxiodepressive-like
behaviours following chronic pain, some studies could not reveal anxiodepressive-like
behaviours concurrent to chronic pain. Such a phenomenon could be explained by the
fact that for the development of anxiety- and depressive-like symptoms concurrent to
chronic pain, time is a critical factor (Humo et al., 2020; Yalcin and Barrot, 2014).
Indeed, in some of the studies reporting no emotional consequences (Hasnie et al.,
2007; Pitzer et al., 2019; Urban et al., 2011), anxiodepressive-like behaviour tests were

performed in the first weeks following the pain induction, during which no
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anxiodepressive-like consequences can be found in some models, while they are
present at later time points (Alba-Delgado et al., 2013; Yalcin et al., 2011). However,
when anxiodepressive-like consequences are observed, they almost always follow the
same timeline, with first the appearance of anxiety-like behaviours, then later

depressive-like behaviours, with some exceptions (Humo et al., 2020).

Tests 2-3 4-5 6-7 8-9 10-14 15-17
Hargreaves + 0 0 0 0 0 :‘ Heat hypersensitivity
von Frey + + + T +/11 0 I Mechanical hypersensitivity
CPP + + + + + m Aversion
LD 0/+ + + + + 0
NSF 0 o/+ + + + +
Splash 0 0 + + + +/0 Depression — like
FST 0 0 0 + + +

Figure 15. Summary of the tests used, and the results obtained for the cuff model in male
mice. 0, no phenotype; +, phenotype present. CPP, conditioned place preference; FST, forced
swim test; LD, light-dark test; NSF, novelty suppressed feeding test. Adapted from Yalcin et al.
(2011)

In our cuff model, the development of the emotional consequences of pain follows a
strict timeline in male mice, which is different in females (Figure 15) (Yalcin et al.,
2011). Accordingly, the mechanical hypersensitivity is present from the first week after
the surgery and sustained until at least post-operative week 11 (Sellmeijer et al., 2018),
while anxiety-like behaviours start appearing from post-operative week 4-5 onward,
and depressive-like behaviours are only notable from post-operative week 6, alongside
with the aversiveness of ongoing pain, as displayed in a CPP with clonidine (Yalcin et
al., 2011). Interestingly, when the animals spontaneously recover from the mechanical
hypersensitivity, they also recover from anxiety-, but not aversion nor depressive-like
behaviours, which are sustained until post-operative week 18 (Sellmeijer et al., 2018).
After week 18, the mice do not display any mechanical hypersensitivity, nor ongoing
pain and anxiodepressive-like behaviours. Therefore, it is possible to define 4 time
points (TP) following the surgery: TP1, when only the mechanical hypersensitivity is

present; TP2, when both mechanical hypersensitivity, aversiveness and

-35-



anxiodepressive like consequences are present; TP3, which corresponds to the
disappearance of both mechanical hypersensitivity and anxiety-like behaviours; and
TP4, for which all behaviours are back to control levels (Figure 15) (Sellmeijer et al.,
2018). The sustained emotional consequences of chronic neuropathic pain support the
idea that emotional dysfunction can persist even after the recovery from evoked
nociceptive responses, pointing out the possibility of long-term plasticity in the brain

underlying these behaviours.

Structures implicated in the comorbidity of chronic pain and emotional disorders
Thanks to progress in imaging techniques, the so-called pain matrix has been
highlighted, which includes several brain regions or networks that are intimately
interconnected (Figure 16). Their coordinated activity elicits sensory, emotional and
cognitive processes, which gives rise to the response known as pain. Regions that are
consistently activated throughout studies include the primary and secondary cortices
(S1 & S2), the anterior cingulate cortex (ACC), the insular cortex (IC), the prefrontal
cortex (PFC), the thalamus, basal ganglia, periaqueductal gray (PAG) and cerebellum
(Mercer Lindsay et al., 2021; Schweinhardt and Bushnell, 2010). In addition, some
regions are responding less consistently to noxious stimuli: the basal ganglia,
parabrachial complex, posterior cingulate, amygdala, hypothalamus, and
supplementary motor area (Mercer Lindsay et al., 2021). While most of the studies
have been performed in healthy volunteers with acute pain stimulus, some groups
have started to explore pain processing in chronic pain patients. Magnetic resonance
imaging (MRI) has thus allowed to confirm the implication of brain structures of the
“pain matrix” in chronic pain states, with alterations in the PFC, thalamus, IC, ACC, and
white matter tracts (Apkarian et al., 2004; Foerster et al., 2012; Ichesco et al., 2014;
Lieberman et al., 2014). In addition, studies comparing healthy volunteers with chronic
pain patients have highlighted specific structural alterations depending on the
component of pain examined (Brown et al., 2011; Lee et al., 2021, 2021; Liang et al.,
2013; Wager et al., 2013). These results all confirm that pain is based on several
interconnected brain structures, which are all respectively responsible for one or more

modalities of the pain experience (Mercer Lindsay et al., 2021).
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Figure 16. Pain pathways in the human brain. (A) Schematic representation of ascending pain
pathways and brain regions involved in pain processing. (B) Descending pain modulatory
pathways that might be involved in psychological modulation of pain. ACC; anterior cingulate
cortex; Amyg, amygdala; BG, basal ganglia; HT, hypothalamus; M1, primary motor cortex;
PB, parabrachial nuclei; PAG, periaqueductal gray; PCC, posterior cingulate cortex; PFC,
prefrontal cortex; PPC, posterior parietal cortex; VM, rostral ventral medulla; SMA,
supplemental motor area; S1, primary somatosensory cortex. Adapted from Schweinhardt
and Bushnell (2010)

Beside changes observed in humans, Hubbard et al. (2015) , by using functional MRl in
a neuropathic pain model in rats, also showed changes in the somatosensory and
cingulate cortices of painful animals. In addition, thanks to the use of animal models
of chronic pain-induced emotional disorders, the contribution of brain structures to
this comorbidity have started to be addressed. Optogenetic and chemogenetic studies
have also allowed deciphering the brain structures implicated in anxiety (Chen et al.,
2022; Zhuo, 2016) and depression (Sheng et al., 2017). Interestingly structures of the
corticolimbic pathway, which is well-known for its implication in anxiety and
depression, were shown to be implicated in the anxiodepressive consequences of pain
in various chronic pain models (Bravo et al., 2020; Thompson and Neugebauer, 2019).

These include the PFC (Lee et al., 2015), ACC (Barthas et al., 2015; Sellmeijer et al.,
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2018; Zhang et al., 2017), amygdala (Seno et al., 2018), hippocampus (Ma et al., 2019;

Tajerian et al., 2014), locus coeruleus (LC) (Llorca-Torralba et al., 2022, 2019, 2018) and
lateral habenula (LHb) (Li et al., 2017).

Highlight - Chronic pain and mood disorders comorbidity: Deciphering underlying

brain circuits.

The following section is a recently published highlight in response to the Bravo et al.
(2020) review. It focuses on brain circuits implicated in the comorbidity between
anxiodepressive disorders and chronic pain in rodent models, as opposed to single
brain structures. In addition, it presents new tools used in preclinical settings to dissect
circuits with high temporal and spatial specificity. This highlight emphasises on the

importance of considering and studying circuitries as a whole.

-38 -



Neuroscience and Biobehavioral Reviews 115 (2020) 131-133

journal homepage: www.elsevier.com/locate/neubiorev

Contents lists available at ScienceDirect

Neuroscience and Biobehavioral Reviews

Neuroscience
& Biobehavioral
Reviews

Comorbidity of chronic pain and anxiodepressive disorders: Deciphering

underlying brain circuits

Check for
Updates

Léa J. Becker™', Sarah H. Journée™', Pierre-Eric Lutz (MD PhD)>", Ipek Yalcin (PharmD PhD)®“*

# Centre National de la Recherche Scientifique, Université de Strasbourg, Fédération de Médecine Translationnelle de Strasbourg, Institut des Neurosciences Cellulaires et

Intégratives UPR3212, 67000 Strasbourg, France
® Douglas Mental Health University Institute, McGill University, Montréal, Canada
¢ Department of Psychiatry and Neuroscience, Université Laval, Québec, Canada

ARTICLE INFO

Keywords:
Chronic pain
Anxiety
Depression
Brain circuits
Comorbidity
Optogenetic
Chemogenetic

Chronic pain and anxiodepressive disorders are well-known for
being intimately related and for influencing each other, but the me-
chanisms underlying this clinically significant comorbidity remain lar-
gely unknown. In this issue, Bravo et al. (2020) address this challenging
topic by focusing on brain structures implicated in their bidirectional
relationship. By reviewing lesion, pharmacologic, optogenetic or che-
mogenetic studies, they nicely recapitulate the role of individual brain
structures (such as the prefrontal cortex - PFC, the amygdala, the nu-
cleus accumbens - NAc, the locus coeruleus - LC, and the hippocampus)
in the anxiodepressive disorders-pain dyad.

Even though studies focusing on individual brain regions improve
our understanding of pathophysiology, it is also essential to reach cir-
cuitry level of understanding. Indeed, most central nervous system
disorders are linked to alterations in brain circuits rather than to
changes occurring in single structures. While this issue was difficult to
explore until recently, the rapid development of optogenetic and che-
mogenetic tools now allows the targeting of anatomically defined
neuronal pathways (Fig. 1A). Regarding chronic pain-induced emo-
tional dysregulation (CPED), a few preclinical studies have started to
unravel critical brain circuits (Fig. 1B), which link together some of the
brain regions highlighted by Bravo et al.

Lee and collaborators (2015) first showed that optogenetic activa-
tion of PFC neurons terminals within the NAc blocks both nociceptive

and negative affective behaviors in neuropathic animals (Fig. 1A). To
further identify the neurochemical identity of this pathway, they
combined optogenetic and pharmacological manipulations, and infused
an AMPA receptor antagonist into the NAc, which blocked the effects of
the optogenetic modulation.

The amygdala is another major hub for CPED. Llorca-Torralba and
colleagues (2019) demonstrated that chemogenetic silencing of LC
noradrenergic neurons projecting to the basolateral amygdala (Fig. 1A)
relieved pain-induced anxiety-like behaviors in neuropathic rats,
without affecting mechanical hypersensitivity.

To decipher potentially divergent contributions from subpopula-
tions of neurons located in the same brain structure but sending pro-
jections to distinct target sites, Hirschberg and colleagues highlighted
another approach (2017). The authors used retrograde viruses injected
in the PFC or spinal cord (SC) to target ascending and descending
projections from noradrenergic neurons of the LC, respectively
(Fig. 1A). They showed that chemogenetic activation of the LC-SC
pathway had an anti-nociceptive effect, while the activation of LC-PFC
projections enhanced aversive and anxiety-like behaviors. This study
along with that of Llorca-Torralba et al. (2019) point out that refining
the analysis of specific neuronal subpopulations based on their effer-
ences can reveal distinct and even functionally opposite effects in the
modulation of the sensory and affective components of pain.
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used to dissect brain circuits. Upper left panel: mPFC-NAc specificity reached by injection of anterogradely transported opsin in the PFC and by an optic fiber
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as dissected using optogenetics/DREADD in the following publications (see main text for details): mPFC-NAc pathway, see Lee et al., 2015; LC-mPFC and LC-spinal
cord pathways, see Hirschberg et al., 2017; LC-AMY pathway, see Llorca-Torralba et al., 2019; DRN-AMY-LHb pathways, see Zhou et al., 2019. Abbreviations: 5-HT:
serotonin; AMY: amygdala; BLA: basolateral amygdala; CeA: central nucleus of the amygdala; CNO: clozapine-N-oxide; DREADD: designer receptor exclusively
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While the different studies discussed so far assessed pathways in-
volving two brain structures, circuits underlying pain perception and
emotional regulation are likely to be more complex. Recently, Zhou and
collaborators (2019) dissected an ascending pathway involved in pain-
induced depressive-like behavior that is composed of the dorsal raphe
nucleus (DRN), the central nucleus of the amygdala (CeA), and the
lateral habenula (LHb), using both chemo- and optogenetics. Their re-
sults demonstrated that inhibition of serotonergic DRN neurons term-
inals in the CeA (Fig. 1A) resulted in depressive-like behavior in naive
mice, while activation of this pathway in neuropathic animals produced
antidepressant-like and antinociceptive effects. DRN serotonergic neu-
rons preferentially target somatostatin neurons in the CeA, which in
turn project to the LHb. Surprisingly, electrophysiological recordings
showed that activation of CeA somatostatin fibers elicited excitatory
responses in the LHb. Indeed, even though most somatostatin neurons
are GABAergic, a small population of them is in fact excitatory. Silen-
cing those fibers in the LHb (Fig. 1A) rescued chronic pain-induced
depressive-like behavior, while activation of this pathway in naive
animals conversely induced depressive-like behavior. Finally, by com-
bining optogenetics with neuronal tracing and electrophysiology, they
assessed the whole DRN-CeA-LHb circuit and showed that CPED in their
model stems from the loss of serotonergic inhibition of LHb-projecting
neurons of the CeA.

Taken altogether, these results deepen our understanding of the
interconnected pathways that differentially modulate affective and
sensory components of pain. Nevertheless, more research will be
needed to better understand the big picture of CPED. While existing
studies have proven the strength of opto- and chemogenetics in com-
bination with pharmacological or electrophysiological approaches, fu-
ture studies should consider additional levels of analysis. Within this
line, cell-type, pathway-specific, or single-cell RNA-sequencing all have
the potential to reveal underlying molecular mechanisms. On the other
hand, techniques such as fiber photometry or calcium imaging, which
are now more and more used in vivo and even in freely-moving rodents,
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give more precise information at cellular and cell-specific levels.
Finally, the use of functional magnetic resonance imaging (fMRI) or
diffusion tensor imaging could give a more global insight in brain
pathway alterations in CPED. Such non-invasive approaches allow for
longitudinal studies and offer promising perspectives when considering
that temporality is crucial when it comes to chronic pain and its af-
fective consequences.

We believe that the leap forward in novel technics and their com-
bination with more classical approaches will lead to a better under-
standing of the circuits underlying the anxiodepressive disorders-pain
dyad.
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The anterior cingulate cortex (ACC)

Overview
The following section focusing on the role on the ACC in the emotional consequences of
chronic pain has been submitted as a review in Neuroscience & Biobehavioural Reviews.
It consists of an outline of preclinical evidence from molecular, neuroimaging,
behavioural, pharmacological and biochemical studies published during the last 20 years
that address the role of the ACC in pain related aversion and anxiodepressive
consequences of chronic pain. Finally, we discussed the next steps needed for
strengthening our understanding of the role of the ACC in the chronic pain and emotional

disorder dyad.

Review - Janus Effect of the Anterior Cingulate Cortex: Pain and Emotion

Janus Effect of the Anterior Cingulate Cortex: Pain and Emotion

Authors and affiliations: Sarah H. Journée®!, Victor P. Mathis*!, Fillinger C?, Veinante P?, Ipek
Yalcin**

% Centre National de la Recherche Scientifique, Université de Strasbourg, Institut des Neurosciences
Cellulaires et Intégratives, Strasbourg, France

b: Department of Psychiatry and Neuroscience, Université Laval, Québec QC G1V 0A6, Canada

I: equal contribution

* Corresponding author:
Dr. Ipek Yalcin, INCI CNRS, 8 allée du Général Rouvillois, 67000 Strasbourg, France. E-mail
address: yalcin@inci-cnrs.unistra.fr

Highlights:

e ACC plays a critical role in emotional and pain processing.

e ACC is essential for the emotional component as well as anxio-depressive consequences of
chronic pain.

e Imbalance of glutamatergic and GABAergic transmission in the ACC is one of the key
mechanisms for the aversive- and anxiodepressive-consequences of chronic pain.

e Recent technological advances and development of several rodent model of chronic pain
strengthen our mechanistic understanding underlying the complex role of the ACC in emotion

and pain dyad.
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Abstract

Over the past 20 years, clinical and preclinical studies point to the anterior cingulate
cortex (ACC) as a site of interest for several neurological and psychiatric conditions. Indeed,
the ACC plays a critical role in emotion, autonomic regulation, pain processing, attention,
memory and decision making. Increasing number of studies demonstrated the involvement of
the ACC in the emotional component of pain and its comorbidity with emotional disorders such
as anxiety and depression. Thanks to the development of animal models combined with state-
of-the-art technologies, we now have a better mechanistic understanding of the ACC functions.
Hence, the primary aim of this review is to compile the most recent preclinical studies on the
ACC’s role in the emotional component and consequences of chronic pain. We thus described
the electrophysiological, molecular and anatomical alterations in the ACC induced by pain and
considered how these alterations might affect ACC circuits. Finally, we discussed the next steps
that are needed to strengthen our understanding of the implication of the ACC in emotional and

pain processing.

Key words: Anterior cingulate cortex, ACC, pain, chronic pain, aversion, anxiety, depression,

circuits, rodent models.
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Abbreviation list

ACC: anterior cingulate cortex

ALB: anxiety-like behaviors

AMPA: a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
BDNF: brain derived neurotrophic factor
BLA: basolateral nucleus of the amygdala
CaMKlla: calmodulin-kinase o

CB: cannabidiol

CPA: conditioned place aversion

CPEBI: cytoplasmic polyadenylation element binding protein 1
CPP: conditioned place preference

DLB: depressive-like behaviors

E/I: excitatory/inhibitory

EPM: elevated plus maze

FST: forced swim test

GABA: y-aminobutyric acid

GAD: generalized anxiety disorder

Glu: glutamatergic

HCN: hyperpolarization-activated cyclic nucleotide-gated
IDO: indoleamine 2,3-dioxygenase

Ins: insular cortex

LC: locus coeruleus

LD: light-dark box test

mGIluRS: metabotropic glutamate receptor 5
MAPK: mitogen-activated protein kinase
MKP-1: MAPK phosphatase 1

MCC: middle cingulate cortex

MD: mediodorsal thalamus

MDD: major depressive disorder

N: nucleus

NAc: nucleus accumbens

NMDA: N-methyl D-aspartate

OFT: open field test

p: phosphorylated

PAG: periaqueductal gray

PCC: posterior cingulate cortex

PEAP: place escape/avoidance paradigm
PFC: prefrontal cortex

PKCy: gamma isoform of the protein kinase C
PRA: pain-related aversion

PV: parvalbumin

PVN: paraventricular nucleus

R: receptor

rACC: rostral anterior cingulate cortex

RS: retrosplenial cortex

r-tDCS: repetitive transcranial direct current stimulation
SI: social interaction

SNARE: soluble N-ethylmaleimide-sensitive factor attachment protein receptors
SOM: somatostatin

S1: primary somatosensory cortex

S2: secondary somatosensory cortex

TST: tail suspension test

VTA: ventral tegmental area

SHT: serotonin
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1. Introduction

Major depressive disorder (MDD) and generalized anxiety disorder (GAD) are some of the leading
causes of disability worldwide (World Health Organization, 2009), contributing to the global burden of
diseases (Santomauro et al., 2021; Whiteford et al., 2013). Although chronic stress is considered as the
major risk factor for MDD and GAD, other pathologies can also trigger or worsen MDD/GAD. These
comorbidities are in part responsible for treatment failures and decrease the patients’ quality of life.
Aside from the well-known comorbidity between depression and anxiety themselves, chronic pain is an
important determinant for MDD/GAD (Means-Christensen et al., 2008). Depending on the pain
condition, between 30-80% of chronic pain patients develop MDD or GAD in their lifespan (Bair et al.,
2003; de Heer et al., 2014; Demyttenaere et al., 2007; Gureje et al., 2008; Von Korff et al., 2005;
Williams, 2003). On the other hand, 50-60% of patients diagnosed with MDD report chronic pain
(Meints and Edwards, 2018; Williams, 2003). However, despite numerous clinical studies reporting this
comorbidity (Bair et al., 2003; de Heer et al., 2014; Demyttenaere et al., 2007; Gureje et al., 2008; Von
Korff et al., 2005; Williams, 2003) the underlying cerebral mechanisms still remain unclear.

In the last two decades, the development of preclinical settings and rodent models of chronic pain have
greatly improved our understanding of the neurobiological mechanisms implicated in this important
clinical issue (Bravo et al., 2020; Kremer et al., 2021). One hypothesis for the comorbidity between
chronic pain and emotional disorders is based on a shared neuroanatomical substrate hypothesis,
suggesting that i) specific brain regions processing pain are also involved in emotional processing, and
ii) alterations induced by chronic pain in these regions may alter emotional processing, eventually
resulting in psychiatric disorders. Indeed, in different pain conditions, recent human and rodent imaging
studies reported morphological and functional alterations in the pain matrix, including the primary (S1)
and secondary somatosensory (S2), insular (Ins) and anterior cingulate cortices (ACC) (Apkarian et al.,
2005), and in the mesolimbic and corticolimbic pathways, well-known for their implication in emotional
processing (Serafini et al., 2020). Among these brain structures, the ACC is at the interface between
sensory, cognitive and emotional processes (Vogt, 2005), acting as a hub for both pain and emotional
processing (Shackman et al., 2011). Among other evidence, clinical studies reported a positive effect of
transcranial magnetic stimulation of the ACC (Best and Pavel, 2017) and bilateral anterior cingulotomy
(Deng et al., 2019) on pain and depressive symptoms in chronic pain patients also suffering from MDD.
These findings pointed out for a strong and dual role of the ACC in pain and its emotional comorbidities.
Since the correlates of human ACC can be found in both primates and rodents (van Heukelum et al.,
2020), this brain structure became a region of interest in preclinical studies.

As the role of the ACC in the somatosensory component of pain have already been exhaustively
documented (Bliss et al., 2016; Descalzi et al., 2009), this review will outline preclinical studies
published between 2004 and 2022 focusing only on its role in the emotional component of chronic pain.
In that purpose, the publications were chosen using a combination of three keywords [(pain) and

(aversion or anxiety or depression) and (anterior cingulate cortex or cingulate or ACC or prefrontal
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Box 1. Chronic pain models cited in this review.

Neuropathic pain
Bone cancer pain (BCP): injection of
cultured cancer cells into the tibial
bone marrow

Chemotherapy induced:
administration of chemotherapeutics

Chronic constriction injury (CCI):
ligature of the sciatic nerve

CCI-ION: CCI of the infraorbital
nerve

Common peroneal nerve ligation
(CPNL): ligation of the common
peroneal nerve
Complete axotomy: removal of a small
part of the sciatic and saphenous
nerves
Cuff: compressing the main branch of
the sciatic nerve by a polyethylene
tube
Chronic constriction of multiple
dorsal root ganglia (CCD):
compression of the DRG of three
lumbar nerves
Partial axotomy: removal of a small
part of the sciatic nerve
Partial sciatic nerve ligation (PSNL):
ligation of half of the sciatic nerve
Spinal nerve injury (SNI): ligation of
two branches of the sciatic nerve
Spinal nerve ligation (SNL): ligation
of the spinal nerve of one or more
spinal ganglia
Tibial nerve transection (TNT):
transection of the tibial nerve

Postsurgical: incision of the skin,
deep tissues and muscle of the
hindpaw

Inflammatory pain
Chronic facial inflammatory (CFI):
injection of CFA in the vibrissae pad
Complete Freund adjuvant (CFA):
hindpaw injection of CFA

Formalin: hindpaw injection of
formalin

Monoarthritis: injection of CFA in the
tibiotarsal joint

Visceral pain

Acetic acid: intraperitoneal acetic acid
injection
Chronic pancreatitis: intraductal
administration of trinitrobenzene
sulfonic acid
Colitis (DSS): dextran sulfate sodium
in the water
Colorectal distension (CRD):
application of pressure inside the
colon and rectum with saline

Irritable bowel syndrome (IBS):
zymosan injection

Injection of
chemical and
pharmacological agents

NB: this list is non-exhaustive.
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cortex or PFC) (Fig.1). It is noteworthy to mention that the ACC neuroanatomical description differs
in the literature (Fillinger et al., 2017a, 2017b; van Heukelum et al., 2020), which might explain some
contradictory findings concerning its role in physiological and pathological conditions. Here, based on
the Paxinos and Franklin atlas (Paxinos and Franklin, 2012), we selected the scientific papers focusing
only on the area 24a, 24b and 32, for which the majority of the scientific papers were found. Most of
these studies interested in neuropathic and inflammatory pain (see Kremer et al., 2021 for detail), with

few articles focusing on visceral or cancer pain (BOX 1 for preclinical models cited in this review).
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Figure 1. Search and analysis strategies.

PubMed was used to search for original studies using a combination of the following terms: [Pain] AND [Aversion
OR Anxiety OR Depression] AND [ACC OR Cingulate OR Anterior Cingulate Cortex OR PFC OR Prefrontal
Cortex]. Clinical data, reviews and irrelevant publications were excluded. Numbers in light colors (yellow, green
and blue) correspond to the total amount of articles for each specific key word combination. Numbers in white
correspond to the papers used in this review. Overlapping papers among different topics are indicated in the
intersections. Abbreviations: ACC, anterior cingulate cortex; PFC, prefrontal cortex.

In this review, after a brief description and comparison of the neuroanatomy of the ACC across species,
we will highlight the significant role of this cerebral hub at the interface between pain and its emotional
components. Finally, we will discuss the next steps needed for strengthening our understanding of the

role of the ACC in the emotional component and consequences of pain.
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2. Neuroanatomy of the ACC
In humans and non-human primates, the cingulate cortex belongs to the medial wall of the cerebral
cortex (Palomero-Gallagher et al., 2009; van Heukelum et al., 2020; Vogt et al., 1996). Along the
anteroposterior axis, four subregions including the anterior (ACC), the middle (MCC) and posterior
(PCC) cingulate cortex as well as the retrosplenial cortices (RS) compose this gyrus [Fig.2a, (Vogt,
2005)]. Comparative studies based on the cytoarchitecture and the homology with the primate cingulate
cortex, described only the ACC, MCC and RS in rodents (Vogt and Paxinos, 2014). The ACC is an
agranular cortex lacking a true layer IV, composed in rodents by the area 24, further divided into 24a
(ventral) and 24b (dorsal), and the areas 25, 32 and 33 — the latter being absent in mice (Fig.2a). These
areas contain both pyramidal neurons and interneurons distinctly distributed in terms of density and
connectome over different layers and subdivisions (Gabbott et al., 1997). There are far more
glutamatergic (Glu) neurons (around 80%) than GABAergic neurons in all ACC layers, apart from layer
I, the latter including heterogeneous subpopulations based on calcium binding proteins [parvalbumin
(PV), calbindin or calretinin] and peptides, such as somatostatin (SOM) (Gabbott et al., 1997).
Concerning its neuroanatomical connections, the ACC presents a wide connectome, similar across
species, with only few differences in term of density of connections (for details see Fillinger et al.,
2017a, 2017b; van Heukelum et al., 2020). Briefly, connections of the areas 24a/24b can be divided in
four sub-networks, 1) cortical, 2) thalamic, which are the denser connections of the ACC and mostly
reciprocal, 3) forebrain and hypothalamus and 4) brainstem centers, which receive stronger and wider
ACC inputs than providing afferent (Fig.2b-d).
At the cortical level, beside strong interconnections, areas 24a and 24b are reciprocally connected with
frontal regions, mostly with the rest of the ACC and the orbital cortex, as well as the sensory and
temporal cortices. As an exception, the hippocampal region sends moderate projections to the ACC but
does not receive any afferents from it. In regards to the thalamo-cortico-thalamic connections, four main
groups of nuclei can be highlighted as cingulate privileged interlocutors: the anterior nuclei - mostly the
anteromedial nucleus, the mediodorsal nucleus, the midline nuclei - primarily the reuniens and rhomboid
nuclei, and finally the intralaminar nuclei with the centromedial, central lateral, paracentral and
parafascicular thalamic nuclei (Fillinger et al., 2017a, 2017b).
In the forebrain, the basolateral nucleus of the amygdala (BLA) and the claustrum are densely and
reciprocally connected to the ACC, along with a lesser contribution of the lateral and anterior
hypothalamus. Additionally, the lateral septum, as well as the dorsal, and to a lesser extent the ventral,
striatum receive a dense ACC input. In the brainstem, monoaminergic centers [ventral tegmental area
(VTA), substantia nigra, dorsal and median raphe and the locus coeruleus (LC)] are bidirectionnaly
connected with the ACC (Fillinger et al., 2017a, 2017b). In addition, the ACC sends unidirectional
projections to the superior colliculus and the pretectal nuclei, as well as to the periaqueductal gray

(PAG), more specifically to the dorsolateral column from 24a and the lateral/ventrolateral columns from
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24b, in mice. Finally, ACC neurons have been found to project to the cervical and thoracic spinal cord

in rodents (T. Chen et al., 2018).
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Figure 2. Neuroanatomical and neurochemical description of the ACC.

(a) Graphical representation of the mouse cingulate cortex, composed by the posterior (PCC; grey), middle (MCC,;
blue) and anterior cingulate cortex (ACC; orange). Specifically, the ACC is an agranular cortical region comprising
the Brodmann areas 24a and 24b, 25 and 32, lacking a true layer IV (middle panel) and composed by multiple
different cell types (right panel). Concerning its neurochemical identity, beside the vast majority of glutamatergic
neurons (80%), it contains PV, SOM and calbindin GABAergic neurons and non-neuronal cells, such as microglia
and astrocytes. (b-e) The areas 24a and 24b of the ACC have a wide connectome that can be divided into 4 sub-
categories. The ACC cortical connections (b; light blue) are mostly reciprocal (double arrows), such as its
connections with the thalamus (c; gold) and the forebrain (d; light green) and the hypothalamus (d; blue). The
ACC has also reciprocal connections with the monoaminergic centers and sends projections to the PAG, SC
(violet) and the spinal cord (purple), mostly to the cervical and thoracic levels (e). Abbreviations: ACC, anterior
cingulate cortex; AM, anteromedial nucleus; DBB, diagonal band of Broca; BLA, basolateral nucleus of the
amygdala; CAI, hippocampal subfield 1; CM, central medial N; CL, centrolateral N; CI, claustrum; Cx, cortex,
Glu, glutamatergic, IAD, interanterodorsal N; LH, lateral hypothalamus; LC, locus coeruleus; LD, laterodorsal
N; LP, lateroposterior N; MCC, midcingulate cortex; MD, mediodorsal N; N, nucleus,; PAG, periaqueductal gray,
PC, paracentral N; PCC, posterior cingulate cortex, PV, parvalbumin; Re, N reuniens, Rh, rhomboid N, SC,
superior colliculus;, SOM, somatostatin; VTA, ventral tegmental area.

3. Role of the ACC in pain-related aversion
The affective dimension of pain refers primarily to the feeling of unpleasantness and secondary to the
long-term impact of suffering from pain. Such aspects of pain participate in shaping subsequent pain-
related behaviors and reflect aversive and motivational aspects of pain. Hence, pain-related aversion
(PRA) leads to behavioral avoidance or extinction of behaviors associated with noxious stimuli.
Numerous clinical studies have demonstrated the critical role of the ACC in the affective dimension of
pain in human (see: Brotis et al., 2009). In regard to preclinical studies, several paradigms were

developed as a mean to evaluate PRA in rodents [Fig.3, (Kremer et al., 2021)]. The place
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escape/avoidance paradigm (PEAP) - measuring the escape behavior of animals from an evoked painful
stimulus, place conditioning paradigms - relying on the association of a context with either painful
stimuli in conditioned place aversion (CPA) or pain-relief via an analgesic drug in conditioned place
preference (CPP), are the most frequently used tests to evaluate the aversive component of pain.

Lesioning studies were part of the milestones to question the involvement of the ACC in PRA. It was
reported that ACC lesion (using electrolytic or excitotoxic procedures) in rats, blocks the avoidance to
a context paired with acute inflammatory pain (Gao et al., 2004; Shi et al., 2020; Yi et al., 2011). This
lesion also prevent the aversiveness of ongoing pain in both neuropathic (Barthas et al., 2015; Juarez-
Salinas et al., 2019; LaGraize et al., 2004; Li et al., 2022; Qu et al., 2011) and inflammatory pain models
(Johansen et al.,, 2001). Interestingly, none of these studies reported an effect on mechanical
hypersensitivity. In contrary, lesion of the posterior insular cortex blocks the maintenance of mechanical
hypersensitivity (Gao et al., 2004; Shi et al., 2020) without affecting the aversive component of
neuropathic pain (Barthas et al., 2015). Accordingly, the ACC seems to be essential for the aversive
component of pain. The next section will thus outline cellular and molecular alterations in the ACC as

well as its circuits implicated in PRA.
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Figure 3. Classical tests used to evaluate pain-related aversion, anxiety- and depressive-like
behaviors in rodents.

Numerous behavioral tests were developed to test pain-related aversion (upper panel), anxiety- (lower left panel)
and depressive-like (lower right panel) behaviors in rodents. Most of the pain-related aversion tests are based on
the preference that animals experiencing pain develop toward an analgesic drug paired with a specific area (CPP)
or the avoidance of pain-associated environments (CPA and PEAP). Tests assessing anxiety-like behavior rely on
the natural conflict between innate behaviors (exploration, feeding, and socialization) and innate fear (open lit
areas, foreign objects, unfamiliar individual). Paradigms evaluating depressive-like behavior in rodent assess either
self-centered behaviors, such as nest building or grooming behaviors or despair-like behaviors as in the tail
suspension or forced swim tests. In regard to anhedonia, the most used test so far is the sucrose preference test that
measures the preference for a sweet solution (1 to 5% sucrose solution) compared to water. Abbreviations: CFA,
complete Freund adjuvant; CPA, conditioned place aversion;, CPP, conditioned place preference; EPM, elevated
plus maze; FST, forced swim test; LD, light-dark test; NSF, novelty-suppressed feeding test; PEAP, place escape-
avoidance paradigm; TST, tail suspension test.

3.1. Electrophysiological changes and functional alterations

Recent technological advances have accelerated the study of the functional alterations of the ACC in
PRA. In different pain models and pain-related paradigms, in rodents, in vivo single unit recordings in
anesthetized animals (Cao et al., 2012; Sellmeijer et al., 2018), extracellular recordings in freely moving
rats (Zhang et al., 2017), and in vitro whole cell patch clamp recordings (Langon et al., 2021; Sellmeijer
etal., 2018; Zhang et al., 2021) have shown an increased firing activity of ACC neurons associated with
PRA. This shift towards ACC hyperactivity might be due to an imbalance between excitatory and
inhibitory (E/I) neurons within the ACC. Recent in vivo studies, aiming at modulating ACC activity,
suggest a primary role of the pyramidal cells in this imbalance (Bliss et al., 2016; Zhu et al., 2022).
Indeed, cell-type specific opto- or chemogenetic inhibition of ACC Glu neurons alleviates the
aversiveness of ongoing pain without affecting mechanical allodynia in inflammatory and neuropathic
pain models (Sellmeijer et al., 2018; Zhang et al., 2017, 2021). On the contrary, optogenetic activation
of ACC pyramidal neurons in naive animals induces aversion (Tan et al., 2017; Zhang et al., 2017)
similar to that of pain models. Interestingly, Gan and colleagues (Gan et al., 2021) reported that
repetitive transcranial direct current stimulation (r-tDCS) of the prefrontal cortex not only blocks
aversion, but also mechanical and thermal nociceptive behaviors in a neuropathic pain mice model. This
latest effect could be explained by the fact that the application of r-tDCS is not restricted to the ACC
and might affect other prefrontal areas. In a similar manner, high frequency electrical stimulation of the
ACC also rescues PRA, while low frequency stimulation increases it (Liu et al., 2021). In a
pharmacological perspective, a single dose of ketamine induces a prolonged suppression of the
hyperactivity of the ACC pyramidal neurons that is associated with a reduction of the aversive response
to noxious stimuli in rodent pain models. Strikingly, this anti-aversive effect persists long after the
cessation of the anti-nociceptive effects of ketamine (Zhou et al., 2018). These results support the
hypothesis postulating that ACC excitatory neurons’ hyperactivity might be at the origin of the pain
aversiveness.

On the other hand, it was also reported that ACC hyperactivity could be due to a loss of GABAergic

inhibitory control. Indeed, the local administration of the GABA-A receptor agonist, muscimol, into the
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rostral ACC (rACC) reduces PRA after nerve injury (LaGraize and Fuchs, 2007; Tang et al., 2005).
Using chemotherapy-induced neuropathic pain model, Juarez-Salinas and colleagues (Juarez-Salinas et
al., 2019) showed that the transplantation of inhibitory interneuron progenitor cells into the ACC was
sufficient to restore a GABA-A mediated inhibitory control of host pyramidal cells and to block PRA
in the CPP paradigm. These findings demonstrate the complexity of the functional alterations induced
by chronic pain in the ACC. Hence, further experiments are required to decipher what mechanism comes
first: an increase in excitatory cells activity followed by a dysregulation of the E/I balance or an alteration
of local inhibitory circuits triggering the ACC hyperactivity.

To further dissect what cell types are implicated in PRA, Zhang and colleagues (Zhang et al., 2021)
focused on ACC neurons expressing the gamma isoform of the protein kinase C (PKCy). They showed
that chemogenetic activation these ACC PKCy neurons induces mechanical hypersensitivity and
aversion in naive animals, while in neuropathic pain condition these neurons are hyperexcitable and
their inhibition blocks mechanical allodynia and aversiveness of ongoing pain.

While the aforementioned studies were mainly performed in male rodents, it is important to take into
consideration sex differences in pain research (Bartley and Fillingim, 2013; Mogil, 2020), even though
it might be more difficult to study the affective consequences of pain in females (Cardenas et al., 2020).
A pioneer study from Jarrin and colleagues (Jarrin et al., 2020) compared the role of ACC Glu neurons
in PRA in male and female rats in an inflammatory pain model and showed that the optogenetic
activation of calmodulin-kinase Ila (CaMKIla)-expressing Glu neurons decreases formalin-induced
nociceptive behaviors during conditioning without affecting formalin-induced CPP in males while this
activation increases nociceptive behavior in females. However, the optogenetic inhibition of ACC Glu
neurons reduces PRA in both males and females without affecting the nociceptive behaviors. Further
studies will be necessary to fully understand potential sex differences regarding the functional role of

the ACC and its cell types implicated in PRA.

3.2. ACC circuits
Besides the ACC microcircuits alterations, the whole ACC network is affected by chronic pain
conditions and some of the aforementioned mechanisms likely spread to ACC outputs and impact ACC
macrocircuits that participate in PRA. The recent advances in the development of viral approaches
enabled the study of specific ACC circuits in the affective component of pain. For instance, inhibition
of the mediodorsal (MD) thalamic nucleus projections to the ACC creates CPP in animals with nerve
injury, while its activation exacerbates PRA with strikingly no effect in naive animals (Meda et al.,
2019). In the same study, the authors also showed that optogenetically inhibiting BLA inputs to ACC
elicited PRA (Meda et al., 2019). On the contrary, it was shown that chemogenetic activation of LC
neurons projecting to the ACC exacerbates spontaneous pain and produces aversion, in the a neuropathic
pain model (Hirschberg et al., 2017). As for the MD-ACC manipulation described above, the LC-ACC

manipulation did not affect pain related behaviors in naive mice. In regard to cortico-cortical
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connections, Singh and colleagues demonstrated that the optogenetic activation of the primary
somatosensory cortex S1 increased the proportion of ACC neurons that respond to noxious stimuli,
suggesting that S1 inputs reinforce nociceptive response in the ACC (Singh et al., 2020). They further
observed an enhanced S1-ACC connectivity in chronic pain state and showed that the optogenetic
inhibition of this pathway effectively relieved the aversive component of chronic pain.

Concerning the ACC output neurons, Gao and colleagues (Gao et al., 2020), using a chemogenetic
approach, showed that inhibition of CaMKII ACC neurons projecting to both the nucleus accumbens
(NAc) and VTA induced a place preference for the compartment associated with the inhibition in
neuropathic rats, while activation of these pathways induced aversive behavior in naive animals

suggesting an important role of this circuit in PRA.

3.3. Molecular and cellular changes
An increasing number of studies brought new knowledge about molecular mechanisms underlying ACC
hyperactivity and PRA. Several groups reported an increase in brain derived neurotrophic factor
(BDNF), its receptor TrkB, phosphorylated ERK (pERK), phosphorylated mTOR (p-mTOR) and
mitogen-activated protein kinase (MAPK) in the ACC in different pain models (Cao et al., 2014, 2009;
Galan-Arriero et al., 2014; Han et al., 2014; Li et al., 2022; Lu et al., 2016; Thibault et al., 2014; Wang
etal., 2017; Zhang et al., 2016, 2018). Strikingly, blockade of one of these targets seems to rescue PRA
(Thibault et al., 2014). Indeed, blocking the receptor TrkB in the ACC rescues PRA in cancer pain (Li
et al., 2022) while the BDNF injection into the ACC is sufficient to induce aversion in naive animals
(Thibault et al., 2014; Zhang et al., 2016). Interestingly, by blocking p-mTOR in the rACC after formalin
injection, Zhang and colleagues (Zhang et al., 2018) did not only rescue PRA, but also prevented NMDA
(N-methyl D-aspartate) receptor 2B upregulation in the rACC, known to be overexpressed in the ACC
in pain conditions (Li et al., 2009), suggesting a complex interaction between all these factors.
Accordingly, blocking/silencing ACC NMDA subunits, with an antagonist or small interfering RNA, in
inflammatory, neuropathic and cancer pain rescues PRA, but not mechanical hypersensitivity nor acute
pain (Feng et al., 2016; Guo et al., 2015; Lei et al., 2004; Li et al., 2009; Zhou et al., 2018). Similarly,
blocking D-serine, an endogenous ligand for NMDA receptors, either by enzymatic degradation or an
antagonist of the glycine site of NMDA receptors, also attenuates CPA produced by inflammatory pain
(Ren et al., 2006), strengthening the role of Glu signaling in PRA. Galan-Arriero and colleagues (Galan-
Arriero et al., 2014) also showed an increase in ACC metabotropic Glu receptor 5 (mGluRS5) expression
in neuropathic rats. Accordingly, preventing this increase by p38a MAPK inhibition or by blocking Glu
receptor (R) with kynurenic acid in the ACC is sufficient to prevent aversion induced by inflammation,
while their stimulation in naive animals produces CPA (Galan-Arriero et al., 2014; Johansen and Fields,
2004). Kang and colleagues also showed that inhibiting ACC Glu positive cells in their inflammatory
model induces CPP but also alleviates mechanical hypersensitivity in mice (Kang et al., 2017).

Collectively, these results confirm the crucial role played by the glutamatergic system in PRA and seem
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to indicate that chronic pain-induced molecular alterations facilitate the glutamatergic transmission in
the ACC in various pain models.

However, we cannot only consider ACC Glu signaling since several pharmacological studies highlight
the crucial role of the ACC GABAergic transmission. Indeed, local ACC or rACC infusion of muscimol
attenuates PRA but not spontaneous pain after formalin or mechanical hypersensitivity (LaGraize and
Fuchs, 2007; Wang et al., 2005). Altogether, these electrophysiological and molecular findings confirm
the shift toward ACC hyperactivity in chronic pain condition and reinforce the hypothesis that an
imbalance of glutamatergic and GABAergic transmissions is a key mechanism governing PRA.
However, further studies are required to decipher whether these alterations are the cause or
consequences of the comorbidity between chronic pain and emotional disorders.

Alongside with Glu and GABAergic systems, several neuromodulators have been implicated in PRA.
In neuropathic rats, bilateral administration of morphine into the rACC is sufficient to produce CPP
(Gomtsian et al., 2018; LaGraize et al., 2006; Navratilova et al., 2015) while the microinjection of the
opioid antagonist, naloxone, into the ACC prevented morphine-induced CPP (Navratilova et al., 2015),
suggesting a key role of the opioid system. More specifically, the administration of the delta opiod
receptor agonist into rACC prevents inflammatory pain-induced CPA (Ma et al., 2022), while kappa
opioid receptor antagonist blocks the electroacupuncture rescue of CFA-induced CPA (Zhang et al.,
2011).

The role of monoamine signaling such as serotonin (SHT) and dopamine has also been described in
PRA. Santello and colleagues (Santello et al., 2017) demonstrated that injection of a selective SHT7R
antagonist into the ACC reduces both mechanical hypersensitivity and PRA by enhancing the function
of hyperpolarization-activated cyclic nucleotide—gated (HCN) channels that are downregulated in ACC
layer V neurons. In addition, it was shown that dopamine D1R agonists rescue the decreased activity of
HCN channel in neuropathic mice, which in turn inhibits ACC hyperactivity (Langon et al., 2021).
Interestingly, chronic systemic L-DOPA or carbidopa treatments rescue not only ACC HCN channel
function but also mechanical and cold hypersensitivity as well as PRA. Hence, besides the ACC E/I
imbalance, several modulatory systems appear to be implicated in PRA, which might be additional
targets for new treatment strategies.

These vast alterations in diverse neurotransmission systems can be related to overexpression of ACC
SIP30, one of many SNARESs (soluble N-ethylmaleimide-sensitive factor attachment protein receptors)
which are essential for the regulation of neurotransmitter-containing synaptic vesicles exocytosis.
Indeed, expression of SIP30 is modified by pain conditions and its local silencing reduces aversion
without affecting mechanical hypersensitivity (Han et al., 2014). However, the exact nature of the
neurotransmitters affected by SIP30 silencing is yet to be studied.

Finally, some studies also point to neuroinflammation as well as non-neuronal cells as key factors for
PRA. Indeed, an increase in astrocytic markers, such as GFAP/S100B, and inflammatory cytokines

including IL-1B/TNF-q, have been observed in the ACC in inflammatory rat models (Chen et al., 2012;
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Lu etal., 2011). In addition, local injection of an astroglia-specific toxin can prevent PRA (Chen et al.,
2012). Moreover, Wang and colleagues (Wang et al., 2020) showed increased ACC immune system
activity indicators such as Kynurenine/Tryptophan ratio and IDO (indoleamine 2,3-dioxygenase)
enzyme for tryptophan catabolism to kynurenine in a neuropathic pain model. The inhibition of the latter
was shown to reverse PRA as well as cold and mechanical hypersensitivity.

Overall, these recent findings (Table 1) demonstrate the complexity of the role of the ACC in PRA
implicating multiple mechanisms and highlight the necessity to decipher the underlying mechanisms not

only at the microcircuitry level but also at the macrocircuitry one.

4. Role of the ACC in the anxiodepressive-like consequences of chronic pain

In the past two decades, several paradigms addressing the anxiodepressive-like consequences of chronic
pain were developed in rodents [(for detail see Kremer et al., 2021); (Fig.3)]. In general, the evaluation
of anxiety-like behaviors (ALB) in rodents relies on the conflict between innate behaviors (exploration,
feeding, and socialization) and innate fear (open lit areas, foreign objects or unfamiliar individual).
Hence, the most used tests are the elevated plus maze (EPM), open-field (OFT), light-dark box (LD),
social interaction (SI) or burrowing tests. Regarding depressive-like behaviors (DLB), the currently
available paradigms mostly assess despair-like [forced swim (FST) or tail suspension tests (TST)],
anhedonia-like symptoms (sucrose preference test) or animals’ well-being (splash, nest tests), and only
partially model the depressive symptoms observed in human.

Using these tests, lesion studies showed that ACC ablation prevents both ALB (Zeng et al., 2018) and
DLB (Barthas et al., 2015) in models of remifentanil induced hyperalgesia and neuropathic pain. It was
also shown that optogenetic inhibition of ACC pyramidal neurons is sufficient to rescue neuropathic
pain-induced anxiodepressive-like behaviors in mice (Sellmeijer et al., 2018). Furthermore, a
longitudinal imaging study in rats demonstrated a correlation between decreased ACC volume and
anxiety-like consequences of neuropathic pain (Seminowicz et al., 2009). Similar to PRA, these results
demonstrate the crucial role of the ACC in the emotional consequences of pain. The next sections will
focus on the cellular and molecular alterations in the ACC as well as in its networks in the

anxiodepressive-consequences of chronic pain.

4.1. Electrophysiological changes and functional alterations
As reported in PRA, the ACC E/I balance is shifted toward hyperactivity as increased firing activity and
excitability of ACC neurons that accompanies anxiodepressive-like behaviors were reported in the
context of cutaneous mechanical stimulation (Matsumoto et al., 2020), neuropathic pain (Sellmeijer et
al., 2018; Zhao et al., 2020), inflammatory pain (Ducret et al., 2022; Zhou et al., 2022) and visceral pain
(Brenner et al., 2021; Ren et al., 2022; Zhang et al., 2014). Likewise, ACC activity alterations were
observed after chronic stress, which also leads to increased pain sensitivity (Liu et al., 2019).

Interestingly, Sellmeijer and colleagues (Sellmeijer et al., 2018) studied ACC spontaneous neuronal
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activity along the time-dependent evolution of neuropathic pain symptoms and showed that chronic
pain-induced ACC hyperactivity was only observed when animals displayed depressive-like
consequences. They also described an enhancement of excitatory synaptic transmission in the ACC
coinciding with DLB in neuropathic pain. Furthermore, inhibiting ACC pyramidal neurons using
optogenetic approach was sufficient to block these behavioral alterations (Sellmeijer et al., 2018). Again,
the shift in ACC E/I activity balance is likely not only due to Glu signaling alterations. Both the activity
of PV and SOM interneurons in the ACC are decreased in chronic inflammatory model, and
chemogenetic activation of PV interneurons alleviates mechanical hypersensitivity and ALB (Shao et
al.,, 2021a, 2021b). Concurrently, this manipulation reduces pain induced ACC c-Fos levels and
hyperexcitability of Glu neurons (Shao et al., 2021a, 2021b). On the contrary, chemogenetic inhibition
of ACC GABAergic interneurons in naive animals induces ALB by enhancing ACC Glu neurons
excitability and reducing inhibitory synaptic transmission (Shao et al., 2021b). It was also shown that
chemogenetic inhibition of Glu neurons or activation of GABA neurons relieved both mechanical
hypersensitivity and DLB in inflammatory and neuropathic mouse models (Zhu et al., 2021), while
optogenetic inhibition of ACC Glu neurons rescued hyperalgesia and ALB induced by chronic
pancreatitis (Ren et al., 2022). These results suggest again a key role for ACC inhibitory neurons and a
complex alteration of the ACC E/I balance in pain condition that could trigger anxiodepressive

behaviors.

4.2. ACC circuits
Aforementioned ACC alterations might be the consequence of alterations that occur in upstream circuits
and most likely propagate to downstream circuits. Although the literature remains minor yet, Zhu and
colleagues (Zhu et al., 2022) showed that chemogenetic activation of rACC Glu neurons projecting to
the ventrolateral PAG provokes mechanical hypersensitivity and ALB, while the inhibition of this
pathway prevents such symptoms in a neuropathic pain model. Similarly, the chemogenetic activation
of the ACC-thalamus pathway in naive rats induces ALB while chemogenetic inhibition of this pathway
rescues ALB in a CFA rat model (Shen et al., 2021). Recent studies also highlighted the crucial role of
the reciprocal thalamo-cortical circuits in DLB triggered by chronic pain (Zhu et al., 2021). Indeed, in
mice, Zhu and colleagues showed the specific role of the Glu projection from the parafascicular thalamic
nucleus onto both GABAergic and Glu ACC neurons in depressive-like states, while the projection from
the posterior thalamic nucleus to the ACC specifically mediates mechanical hypersensitivity (Zhu et al.,
2021). The ACC connections from the paraventricular nucleus (PVN) of the hypothalamus also play a
role in the comorbidity between neuropathic pain and anxiety, as the optogenetic activation of the PVN-
ACC pathway reduces both mechanical hypersensitivity and ALB (Li et al., 2021a). In addition,
chemogenetic inhibition of the pathway from the LC, the principal brain region secreting noradrenaline,
to the ACC reversed DLB in a rat neuropathic pain model (Llorca-Torralba et al., 2022). Finally, Becker
and colleagues (Becker et al., 2022) showed that the BLA-ACC pathway is implicated in the depressive-
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like but not anxiety-like consequences of neuropathic pain as its optogenetic inhibition rescues
depressive-like behavior in neuropathic pain, and its chronic activation in naive mice mimics depressive-
like behaviors.

Hence, as for PRA, ACC sub-circuits are likely implicated in the development of the anxiodepressive
consequences of chronic pain. Nevertheless, further studies are required to precisely map and link these

circuits with the behavioral outputs.

4.3. Molecular and cellular changes
As for PRA, several groups reported robust changes in the intracellular MAPK/ERK pathway in the
anxiodepressive-like consequences of chronic pain (Barthas et al., 2017; Humo et al., 2020; Xiao et al.,
2021). For instance, in a genome-wide study, ACC MAPK signaling pathway was the most significantly
altered at both early and late phase of neuropathic pain (Barthas et al., 2017). In another transcriptomic
study, Su and colleagues (Su et al., 2021) showed that most of the differentially expressed-genes in the
ACC in neuropathic pain were related to anxiety and depression rather than pain itself, confirming the
crucial role of the ACC in emotion, and that MAPK signaling was one of the most dysregulated pathway.
In accordance, the expression of MAPK phosphatase 1 (MKP-1), a negative regulator of this pathway,
dephosphorylating downstream proteins such as pERK and phosphorylated CREB (pCREB), was
robustly increased in neuropathic pain (Barthas et al., 2017; Humo et al., 2020; Wen et al., 2022). In
addition, blocking MKP-1 with an antagonist or knocking it down rescued or prevented anxiodepressive-
like behaviors induced by chronic pain (Barthas et al., 2017; Humo et al., 2020), highlighting the
importance of the MAPK pathway as well as it regulators in pain-induced molecular changes in the
ACC and the emotional consequences of pain. Strikingly, it was also shown that classical and fast-acting
antidepressant drugs such as fluoxetine and ketamine can normalize ACC MKP-1 levels. Besides MKP-
1, increased level of ACC pERK levels (Dai et al., 2011; Luo et al., 2015; Pereira-Silva et al., 2020;
Shao et al., 2015; Zhong et al., 2012), decreased levels of pPCREB and BDNF (Bravo et al., 2012; Cong
etal., 2021; Imbe and Kimura, 2017; Ishikawa et al., 2014, 2015; Pan et al., 2018; Yasuda et al., 2014)
were reported in animals showing ALB and DLB following chronic pain induction. More specifically,
in both visceral and incisional pain, the expression of the ACC pERK increases biphasically (Dai et al.,
2011; Zhong et al., 2012). During the first phase, both allodynia and ALB are rescued by pERK
inhibition, while in the second phase this inhibition only affects ALB (Dai et al., 2011; Zhong et al.,
2012). Interestingly, stimulating BDNF synthesis, via 4-methylcatechol intracerebroventricular
injection, increases ACC BDNF levels, decreases ACC pERK levels and prevents thermal
hypersensitivity and DLB in neuropathic pain (Ishikawa et al., 2014). Similarly, ACC knock-down of
CREB or the systemic injection of the CREB inhibitor rescues mechanical and heat hypersensitivity,
ALB, as well as CREB, pCREB and BDNF levels in a neuropathic rat model (Wen et al., 2022). It was
shown that different treatment strategies used for pain and mood disorders, such as imipramine

(Ishikawa et al., 2014), neurotopin (Ishikawa et al., 2015) or ketamine (Pan et al., 2018), also recruit the
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MAPK/ERK pathway by altering pERK, pCREB and BDNF levels in the ACC. Interestingly, the
inhaled anesthetic sevoflurane also influences ACC pERK levels in rats and has a positive effect on the
nociceptive and anxiety components of inflammatory pain (Luo et al., 2015). On the contrary,
intravenous anesthetics such as propofol and pentobarbital sodium do not produce the same effect and
only block the nociceptive response (Luo et al., 2015). Besides pharmacological agents, paramedical
approaches such as manual acupuncture and electroacupuncture were shown to alleviate mechanical
hypersensitivity and anxiodepressive-like behaviors (Cong et al., 2021; Shao et al., 2021a, 2015; Shen
et al., 2021; Zhu et al., 2022), as well as pERK overexpression (Shao et al., 2015) or BDNF/CREB
downregulation (Cong et al., 2021).

In addition to pERK, pCREB and BDNF, Glu signaling and its receptors also play a critical role in the
pain/anxiodepressive dyad (Du et al., 2017; Guo et al., 2018; Sun et al., 2016; Wang et al., 2019; Zeng
et al, 2018). Indeed, the expression of ACC AMPA (a-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid receptor) and NMDA receptors were increased in inflammatory (Du et al., 2017;
Sun et al., 2016; Wang et al., 2020), visceral (Ren et al., 2022; Wang et al., 2019) and remifentanil-
induced pain (Zeng et al., 2018). In addition, it seems that AMPA-R/NMDA-R ratio plays an important
role as it was reduced in the rACC of an inflammatory-pain model (Ducret et al., 2022). Accordingly,
pharmacological studies further supported the implication of AMPA-R and NMDA-R in the
comorbidity of chronic pain and emotional disorders. For instance, blockade of both ACC AMPA-R and
NMDA-R, using CNQX or AP-5, reversed mechanical hyperalgesia in a chronic pancreatitis model
(Ren etal., 2022). Moreover, the ACC injection of an antagonist of AMPA-R subunit pGluR1 prevented
ALB and remifentanil-induced hyperalgesia and also decreased ACC c-Fos overexpression (Zeng et al.,
2018). Along with GluR1, several groups also reported dysregulation of other related proteins such as
increased levels of protein kinases PKCzeta and PKMzeta (Du et al., 2017) or CPEB1 (Cytoplasmic
Polyadenylation Element Binding Protein 1) in the ACC (Wang et al., 2019). Interestingly, blocking
PKCzeta or knocking down CPEBI alleviated pain, ALB and increased GluR1 levels. On the other
hand, it was reported that mGIuRS expression was decreased in a model of inflammatory pain (Guo et
al., 2018) and positive allosteric modulation of mGIuRS5 alleviated both CFA-induced ALB and
allodynia. These findings suggest a differential role for AMPAR, NMDAR and mGluRS5. Besides these
intracellular mechanisms, extracellular alterations might trigger or facilitate intracellular changes. Li
and colleagues (Li et al., 2021b) indeed showed, in neuropathic pain, a downregulation of LAMBI, one
key component of the extracellular matrix with a dual role in tissues architecture and cell signaling, that
accompanies anxiodepressive-like behaviors. These results suggest a yet understudied role of the
extracellular matrix in chronic pain and its emotional consequences. Indeed, such extracellular pain-
induced modifications might lead to strong alterations in neurotransmission. Interestingly, in a
transcriptomic study, downregulation of neurotransmitter release and extracellular matrix genes were

observed 2 weeks post neuropathic pain induction in the ACC of female, but not male mice (Dai et al.,
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2022). This supports the need for more studies including both sexes as there are sex-specific differences
already in control animals as well as in neuropathic animals.

Besides neurons, glial cells are also implicated in the anxiodepressive-consequences of chronic pain.
Indeed, inflammatory (Sun et al., 2016) and neuropathic pain (Wang et al., 2020) induce microgliosis,
astrogliosis and increase proinflammatory cytokines expression such as TNF-o and IL6 levels in the
ACC. Imaging studies further support the alterations in glial cells. Using manganese-enhanced magnetic
resonance imaging, Mcllwrath and colleagues showed increased T1 and T2 signals and bilateral
astrogliosis within the ACC (Mcllwrath et al., 2020). The implication of glial cells and cytokines in the
anxiodepressive-like consequences of chronic pain was also supported by Wang and colleagues (Wang
et al., 2020) showing that chronic IDO1 inhibitors not only alleviates mechanical and thermal
hypersensitivity, but also prevents the ALB by blocking cytokines and microglial activation. A sex-
dependent mechanism could also be at play here, as Michailidis and colleagues (Michailidis et al., 2021)
reported a sexual dimorphism in DLB and microglial markers. In this study, male mice displayed DLB
earlier than female mice in a neuropathic mouse model and the authors observed an increased number
of microglial cells in the contralateral ACC of female but not male neuropathic mice.

Similar to PRA, opioid signaling is implicated in pain-induced ALB as an increase of astrocytes in the
ACC due to the dysfunction of delta opioid system in neuropathic animals displaying ALB was reported
(Narita et al., 2006). Similarly, SHT signaling plays an important role since ACC injection of the
selective SHT reuptake inhibitor paroxetine, commonly used as an antidepressant drug, rescued
anxiodepressive consequences, but not mechanical hypersensitivity, in animals with neuropathic pain
(Matsuzawa-Yanagida et al., 2008). In addition, Zhou and colleagues (Zhou et al., 2022) described lower
SHT levels in the ACC in inflammatory pain-model and that knock-down of SHT1A-R in the ACC of
naive animals mimicked ALB, while SHT7-R knockdown induced mechanical hypersensitivity, which
points to a dual and differential role for SHT signaling in chronic-pain induced emotional disorders.
Likewise, chronic cannabidiol (CB) treatment, was shown to rescue mechanical, heat and cold
hypersensitivity as well as ALB, with an increase of CB1-R numbers in the ACC post-treatment (Silva-
Cardoso et al., 2021). Finally, oxytocin also seems to play a role in the emotional consequences of
neuropathic pain as an acute administration of oxytocin in the ACC attenuated mechanical
hypersensitivity and ALB. Interestingly, this effect was shown to act through a reduction in the ratio of
E/I transmission in the ACC, with a greater enhancement of inhibitory transmission due to the reduction
of evoked excitatory postsynaptic currents amplitude concurrently with the depolarization and increased
firing rate of interneurons (Li et al., 2021a).

In conclusion, these studies focusing on the role of the ACC in anxiety- (Table 2) and depressive-like
(Table 3) consequences of chronic pain demonstrate the complexity of the underlying mechanisms.
Interestingly, multiple mechanisms deciphered have commonalities with the aversive component of pain

(Fig.4).
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Figure 4. Illustration of the chronic pain-induced molecular and cellular alterations observed in
the ACC and its network.

(a) Chronic pain triggers an E/I imbalance shifting the ACC activity toward hyperactivity. Several studies reported
increased c-Fos expression, enhanced activity and excitability in ACC pyramidal cells. On the contrary, a loss of
inhibitory control has also been observed in chronic pain models, with a decrease in transmission at inhibitory
synapses. Morphological alterations were also reported, notably a diminution of the number of SOM and PV
neurons, in chronic pain conditions. (b) These functional alterations are concomitant with pain-induced molecular
modifications including glutamatergic receptor sub-units (AMPA, NMDA, mGluRS5) overexpression, MAP/ERK,
mTOR and PKC signaling pathway overactivation as well as alterations in opioid, oxytocinergic and serotonergic
systems. (c) All these alterations likely affect the whole ACC connectome. Different studies already highlighted
the implication of specific ACC pathways in the chronic pain-induced emotional disorders, such as aversion
(yellow), anxiety and depression (pink) or both (violet). Abbreviations: ACC, anterior cingulate cortex; AMPA,
a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid ; BDNF, brain derived neurotrophic factor;, BLA,
basolateral nucleus of the amygdala;, CREB, c-AMP response element-binding protein, DOR, delta opioid
receptor; ERK, extracellular signal-regulated kinases; LC, locus coeruleus; NAc, nucleus accumbens; LP,
lateroposterior nucleus; MAPK, mitogen-activated protein kinase; MD, mediodorsal thalamus; mGluR5,
metabotropic glutamate receptor 5; mTOR, mechanistic target of rapamycin ; NMDA, N-methyl D-aspartate;
OTR, oxytocin receptor;, PKC, protein kinase C; PV, parvalbumin; PVN, paraventricular nucleus; SOM,
somatostatin; S1, primary somatosensory cortex;, vIPAG, ventrolateral periaqueductal gray; VTA, ventral
tegmental area; 5-HT: serotonin.
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5. Conclusion and future directions

Even though the studies that we discussed in this present review strongly support the idea that the ACC
is a critical hub, and it is hyperactive when animals experience pain-related aversion or anxiodepressive-
like behaviours, further research is needed to fully understand how local ACC alterations occur and what
cell types are implicated. Indeed, most of the studies described the role of excitatory cells but the exact
implication of inhibitory neurons in the ACC E/I imbalance must be further studied. Indeed,
compensatory mechanisms, that could explain such shift in specific cell type activity, cannot be
excluded. Moreover, our knowledge concerning the role of the ACC extracellular matrix or non-
neuronal cells, such as astrocytes and microglia, is still limited (Kuzumaki et al., 2007; Narita et al.,
2006; Panigada and Gosselin, 2011) and should be further explored.

Beside the local mechanisms, the pain-induced shift of the ACC E/I balance toward a hyperactive state
likely affects the whole ACC connectome, which likely participates in the development and maintenance
of pain-induced emotional disorders. Hence, it appears essential to understand how ACC alterations
affect its whole network. Thanks to recent technological advancements in brain imaging and brain
activity manipulation, we start to decipher the role of ACC inputs and outputs in the emotional
consequences of chronic pain (Gao et al., 2020; Hirschberg et al., 2017; Li et al., 2021a; Llorca-Torralba
et al., 2022; Meda et al., 2019; Shen et al., 2021; Singh et al., 2020; Zhu et al., 2022; Zhu et al., 2021).
Multi-site fiber photometry (Sych et al., 2019), as well as functional magnetic resonance imaging
(Mcllwrath et al., 2020; Van der Linden et al., 2007), will now allow the study of large scale brain
circuits and will likely bring valuable insight about ACC networks. In addition, these techniques provide
necessary tools for longitudinal studies, from the initiation of pain until the development of pain-induced
emotional disorders, for description of subtle and time-dependent brain dynamic changes, as well as
new potential targets for the development of personalized treatments against emotional disorders in

patients suffering from chronic pain.
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Table 1. Pain related aversion

Species  Pain type Models Tests Observation in the ACC in pain related aversion Reference

Rats NP, Inf CCl, formalin F-CPA ‘ 1 pERK, PKA & pCREB Cao et al., 2009
Rats Visceral CRD CPA 1 neuronal firing in response to colorectal distension Caoetal., 2012
Rats Inf V Formalin F-CPA . 1 p38/MAPK & MKK3/6 activation in GABAergic neurons and microglia Cao et al., 2014
Rats Inf CFA PEAP . 1 GFAP levels Chen et al., 2012
Rats NP SCI PEAP ‘ 1 mGIuR5 & OX42 levels Galan-Arriero et al., 2014
Mice NP SNI CPP, PEAP | 1 activity Gan et al., 2021
Rats NP CCl CPP . neurons projecting to the NAc/VTA are hyperexcitable Gao et al., 2020
Rats NP CCl CPA 1 ERK, PKA & CREB activation and SIP30 levels Han et al., 2014

| Mice, Rats =~ NP, Inf | SNI, postsurgical CPP v 1 ACC pyramidal neurons excitability Langon et al., 2021

‘ Rats Inf Formalin F-CPA 1 cFos+ cells in layers II-VI Lei et al., 2004
Rats Inf Formalin F-CPA . 1 NR2AR/NR2BR & cFos, 1 amplitude of NMDA currents Liet al., 2009
Rats NP BCP CPA, PEAP | 1 BDNF levels Lietal., 2022
Rats Inf Formalin F-CPA . 1 GFAP/S100B (astrocyte), IL1b/TNFa (inf. cytokines) mRNA & protein Lu et al, 2011
Rats Inf Formalin F-CPA 1 p-mTOR & p-p70S6K levels Lu et al., 2016
Rats Inf CFA CPA 1 discharge frequencies in the CFA-compartment of CPA Ma et al., 2022
Mice NP CCl PEAP . | HCN ct;énnels in apical dendrites of léyer V neurons Santello et al., 2017
Mice NP Cuff CPP . 1 firing, enhancement of excitatory synapse transmission Sellmeijer et al., 2018
Rats Inf CFA asg;j;‘:‘ze 1 BDNF, pERK & BDNF+ cells Thibault et al., 2014
Rats NP SNI CPA 1 BDNF, TrkB & pERK levels Wang et al., 2017

 Mice,Rats | Inf, NP Formalin, SNL CPP lp’fgg’; éﬁaﬁoré?A?T'V':ééj’w'j;‘ém' PCDKS, pMAP2 & pTau levels and | Wang et al., 2020
Rats Inf Formalin F-CPA 1 estrogen levels Xiao et al., 2013
Rats NP SNI CPP ' 1 BDNF, TrkB & NR2B levels Zhang et al., 2016
Rats Inf CFA CPA . 1 firing rate post acute stimulus Zhang et al., 2017

 Rats Inf Formalin CPA | 1 BDNF, p-mTOR, p-p70S6K & NR2B levels  Zhangetal, 2018
Mice NP CCl CPP . 1 excitability, cfos and excitability of PKCy neurons Zhang et al., 2021
Rats InfINP CFA, SNI CPA layer V/VI hyperactivity Zhou et al., 2018
Mice NP Cuff CPP ACC lesion blocks pain relief (CPP) Barthas et al., 2015
Rats NP BCP CPA NR2BR antagonist injection in the rACC rescues PRA I Feng et al., 2016
Rats Inf Formalin F-CPA ACC lesion reduces the magnitude of PRA Gao et al., 2004
Rats NP SNL CPP Morphine injection in the rACC rescues PRA Gomtsian et al., 2018
Rats NP SNL CPA Silencing of NR2BR in the rACC rescues PRA Guo et al., 2015
Rats NP TNT CPP LC-ACC chemogenetic activation induces PRA Hirschberg et al., 2017
Rats Inf Formalin F-CPA Optogenetic inhibition of ACC Glu+ neurons reduces PRA Jarrin et al., 2020
Rats Inf Formalin F-CPA Blockade of Glu-R in the rACC prevents PRA Johansen & Fields, 2004
Rats Inf Formalin F-CPA rACC lesion rescues F-CPA Johansen et al., 2001
Mice NP o emso';ll'll,erapy CPP | rACC lesion rescues F-CPA J”a'ez'sz‘(’)';’;as atal;
Mice Inf CFA CPP s;;;rzzlrl‘ss :{:\:Itt;ltlon creates CPP, PV+ cells activation alleviates mechanical Kang et al., 2017
Rats NP SNL PEAP  GABAA & GABAB agonist injection in the rACC attenuate PEAP CHCRIRS T
Rats NP SNL PEAP | ACC lesion prevents PRA LaGraize et al., 2004
Rats NP SNL PEAP Morphine injection in the ACC rescues PRA LaGraize et al., 2006
Rats 'L;,ca“i':‘e Acute pain CPA ACC high frequency stimulation rescues PRA, while low frequency increases PRA Liu et al., 2021
Mice NP chem?)'t\:':érapy CPP 8gg)genetic inhibition of MD-ACC pathway induces CPP, BLA-ACC activation elicits Meda et al., 2019
Rats NP Post;:lrfical, CPP Injection of morphine in the rACC produces CPP Navratilova et al., 2015
Rats NP P:gf;ﬁgmgﬁte CPP  rACC lesion blocks pain relief (CPP) Quetal., 2011
Rats Inf Formalin F-CPA rACC degradation of d-serine & blockade of NMDA receptor attenuates F-CPA Ren et al., 2006
Rats Inf CFA CFA-CPA | ACC lesion improves PRA Shi et al., 2020
Rats Inf, NP CFA, SNI CPA, CPP | S1-ACC inhibition induces CPP Singh et al., 2020
Mice NP, Inf SNI, CFA CPA ACC optogenetic stimulation leads to CPA Tanetal., 2017

Mice, Rats l::;t:;e Acute pain CPP GABAA receptor agonist in the ACC reduces unpleasant pain memories Tang et al., 2005

Rats . Inf Formalin F-CPA GABAA blockade rescues PRA Wang et al., 2005
Rats Inf Formalin F-CPA ACC lesion rescues PRA Yi ét al., 2011
Rats Inf CFA CPA rACC KOR antagonist injection blocks electroacupuncture rescue of CPA Zhang et al., 2011

Abbreviations: ACC, anterior cingulate cortex; BCP, bone cancer pain; BLA, basolateral nucleus of the amygdala; CCI, chronic constriction injury; CDKS, cyclin-dependant
kinase 5; CFA, complete Freund adjuvant; CPA, conditioned place aversion; CPP, conditioned place preference; CRD, colorectal distension; CREB, cAMP response
element-binding protein; ERK, extracellular signal-regulated kinase; GABA, y-aminobutyric acid; GFAP, glial fibrillary acidic protein; Glu, glutamate; HCN,

hyperpolarization-activated cyclic nucleotide-gated; IDOI, indol

2,3-dioxyg

1; IL, interleukin; Inf, inflammatory; F-CPA, formalin-induced CPA; KOR, kappa

opioid receptor; Kyn, kynurenine; LC, locus coeruleus; MAPK, mitogen-activated protein kinase; MAP2, microtubule-associated protein 2; MD, mediodorsal thalamus;
mGluRS5, metabotropic Glu receptor 5; mTOR, mammalian target of rapamycin; NAc, nucleus accumbens; NMDA, N-methyl D-aspartate; NP, neuropathic; NR2A, NMDA
subunit NR2A; NR2B, NMDA subunit NR2B; p, phosphorylated; PEAP, place escape/avoidance paradigm; PK, protein kinase; PRA, pain-related aversion; PV,
parvalbumin; R, receptor; rACC, rostral ACC; SIP30, SNAP2S5 interacting protein of 30,; SNI, spinal nerve injury; SNL, spinal nerve ligation; SI, somatosensory cortex 1;
TNFa, tumor necrosis factor alpha; TNT, tibial nerve transection; TrkB, tropomyosin receptor kinase B; Trp, tryptophan; VTA, ventral tegmental area
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Table 2. Anxiety-like consequences of chronic pain

\ Species Pain type Models \ Tests Observation in the ACC in pain-induced anxiety Reference

‘ Mice NP Cuff ‘ NSF 1 MKP1, pCREB, cFos and active epigenetic regulations on mkp1 gene Barthas et al., 2017

| Mice | Visceral Colitis [ OFT 1 cfos levels Brenner et al., 2021

‘ Rats NP, Inf Postsurgical \ EPM, OFT 1 pERK1/2 levels biphasically in time Dai et al., 2011

| Rats Inf CFA \ OFT, EZM [T PKCzeta, PKMzeta and GluR1 levels Du et al., 2017

‘ Rats Inf CFI ‘ EPM, LD 1 fos in layers 1I-11I/V, |AMPA/NMDA ratio Ducret et al., 2022

| Mice Inf CFA \ OFT | number and function of mGIuRS Guo et al., 2018

| Mice Inf, NP SNI, CFA \ EPM, OFT 1 ECM genes expression, |LAMB1 gene expression Lietal.,, 2021b

‘ Mice NP CPNL ‘\ EPM, OFT 1 oxytocin receptor expression Lietal., 2021a

| Rats Inf Formalin \ OFT 1 pERK levels Luo et al., 2015

‘ Rats A::::]e vF ‘ EPM, OFT 1 firing in response to cutaneous mechanical stimulation Mastumoto et al., 2020

‘ Rats NP CCI-ION \ EPM, LD 1 T1 and T2 signal (edema and astrogliosis resp.) Mcllwrath et al., 2020

| Mice NP SNL \ EPM, LD 1 pDOR immunoreactivity, | DOR function Narita et al., 2006

| . chronic | 1 fos+ cells in layers II/lll & V/VI, vGIluT1, membrane GluR1 & pGluR1 (AMPAR),

! Rats | Visceral | . reatitis ‘ EPM,OFT | iembrane NR2B & pNR2B (NMDAR) Renetal., 2022

| Mice NP Cyff \ LD, NSF 1 firing rates, fnhancement of elciiaﬁpry synapse irggsmission SellmeijeL et ﬂ.£018

‘ Rats NP SNI ‘ EPM, OFT | volume, correlated to mechanical hypersensitivity Seminowicz et al., 2009

| Rats NP SNL \ EZM IVpERK1/2+ cells and pERK levels in layers II-VI Shao et al., 2015

\ Rats Inf CFA \ OFT, EZM, NSF | | PV and SOM interneurons Shao et al., 2021a

OFT, EZM, NSF, 1 fos levels and excitability of pyramidal cells, | PV+ cells in layer V and | inhibitory
‘ Rats Inf CFA ‘ iarble synaptic transmission Shao et al., 2021b
A 1 astrocytes & microglia activation and GIuN2A/GIuN2B, GluA1, CaMKlI-a, pP38 &

‘ Mice Inf CFA ‘ EPM, OFT pJNK MAPK & TNFa/IL6 levels Sun et al., 2016

\7 Mice Visceral IBS |  EPM, OFT Tiglu/-!, pGIqA1, sﬁynragtpghysin, PSI?95 & 7CP7EB17Ieyiels S | Wang et al., 2019

‘ Rats Inf, NP Formalin, SNL ‘ OFT lpli(rg‘/gfc};ﬁ;;;o, IDO1, GFAP, IL66, pPNMDA2BR, pCDK5, pMAP2 & pTau levels and Wang et al., 2020

i Rats NP SNI \ EPM, OFT, NSF | 1 fos, PSD95, neuroligin2, CREB, pCREB, CaMKlla levels Wen et al., 2022

\ Rats OIH Remifentanil \ EPM, OFT 1 pGluR1 and cfos levels, | Arc levels Zeng et al., 2018

} Mice Visceral IBS | EPM, OFT,LD | 1 fos expression in layers II-lIl Zhang et al., 2014

‘ Rats NP CCD EPM, OFT 1 pyramidal neurons excitability, | function of BKCa channels Zhao et al., 2020

} Mice Visceral Acetic acid \ EPM, OFT 1 pPERK1/2+ cells Zhong et al., 2012

| Mice Inf CFA \ EPM, OFT 1 fos, |5HT levels Zhou et al., 2022

Table 2. (continued)
Species ‘ Pain type Models Tests Observation in the ACC in pain-induced anxiety after manipulation Reference
Mice | NP Cuff NSF, marble ACC lesion prevents ALB Barthas et al., 2015
Rats | NP TNT OFT | LC-ACC chemogenetic activation induces ALB Hirschberg et al., 2017
Mice, | np SNL EPM,LD | Paroxetine (SSRI) injection into the ACC rescues ALB Matsuzawa-Yanagida et
Rats al., 2008
Rats ‘ Inf CFA OFT Chemogenetic inhibition of rACC-thalamus rescues ALB Shen et al., 2021
Rats \ NP CcCl | OFT | Subchronic CBD treatment increases CB1 & TRPV1 receptors in the ACC Silva-Cardoso et al., 2021
Mice ‘ NP SNI EPM, OFT Chemogenetic inhibition of rACC(GIu)-vIPAG pathway rescues mechanical Zhu et al,, 2022
| hypersensitivity & ALB

Abbreviations: ACC, anterior cingulate cortex; ALB, anxiety-like behavior; AMPA, a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid; BKCa, large-conductance
voltage- and Ca2+-activated potassium channel; CaMKlIla, calcium calmodulin-dependent protein kinase Il alpha; CBD, cannabidiol; CBI, cannabinoid receptor type 1;
CCD, chronic constriction of multiple dorsal root ganglia; CCI, chronic constriction injury; CCI-ION, CCI of the infraorbital nerve; CDKS5, cyclin-dependent kinase 5; CFA,
complete Freund adjuvant; CFI, chronic facial inflammatory; CPEBI, Cytoplasmic Polyadenylation Element Binding Protein 1; CPNL, common peroneal nerve ligation;
CREB, cAMP response element-binding protein; CRS, chronic restraint stress; DOR, delta opioid receptor; ECM, extracellular matrix; EPM, elevated plus maze; ERK,
extracellular kinase-regulated kinase; EZM, elevated zero maze; GFAP, glial fibrillary acidic protein; Glu, glutamate; IBS, irritable bowel syndrome; IDO, indoleamine 2,3-
dioxygenase 1; IL, interleukin; Inf, inflammatory; Kyn, kynurenine; LAMBI, laminin subunit beta 1; LC, locus coeruleus; LD, light-dark; LPS, lipopolysaccharide; MAPK,
mitogen-activated protein kinase, mGIluR5; metabotropic Glu receptor 5; MKP1, MAPK phosphatase 1; NMDA, N-methyl D-aspartate ; NR2B, NMDA subunit NR2B; NSF,
novelty suppressed feeding; NP, neuropathic; OIH, opioid-induced hyperalgesia; OFT, open field test; p, phosphorylated; PK, protein kinase; PSD95, postsynaptic density
protein 95 ; PV, parvalbumin; R, receptor; rACC, rostral ACC; SNI, spinal nerve injury; SNL, spinal nerve ligation; SOM, somatostatin; SSRI, selective serotonin reuptake
inhibitor; TNFa, tumor necrosis factor alpha; TNT, tibial nerve transection; Trp, tryptophan; TRPV1, transient receptor potential vanilloide 1; UCMS, unpredictable chronic
mild stress; vF, von Frey; vGluT1I, vesicular Glu transporter 1; vIPAG, ventrolateral periaqueductal gray; SHT, serotonin
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Table 3. Depressive-like consequences of chronic pain

Species ‘ Pain type Models Tests Observation in the ACC in pain-induced depression Reference
Mice NP Cuff splash, FST 1 MKP1, pCREB, cFos and active epigenetic regulations on mkp1 gene Barthas et al., 2017
Rats NP CCI FST, anhedonia 1 pERK, | neuronal density Bravo et al., 2012
Mice ‘ NP CCl FST, TST | 5HT, BDNF & CREB levels Cong et al., 2021
) Transcriptomic differences stronger in females with neurotransmitter release & :

Mice ¢ ‘ NP SNI splash, FST, TST ECM impacted Dai et al., 2022
Mice NP Cuff spla;r;: ST, 1 MKP1 levels, | pERK levels Humo et al., 2020
Rats Inf FST + CFA FST 1 pCREB+ and Egr1+ cells Imbe & Kimura, 2017
Rats NP CCl FST 1 pERK1/2+ cells, | BDNF levels Ishikawa et al., 2014
Rats NP CCl FST 1 pERK1/2+ cells, | pCREB & BDNF levels Ishikawa et al., 2015
Mice Inf, NP SNI, CFA | TST, SPT 1 ECMrgenes expression, ;LAMB1 gene expression Lietal., 2021b
Rats | Depression | o i FST FST 1 activity of neurons Liu et al., 2019

induced pain |
Rats NP CCl | FST | LC-rACC projection is activated after pain | Llorca-Torralba et al., 2022
Mice NP SNI FST, TST, SPT 1 microglia in females Michailidis et al., 2021
Rats NP ‘ SNI FST, SPT | neuroligin1 & BDNF levels Pan et al., 2018
Rats Inf | Monoarthritis FST 1 pERK levels - ] Pereira-Silva et al., 2020

Chronic 1 fos+ cells in layers I/l & V/VI, vGluT1, membrane GluR1 & pGIuR1,

Rats Visceral | pancreatitis FST membrane NR2B & pNR2B Ren et al., 2022
Mice NP Cuff spla:‘t;: ST, 1 firing rates, enhancement of excitatory synapse transmission Sellmeijer et al., 2018
Rats NP SNI FST, NSF 1 fos, PSD95, neuroligin2, CREB, pCREB, CaMKlla levels Wen et al., 2022
Mice NP Cuff / MAPK pathway is altered at 2w & 8w post surgery Xiao et al., 2021
Rats NP CCl FST 1 pERK1/2+ cells, | pPCREB+ cells & BDNF levels Yasuda et al., 2014
Mice Inf, NP CFA, SNI FST, TST, SI 1 spike number & cFos in Glu+ neurons, |excitability of GABA+ neurons Zhu et al., 2021

Species Pain type Models Tests Observation in the ACC in pain-induced depression after manipulation Reference
Mice NP Cuff splash, FST ACC lesion or optogenetic inhibition of CaMKII+ cells prevent DLB Barthas et al., 2015

Sellmeijer etal., 2018 |

Abbreviations: ACC, anterior cingulate cortex; BDNF, brain-derived neurotrophic factor; CaMKlla, calcium calmodulin-dependent protein kinase Il alpha; CCI, chronic
constriction injury; CFA, complete Freund adjuvant; CREB, cAMP response element-binding protein; DLB, depression-like behavior; ECM, extracellular matrix; Egrl, early
growth factor 1; ERK, extracellular signal-regulated kinase; FST, forced swim test; GABA, y-aminobutyric acid; Glu, glutamate; Inf, inflammatory; LAMBI, laminin subunit
beta 1; LC, locus coeruleus; LPS, lipopolysaccharide; MAPK, MAPK, mitogen-activated protein kinase; MKP1, MAPK phosphatase 1; NMDA, N-methyl D-aspartate ;

NR2B, NMDA subunit NR2B; NP, neuropathic; NSF; novelty-suppressed feeding; p, phosphatase; PSD95, postsynaptic density protein 95; R, receptor; rACC, rostral ACC;
SI, social interaction; SNI, spinal nerve injury; SPT, sucrose preference test; TST, tail suspension test; vGluTI, vesicular Glu transporter 1; SHT, serotonin; ¢ study realized
in both males and females, if not specified, only males were used
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The ACC to lateral habenula pathway
Even nowadays, most of the studies focus on a single brain area in the chronic pain and
emotional disorders dyad. However, changes occurring in hub structures such as the ACC
are likely coming from afferent brain structures and propagating to efferent structures. It
is thus important to consider the ACC'’s circuitry in order to decipher the contribution of
its afferents in the comorbidity between chronic pain and emotional disorders, but also
how it affects downstream targets, which could worsen the development and
maintenance of the comorbidity. Previous results from our team have already highlighted
the critical role of basolateral amygdala (BLA) projections to the ACC in the depressive-
consequences of chronic pain (Becker et al., 2023). Indeed, inhibition of the BLA-ACC
pathway in our cuff model rescued depressive-like behaviours, but not anxiety-like and
nociceptive behaviours. It is now important to study how information arriving to the ACC
are conveyed to other brain areas. Our team’s work on the ACC connectome (Figure 17A)
(Fillinger et al., 2017a, 2017b) Fillinger et al., 2016; 2017) showed a connection between
the ACC and the lateral habenula (LHb). Additionally, our resting state functional MRI
(fMRI) in collaboration with ICube (UMR7357) demonstrated decreased functional
connectivity alterations between the ACC and the habenula in neuropathic animals
(Figure 17B; unpublished data). Altogether these results pinpoint the possible implication

of the ACC-LHb pathway in the emotional consequences of chronic neuropathic pain.
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Figure 17. (A) Injections of an anterograde tracer in area 24a of the ACC moderately labels the

LHb. (B) fMRI Inter-group statistical differences of ACC functional connectivity highlights a
decreased functional connectivity between the ACC and the Hb. ACC, anterior cingulate

cortex; AMY, amygdala; CL, centrolateral thalamic nucleus; CP, caudate putamen;dHip, dorsal
hippocampus; Hb; habenula; HIP, hippocampus; HY, hypothalamus; LDDM, dorsomedial part
of the laterodorsal thalamic nucleus; LHb, lateral habenula; MDL, lateral part of the
mediodorsal thalamic nucleus; MHb, medial habenula; PAG, periaqueductal gray; RSP,
retrosplenial cortex; sm, stria medullaris; TeA, temporal association cortex. Adapted from
Fillinger et al. (2017b)
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The lateral habenula (LHb)

The habenula (Hb) is a paired epithalamic structure conserved throughout evolution and
located on the dorsomedial surface of the caudal thalamus (Stephenson-Jones et al.,
2012). In mammals (and amniotes more widely), it is symmetrical and consists in two
major nuclear complexes: the smaller medial habenula (MHb), comprising dense small
neurons, and the larger LHb, which consists of larger neurons more loosely packed (Figure
18A) (Aizawa et al., 2012; Zahm and Root, 2017). Since the focus of my thesis work was
the LHb, | will highlight its neuroanatomical organisation, function, and especially its role

in pain and emotional disorders in the following subsections.
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Figure 18. (A) Lateral habenula (LHb) and medial habenula (MHb) anatomical localisation.
(B) A first subdivision of the LHb can be done between its medial (LHbM) and lateral parts
(LHbL). Further division segregates the magnocellular subnucleus of the lateral division of
the LHb (LHbLMc), the marginal subnucleus of the lateral division of the LHb (LHbLMg),
the oval subnucleus of the lateral division of the LHb (LHbO), the parvocellular subnucleus
of the lateral division of the LHb (LHbPc), the central subnucleus of the medial division of
the LHb (LHbMC), the marginal subnucleus of the medial division of the LHb (LHbMMg),
the parvocellular subnucleus of the medial division of the LHb (LHbMPc) and the superior
subnucleus of the medial division of the LHb (LHbMS). (C) LHb neurons exhibit different
activity patterns depicted here, with silent, tonic or bursting neurons, regardless of their
localisation. Adapted from Zahm and Root (2017) and Hu et al. (2020).
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Neuroanatomy, cytoarchitecture and neuronal properties of LHb

In humans, 5 LHb subregions have been identified based on Nissl staining (Diaz et al.,
2011), whereas in rodents, thanks to tracing, immunohistology and
electrophysiological studies, up to 10 LHb subregions have been described (Figure 18B)
(Aizawa et al., 2012; Wagner et al., 2014; Weiss and Veh, 2011), which can be divided
between the lateral (LHbL) and medial part of the LHB (LHbM).

The LHb is composed of mainly 4 categories of projection neurons: spherical, fusiform,
polymorphic and vertical; and of neurogliaform cells which are supposedly
interneurons (Weiss and Veh, 2011). These different projection neurons are found
throughout the whole LHb, thus are not specific of one particular subregion.
Electrophysiological recordings of these different types of neurons allowed the
characterisation of different discharge profiles, which are not linked to the neuron’s
morphology (Kowski et al., 2009; Weiss and Veh, 2011). They include silent neurons,
neurons with regular tonic repetitive firing of single action potentials, neurons with
irregular tonic repetitive firing of single action potentials or neurons with rhythmic
burst firing of trains of single action potential (Figure 18C). Interestingly, Sakhi and
collaborators (2014a, 2014b) have described in mice a daily profile of firing activity
based on circadian rhythms.

This heterogeneity is also found when focusing on the neurochemical profile of LHb
neurons, which present a huge variety of neuronal markers (Aizawa et al., 2012;
Wagner et al., 2014). Firstly, most of LHb neurons are glutamatergic, evidenced by the
presence of the vesicular glutamate transporter 2, with a small proportion of
GABAergic neurons, which can sparsely be found in the oval part of the LHbL (Aizawa
et al.,, 2012; Brinschwitz et al., 2010). However, a recent single-cell transcriptional
profiling study in mice could not find any evidence of GABAergic neurons in the LHb.
Indeed, they only observed expression of the GABA synthetic enzyme Gad2 and the
GABA transporter Slc6al throughout the LHb, but not of SIc32a1 or Slc18a2, which are
needed for vesicular loading of GABA (Wallace et al., 2020). This could be explained by
the relatively small number of GABAergic cells in the LHb. In addition, an important
concentration of tyrosine hydroxylase, the enzyme responsible for the synthesis of
dopamine and norepinephrine was observed in the rats LHb, but not in the mice

(Wagner et al., 2014). In subregions of the LHb, acetylcholine degradation enzyme and
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vesicular transporter can also be observed (Aizawa et al., 2012; Wagner et al., 2016).
Finally, neuropeptides, such as vasopressin, substance P, somatostatin or melatonin,
can also be observed in the LHb (Salaberry and Mendoza, 2015; Zahm and Root, 2017).
Concerning receptors expressed in LHb neurons, glutamatergic AMPA, NMDA and
metabotropic receptors (mGIuR1, 3 and 5) have been identified (Li et al., 2011;
Maroteaux and Mameli, 2012; Meye et al.,, 2013; Valentinova and Mameli, 2016;
Wagner et al., 2016). GABAergic receptors GABAA and GABAg are also found in the LHb
(Meye et al., 2013). In addition, an heterogenous expression of monoaminergic
receptors throughout the LHb have been observed, such as the dopamine type 2
receptor, the serotonin type 2c receptor (Aizawa et al., 2012).

Altogether, these results indicate a great variety in LHb neurons, strongly suggesting

its role as an integrative structure.

Connectivity

The central anatomical localisation of the LHb makes it a potential relay hub. Indeed,
most of its afferents are forebrain structures, while its efferents are in the midbrain
and brainstem (Figure 19).

The first studies of the LHb connectome were performed in rats by Herkenham and
Nauta (1979, 1977). They mainly described the main afferent of the LHb: the
entopeduncular nucleus (EPN; the rodent homolog of the internal segment of the
globus pallidus), one of the principal outputs of the basal ganglia. Other major LHb
afferents include the lateral hypothalamus (LH) or the lateral preoptic area (LPO)
(Herkenham and Nauta, 1977). Otherwise, the LHb also receives weaker afferents from
the ventral pallidum, the nucleus accumbens, the olfactive bulb, the retina, the
suprachiasmatic nucleus, the septum, the diagonal band of Broca, the bed nucleus of
the stria terminalis, the lamina | of the dorsal horn of the spinal cord, the nucleus
incertus, the periaqueductal gray, the MHb, the insular cortex and the PFC (Herkenham
and Nauta, 1977; Kim and Chang, 2005; Kim and Lee, 2012; Zahm and Root, 2017). PFC
projections arise from its three divisions, the infralimbic, prelimbic and cingulate
cortices and are terminating specifically in subregions of the LHb (Kim and Lee, 2012).
Some connections are reciprocal, such as the afferents from the raphe nuclei or the

ventral tegmental area (VTA) (Herkenham and Nauta, 1979; Zahm and Root, 2017). At
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the functional level, these projections arise from different structures processing either
sensory, emotional, limbic signals or internal state information.

Concerning efferents of the LHb, the principal targets of the LHb are monoaminergic
centres: the serotonergic median and dorsal raphe nuclei, and the dopaminergic
substantia nigra (SN) and VTA (Herkenham and Nauta, 1979). The LHb also interestingly
targets the inhibitory region of the two dopaminergic centres, the tail of the VTA
(tVTA). Other efferents include the nucleus incertus, the mamillary and supramamillary
nuclei, several thalamic nuclei, the ventral pallidum and or periaqueductal gray

(Herkenham and Nauta, 1979).

Figure 19. Schematic representation of the afferents (green) and efferents (blue) of
the lateral habenula (LHb, orange). BF, basal forebrain; EPN, entopeduncular nucleus;
LC, locus coeruleus; LDT, laterodorsal tegmental nucleus; LHA, lateral hypothalamic
area; LPO, lateral preoptic area; M/DRN, medial/dorsal raphe nucleus; mPFC, medial
prefrontal cortex; SCN, suprachiasmatic nucleus; S/DBN, septum and diagonal band of
Broca; SNc, substantia nigra pars compacta; tVTA, tail of the ventral tegmental area;
VLGN, ventral lateral geniculate nucleus; VTA, ventral tegmental area.

Adapted from Hu et al. (2020).

Functions
The connectivity of the LHb places it as a perfect candidate for an integrative role
between forebrain limbic and midbrain/brainstem regions, thus modulating different
functions through its control on monoaminergic structures. Indeed, through direct and
indirect connection onto the VTA, the SN and the raphe, and indirectly towards the
tVTA (Brinschwitz et al., 2010; Zahm and Root, 2017) it induces a tonic inhibition on

dopamine and serotonin release (Matsumoto and Hikosaka, 2007). Therefore, the LHb
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can fine-tune the liberation of monoamines in the brain based on the information it
receives on sensory, emotional and internal state changes.

The LHb regulates many physiological functions, including reward and aversion, pain,
sleep and circadian rhythms, cognition, navigation and maternal behaviours and motor
functions (Hu et al., 2020).

Concerning reward and aversion, it is well described that the LHb is activated by
aversive stimuli and omission of rewards, while its activity decreases in a rewarding
condition (Matsumoto and Hikosaka, 2007), especially in non-human primates. This is
in line with its position upstream to the dopaminergic reward centres: when a reward
happens, LHb’s activity decreases, which in turns disinhibits the dopaminergic cells.
Inversely, LHb’s activity increases and the dopaminergic neurons’ activity decreases in
the response to a punishment or an omission of reward. Since the LHb does not only
react to aversive stimuli (e.g., a punishment), but also to an omission of reward when
it was expected, it is believed that the LHb is in fact involved in the re-evaluation of the
current situation, i.e., value change, and therefore is important for the following
actions that need to be taken (Hikosaka, 2010). In addition, through its connection
towards serotonergic centres, the LHb is thought to play a role in value state, i.e., the
value of a stimulus, encoded by serotonergic neurons. They indeed exhibit a change in
their tonic activity after the value of the reward is updated. Control on both value state
(serotonergic neurons) and value change (dopaminergic neurons) places the LHb as a
perfect hub to control reward-based decision making (Hu et al., 2020). On the aversive
side, the LHb is also well-known to encode aversive states. Indeed, in rodents several
negative emotional stimuli or stressors (e.g., inescapable foot/tail shocks, physical
restraint, maternal deprivation, social defeat stress, etc.) elicit a neural activation in
LHb cells, as reflected by increased Fos expression, calcium activity and spontaneous
firing recorded in electrophysiological recordings (in vivo & ex vivo) (Benabid and
Jeaugey, 1989; Carr et al., 1998; Chastrette et al., 1991; Wirtshafter et al., 1994).
Interestingly, an aversive state can be produced by stimulating excitatory afferents to
the LHb, or efferents from the LHb towards the tVTA or the VTA, confirming the
important role of the LHb in the modulation of aversion (Hu et al., 2020). Because of

its role in both reward and aversion, and its afferents from structures processing
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sensory inputs, the LHb is essential for behavioural flexibility, which allows an animal

to adapt its behaviour based on internal states and external cues.

Role in emotional disorders

Due to its role as an “anti-reward” centre, the LHb is thought to be implicated in
multiple psychiatric disorders in which the reward system is malfunctioning.

The most well-known psychiatric condition in which there is a malfunction of the LHb
is depression. Indeed, clinical studies have reported (i) an increased activity of the LHb
in depressive patients (Morris, 1999), (ii) rapid and sustained relief from depression
after deep brain stimulation (DBS) of the lateral habenula in a therapy-refractory
patient (Sartorius et al., 2010; Sartorius and Henn, 2007). Its activation in depression
is consistent with the monoamine hypothesis of depression, which postulates that
depletion in monoamines drives the disease, as it regulates monoaminergic brain
centres, thus monoamine release. Preclinical studies showed that the LHb is
hyperactive in three different rat models of depression, including stress-, drug
injection- and chronic metamphetamine-induced depression models (Caldecott-
Hazard et al., 1988). This hyperactivity is thought to be driven by an increase in the
percentage of bursting neurons, which are not numerous under normal physiological
conditions, but doubles in several rodent models of depression (Han et al., 2015; Seo
et al., 2018; Yang et al., 2018). Cui and collaborators (2018) have highlighted that this
bursting activity is potentially due in parts to astrocytes and glial potassium channel
Kird.1. Indeed, Kir4.1 is upregulated in depressive-like rats. Kird.1 overexpression in
LHb astrocytes of naive mice drives depressive-like behaviours and the increased burst
firing associated with it. The implication of burst firing neurons in depression was
further explored by Yang and colleagues (2018), showing that an optogenetic
activation driving LHb burst firing in naive mice produced depressive-like behaviours.
Several other studies manipulating the LHb in rodents to activate or inhibit it resulted
in depressive-like behaviours in naive animals or antidepressant effects in depression
models respectively (Cui et al., 2018; Lecca et al., 2016; Li et al., 2013). Deep brain
stimulation was also performed in a rat model of depression and rescues depressive-
like symptoms in the same way as in humans (Meng et al., 2011). Considering that the

LHb receives multiple sensory inputs, and that depression is a disease based on
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circuitry changes, the implication of afferents to the LHb have been recently explored.
The VTA-LHb (Root et al., 2018) and EPN-LHb (Shabel et al., 2014) pathways for
example were shown to have an increased probability of synaptic release in
depressive-like animals, while LH-LHb synaptic potentiation occurs in stress-induced
depression (Zheng et al., 2022). In addition, the EPN-LHb pathway, which co-releases
GABA and glutamate onto LHb synapses, exhibits an imbalance of co-released
transmitters, favoring glutamate release, thus probably over activating LHb neurons
(Shabel et al., 2014).

At the level of the LHb itself, postsynaptic mechanisms have been highlighted, with
increased activity of calcium/calmodulin-dependent protein kinase Il subunit-beta
(CaMKllbeta) (Li et al., 2013) and of protein phosphatase 2A (PP2A) (Lecca et al., 2016).
On one hand, CaMKllbeta is regulating AMPARs trafficking. Thus, an increase in its
activity or its upregulation leads to increased AMPARs found at the synapse, resulting
in enhanced synaptic efficacy (Li et al.,, 2013). On the other hand, PP2A regulates
GABAg receptor signaling and an increase in its activity reduces GABAg receptor
inhibitory currents, which results in increased neuronal activity (Lecca et al., 2016).
Both these mechanisms have been described in depressive-like animals, and their
induction in naive animals creates depressive-like phenotypes (Lecca et al., 2016; Li et
al., 2013).

In summary, all these studies seem to emphasize the crucial role of the LHb in
depression, with several mechanisms tightly interacting and creating a hyperactivity of

the LHb, which drives depressive phenotypes.

Role in chronic pain
While the LHb’s role in reward and aversion, and thus emotional disorders is well
described and almost common sense when knowing its physiological role in reward-
based decision making and behavioural flexibility, there is also a potential role for the
LHb in the processing of pain. It is indeed well located within the pain transmission
system as it receives direct inputs from the spinal cord or indirect through the LH or
the NAc, and is also contacted by cortical areas processing pain, such as the insular
cortex. In addition, it sends efferents to pain modulatory regions, i.e., the PAG and

dorsal raphe nucleus (DRN).
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Figure 20. Schematic model of lateral habenula (LHb) circuit divided between functional loops
under normal physiological conditions (A) and in the context of chronic pain (B). In chronic
pain, there is an imbalance between all the functional loops, which reinforces the activation
of the LHb. PAG, periaqueductal gray; SNc, substantia nigra pars compacta; VTA, ventral
tegmental area. Adapted from Shelton et al. (2012).
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Interestingly, in anaesthetised rats, electrophysiological recordings have highlighted
an excitatory response of LHb neurons after peripheral noxious stimuli (Benabid and
Jeaugey, 1989; Gao et al., 1996). In addition, infusion of morphine in the Hb produces
analgesia. These results in acute pain pinpoint the LHb as a potential actor in chronic
pain (Shelton et al., 2012). A few studies focusing on rodents’ chronic pain models have
shown the LHb implication in this important clinical issue.

Paulson and collaborators have also shown the implication of the Hb in a neuroimaging
study, with increased Hb activity in rats after spinal cord damage (Paulson et al., 2005)
or diabetes-induced neuropathic pain (Paulson et al., 2007). In humans, this result was
confirmed by a few fMRI studies (Roiser et al., 2009; Ullsperger and von Cramon, 2003).
However, these results take the Hb as a whole as the current fMRI resolution is not
sufficient to distinguish its subregions.

A possible model for the LHb implication in chronic pain was proposed by Shelton and
collaborators (2012). As stated earlier, the LHb is connected to several brain regions,
placing it as hub between sensory, emotional and internal state processing regions.
The LHb circuitry can therefore be divided into several distinct, but interconnected
loops based on its afferents and efferents (Figure 20A): pain processing (i.e., afference
from SC and afferences to PAG & DRN), reward/aversion (i.e., afferences from PFC and
efferences to dopaminergic & serotonergic centres, especially VTA) and sensory motor
(afference from basal ganglia and efference to SN). In chronic pain conditions, these
functional circuits’ weight is differentially distributed, causing an imbalance between

the loops, therefore probably reinforcing pain (Figure 20B).

Role in the emotional consequences of chronic pain

As mentioned earlier, the role of the LHb in depression has been widely studied, but
mostly in stress-, environment-induced or genetic rodent models. Because the LHb is
thought to be a key actor in chronic pain, a few groups have started to look more
closely at the LHb and its role in the emotional consequences of chronic pain.

Li and collaborators (2016) have shown that LHb neurons discharge at a higher
frequency in a model of depression, and that almost 75% of these high-frequency
neurons were activated by a formalin injection, i.e., by a noxious stimulus. c-Fos

expression was interestingly increase in depressive rats, in control rats with formalin
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injection, but even more in depressive rats that received a formalin injection, which
was reversed by the TCA clomipramine treatment. This could mean that both
conditions (i.e., depression and noxious stimuli) are potentiating each other and
therefore LHb neuronal response. This fits well with the behavioural output that was
observed, in which the depressive-like rats were exhibiting stronger responses to
noxious stimuli compared to controls. The same group next examined the LHb in the
context of chronic pain-induced mood disorders (Li et al., 2017). In a rat model of
chronic constriction injury inducing a depressive-like phenotype, they demonstrated
that the LHb has an increased activity, concurrent with increased CaMKllbeta
expression. Interestingly, DRN activity was decreased, supporting that depression
induced by chronic pain could be driven by LHb-DRN pathway hyperactivity. On the
other hand, lesion of the LHb was able to improve both mechanical hypersensitivity
and depressive-like behaviours (Li et al., 2017), similarly to what they observed when
lesioning the LHb in their rat model of depression with increased hypersensitivity (Li et
al., 2016).

Another group, working this time with a mice model of trigeminal neuralgia in which
orofacial mechanical hypersensitivity is associated with anxiety-like behaviours, also
studied the role of the LHb in this comorbidity (Cui et al., 2020; W.-W. Zhang et al.,
2023; Zhuang et al.,, 2022). They showed that their model induced an increased
excitability of LHb neurons, which correlated with behavioural outputs. Gene
expression analysis revealed that Tacr3, a gene previously involved in other diseases,
was downregulated in their model. When overexpressing this gene in the LHb of their
trigeminal neuralgia model, they showed that this alleviated anxiety-like behaviour,
mechanical hypersensitivity and LHb hyperactivity, in the same way as bilateral
chemogenetic inhibition of glutamatergic (Glu+) neurons (Cui et al., 2020). More
recently, the same group showed that bilateral chemogenetic activation of LHb Glu+
neurons in naive mice induced orofacial mechanical hypersensitivity and anxiety-like
behaviours, same as in their model (Zhuang et al., 2022). They revealed an increased
phosphorylation of NMDA receptors and CaMKIl in LHb neurons, and that bilateral
inhibition of NMDA and CaMKIl alleviated to some extent both nociceptive and
anxiety-like behaviours. On the opposite, bilateral chemogenetic activation of CaMKII+

neurons triggered mechanical hypersensitivity and anxiety-like behaviours in naive
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animals, supporting their role in the comorbidity. Finally, in their newest study, they
investigated the role of tachykinin receptor 3, which is encoded by the Tacr3 gene, in
the LHb in chronic pain-induced anxiety (W.-W. Zhang et al., 2023). Pharmacological
activation or inhibition of NK3R reduced the hyperexcitability of LHb neurons or
induced hyperactivity, respectively. Activation of this receptor by its ligand neurokinin
B, which is released by the PAG into the LHb, rescued chronic-pain induced anxiety-like
symptoms (W.-W. Zhang et al., 2023). These results point to the PAG-LHb pathway as
a good candidate for future therapeutical approaches.

In terms of circuits involving the LHb and implicated in the emotional consequences of
chronic pain, Zhou and collaborators (2019) realised an elegant study, in which they
highlighted the role of central amygdala somatostatin neurons contacting LHb Glu+
neurons in the spinal nerve injury (SNI) model in mice. Optogenetic activation of this
pathway in naive animals induced depressive-like behaviours, whereas its optogenetic
inhibition alleviated chronic pain-induced depressive-like behaviours.

Itis particularly interesting to note that, even though the LHb seems implicated in both
chronic pain and its emotional consequences, manipulating different afferent
pathways can produce different outcomes. However, it is unknown whether the cells
in the LHb that are activated by different pathways are the same or not, or if there are
different LHb subpopulations, with some dealing with the emotional component of
pain only, and some involved for both the somatosensory and emotional components
of pain. Further studies are therefore needed to properly pinpoint the contribution of

different afferents and the integrative role of the LHb in this comorbidity.
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Research objectives

Even though the comorbidity of chronic pain and emotional disorder has a high incidence
in the population worldwide (Global Burden of Disease Study, 2013), it is currently poorly
described. To understand the underlying mechanisms of this comorbidity, it is crucial to
consider where and how changes occur in the brain.
Our team has already extensively studied the role of the ACC in the emotional
consequences of pain using a preclinical model of sciatic nerve constriction -the cuff
model-, consisting in the sciatic nerve compression and resulting in both persistent
mechanical hypersensitivity and emotional consequences in a time-dependent manner
(Barthas et al., 2017, 2015; Yalcin et al., 2011). Our previous rodent studies support the
implication of the ACC in mood control: (i) in naive mice, optogenetic activation of
glutamatergic pyramidal neurons is sufficient to trigger anxiodepressive-like behaviours
(Barthas et al., 2015) and (ii) in our chronic neuropathic pain model, a lesion (Barthas et
al., 2015) or an optogenetic inactivation (Sellmeijer et al., 2018) of the ACC prevents or
reverses depressive-like symptoms without affecting physical pain (mechanical allodynia)
(Barthas et al., 2015; Sellmeijer et al., 2018). In addition, using resting state fMRI in
rodents, in collaboration with ICube (UMR7357), our team demonstrated an overall brain
network reorganization during chronic pain (unpublished data). These results especially
highlight modifications of the cortico-habenulo-tegmental pathway, showing that
functional connectivity between the ACC and the habenula is altered after peripheral
nerve injury.
With the help of optogenetic, calcium imaging (with the fiber photometry technique) and
molecular biology tools, we aimed at describing and understanding the role of the ACC-
LHb pathway in the emotional consequences of chronic neuropathic pain.
This thesis was built around three objectives:

1. To characterise the activity of ACC neurons projecting to the LHb.

2. To study the impact of optogenetic manipulations of the ACC-LHb pathway on

emotional and nociceptive behaviours.

3. Toidentify transcriptomic modifications of ACC neurons projecting to the LHb.

The combination of these three aims provided a behavioural, functional and molecular

characterisation of the ACC-LHb pathway in the comorbidity of chronic neuropathic pain
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and emotional disorders. In particular, the third objective yields specific molecular targets
which can be manipulated in our cuff model to understand the causal link between the
dysregulation of target genes and the emotional consequences of chronic pain.

My thesis work will allow to understand the place of the ACC-LHb pathway in the chronic
pain/emotional disorder dyad circuitry, adding to what was already established in our
team with the involvement of the basolateral amygdala to ACC pathway in the depressive-

like consequences of chronic neuropathic pain (Becker et al., 2023).
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Methods




Material and Methods

The following section is composed of the Extended Material and Methods of the scientific

article that can be found in the Results section.

Animals

Male adult C57BL/6J mice (RRID: IMSR JAX: 000664, Charles River, I’Arbresle, France)
were used. Mice were 8 weeks old at the beginning of experimental procedures, group-
housed with a maximum of 5 animals per cage and kept under a reversed 12h light/dark
cycle (lights on: 8pm and off: 8am). Animals had ad libitum access to food and water
throughout the experiments. After the optogenetic fiber implantation, animals were
single housed to avoid possible damage to the implant. We conducted all the behavioral
tests during the dark phase, under red light. Our animal facility (Chronobiotron) is
registered for animal experimentation (Agreement B6748225), and protocols were
approved by the local ethical committee of the University of Strasbourg (CREMEAS,
APAFIS17390-2018103014097465v8) and performed according to animal care and use

guidelines of the European Community Council Directive (EU 2010/63).

Surgical procedures
Surgical procedures were performed under zoletil/xylazine anesthesia (Zoletil 50
43mg/kg, Paxman 7mg/kg, ip; Centravet). For stereotaxic surgery, a local anesthetic was
delivered subcutaneously at the incision site (Lurocaine 4mg/kg, Bupivacaine 4mg/kg, sc;
Centravet) and an anti-inflammatory drug was injected at the end of the surgery
(Meloxicam 5mg/kg, sc; Centravet). Right after the surgeries, mice were visually inspected
for any sign of discomfort and their body weight recorded each day until their weight and

condition stabilized, after which their weight was recorded weekly.

Neuropathic pain model: Cuff surgery

Before surgery, mice were assigned to experimental groups based on their baselines to
not have any discrepancies in mechanical nociceptive threshold between groups. Chronic
neuropathic pain was induced by placing a 2mm PE-20 polyethylene tube (Cuff, @ 0.38
mm inward diameter / 1.09 mm outward diameter, Harvard Apparatus, Les Ulis, France)

around the main branch of the right sciatic nerve. After the induction of anesthesia, the
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right leg was shaved, a skin incision (~0.5 cm, parallel to the femur and approximately 1.5
mm anterior to the femur) was made and the sciatic nerve was exposed. Then, the 2 mm
PE-20 cuff was placed around the sciatic nerve and pressed to close it around the nerve.
The skin was then sutured, and the animal placed back in a new clean cage. The Sham

group underwent the same procedure without the cuff implantation (Yalcin et al., 2014).

Virus injection

After general anesthesia, mice were placed in a stereotaxic frame (Kopf Instruments).
0.25ul of AAVrg-CaMKlla-ChR2(H134R)-mCherry (Addgene #26975-AAVrg, Deisseroth),
AAVrg-CaMKlla-ArchT-GFP(PV2527) (Addgene #99039-AAVrg, Boyden) or AAVrg-
CaMKlla-m.Cherry-RPL10a-WPRE-SV40 (IGBMC) were injected bilaterally into the LHb
using a glass pipette (0.0625ul/30sec, coordinates for the LHb, anteroposterior (AP): -
1.7mm from bregma, lateral (L): +/-0.4mm, dorsoventral (DV): -2.7mm from the brain
surface). For fiberphotometry, the same method was used to unilaterally inject 0.25 ul of
AAVrg-Syn.NES-JRGECO1a.WPRE.SV40 (Addgene # 100854-AAVrg) into the LHb and 0.5 pl
of AAV5-Syn-GCaMP6m-WPRE-SV40 (Addgene # 100841-AAV5) into the ACC
(coordinates: AP: +0.7mm, L: +/-0.2mm, from the bregma, DV: -1.5mm from the brain).
After injection, the glass pipette was let in place for 8-10min before removal and the skin
was sutured. Following surgery, animals were left undisturbed for at least two weeks

before cannula implantation.

Optic fiber and optogenetic cannula implantation

Two weeks after virus injection, optic fiber or optogenetic cannula (1.7mm long and
220um in diameter) was implanted unilaterally into the ACC (AP: +0.7mm L: +/- 0.2mm
DV: -1.5mm; for optogenetic stimulation: MFC 220/250-0.66_1.7mm_RM3_FLT; for fiber
photometry: MFC_400/430-0.66_1.7mm_MF1.25 FLT; Doric Lenses). Cannulas were
implanted half in the left hemisphere and half in the right hemisphere in a randomized
manner for each experimental group. All animals underwent the implantation, whether
they were in the stimulated or non-stimulated group.

For the chronic variable stress (CVS) and fiber photometry, both virus injection and optic

fiber implantation were done simultaneously.
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Intracardiac perfusion

To verify the virus injection localization at the end of the experiment, animals were
anesthetized with Euthasol (182mg/kg) or Ketamine/Xylazine (Ketamine 1000 160mg/kg,
Paxman 20mg/kg ip; Centravet) and perfused with 30mL of 0.1M phosphate buffer (PB,
pH 7.4) followed by 100mL of 4% paraformaldehyde solution (PFA) in 0.1M PB. Brains
were extracted, post fixed overnight and kept in 0.1M PB saline (PBS) at 4°C until cutting.
Coronal sections (40um) were obtained using a vibratome (VT 1000S, Leica, Deerfield, IL)
and serially collected in PBS (1X) and sodium azide (0,04M) solution. Sections were then
serially mounted with Vectashield medium (Vector laboratories) and localization of the
fluorescence was checked using an epifluorescence microscope (Nikon 80i, FITC filter).
Only animals well-injected bilaterally in the LHb (injection site restricted to the LHb with
no transfection in the thalamus) and with correct virus expression in the ACC (marked cell
bodies in the ACC with no expression in the rest of the cortex) were kept for further

analyses (see Extended Table 1 for excluded animals).

Extended Table 1 — Animals selection based on injection sites.

Acute Chronic Inhibition in Inhibition in
activation activation CPID CVS
Selected animals 18 stim 17 stim 41 stim 23 stim
Discarded animals 19 stim 18 stim 40 stim 11 stim

Chronic variable stress model (CVS)
CVS consists of three different stressors that were repeated and alternated over a period
of 21d. CVS group were submitted to stressors as follows: 100 random mild foot shocks
at 0.45 mA for 1h (10 mice/chamber), a tail suspension stress for 1 h, and a restraint stress
in which mice are placed inside 50 mL Falcon tubes for 1 h. The three stressors were then
repeated for the next 21 d in the same order. Control mice remained unstressed and kept
group housed, while stressed animals were housed individually. The CVS paradigm started
3 to 7 days after virus injection and cannula implantation. Directly after the last stressor,
both control and CVS groups were each further divided into two subgroups (non-

stimulated and stimulated animals) and subjected to a battery of behavioral tests.
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Optogenetic stimulation procedures

After 3 to 7 days of recovery, we either activated or inhibited the ACC-LHb pathway. ACC-
LHb pathway was activated by a blue light emitting diode (LED) with a peak wavelength
of 463nm (LEDFRIJ-B FC, Doric Lenses) or inhibited with a green light emitting laser with a
peak wavelength of 520nm (Miniature Fiber Coupled Laser Diode Module, Doric Lenses).
From the light source, the light travelled through the fiber optic patch cable (MFP
240/250/900-0.63 0.75m FC CM3, Doric Lenses) to the implant cannula. For non-
stimulated animals the light remained switched off.

Activation paradigm:

Blue light was delivered by pulses generated through a universal serial bus connected
transistor-transistor logic pulse generator (OPTG 4, Doric Lenses) connected to a LED
driver (LEDRV 2CH v.2, Doric Lenses). Transistor-transistor logic pulses were generated by
an open-source software developed by Doric Lenses (USBTTL V1.9). Stimulated animals
received repetitive stimulation sequences of 10s consisting of 8s at 10Hz with 40ms pulses
and 2s without stimulation. Light intensity at the fiber optic patch cable was measured
using a photodetector (UNO, Gentec, Quebec, Canada) and set at 8mW.

For the acute activation paradigm of the ACC-LHB pathway, the 10s sequence was
repeated during 30min prior (Light-Dark test or Forced Swim Test) or during behavioral
testing (Real-Time Aversion and Novelty Suppressed Feeding test).

For the chronic stimulation paradigm, the 30min sequence took place each day for 4
consecutive days and the animals were subjected to behavioral tests in the following
week without stimulation during the tests.

Both activation paradigms were performed in naive animals in two groups: stimulated
and non-stimulated animals.

Inhibition paradigm:

Green light was delivered in a continuous manner during 5min prior (Light-Dark test and
Forced Swim Test) or during behavioral testing (Locomotor activity test, Real-Time
Aversion, Conditioned Place Preference, Novelty Suppressed Feeding test and von Frey
test). The onset and end of stimulation were manually directed. Light intensity at the fiber
optic patch cable was as stated before and set at 12mW. The inhibition and behavioral
tests were performed 8 weeks after the cuff surgery in CPID animals and the day after the

last stressor in CVS animals.
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Fiberphotometry

Before any recording, mice were habituated to the procedure (to the handling procedure
and then to freely move with the patch cord) for at least 3 days. Mice were connected
with the fiber photometry patch cord and then rest for ~1 min before starting any
behavioural test. Each recording was synchronized with the ANY-maze (Aniphy®) video
tracking system, using TTLs signals. The fiber photometry setup used two light-emitting
LEDs: 410-420 nm LED sinusoidally modulated at 333.786 Hz and a 460-490 nm LED
sinusoidally modulated at 208.616 Hz (Doric®) merged in a iIFMC6-G2 MiniCube (Doric®)
that combines the two wavelengths excitation light streams and separate them from the
emission light. On-line real-time demodulation of the fluorescence due to the 410-420nm
and the 460-490 nm excitations was performed by Doric Neuroscience studio software
(V6; Doric®). The MiniCube was connected to a fiberoptic rotary joint (Doric®) connected
to the cannula. Calcium signals were collected at a sampling frequency of 12 kHz. We
equalized the 410-420 and 460-490 nm signals to record an equivalent signal/noise ratio.
Custom-generated MATLAB® scripts were then used to down-sample and normalize the
fluorescence signal. The fluorescence from the control channel (Faos, isobestic point) was
filtered using a polyfit regression giving a fitted control (F4osc). AF/F was calculated as (Faes
— Faosc)/Faos). The deviation of each sample from the averaged signal of a given period was
calculated with a Z-score [z=(x-p)/ o]. This score indicates how many standard deviations
(o) an observation (x) is above or below the mean of the full recording session (). Bins of
appropriate time periods (in seconds) were calculated for each peri-event and then

compared around the time-locked events.

Behavioral assessment
All the behavioral tests were performed during the dark phase, under red light. Animals
never submitted to same tests twice. The forced swim test (FST) was always performed
as a final test. Body weights were measured weekly. Experimenters were always blind to
the pain conditions and to the optogenetic stimulation for the chronic activation
paradigm. All behavioral apparatus were cleaned with 70% ethanol between each animal.
For the chronic optogenetic activation paradigm, all the tests were performed from the

day following the four consecutive days of stimulation, without stimulation. For the
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fiberphotometry experiments, the recordings were done during the behavioral tests. A

summary of the tests performed for each animal cohort is provided in Extended Data

Table 2.

Extended Table 2 — Summary of tests performed by each cohort.

Locomotor
activity

vF

RTA

CPP

LD

NSF

FST

Splash

usT

Restraint

Shocks

Whole ACC
fiber
photometry

Dual ACC &
ACC-LHb
fiber
photometry

Acute
activation

Chronic
activation

Inhibition in
CPID

Inhibition in
CVsS

VTRAP in
CPID

Locomotor activity

Spontaneous locomotor activity was monitored for each experimental group. Mice were
tested in an open field apparatus (unknown environment, 40x40x30cm plexiglas). The
mice were placed in a corner and permitted to freely explore the apparatus.

The total distance travelled, time spent inactive (resting time), time spent along the edges
of the apparatus and time spent in the center of the apparatus were automatically
recorded by the ANY-maze software (Aniphy) over 5min. For optogenetic inhibition, the

tests were performed during the light stimulation.

Nociceptive behavior

The mechanical threshold was assessed before surgery (baseline) and on a weekly basis
after surgery with the von Frey filaments test. During each session, the animals were

individually habituated (5 min) in transparent, bottomless plastic boxes placed on a mesh

-84-



platform. For the testing, filaments of different pressure (0.4—8.0 g; Bioseb, Chaville,
France) were applied to the ventral surface of each hindpaw in an ascending fashion. A
positive response for a given pressure corresponds to withdrawal or licking of the
stimulated hindpaw for 3 out of 5 applications. The mechanical sensitivity threshold was
defined as a response to 2 consecutive filaments.

For the optogenetic inhibition, the mice were first wired, habituated in von Frey boxes
(5min) and tested for mechanical sensitivity without light stimulation following the
aforementioned protocol. Then, after 5min, the light was turned on and the mice were
tested a second time for mechanical sensitivity. For the fiberphotometry experiment, the
mice were first wired, habituated in von Frey boxes (5min) and tested for mechanical

sensitivity.

Real-time aversion (RTA)

The apparatus consists of 2 connected Plexiglas chambers (size 20cmx20cmx30cm)
distinguished by the wall patterns. On the first day (pre-test), animals were free to explore
the apparatus 10min and the time spent in each chamber was measured to control for
the lack of spontaneous preference for one compartment. Animals spending more than
75% or less than 25% of the total time in one chamber were excluded from the study. The
second day (test), animals were plugged to the light source, placed between the 2
chambers, and let free to explore for 10min. The light was turned on when the mouse
entered its head and forepaws in the stimulation-paired chamber and turned off when it
left the compartment. The total time spent in the stimulation-paired chamber was

measured.

Conditioned place preference (CPP)

Mice were individually placed in the conditioned place preference apparatus, with 2
chambers and 1 corridor distinguished by the wall and floor patterns (Imetronic, Pessac,
France; 32x20x15cm). Photocells beam breaks were recorded using Polyplace software
(Imetronic, Pessac, France). On the first day (habituation), animals were free to explore
the apparatus 5min and the time spent in each chamber was measured to control for the
lack of spontaneous preference for one compartment. On the second and third days
(conditioning), the mice were plugged to the light source. First, the animals were

maintained during 5min in one chamber, without optogenetic inhibition. Then, 4h later
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they were placed during 5min in the other chamber, with optogenetic inhibition
(continuous). On the 4th day (test), the time spent in each chamber was recorded during

S5min.

Light-dark test (LD)

The apparatus consists of light and dark boxes (19x19x15cm each). The lit compartment
was brightly illuminated (>1000 lux). Mice were placed in the dark compartment (<5 lux)
in the beginning of the test, and the time spent in the lit compartment was recorded
during 5min. For acute activation and inhibition, the test was performed immediately
after the light stimulation. The time spent in each compartment and the latency to enter
the light side were automatically recorded.

For fiberphotometry, the test was performed during the recording in an automated
light/dark box (Imetronic, Pessac, France). The apparatus contained two interconnected
compartments (each 19x19x15cm). A gutter made on top of the apparatus (7mm) allowed
the optical patch cord to follow the animal during the test and to stimulate and record
the animal. One of the compartments was illuminated during the test session (1500 lux,
‘light’ side) and the other non-illuminated (<5 lux, ‘dark’ side). The entrance in each
compartment was automatically detected by infra-red beams and corresponding TTLs
signals were sent to the fiber photometry console (Poly software, Imetronics®).
Percentages of time spent in each side were then calculated [(time in light side/total time)

*100].

Novelty suppressed feeding test (NSF)

The apparatus consists of an open field (40x40x30cm) with the floor covered with 1cm of
sawdust. Twenty-four hours prior to the test, food was removed from the home cage. At
the time of testing, a single pellet of food was placed on a paper in the center of the box.
The animal was then placed in a corner of the box and the latency to eat the pellet was
recorded within a 5min period. The test was stopped as soon as the animal ate the pellet.
For acute activation and inhibition, the optogenetic stimulation was conducted during the
test.

For fiber photometry recordings, TTLs signals were sent to the fiber photometry console

(ANY-maze, Aniphy®) when mice touched and ate the food. For fiber recording purposes,
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animals were left undisturbed after eating the pellet and recorded for 5 min and multiple

eating episodes were recorded for each mice.

Forced swim test (FST)

FST was conducted by gently lowering the mouse into a glass cylinder (height 26.5cm,
diameter 18.5cm) containing 17.5cm of water (24,5°+/-1°C) during 6 min. The mouse was
considered immobile when it floated in the water and made only small movements to
keep its head above water. For acute activation and inhibition, the test was

performed immediately after the light stimulation.

Splash test

The test animal was placed in a new cage and a 20% sucrose solution (Erstein, France) was
sprayed on the dorsal coat of the mouse. Grooming duration was then measured during
S5min.

For fiber photometry recordings, the grooming behavior was recorded (ANY-maze,
Aniphy®). An experienced experimenter triggered a TTL signal, sent to the fiber

photometry console, for the initiation and termination of each grooming episode.

Urine sniffing test (UST)

Reward seeking/anhedonia-like behaviours were assessed with the urine sniffing test
(UST), adapted from Malkesman et al., (2010). Animals were placed in a new familiar cage
with the floor covered with sawdust. Two cotton tips were placed in two holes made in
the Plexiglas cage (extended 1cm, 5cm above the sawdust in the cage) allowing the
animals to freely explore each tip and the patch cords to follow this exploration. Before
each test the cotton tips were impregnated with 20uL of male or female urine (same
mouse line and age-matched animals). Two identical zones [representing 9% of the full
apparatus (682cm?)] were virtually delimited around the cotton tips, considered as
“male” and “female” zone accordingly. The animals were always placed in the center of
the cage and permitted to freely explore the apparatus for 5min. For each zone and in the
full apparatus, the time spent, average speed, latency to enter the zone, and the
immobility time were automatically recorded (ANY-maze, Aniphy®). We also recorded the
latency to sniff each cotton tip, the total cotton tip investigation time, and the longest
cotton tip investigation. TTLs signals corresponding to each cotton tip investigation were

manually triggered and sent to the fiber photometry console (ANY-maze, Aniphy®)
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Restraint stress

An acute restraint stress was performed to assess the Ca?* response to a stressful event.
After a 1-min baseline period, mice were restrained by an experimenter and familiar
experimenter for 5 s after which they were released, and an additional 1-min was
recorded.

Unpredictable electrical shocks

Ca?* response to foot shocks was assessed in a chamber with electrified grid floors. After
a 1-min baseline period with no scheduled events, mice were exposed to one
unpredictable electrical foot shock for 1 s (0.6 mA) and left for an additional minute in the

chamber.

Emotionality z-scores

Emotionality z-scores were computed as previously described by (Guilloux et al., 2011).
First, individual z-score values were calculated for each mouse in each test using the
following formula: z = (X - nu)/o where X represents the individual data for the observed
parameter while pand o represent the mean and standard deviation of the control group.
The directionality of scores was adjusted so that increased score values reflect increased
dimensionality (anxiety- or depressive-like behaviors). For instance, decreased time
spend in the light box in LD test was converted into positive standard deviation changes
compared to group means indicating increased anxiety-like behaviors. Conversely,
increased immobility time in the FST was not converted since it is a direct indicator of
increased depressive-like behaviors. Finally, z values obtained for each test were averaged
to obtain a single emotionality score:

Emotionality z-score = Ztestl + Ztest2 + ... + Ztestn / Number of tests.

Ex vivo electrophysiological recordings
We performed whole-cell patch clamp recordings of ACC pyramidal neurons. We
recorded from mCherry- or GFP-expressing neurons of mice bilaterally injected with an
retrograde AAV in the LHb driving the expression of either the channelrhodopsin 2 (ChR2)
or the archeorhodopsin T (ArchT) under the control of the CaMKlla promoter (with AAVrg-
CaMKlla-ChR2(H134R)-mCherry and AAV-rg-CaMKIlla-ArchT-GFP(PV2527), respectively).
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For these experiments, mice were anaesthetized with urethane (1.9g/kg) and killed by
decapitation, their brain was removed and immediately immersed in cold (0°C-4°C)
sucrose-based ACSF containing the following (in mM): 2 kynurenic acid, 248 sucrose, 11
glucose, 26 NaHCO3, 2 KCl, 1.25 KH2PO4, 2 CaCl2, and 1.3 MgS04 (bubbled with 95% 02
and 5% CO2). Transverse slices (300 um thick) were cut with a vibratome (VT1000S,
Leica). Slices were maintained at room temperature in a chamber filled with ACSF
containing the following (in mM): 126 NaCl, 26 NaHCO3, 2.5 KCI, 1.25 NaH2PO4, 2 CaCl2,
2 MgCI2, and 10 glucose (bubbled with 95% 02 and 5% CO2; pH 7.3; 310mOsm
measured). Slices were transferred to a recording chamber and continuously superfused
with ACSF saturated with 95% 02 and 5% CO2. ACC neurons expressing mCherry or GFP
were recorded in the whole-cell patch-clamp configuration. Recording electrodes (3.5-
4.5MQ) were pulled from borosilicate glass capillaries (1.2mm inner diameter, 1.69mm
outer diameter, Warner Instruments, Harvard Apparatus) using a P1000 electrode puller
(Sutter Instruments). Recording electrodes were filled with, in mM: 140 KCl, 2 MgCl2, 10
HEPES, 2 MgATP; pH 7.3. The pH of intrapipette solutions was adjusted to 7.3 with KOH,
and osmolarity to 310mOsm with sucrose. The ACC was illuminated with the same system
used for the in vivo experiments (see above) triggered with WinWCP 5.7.2, the optic fiber
being localized in the recording chamber at 3 mm from the recorded neuron. The current
injected was adapted for the neuron to have a membrane potential of about -60mV.
Recordings were acquired with WinWCP 5.7.2 (courtesy of Dr. J. Dempster, University of

Strathclyde, Glasgow, United Kingdom). All recordings were performed at 34°C.

Plasmid and AAV generation

Plasmid construction

For translating ribosome affinity purification, pAAV-CaMKIl-mCherry-RPL10a-WPRE-SV40
plasmid was constructed. mCherry-RPL10a from plasmid pAAV-hSyn-Flex-mCherry-
RPL10a (IGBMC) was cloned by in-fusion cloning into the plasmid pAAV-CaMKII-ArchT-
GFP(PV2527) (Addgene #99039). The vector pAAV-CaMKII-ArchT-GFP-WPRE-
SV40(PV2527) was linearized by digestion with the enzymes BamHI and Hindlll and
deposited on 1% agarose gel. It was extracted and purified using the gel extraction kit

QlAquick. mCherry-RPL10a fragment of the pAAV-hSyn-Flex-mCherry-RPL10a was
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amplified by PCR using CloneAmp HiFi Polymerase and the following primers: for-
AGGTTGATTATCGATAAGCTTCTAATACAGACGCTGGGGCT and rev-
TCTGGGGGCAGCGGGGGATCCCTAGCCACCATGGTGAGCAAG. The primers were designed
according to the in-fusion cloning method, in order to generate PCR products with a
sequence homology of 15bp with the vector extremities. PCR products were deposited
on 1% agarose gel and extracted and purified as the vector. Both the vector and the insert
were quantified on gel and using Nanodrop. The in-fusion cloning was performed with
150ng of purified insert, 50ng of purified linearized vector and 5X In-Fusion HD Enzyme
Premix in a total volume of 10uL for 15min at 50°C. An aliquot of 2.5uL of this reaction
media was used to transform 50uL of “stellar” competent cells by thermic shock. After
incubation at 37°C with 500uL of SOC medium, the bacterial pellet was spread on LB agar
ampicillin-100 plates and placed at 37°C overnight. 4 colonies were selected to realize
minipreps. The extracted DNA was digested by BamHI and Hindlll cloning enzymes and
deposited on 1% agarose gel. A 2023bp corresponding to the size of the insert was
highlighted in the 4 minipreps, which were further sequenced with the Sanger method
and analyzed to confirm the presence of the insert. A maxipreparation was realized from
miniprep 2 and provided to the Molecular Biology and Virus platform of IGBMC for further

AAV preparation.

AAV preparation and purification

AAV generation was performed by the Molecular Biology and Virus platform at IGBMC
(Strasbourg, France).

Recombinant adeno-associated virus AAV serotype 2-retro were generated by a triple
transfection of HEK293T-derived cell line using Polyethylenimine (PEl) transfection
reagent and the 3 following plasmids: pAAV-CamKII-mCherry-RPL10a-WPRE-SV40pA,
pAAV2-retro helper (Addgene #81070) encoding the AAV serotype 2-retro capsid and
pHelper (Agilent) encoding the adenovirus helper functions. 48hours after transfection,
AAV2-retro vectors were harvested from cell lysate treated with Benzonase (Merck) at
120U/mL. They were further purified by gradient ultracentrifugation with lodixanol
(Optiprep™ density gradient medium) followed by dialysis and concentration against
Dulbecco’s Phosphate Buffered Saline (DPBS) using centrifugal filters (Amicon Ultra-15
Centrifugal Filter Devices 100K, Millipore). Viral titers were quantified by Real-Time PCR
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using the LightCycler480 SYBR Green | Master (Roche) and primers targeting mCherry
sequence (for: CAGAGGCTGAAGCTGAAGGA, rev: GCTTCTTGGCCTTGTAGGTG). Titers are

expressed as genome copy per milliliter (GC/mL).

Immunohistochemistry

For the VTRAP study, animals were perfused (see Intracardiac perfusion) 3 weeks after
the AAVrg-CaMKlla-mCherry-RPL10a-WPRE-SV40 virus injection. 40um sections with the
ACC were washed in PBS (3x10min) and pre-incubated in PBS containing Triton X-100
(0.3%) and donkey serum (5%) for 2h. Sections were then incubated overnight at +4°C in
PBS containing Triton X-100 (0.3%) and one of the following primary antibodies: rabbit
anti-NeuN (1:200, Abcam, 104225), rabbit anti-GFAP (1:200, United States Biological,
G2032-27) or rabbit anti-Olig2 (1:200, Merck-Millipore, AB9610). Sections were then
washed in PBS (3x10min), incubated with donkey anti-rabbit A488 secondary antibody
(1:400, Jackson ImmunoResearch, 711-165-152) in PBS containing Triton X-100 (0.3%) for

2h and washed in PBS (3x10min). Sections were finally serially mounted with DAPI.

Viral Translating Ribosome Affinity Purification (VTRAP) & RNA extraction

Bilateral ACC dissection was performed 3 weeks after virus injection. The ACC was freshly
and quickly manually dissected from animals killed by cervical dislocation. Translated
mMRNA purification was made following Heiman et al. (2014) protocol for TRAP and tissues
were immediately put in a pre-chilled tissue-lysis buffer (20mM HEPES KOH [pH 7.3],
150mM KCL, 12mM MgCl2, 1M DTT, 100ug/mL cycloheximide, protease inhibitors, and
RNase inhibitors) and homogenized using a homogenizer (Fisher Scientific). To remove
large cells debris, the homogenates were centrifuged (2000 x g, 4°C) for 10min and NP-40
(1%) and DHPC (30mM) were added to the supernatant. After incubating the samples
5min on ice, the lysate was centrifuged (20000 x g) to remove non solubilized material
and the supernatant was collected. At the same time, mCherry antibodies coupled to
magnetic beads were resuspended and washed three times in low-salt buffer (HEPES KOH
[7.3pH], 150mM KCI, 12mM MgCI2, 0.5mM DTT, 100ug/mL cycloheximide). 250uL of the
total tissue lysate was collected to separate the total RNA of the ACC (input) tissue from

the immunoprecipitated (IP) transcriptome of ACC-LHb cells. Then, 200uL of freshly
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prepared magnetic beads were added to each sample and were incubated overnight at
4°C with end-over-end agitation. After 14-16h of incubation, the beads were collected on
a pre-chilled magnetic rack and the liquid was collected to separate the unbound
fraction’s RNA (unbound) from the IP. The beads were then washed four times with high
salt buffer (HEPES KOH [7.3pH], 350mM KCI, 12mM MgCI2, 1% NP-40, 0.5mM DTT,
100ug/mL cycloheximide). After the last wash, the high salt buffer was removed and
beads were resuspended in nanoprep lysis buffer (20mM HEPES KOH [pH 7.3], 150mM
KCL, 12mM MgCI2, 1M DTT, 100ug/mL cycloheximide, protease inhibitors, RNase
inhibitors and B-mercaptoethanol). RNA transcripts were separated from the beads after
thorough vortexing followed by 10min incubation at room temperature. RNA extraction
was performed on input, unbound and IP fractions for each sample by adding an equal
volume of 80% sulfolane and following the protocol from the Absolutely Nanoprep kit
(Agilent), including the extra DNase treatment. The extracted RNAs were stored at -80°C
until gRT-PCR and sequencing.

The vTRAP was performed in two different cohorts. The first cohort was composed of
naive animals to validate the vTRAP virus and technique, in which RNA sequencing was
performed in both IP and input fractions of 3 animals. The second experiment was
performed in sham and cuff animals in our CPID model, in which RNA sequencing was

done only in the IP fraction of 8 sham and 8 cuff animals.

gRT-PCR
gRT-PCR was performed to validate the VTRAP procedure and to preselect the best
enriched samples for RNA-sequencing. For this purpose, RNA extracted after vVTRAP was
used to generate cDNA using Mastercycler 534X (Eppendorf) as followed. 10 uL of
RNA/sample were added to a mix of 10 pL water, 2 uL dNTPs (10mM), 4 uL of a mix of
Oligo(dT) (10mM) and RHX (20mM) and annealed for 5min at 65°C in the Mastercycler.
The samples were then left to chill on ice for 3min. Then, 8uL of First Strand Buffer (5X),
4ul of DTT (0.1M) and 2uL of M-MLV Reverse Transcriptase (400U/sample) were added
to each sample. The samples were then placed back in the PCR machine with the following
steps: reverse transcription step at 37°C for 75min followed by inactivation step at 95°C

for 15min and lag step at 4°C.
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RT-gPCR was performed on a 384-wells QuantStudio5 Real-Time PCR system (Applied
Biosystem) using SYBR Green, with initialization step at 95°C for 20s followed by
amplification step for 40 cycles of 1s 95°C denaturation, 20s 60°C annealing and 1s 95°C
extension. Experiments were performed with triplicate sample deposits on the
amplification plate. Relative abundance of each RNA target gene transcript was
normalized to the endogenous control gene Gapdh RNA. Data were analyzed according

to the standard curve method. Primers are available in Extended Table 3.

Extended Table 3 — Primers for qRT-PCR

Gene name Rev/Fw Sequence
Gapdh Rev TGGGATGGAAATTGTGAGGGAG
Fw TGGCCTCCAAGGAGTAAGAAAC
Rev CTTGGAGCCGTACATGAACTGAGG
Mcherry
Fw GAACGGCCACGAGTTCGAGA
Camk2 Rev AAGAAAACAGTGCAGACAGGAGATC
Fw TGGGTTTGGCTCTTGTATGGA
Gadés Rev GTGCGCAAACTAGGAGGTACAA
a Fw CATTGATAAGTGTTTGGAGCTAGCA
d Rev TCGGCTCTGTCACAGGAGTA
Gadé7 Fw CCTCTCCGGATCTCTCCCTT
Gfap Rev CTCCTCTGTCTCTTGCATGTTACTG
Fw ACAGCGGCCCTGAGAGAGAT

RNA-sequencing
RNA-sequencing was performed by the Genomeast platform at IGBMC (Strasbourg,
France), using Clontech SMART-Seq v4 Ultra Low Input RNA Kit for Sequencing User
Manual (PN 091817) and the lllumina Nextera XT DNA Library Prep Kit Reference Guide
(PN 15031942). Full length cDNA were generated from 1ng of total RNA using SMART-
SegX v4 UltraX Low Input RNA Kit for Sequencing (Takara Bio Europe, Saint Germain en
Laye, France) according to manufacturer’s instructions with 12 cycles of PCR for cDNA
amplification by Seq-Amp polymerase. Six hundreds pg of pre-amplified cDNA were then
used as input for Tn5 transposon tagmentation by the Nextera XT DNA Library Preparation
Kit (96 samples) (lllumina, San Diego, USA) followed by 12 cycles of library amplification.

Following purification with SPRIselect beads (Beckman-Coulter, Villepinte, France), the
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size and concentration of libraries were assessed by capillary electrophoreris. Libraries
were sequenced on an lllumina NextSeqg 2000 sequencer as single read 50 base reads.
Image analysis and base calling were performed using RTA version 2.7.7 and BCL Convert

version 3.8.4.

RNA-sequencing analysis

Reads were preprocessed to remove adapter, polyA and low-quality sequences (Phred
quality score below 20). After this preprocessing, reads shorter than 40 bases were
discarded for further analysis. These preprocessing steps were performed using cutadapt
version 1.10. Reads were mapped to rRNA sequences using bowtie version 2.2.8 and
reads mapping to rRNA sequences were removed for further analysis. Reads were
mapped onto the mm10 assembly of the Mus musculus genome, using STAR version
2.5.3a. Gene expression quantification was performed from uniquely aligned reads using
htseq-count90version 0.6.1p1, with annotations from Ensembl version 102 and “union”
mode. Only non-ambiguously assigned reads to a gene have been retained for further
analyses. Read counts were then normalized across samples with the median-of-ratios
method proposed by Anders and Huber91, to make these counts comparable between
samples. Principal Component Analysis was computed on regularized logarithm
transformed data calculated with the method proposed by Love and collaborators92.
Differential expression analysis was performed using R and the Bioconductor package
DESeq2 version 1.16.1.

For the first cohort, the fold-changes were calculated for IP vs input (a positive fold-
change corresponding to an increased gene expression in the IP compared to the input),
while for the second cohort the fold-changes were computed for cuff vs sham (a positive
fold-change corresponding to an increased gene expression in cuff animals compared to

sham animals, in ACC neurons projecting to the LHb).

Gene ontology

Enrichment for functional terms in differentially expressed genes (DEGs) was performed
using WEBGSTALT for kegg pathway, biological process and molecular function. Analysis

was restricted to the genes differentially expressed at nominal p-value<0.05.
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Gene Set Enrichment Analysis (GSEA)

All genes were ranked independently based on the fold changes obtained from their
respective differential expression analysis. GSEA was performed as previously described

using the GSEA Preranked tool and gene sets related to PFC cell types (Zhong et al., 2018).

Rank-rank hypergeometric overlap (RRHO) analysis

In order to compare IP vs input (naive) and IP vs IP (cuff vs sham) RNA-Sequencing data,
we used the Rank-rank hypergeometric overlap (RRHO2) procedure, as described by Cahill
et al. (2018), using the R package available at: https://github.com/Caleb-Huo/RRHO2.

Genes in each data set were ranked based on the following metric: -log10(p-value) x
sign(log2 Fold Change). Then, the RRHO2 function was applied to the 2 gene lists at
default parameters (with stepsize equal to the square root of the list length). Significance
of hypergeometric overlaps between IP vs input (naive) and IP vs IP (cuff vs sham) gene

expression changes are reported as log10 raw p-values.

Statistical analysis

Statistical analyses were performed in GraphPad Prism v9.0.2 software. Data are
expressed as meantSEM, with statistical significance set as *p<0.05, **p<0.01,
*%%1<0.001.

Data were first tested for normality using the Shapiro-Wilk normality test. If data passed
the normality test, student’s t-test (unpaired, two-tailed), One-Way Repeated Measures
ANOVA, and Two-way ANOVA followed by Sidak, Bonferroni or Newman-Keuls post hoc
tests were used when appropriate. If data failed the normality test, Mann-Whitney non-
parametric analysis (two-tailed) was used. All statistical analyses are summarized in

Extended Data Table 4 and 5.
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Extended Table 4 — Statistical analysis for the main figures.

Figure Experiment Assessment Treatment Test Group (n) Analysis Statistics
. Time x Surgery Time: p<0.0001 ; ****
1D mholehA:ZC . ‘mZChaml():atlh(pa\: u Cuff surgery VF ih?fn?1(51)4) Mixed Effect Model with Geisser- | Surgery: p<0.0001 ; ****
fberphotometry withdrawa resho u Greenhouse correction of sphericity |Time x Surgery: p<0.0001 ; ****
Emotionality score
Whole ACC i i Sham (14) . . F(14,13)=1.894
1E fiberphotometry Emotionality Cuff surgery (Spla+s|l_1D+) NSF Cuff (15) Unpaired t-test (two tailed) p=0.0161 ; *
Sham start grooming: t=4.078, df-=
" Whole ACC ACC Ca2+ dynamics in Sham (14) . Cuff start grooming: t=2.863, df=1
I fiperphotometry cPID Cuff surgery Splash Cuff (15) Paired t-tests Sham stop grooming: t=3.514, df=
Cuff stop grooming: t=4.723, df=1
T . . kokok ok
16 Whole ACC ACC Ca2+ dynamics in Cuff surae NSF eat Sham (14) Time x Surgery ;'ur:ee pfofjoog;és Cx
fiberphotometry CPID sery Cuff (15) 2-way ANOVA repeated measures X Bery: p=0. !
Time x Surgery: p=0.9628 ; ns
Time: p<0.0001 ; ****
" Whole ACC ACC Ca2+ dynamics in Sham (14) Time x Surgery ' P *
1G fiberphotometr PID Cuff surgery NSF touch + eat Cuff (15) 9-way ANOVA r tedm . Surgery: p=0.0250 ;
erphotometry u ay epeated measures Time x Surgery: p=0.4118 ; ns
Time: p<0.0001 ; ****
, Whole ACC ACC Ca2+ dynamics in - Sham (14) Time x Surgery ' P «
1H fiberphot " PID Cuff surgery LD entry in light Cuff (15) 5 ANOVA ted Surgery: p=0.0347 ;
iberphotometry u -way repeated measures Time x Surgery: p=0.1486 ; ns
i . o kkokk
n Whole ACC ACC Ca2+ dynamics in Cuff UST f | " Sham (14) Time x Surgery 1S'|me. pfOf)oog;ﬁ .
fiberphotometry CPID utt surgery emale scent | e tf (15) 2-way ANOVA repeated measures 'urgery. p=0. i s
Time x Surgery: p=0.0011 ; **
Time: p<0.0001 ; ****
Dual ACC & ACC-LHb Mechanical (paw Sham (8) Time x Surgery fme: p ok
D |fiperphotomet ithdrawal) threshold Cuff surgery vF Cuff (6) 2-way ANOVA repeated Surgery: p=0.0002;
iberphotometry withdrawal) thresho u way repeated measures Time x Surgery: p=0.0163 ; *
Emotionality score
Dual ACC & ACC-LHb . . Sham (8) . . F(5,7)=1.920
2E fiberphotometry Emotionality Cuff surgery (Splisrljl;) NSF Cuff (6) Unpaired t-test (two tailed) p=0.3532 ; ns
2 Dual ACC & ACC-LHb ACC-LHb Ca2+ dynamics Cuff sur Splash grooming |Sham (8) Time x Surgery ;'Te: p'=0._608;l:6;6n:sn
fiberphotometry in CPID ult surgery initiation Cuff (6) 2-way ANOVA repeated measures u gery: p=0. i NS
Time x Surgery: p=0.2163 ; ns
. . " Time: p=0.8561 ; ns
2 Dual ACC & ACC-LHb ACC-LHb Ca2+ dynamics Cuff Splash grooming |Sham (8) Time x Surgery S . $20.9950 :
fiberphotometry in CPID ult surgery termination Cuff (6) 2-way ANOVA repeated measures 'urgery. p=0. s NS
Time x Surgery: p=0.9198 ; ns
LG |Dual ACC& ACC-LHb ACC-LHb Ca2+ dynamics it NSF eat Sham (8) Time x Surgery l'me; pfof’osij‘ée”.s
fiberphotometry in CPID utt surgery ea Cuff (6) 2-way ANOVA repeated measures }Jrgery. p=0. i s
Time x Surgery: p=0.9154 ; ns
- Dual ACC & ACC-LHb ACC-LHb Ca2+ dynamics uff sun UST femal . [sham (8) Time x Surgery g'me‘ pfofoogge‘gnf
fiberphotometry in CPID ult surgery emale scent e ¢ (6) 2-way ANOVA repeated measures !.Jrgery. p=0. i ns
Time x Surgery: p=0.2316 ; ns
. " Time: p=0.1915; ns
o Dual ACC & ACC-LHb ACC-LHb Ca2+ dynamics Cuff sur LD entry in light Sham (8) Time x Surgery Sur - -0.9189 : n
fiberphotometry in CPID surgery entry g Cuff (6) 2-way ANOVA repeated measures u gery: p=0. i NS
Time x Surgery: p=0.3143 ; ns
, Dual ACC & ACC-LHb ACC-LHb Ca2+ dynamics . Sham (8) F=0.03390
2J fiberphotometry in CPID Cuff surgery Restraint stress Cuff (6) 1-way ANOVA p=0.0005, ***
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2K Dual ACC & ACC-LHb ACC-LHb Ca2+ dynamics Cuff surge Unpredictable Sham (8) Paired t-test (two tailed) t=2.510, df=13
fiberphotometry in CPID surgery electrical shock | Cuff (6) aire €s € p=0.0261, *
Acute ACC-LHb optogenetic . Acute ACC-LHb No stim (19) . . F(7,8)=1.196
3t activation Aversion optogenetic activation RTA pre test Stim (8) Unpaired t-test (two tailed) p=0.7035 ; ns
Acute ACC-LHb optogenetic . Acute ACC-LHb No stim (19) i . F(7,18)=1.251
3F activation Aversion optogenetic activation RTA delta Stim (8) Unpaired t-test (two tailed) p=0.0514 ; ns
Acute ACC-LHb optogenetic X i i Acute ACC-LHb No stim (21) i . F(14,20)=1.268
3G activation Anxiety-like behavior optogenetic activation LD Stim (15) Unpaired t-test (two tailed) p=0.7858 ; ns
- - - " . ; F(14,18)=2.499
34 Acgte ACC LHb optogenetic Anx1odepre§sme like Acute ACC L‘Hb‘ NSF Nc.> stim (19) Unpaired t-test (two tailed) ( )
activation behavior optogenetic activation Stim (15) p=0.2566 ; ns
- i - i F(20,14)=1.492
31 Aufte ACC LHb optogenetic Depressive-like behavior Acute ,ACC Ibe . FST NK,) stim (21) Unpaired t-test (two tailed) ( )
activation optogenetic activation Stim (15) p=0.7550 ; ns
- - . N s " F(14,20)=1.219
3 Acm{te ACC LHb optogenetic Emotionality Acute ACC ItHb‘ Emotionality score N(? stim (21) Unpaired t-test (two tailed) ( )
activation optogenetic activation (LD + NSF + FST)  |Stim (15) p=0.4378 ; ns
oy CACCH ; U=104.5
4C Chronic AC.C LHt,) . Anxiety-like behavior Chronlc'ACC ‘LHb‘ LD N(_) stim (23) Mann-Whitney test (two tailed) "
optogenetic activation optogenetic activation Stim (16) p=0.0224 ;
. - P e ; F(12,12)=1.696
D Chronic AC_C LHl? _ Anxmdepres_swe like Chronlc_ACC .LHb_ NSF Nc_: stim (13) Unpaired t-test (two tailed) ( ) €
optogenetic activation behavior optogenetic activation Stim (13) p=0.0467 ;
i - i - i F(22,15)=1.502
4E Chronic AC_C LH!,) . Depressive-like behavior Chronlc-ACC 4LHb4 FST N(,) stim (23) Unpaired t-test (two tailed) ( )
optogenetic activation optogenetic activation Stim (16) p=0.0595 ; ns
Chronic ACC-LHb . . Chronic ACC-LHb Emotionality score |No stim (23) . . F(15,22)=1.220
4F Emot lit U d t-test (two tailed
optogenetic activation motionality optogenetic activation (LD + NSF + FST) |Stim (16) neaire est (two tailed) p=0.0004 ; ***
. i ACC- i U=57.50
4G Chronic ACF LH'_J . Aversion ChronchACC _LHb_ RTA pre test N? stim (12) Mann-Whitney test (two tailed)
optogenetic activation optogenetic activation Stim (10) p=0.8850; ns
i . i - i F(9,11)=1.082
4H Chronic AC.C LHt,) . Aversion Chronlc'ACC ‘LHb‘ RTA delta NC,’ stim (12) Unpaired t-test (two tailed) { )
optogenetic activation optogenetic activation Stim (10) p=0.8406 ; ns
i - 1 - i F(9,11)=1.133
4] Chronic AC,C LHt,) . Depressive-like behavior Chronlc'ACC ‘LHb_ FST + 2 weeks Nc') stim (12) Unpaired t-test (two tailed) ( )
optogenetic activation optogenetic activation Stim (10) p=0.7054 ; ns
- - — - g : F(9,11)=2.983
) Chronic ACF LHl? - Locomotor aFt|V|ty in ChrochACC ‘LHb‘ Locomotor activity N(? stim (12) Unpaired t-test (two tailed) ( )
optogenetic activation unknown environment | optogenetic activation Stim (10) p=0.1465 ; ns
. - . LRk kK
ACC-LHb optogenetic Mechanical (paw Cuff surgery x ACC-LHb Sham () Tlme x Surgery . . Time: p<0.0001 ;
5E . . I vF Mixed Effect Model with Geisser- Surgery: p<0.0001 ; ****
inhibition in CPID withdrawal) threshold inhibition Cuff () . . y
Greenhouse correction of sphericity |Time x Surgery: p<0.0001 ; ****
Stimulation: F(1,75)=0.01144 p=0
echarical SPAM 00T e nibition Time FL 75121058 peb 1659 1
ACC-LHb optogenetic . echanical {paw Cuff surgery x ACC-LHb . . Cuff no stim () -p ogenetic inhibition x Surgery x @e. N p=0. in
5F L withdrawal) threshold Lo VF + stimulation R Time Stimulation x Surgery: F(1,75)=0.(
inhibition in CPID N ) A inhibition Sham stim () )
with stimulation Cuff stim () 3-way ANOVA repeated measures Time x Surgery: F(1,75)=2.134 p=(
Time x Stimulation: F(1,75)=0.147
Time x Stimulation x Surgery: F(1,
Sham no stim (20)
. X I Stimulation: F(1,67)=0.6711 p=0.4
ACC-LHb optogenetic . . R Cuff surgery x ACC-LHb Cuff no stim (22) |Optogenetic inhibition x Surgery ) B . _
56 linhibition in CPID Anxiety-like behavior inhibition Lo Sham stim (17) | 2-way ANOVA ::’geTV'tAF(1'6?‘7'821’;‘10;7’?%E
Cuff stim (13) imulation x Surgery: F(1,67)=0.
Sham no stim (20)
. . - . L Stimulation: F(1,64)=1.665 p=0.2(
ACC-LHb opt: t Al d -lik Cuff ACC-LHb Cuff t 22 Opt t hibit S
SH optogenetic nxiodepressive-like uff surgery x NSE uff no stim (22) ptogenetic inhibition x Surgery Surgery: F(L,64)<0.3990 p=0.5298

inhibition in CPID

behavior

inhibition

Sham stim (14)
Cuff stim (12)

2-way ANOVA

Stimulation x Surgery: F(1,64)=6.2
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ACC-LHb optogenetic

Cuff surgery x ACC-LHb

Sham no stim (20)
Cuff no stim (20)

Optogenetic inhibition x Surgery

Stimulation: F(1,67)=1.732 p=0.1¢

3l inhibition in CPID Depressive-like behavior inhibition FST Sham stim (15)  |2-way ANOVA Z;’_'gelry:t_F(1'6;):3'25?F'°(:1°é‘;fzf
Cuff stim (12) imulation x Surgery: F(1,67)=4..
Sham no stim (20) Stimulation: F(1,68)=3.303 p=0.0
5 ACC-LHb optogenetic Emotionalit Cuff surgery x ACC-LHb | Emotionality score |Cuff no stim (22) |Optogenetic inhibition x Surgery S ‘mu a. I;)(nl‘ 68),-6 6;17. -0 3_12'1 '
inhibition in CPID motionality inhibition (LD + NSF + FST) [Sham stim (17)  |2-way ANOVA S;’,'ge:y't_ o F‘;‘l és)—s _'
Cuff stim (13) imulation x Surgery: F(1,68)=5.
Sham no stim (8) . . _ e
sk ACC-LHb optogenetic Aversion Cuff surgery x ACC-LHb RTA pre test Cuff no stim (9) Optogenetic inhibition x Surgery :z?:la.tf& ;)1’_?61());%;;6?5;23
inhibition in CPID inhibition p Sham stim (9) 2-way ANOVA Stingwulr:'tion;(Su_r ;e ; F(1p3_1).—4‘
Cuff stim (9) gery: Fls,2h)=2.
ACC-LHb optogenetic Cuff surgery x ACC-LHb f:z?fr?\;Zt?;n;;)s) Optogenetic inhibition x Surge: Stimulation: F(1,31)=0.3515 p=0.
5 (AL optog Aversion reery x RTA delta : ptos 8V |surgery: F(1,31)=0.1032 p=0.7501
inhibition in CPID inhibition Sham stim (9) 2-way ANOVA R .
X Stimulation x Surgery: F(1,31)=3.
Cuff stim (9)
ACC-LHb optogenetic Cuff surgery x ACC-LHb zz?fn;:zt?rt;n’(‘ﬁ()& Optogenetic inhibition x Surge Stimulation: F(1,13)=0.0005964 p
smo [foetiboptos Place preference rgery x CPP pre test : ptog sery Surgery: F(1,19)=0.2041 p=0.6565
inhibition in CPID inhibition Sham stim (5) 2-way ANOVA R .
X Stimulation x Surgery: F(1,19)=0.(
Cuff stim (6)
ACC-LHb optogeneti Cuff ACC-LHb zh?fm not?m(je()S) Optogenetic inhibition x S Stimulation: F(1,15)=0.3443 p=0.
-LHb optogenetic uff surgery x ACC- uff no stim ogenetic inhibition x Surge
5N | b optog Place preference rgery x CPP delta : ptog gery Surgery: F(1,19)=0.008750 p=0.9:
inhibition in CPID inhibition Sham stim (5) 2-way ANOVA . . ;
X Stimulation x Surgery: F(1,19)=0.:
Cuff stim (6)
) o Sham no stim (12) o Stimulation: F(1,33)=0.01263 p=0
ACC-LHb optogenetic Locomotor activity in Cuff surgery x ACC-LHb - Cuff no stim (14) |Optogenetic inhibition x Surgery
50 S . - Locomotor activity . Surgery: F(1,33)=0.7519 p=0.3921
inhibition in CPID unknown environment inhibition Sham stim (10) 2-way ANOVA . . .
X Stimulation x Surgery: F(1,33)=0.:
Cuff stim (9)
Ctrl no stim (17) . .
Sti lation: F(1,55)=0.4740 p=0.-
ACC-LHb optogenetic . . . Chronic variable stress x Stress no stim (22) |Optogenetic inhibition x Stress imulation: F( ) P
6C T Anxiety-like behavior T LD X Stress: F(1,55)=1.020 p=0.3170 ; 1
inhibition in CVS ACC-LHb inhibition Control stim (11) |2-way ANOVA . .
R Stimulation x Stress: F(1,55)=0.0¢
Stress stim (9)
Ctrl no stim (17) . .
Stimulation: F(1,56)=0.9477 p=
ACC-LHb optogenetic Anxiodepressive-like | Chronic variable stress x Stress no stim (22) | Optogenetic inhibition x Stress imulation: F( ) P
6D T i T NSF X Stress: F(1,56)=3.836 p=0.0552 ; 1
inhibition in CVS behavior ACC-LHb inhibition Control stim (11) |2-way ANOVA . . :
. Stimulation x Stress: F(1,56)=0.4:
Stress stim (10)
ACC-LHb optogeneti Chronic variable st g:rl ne St'mt.(l?zz) Ootorenctic inhibition x St Stimulation: F(1,55)=1.009 p=0.3
N vl op ‘éf/:"e ¢ Depressive-like behavior r:g'cci’:;'? h,eb?t,'e“ X FST . 'et“ |"°t,5 Im11 ; P °ge:;(;f/': hition x stress Stress: F(1,55)=7.157 p=0.0098 ;
inhibrtion in ~HHb Inhibition ontrol stim (11) |2-way Interaction: F(1,55)=0.8530 p=0.3
Stress stim (9)
ACC-LHb optogeneti Chronic variable st Emotionalit gtrl i StIrTjc'm()zz) Optogenetic inhibition x St Stimulation: F(1,58)=1.099 p=0.3
6 |ACCLHb optogenetic Emotionalty | CITOIc variable stress | Emotonaly score | tress o tim (22) Oftogeneti MO XSUESS e, (1587670 p-0.0075 -
inhibrtion in ~HHb Inhibition ontrot stim way Interaction: F(1,58)=0.9973 p=0.3
Stress stim (10)
. " Time: p=0.0052 ; **
. Mechanical (paw Sham (8) Time x Surgery . G
8¢ VIRAP in CPID withdrawal) threshold Cuff surgery x VTRAP vF Cuff (8) 2-way ANOVA repeated measures '?'iu;gee;yés:g?r)ﬁop1<60001 e
ionali F(7,7)=2.148
8D VTRAP in CPID Emotionality Cuff surgery x vVTRAP Emotionality score |Sham (8) Unpaired t-test (two tailed) (7.7 %
(Splash + NSF) | Cuff (8) p=0039 ;
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Figure Experiment Assessment Treatment Test Group (n) Analysis Statisti

Whole ACC - ) Sham (14) ) . U=91
S1A fiberphotometry Depressive-like behavior Cuff surgery Splash Cuff (15) Mann-Whitney test (two tailed) 0=0.55:
Whole ACC Anxiodepressive-like Sham (14) . . F(13,14
S1B fiberphotometry behavior Cuff surgery NSF Cuff (15) Unpaired t-test (two tailed) 0=0.44;
Whole ACC . . X Sham (14) . : F(13,14
Sic fiberphotometry Anxiety-like behavior Cuff surgery LD Cuff (15) Unpaired t-test (two tailed) 0=0.00¢
Whole ACC o . Sham (7) . . F(6,5)=
S1D fiberphotometry Depressive-like behavior Cuff surgery UsT Cuff (6) Unpaired t-test (two tailed) 0=0.51
Whole ACC ACC Ca2+ dynamics i Splash ing |Sham (14) Time xS Time: p
S1E \ ole a ynamics in Cuff surgery p a.s' grqommg am ime x Surgery Surgery
fiberphotometry CPID initiation Cuff (15) 2-way ANOVA repeated measures Time x
Whole ACC ACC Ca2+ dynamics i Splash ing |Sham (14) Time xS Time: p
S1F \ ole a ynamics in Cuff surgery plas groqmmg am ime x Surgery Surgen
fiberphotometry CPID termination Cuff (15) 2-way ANOVA repeated measures Time x
Whole ACC ACC Ca2+ dynamics in Sham (14) Time x Surgery Time: p
SIH fiberphotometry CPID Cuff surgery NSF touch only Cuff (15) 2-way ANOVA repeated measures iiur;gee;y
Whole ACC ACC Ca2+ dynamics in Sham (14) Time x Surgery Time: p

S1) Cuff LD entry in dark S
fiberphotometry CPID Uit surgery entry in dar Cuff (15) 2-way ANOVA repeated measures T;Jr;gee;y
P ) Time: p
SiL Whole ACC ACC Ca2+ dynamics in Cuff UST mal ¢ Sham (14) Time x Surgery S

fiberphotometry CPID utt surgery male scent | oy ff (15) 2-way ANOVA repeated measures Tiur;gee;y

Dual ACC & ACC-LHb o ) Sham (8) . ) u=21
S2A fiberphotometry Depressive-like behavior Cuff surgery Splash Cuff (6) Unpaired t-test (two tailed) p=0.75:
Dual ACC & ACC-LHb Anxiodepressive-like Sham (8) ) : F(5,7)=
S2B fiberphotometry behavior Cuff surgery NSF Cuff (6) Unpaired t-test (two tailed) 0=0.75¢

Dual ACC & ACC-LHb . . . Sham (8) . . u=15
S2C fiberphotometry Depressive-like behavior Cuff surgery UsT Cuff (6) Mann-Whitney test (two tailed) 0=0.44
Dual ACC & ACC-LHb o i Sham (8) i ) F(5,7)=
S2D fiberphotometry Anxiety-like behavior Cuff surgery LD Cuff (6) Unpaired t-test (two tailed) p=0.77¢
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ooy |Dual ACC&ACC-LHb ACC-LHb Ca2+ dynamics cutt UST mal . [sham (&) Time x Surgery ;'me: F
fiberphotometry in CPID utt surgery male scent | oyff (6) 2-way ANOVA repeated measures Tiun:gee;\
. ’ Time: ¢

Dual ACC & ACC-LHb ACC-LHb Ca2+ dynamics . Sham (8) Time x Surgery
s2) fiberphotometry in CPID Cuff surgery LD entry in dark Cuff (6) 2-way ANOVA repeated measures _?_;Jn:gee;\
ok |Dual ACC&ACCLHb ACC-LHb Ca2+ dynamics cutt Restraint st Sham (8) Time x Surgery ;'mez :
fiberphotometry in CPID utt surgery estraint swess | o ff (6) 2-way ANOVA repeated measures Tiunrwgee)?
Dual ACC & ACC-LHb ACC Ca2+ dynamics in ) Sham (8) F=0.00
S2L fiberphotometry CPID Cuff surgery Restraint stress Cuff (6) 1-way ANOVA p=0.00
$IM Dual ACC & ACC-LHb ACC-LHb Ca2+ dynamics Cuff surge Unpredictable |Sham (8) Time x Surgery ;m:ee: :
fiberphotometry in CPID utt surgery electrical shock |Cuff (6) 2-way ANOVA repeated measures Tiumge )?
Dual ACC & ACC-LHb ACC Ca2+ dynamics in Unpredictable |Sham (8) ) . 1=5.37/
SN fiberphotometry CPID Cuff surgery electrical shock |Cuff (6) Paired t-test (two tailed) p=0.00
S3A Acute ACC-LHb optogenetic | Electrophysiological Acute ACC-LHb Volt | -3 o ANOVA F=2.87
activation properties of ChR2 optogenetic activation oltage clamp |n= ne way p=0.21.
38 Acxfte ACC-LHb optogenetic Electrop.hy5|olog|cal Acute ACC—IiHb . Current clamps |n=4 One way ANOVA F=20.9
activation properties of ChR2 optogenetic activation p=0.00.
Acute ACC-LHb optogenetic | Electrophysiological Acute ACC-LHb _ . . t=0.267
s3¢ activation properties of ArchT optogenetic activation Voltage clamp | n=4 Paired t-test (two tailed) p=0.80
Acute ACC-LHb optogenetic | Electrophysiological Acute ACC-LHb B F=14,8
53D activation properties of ArchT optogenetic activation Current clamps | n=4 One way ANOVA p=0.03
; . ; ve-li ; 3 i F(7,7)=
SaA Chronic AC.C LHIc.) . An)ﬂodepres.swe like Chronlc.ACC .LHb. NSE Nt? stim (8) Unpaired t-test (two tailed) (7,7) |
optogenetic activation behavior optogenetic activation Stim (8) p=0.61
i ; i 3 i F(7,7)=
S4B Chronic AC.C LH[,) . Depressive-like behavior Chromc'ACC ‘LHb, Splash N(,) stim (8) Unpaired t-test (two tailed) (7,7) ,
optogenetic activation optogenetic activation Stim (8) p=0.00.
S4E Chronic AC_C-LH'_D . FC linear regression Chromc' ACC-,LHb_ Correlation n=31389 Spearman's correlation r=0.73:

optogenetic activation optogenetic activation

S4F Chronic ACC-LHb p-value linear regression Chronic ACC-LHb Correlation n=31212 Spearman's correlation r=0.62:

optogenetic activation

optogenetic activation
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Results

General overview
The following section is composed of original data obtained over the course of my
doctoral studies in the form a scientific article, as a first version that will be submitted
shortly. It is co-authored by Dr Victor Mathis and myself. He carried out the
fiberphotometry experiments in the whole ACC, which represent the first part of the
article, and we worked together on the fiberphotometry experiments aiming at
characterising the ACC neurons projecting to the LHb. | conducted the remaining part of
the article, comprising the optogenetic characterisation of the ACC-LHb pathway in naive,
chronic pain and chronic stress animals, as well as the molecular characterisation of LHb-

projecting ACC neurons.

Article: The cingulo-habenular pathway plays a key role in aversive processing and
participates in chronic pain- but not stress-induced anxiodepressive like

consequences.
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Abstract

The anterior cingulate cortex (ACC) has a major role in behavioral adaptation notably by
integrating information related to aversion and emotions. Preclinical and clinical studies
showed that the comorbidity of chronic pain and mood disorders is associated with functional
and structural alterations in the ACC. However, how these changes propagate to downstream
structures of the ACC is yet to be studied. The lateral habenula (LHb) seems to be an
interesting target based on its well-known roles in mood regulation, and strong anatomo-
functional connection with the ACC. Here, we thus aimed at deciphering the role of ACC
neurons projecting to LHb in chronic pain and its comorbidity with depression. Using calcium
imaging recordings in freely moving mice, we first compared the Ca%* dynamics of all ACC
neurons with ACC neurons projecting to the LHb only (ACC-_ub). We observed that ACC b
neurons present a unique Ca?" signature in response to aversive events. Then, using
optogenetic approach, we evaluated the functional role of ACC-yp neurons. We observed
that their chronic, but not acute, activation induces long lasting anxiodepressive-like behaviors
while the inhibition of this specific neuronal populations is sufficient to prevent the
anxiodepressive-like consequences induced by chronic pain, but not chronic stress. Finally,
combining VTRAP and RNAseq approaches, we showed that chronic pain induces epigenetic
adaptations and alters RNA processing in ACC neurons projecting to LHb. Overall, these results
confirm the important role of the cingulo-habenular pathway in chronic pain-induced

emotional disorders.

Abbreviations

ACC: anterior cingulate cortex LHb: lateral habenula

BLA: basolateral amygdala MeCP2: methyl-CPG-binding protein 2
CaMKlla: calcium/calmodulin kinase 2a NSF: novelty suppressed feeding test
CPP: conditioned place preference RTA: real time aversion

Ctrl: control UST: urine sniffing test

CVS: chronic variable stress vF: von Frey

FST: forced swim test VTRAP: viral translating ribosome affinity
LD: light dark purification
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Introduction

The anterior cingulate cortex (ACC) is a higher-order brain region integrating a multitude of
information related to potential negative/positive outcomes and emotions. Accordingly, it
participates in risk assessment and action selection (Johansen and Fields, 2004; Kolling et al.,
2016a, 2016b; Monosov et al., 2020; Procyk et al., 2000; Quilodran et al., 2008; Rigney et al.,
2018; Rolls, 2019; Rushworth et al.,, 2011; Shackman et al., 2011). It has notably been
described that the ACC mediates action selection depending on the level of uncertainty and
volatility of a given situation (Monosov et al., 2020), confirming its key role in behavioral
adaptation (Brockett et al., 2020; Quilodran et al., 2008). fMRI studies have highlighted the
implication of the ACC in anxiety and mood disorders (Chen et al., 2018; Shin et al., 2001) and
more recently, the advancement in deep brain stimulation brought additional insights about
the ACC functions. For instance, a recent study demonstrates a robust anxiolytic response to
cingulum bundle stimulation in patients treated for epilepsy (Bijanki et al., 2019). Additionally,
one of the most promising use of ACC deep brain stimulation (DBS) protocols concerns the
treatment of patient affected by treatment-resistant depression (Holtzheimer et al., 2017;
Riva-Posse et al., 2018). These findings suggest that, beside its primary role in behavioral
coordination and action selection, the ACC is a key brain region in mood regulation (Etkin et
al., 2011; Rolls, 2019; Stevens et al., 2011). In that regard, it has been shown that risk factors
associated with emotional disorders, such as chronic pain, alter the ACC neuronal activity
(Barthas et al., 2015; Shin et al., 2001; Stevens et al., 2011). For instance, in a mouse model of
neuropathic pain, the ACC becomes hyperactive (Barthas et al., 2015) concomitant with the
emergence of pain-induced anxiodepressive consequences (Sellmeijer et al., 2018). Hence,
the ACC appears not only as a potential promising target in the treatment of mood disorders
(Figee et al., 2022; Holtzheimer et al., 2017; Mayberg et al., 2005) but also in the comorbidity
between chronic pain and anxiodepressive symptoms (Humo et al., 2019). However, how
these alterations in the ACC propagate within the ACC network is yet to be studied. It is then
of critical importance to understand how specific ACC pathways participate in behavioral
adaptations, emotion or pain processing and development of mood disorders.

Among the ACC wide connectome (Fillinger et al., 2017a, 2017b), numerous brain areas are
known to be implicated in the development of mood disorders. Notably, ACC-related
neurocircuits have been specifically described in the control of the social transfer of pain and

analgesia or stressful events (Smith et al., 2021), or the vulnerability to chronic pain (Becker
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et al., 2023; Lee et al.,, 2022; Zhu et al.,, 2021). However, since most of the ACC brain
connections are reciprocal, it is difficult to evaluate whether alterations come from the ACC
or from the other brain structure. Recent studies showed that alterations in the cingulo-
amygdala circuit control emotional processing and participate in mood disorders. Indeed, the
activation of ACC neurons projecting to amygdala is sufficient to inhibit innate fear responses
(Jhang et al., 2018) while the activation of the basolateral amygdala (BLA) neurons projecting
to ACC can drive the ACC hyperactivity and trigger anxiodepressive-like phenotypes in mice
(Becker et al., 2023). Surprisingly, very little is known about the role of the unidirectional
connection from the ACC to the lateral habenula (LHb) (Kim and Lee, 2012; Mathis et al., 2017,
2021). Indeed, this latest has been extensively described in aversion, anxiety and stress
processing (Baker et al., 2022; Cerniauskas et al., 2019; Lecca et al., 2017; Mathis et al., 2018,
2015; Proulx et al., 2014; Shabel et al., 2012; Trusel et al., 2019) as well as in action evaluation
and selection based on the potential outcomes (Hikosaka, 2010; Stephenson-Jones et al.,
2016; Stopper and Floresco, 2014). Moreover, its implication in depression is well established
in both preclinical models (Cui et al., 2018; Lecca et al., 2016, 2014, Li et al., 2013) and in
Human (Sartorius et al., 2010; Sartorius and Henn, 2007). Indeed, deep brain stimulation of
the LHb was notably found to rescue depressive symptoms (Sartorius et al., 2010; Sartorius
and Henn, 2007). The overlap between ACC and LHb functions, combined with their common
implication in depression, suggests that the LHb could be an important relay for the ACC, as
already observed for other prefrontal cortical areas (Benekareddy et al., 2018; Mathis et al.,
2017). Hence, the study of the ACC-LHb pathway might bring new knowledge to better
apprehend whether and how ACC alterations propagate to other brain regions implicated in
emotion regulation and action selection eventually contributing to emotional disorders.

In this study, we evaluated whether the chronic-pain induced alterations occurring in the ACC
(Barthas et al., 2015; Sellmeijer et al., 2018) affect the ACC-LHb pathway. Using calcium
imaging recordings in freely moving mice, we first performed a thorough evaluation of the
Ca?* dynamic alterations induced by chronic pain in the ACC. After, this first characterization,

using multi-colors fiber photometry recordings we observed that the LHb projecting ACC
neurons (ACC-Hb) present a unique Ca?* signature in response to aversive events, compared
to the whole ACC neuronal population. Then, using an optogenetic approach, we further

evaluated the functional role of ACCs4p neurons. Notably, we observed that their chronic,
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but not acute, activation induces long lasting anxiodepressive-like behaviors, while inhibition
of the ACC. b pathway is sufficient to prevent the anxiodepressive-like consequences
induced by chronic pain, but not chronic stress. Finally, using vTRAP and RNAseq approaches,
we characterized the molecular identity of the ACCHp neurons and found that chronic pain
specifically alters genes implicated in epigenetic adaptations and RNA processing in these
neurons. Our results suggest that ACCs Hp pathway is strongly implicated in emotional
processing especially in the anxiodepressive-like consequences of neuropathic pain.
Molecular alterations identified in this particular cell types will help us to better understand
the physiological and pathological role of the ACC output neurons in emotion and related

disorders.

Material and Methods

See Supplement for Extended Materials and Methods

Animals

All experiments were conducted in adult male C57BL/6J mice (Charles River, L'Arbresle,
France) in a reversed 12h light/dark cycle. Protocols were approved by the local ethical
committee of the University of Strasbourg (CREMEAS) and performed according to guidelines

of the European Community Council Directive (EU 2010/63).

Surgical procedures

Surgical procedures were performed under zoletil/xylazine anesthesia (Zoletil 50 43mg/kg,
Paxman 7mg/kg, ip; Centravet).

Chronic neuropathic pain was induced by placing a polyethylene cuff around the common
branch of the right sciatic nerve of the animal (Yalcin et al., 2014). The control group (sham)
underwent the same procedure without cuff implantation.

Based on the Mouse Brain Atlas (Franklin and Paxinos, 2013), the following coordinates were
used for viral transfection and optical fiber implantation: the ACC (AP: +0.7mm, L: +/-0.3mm,
DV: -1.4mm) and LHb (AP: -1.7mm, L: +/-0.4mm, DV: -2.7mm). 0.25ul of AAVrg-CaMKlla-
ChR2(H134R)-mCherry (Addgene), AAVrg-CaMKIlla-ArchT-GFP(PV2527) (Addgene) or AAVrg-
CaMKlla-m.Cherry-RPL10a-WPRE-SV40 (IGBMC) were injected bilaterally into the LHb. For
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fiberphotometry, the same method was used to unilaterally inject 0.25 pl of AAVrg-Syn.NES-
jRGECO1a.WPRE.SV40 (Addgene) into the LHb and 0.5 pl of AAV5-Syn-GCaMP6m-WPRE-SV40
(Addgene) into the ACC. At the end of the experiments, animals underwent intracardiac

perfusion to check the site of injection (see Extended Table 1 for exclusion criteria).

Chronic Variable Stress model (CVS)

During 21 days, stressed mice were subjected each day for 1h to one stressor, with a
succession of three different stressors: 100 electrical footshocks, tail suspension and restraint
stress (falcon tube). Control mice remained unstressed and kept group housed, while stressed

mice were housed individually.

Optogenetic stimulation procedures

After 3 to 7 days of cannula implantation, the ACC-LHb pathway was either activated or
inhibited using optogenetic approach. For non-stimulated animals the light remained
switched off.

Activation paradigm: Stimulated animals received repetitive blue light (463nm)_stimulation

sequences of 10s consisting of 8s at 10Hz with 40ms pulses and 2s without stimulation. For
the acute activation paradigm of the ACC-LHB pathway, the 10s sequence was repeated during
30min prior (LD, FST) or during behavioral testing (RTA, NSF). For the chronic stimulation
paradigm, the 30min sequence took place each day for 4 consecutive days and the animals
were subjected to behavioral tests in the following week without stimulation during the tests.
Both activation paradigms were performed in naive animals.

Inhibition paradigm: Green light (520nm) was delivered in a continuous manner during 5min

prior (LD, FST) or during behavioral testing (locomotor activity, RTA, CPP, NSF and vF). The
inhibition and behavioral tests were performed 8 weeks after the cuff surgery and the day

after the last stressor in CVS animals.

Fiberphotometry
Fiber photometry data were collected with a Doric system at a sampling frequency of 12kHz.
The 405- and 465-nm signals were equalized to record an equivalent signal/noise ratio. Data

have been analyzed with custom MATLAB scripts. The dynamic of fluorescence was calculated
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as: AF/F= (Faes-Faosf)/Faosc. The deviation of each sample from the averaged signal of a given

period was calculated with a z-score.

Behavioral assessment
All the behavioral tests were performed during the dark phase, under red light. A summary of

the tests performed by each animal cohort is provided in Extended Data Table 2.

The mechanical threshold of hindpaw withdrawal was determined weekly using von Frey
filaments (vF; Bioseb, Chaville, France) before and after peripheral nerve injury. Aversion and
preference due to the optogenetic stimulation were measured with real-time aversion (RTA)
and conditioned place preference (CPP) respectively. For anxiodepressive-like behaviors, the
light-dark (LD), novelty suppressed feeding (NSF), forced swim (FST), splash and urine sniffing
(UST) tests were conducted. To record responses to stressful events, a 5s restraint stress and
unpredictable foot shocks were performed. Locomotor activity was measured in the home

cage and in an open field.

Emotionality z-score

Emotionality z-scores were computed as previously described by (Guilloux et al., 2011). First,
individual z-score values were calculated for each mouse in each test using the following
formula: z = (X - n)/o where X represents the individual data for the observed parameter while
U and o represent the mean and standard deviation of the control group. Finally, z values
obtained for each test were averaged to obtain a single emotionality score:

Emotionality z-score = Ztest1 + Ztest2 + ... + Ztestn / Number of tests.

Ex vivo electrophysiology
Patch-clamp recordings of the ACC pyramidal neurons were performed using acute slices
prepared from 8- to 12-week-old mice, the ACC being illuminated with the same system used

for the in vivo experiments.

Immunohistochemistry
For the vTRAP study, to verify in which neuronal type the virus is expressed, the animals were
perfused 3 weeks after virus injection and NeuN, Olig2 or GFAP immunostaining were

performed.
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Plasmid and AAV generation

For translating ribosome affinity purification, pAAV-CaMKII-mCherry-RPL10a-WPRE-SV40
plasmid was constructed by in-fusion cloning. AAV generation was performed by the
Molecular Biology and Virus platform at IGBMC (Strasbourg, France) to generate the AAVrg-
CaMKlla-mCherry-RPL10a-WPRE-SV40 virus.

Viral Translating Ribosome Affinity Purification (vTRAP) & RNA extraction

Bilateral ACC dissection was performed 3 weeks after virus injection. The ACC was freshly and
quickly manually dissected from animals killed by cervical dislocation. Translated mRNA
purification was made following Heiman et al. (2014) protocol for TRAP and directly followed
by RNA extraction with the Absolutely Nanoprep kit (Agilent). The extracted RNAs were stored
at -80°C until gRT-PCR and sequencing.

The vTRAP was performed in two different cohorts. The first cohort was composed of naive
animals, in which RNA sequencing was performed in both IP and input fractions of 3 animals.
The second experiment was performed in sham and cuff animals in our cuff model, in which

RNA sequencing was done only in the IP fraction of 8 sham and 8 cuff animals.

gRT-PCR

gRT-gPCR was performed on a 384-wells QuantStudio5 Real-Time PCR system (Applied
Biosystem) using Sybr Green. Relative abundance of each RNA target gene transcript was
normalized to the endogenous control gene Gapdh RNA. Primers can be found in Extended

Data Table 3.

RNA sequencing

RNA-sequencing was performed by the Genomeast platform at IGBMC (Strasbourg, France),
using Clontech SMART-Seq v4 Ultra Low Input RNA Kit for Sequencing User Manual (PN
091817) and the lllumina Nextera XT DNA Library Prep Kit Reference Guide (PN 15031942).

Libraries were sequenced on an Illlumina NextSeq 2000 sequencer.

RNA sequencing analysis
Reads were processed by the Genomeast platform at IGBMC (Strasbourg, France). Gene

expression quantification was performed from uniquely aligned reads using htseq-
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count90version 0.6.1p1, with annotations from Ensembl version 102. Differential expression
analysis was performed using R and the Bioconductor package DESeq?2.

For the first cohort, the fold-changes were calculated for IP vs input, while for the second
cohort the fold-changes were computed for cuff vs sham. From these data, gene ontology,
Gene Set Enrichment Analysis (GSEA) and Rank-Rank Hypergeometric Overlap (RRHO)

analyses were performed on both data sets.

Statistical analysis

Statistical analyses were performed in GraphPad Prism v9.0.2 software. Data are expressed as
mean+SEM, with statistical significance set as *p<0.05, **p<0.01, ***p<0.001.

Data were first tested for normality using the Shapiro-Wilk normality test. If data passed the
normality test, student’s t-test (unpaired, two-tailed), One-Way Repeated Measures ANOVA,
and Two-way ANOVA followed by Bonferroni or Newman-Keuls post hoc tests were used
when appropriate. If data failed the normality test, Mann-Whitney non-parametric analysis

(two-tailed) was used. All statistical analyses are summarized in Extended Data Table 4.

Results

The Anterior Cingulate Cortex Ca?*is slightly affected by chronic pain.

First, using calcium imaging techniques, we evaluated whether chronic neuropathic pain alters
the ACC Ca?* fluctuations during behavioral emotional tests. Here, mice underwent a sciatic
nerve compression (“Cuff” model) that induces long-term mechanical hypersensitivity
associated with the development of anxiodepressive-like behaviors (Fig.1 and S1) and were
injected with an AAV expressing the calcium biosensor GCAMP6m and implanted with an optic
fiber in the ACC (Fig. 1A-C). As expected, peripheral nerve injury induced an ipsilateral
mechanical hypersensitivity in cuff animals that lasted for 8 weeks (Fig.1D; Mixed Effect
Model, time as repeated measure: Time, Surgery & Time x Surgery: p<0.0001; 2-8 PO weeks:
cuffipsi < shamipsi, cuffipsi < shameontra, CUffipsi < cuffcontra, P<0.01). As already described (Barthas
et al., 2015; Sellmeijer et al., 2018; Yalcin et al., 2011), eight weeks after the cuff surgery,
neuropathic animals start to display anxiodepressive disorders (Fig. S1A-D). Nonetheless, as
for other animal models of psychiatric condition (Krishnan et al., 2007; Nasca et al., 2019),

within the population not all the individuals display the full spectrum of anxiodepressive-like
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symptoms, and accordingly our data showed a remarkable variability between tests and
within groups. In this study, we sought to evaluate the impact of chronic pain onto ACC’s Ca?*
activity, and so decided to keep all the animals and calculated an emotionality score (Guilloux
et al., 2011). Overall, cuff animals displayed a higher emotionality score compared to sham
mice (Fig.1E; t-test: p=0.0161), suggesting a shift towards emotional disorders in our cohorts,
confirming the comorbidity between chronic pain and emotional disorders.

We further evaluated the impact of chronic neuropathic pain on the ACC Ca2* dynamic during
the anxiodepressive tests. In that purpose, we recorded and compared the ACC Ca?* signals
between Sham and Cuff mice performing each aforementioned test. It has been described
that chronic pain, and especially sciatic nerve compression, induces a shift towards ACC
hyperactivity (Sellmeijer et al., 2018). Hence, we anticipated important differences in ACC
signals between the two groups. However, only subtle changes were observable. Strikingly,
no differences were observed for the Ca?* dynamics during the initiation and termination of
each grooming episode between neuropathic and control animals for the splash test (Fig.1F-
F” and Fig.S1E-F). Overall, for both groups, we observed a strong reduction of the ACC Ca%*
signal as soon as the animals started grooming (t-test: sham, p=0.0015 ; cuff, p=0.0125) and a
return to the initial signal immediately after the cessation of the grooming behavior (Fig.1F”;
(t-test: sham, p=0.0043 ; cuff, p=0.0003). The analysis of the 1-sec bins +/-3 sec around the
event confirmed this observation (Fig. S1E-F). The 2way-ANOVA corresponding to the
grooming initiation (time as repeated measure, F(1,26=22.51, p<0.0001) revealed a strong
difference between the 3 sec before and after the initiation for both groups. The post-hoc
analysis revealed that the 3 sec before the grooming were not different from each other,
whereas all the 3 sec after the initiation were different from the 3 sec before (Fig.1.F”). A
similar but reversed pattern was observed for the termination (time as repeated measure,
F(1,26)=33.40, p<0.0001). Hence, this suggests that the ACC activity is decreased while mice
engage in self-grooming and is increased when they stop this behavior. However, no effect of
neuropathic pain was observed. On the contrary, in the NSF test, we observed an effect of the
cuff surgery for the ACC signal when mice touched and ate the food pellet (Fig.1G-G” and
Fig.S1H-1). When mice ate the food, the 2-way ANOVA showed time and surgery effects
(Fig.1G’; 2-way ANOVA, time as repeated measure: Time: F(372=64.75, p<0.0001; Surgery:
F(1,24)=5.854, p=0.0235; Time x Surgery F(3,72)=0.0945, p=0.9628).
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Figure 1. The effect of chronic pain on the ACC Ca?* dynamic.

(A) Representation of the virus injections and fiber photometry cannula implantation strategy. (B)
Timeframe of the experimental design (cuff surgery, virus injection, cannula implantation and behavioral
tests with recordings). (C) Representative picture of the virus expression in the ACC; scale bar = 250um.
(D) Cuff animals present a decreased mechanical threshold in the ipsilateral paw compared to the
contralateral paw and sham animals, 2 weeks after the surgery and onward. (E) Cuff animals exhibit an
increased emotionality score, reflecting the development of anxiodepressive-like consequences. (F-F”)
ACC Ca?* dynamic during splash test. Representative Z-score trace during grooming initiation (F’) and
grooming termination (F”) in the splash test. (F’-F”) Averaged 2-sec bin Z-score before and after
grooming initiation and termination, for both groups. (G-G”) ACC Ca?* dynamic during NSF test. (G)
Representative Z-score trace of a recording when the animal eats the food pellet in the NSF. (G’)
Averaged 1-sec bin Z-score before and after the eating episode. (G”’) Averaged 1-sec bin Z-score before
and after touching the food pellet. We selected only the “touch events” that were followed by the food
consumption. (H-H’) ACC Ca?* dynamic during LD test. Representative Z-score trace of a recording when
the animal enters the light box (H). (H’) Averaged 1-sec bin Z-score related to the entrance in the light
compartment (from dark to light side). (I-’) ACC Ca?* dynamic during UST for the female scent.
Representative Z-score trace of a recording when the animal sniffs the female scent (). (I’) Averaged 1-
sec bin Z-score before and after the female scent investigation. n=14-15 animals/group. Data are
expressed as mean + SEM. *p<.05, **<.01, ***p<.001, ****<.0001. ACC, anterior cingulate cortex; BL,
baseline; LD, light-dark test; NSF, novelty suppressed feeding test; UST, urine sniffing test; vF, von Frey;
w, week.

For the touch, we only observed a difference when mice touched and ate the food pellet
(Fig.1G”; 2-way ANOVA, time as repeated measure: Time: F(3,72=57.13, p<0.0001; Surgery:
F(1,24)=5.720, p=0.0250; Time x Surgery F(372=0.9697, p=0.4118), but not when they touched
without eating (Fig.S1H-I; 2-way ANOVA, time as repeated measure: Time: F(369=4.157,
p=0.0091; Surgery: F(1,23)=2.064, p=0.1643; Time x Surgery F(39=0.4242, p=0.7362). This
confirms the key role played by the ACC in action selection. Indeed, these findings suggest that
the ACC Ca?* reduction is required to promote food intake. It also reveals that the ACC
reactivity to the task is not affected by the pain condition.

For the LD test (Fig.1H-H’ and Fig.S1J-K), only the ACC Ca?*signal related to the entrance in the
light side was different between groups (Fig.1H’; 2-way ANOVA, time as repeated measure:
Time: F(3,78=24.14, p<0.0001; Surgery: F(1,26)=4.965, p=0.0347; Time x Surgery F3,75=1.830,
p=0.1486). For the entrance in the dark side, the 2-way analysis revealed a time effect as well
as a Surgery X time interaction (Fig.S1J-K; 2-way ANOVA, time as repeated measure: Time:
F(342=20.22, p<0.0001; Surgery: F(1,14=0.1746, p=0.6824; Time x Surgery F(342=3.194,

p=0.0331). Again, this suggests that the pain condition is not affecting the ACC Ca?* dynamics.

-112 -



Finally, we wanted to test despair-like behaviors using the classical forced swim test (FST)
(Porsolt et al., 1977). Unfortunately, with our first batch of mice we observed the difficulty for
tethered animals to perform the test. Hence, with our second cohort of mice, we choose to
adapt the urine sniffing test (UST) (Malkesman et al., 2010; Morel et al., 2022), used to assess
anhedonia, to evaluate ACC Ca?* signal when male mice were exposed with a pleasant scent,
female urine from same strain and age-matched animals (Fig.11-I’). We chose to use male urine
as a control. Although a Ca?* fluctuation was observed when mice investigated both scent, no
differences were observed between sham and cuff mice when sniffing the male scent (Fig.S1L-
M; 2-way ANOVA, time as repeated measure: Time: F(342=2.865, p=0.0479; Surgery:
F(1,14=0.0002, p=0.9882; Time x Surgery F3,42=1.859, p=0.1513). The analysis showed that the
dynamic of ACC Ca?* signal of cuff mice is strongly reduced compared to sham mice in
response to female scent (Fig.1l’; 2-way ANOVA, time as repeated measure: Time:
F(3,42=12.42, p<0.0001; Surgery: F(1,14=3.370, p=0.0877; Time x Surgery F(342)=6.441,
p=0.0011), suggesting that the ACC of neuropathic animals is not reactive anymore to pleasant
scent.

Altogether, these results suggest that, even though chronic pain induces important long-
lasting alteration within the ACC that are correlated with the expression of anxiodepressive
disorders?, the ACC activity dynamic changes significantly with tests assessing motivation or

anhedonia, but no innate behavior that are expressed by both groups.

ACC neurons projecting to the lateral habenula (ACCshb) display a unique pattern of activity
in response to aversive events in a pilot study.

Nevertheless, given the crucial role of the ACC in the development of emotional disorders
especially in the context of chronic pain (Barthas et al., 2015; Becker et al., 2023; Sellmeijer et
al., 2018), the subtle Ca?* alterations observed within the ACC appeared surprising and suggest
that chronic pain might affect only a very specific subset of ACC neurons. Among others, the
ACC neurons projecting to the LHb are of particular interest. Indeed, the two areas share
common functions, notably in relation with emotional processing and action selection, and
are implicated in depression. Even though very little is known about the ACC-LHb pathway
role, it was recently described that its pharmacological alteration is sufficient to alter
behavioral selection in rats (Mathis et al., 2017), while its chemogenetic inhibition prevents

stress integration (Mathis et al., 2021). Hence, we further sought to evaluate if the pain-
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induced alteration occurring within the ACC affects specifically ACC neurons projecting to the
LHb (ACC>1Hb), and if so whether it could propagate to the LHb. In that purpose we used a

dual-color fiber photometry. A retrograde AAV allowing the expression of the red-shifted
calcium biosensor jJRGECO and a local AVV-GCAMP6m were injected in the LHb and the ACC
respectively (Fig.2A-C). This viral strategy allowed the simultaneous recording of Ca%
fluctuations of the whole ACC neuronal population and ACCs1p neurons in cuff animals with
anxiodepressive-like behaviors (Fig.2D-E and Fig.S2A-D).

The most striking finding was that ACCsp neurons do not have a similar Ca?* signature
compared to the whole ACC. Indeed, these neurons do not present a specific Ca®* fluctuation
when mice start or stop grooming in the splash test. The analysis of 1sec bins revealed no time
effect for both groups (Fig.2F-F’ and Fig.S2E; initiation of grooming: 2-way ANOVA time as
repeated measure, Time: F(1.347,16.36=0.2668, p=0.6843; termination of grooming: time as
repeated measure, Time: F(1.464,1757=0.09057, p=0.8561) nor when they eat the food in the
NSF test (Fig.2G-G’; 2-way ANOVA time as repeated measure, Time: F(1.58517.44=3.579,
p=0.0588). Similarly, these neurons did not present any dynamic in response to female scent
in the UST (Fig.2H; 2-way ANOVA time as repeated measure, Time: F(1.6s1, 1849=0.4574,
p=0.6068), nor male scent (Fig.S2F-H), or to the entry of the light box (Fig.2I-I’; 2-way ANOVA
time as repeated measure, Time: F(1.733, 19.06)=1.821, p=0.1915) or dark box In the LD test
(Fig.S2I-J).

Overall, these findings suggest that contrary to the whole ACC neuronal population, ACC>Hp

neurons are not implicated in the tested behavioral paradigms.

Nonetheless, given the prominent role played by both the prefrontal cortex and the LHb in
stress processing, we further sought to evaluate the Ca?* response to stressful events.
Accordingly, we evaluated the Ca®* dynamics triggered in response to an acute 5-sec restraint
stress protocol and an unpredictable electrical foot shock. Interestingly, we observed two
different patterns. First, in response to the restraint stress, the analysis of 5-sec bins around
and during the stress revealed a strong reduction of the Ca?* signal (Fig.2J-)’; 1-way ANOVA
time as repeated measure, F(1.312, 17.06)=15.58, p=0.0005). The postdoc analysis revealed that
the 5-sec of restraint stress as well the 5-sec following the restraint stress were similar
(p=0.1614) but both different from the 5-sec before the restraint stress (bin 1 vs 2: p=0.039
and bin 1 vs 3: p<0.0001).
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Figure 2. The effect of chronic pain on Ca?* dynamic of ACC neurons projecting to LHb.

(A) Representation of the double virus injections and fiber photometry cannula implantation strategy.
(B) Timeframe of the experimental design (cuff surgery, virus injection, cannula implantation and
behavioral tests with recordings). (C) Representative picture of the expression of two viruses in the ACC
and of the injection site in the LHb; scale bar = 250um. (D) Cuff animals present a decreased mechanical
threshold in the ipsilateral paw compared to the contralateral paw and sham animals, 2 weeks after the
surgery and onward. (E) Cuff animals do not exhibit a difference in emotionality score. (F-F”) ACC and
ACCsinp Ca?* dynamic during splash test. Representative Z-score trace of a recording during grooming
termination (F). (F’) Averaged 1-sec bin Z-score before and after the grooming initiation for the jRGECO
(ACCsihb neurons), for both groups. (F”) Averaged 1-sec bin Z-score before and after the grooming
termination. (G-G’) ACC and ACC-inp Ca®* dynamic during NSF test. (G) Representative Z-score trace of
a recording when the animal eats the food pellet in the NSF test. (G’) Averaged 1-sec bin Z-score before
and after the animals consumed the food pellet for the JRGECO (ACCsinb neurons), for both groups. (H)
ACC Ca?* dynamic during UST for the female scent represented as averaged 1-sec bin Z-score before and
after female scent investigation for the jJRGECO (ACCsiub neurons), for both groups. (I-I’) ACC and
ACCsinp Ca®t dynamic during LD test for the entry in the light box. (1) Representative Z-score trace of a
recording when the animal enters the light box. (I’) Averaged 1-sec bin Z-score related to the entrance
in the light compartment (from dark to light side) for the JRGECO (ACC b neurons), for both groups. (J-
J’) ACC and ACCsihp Ca%* dynamic during restraint stress. (J) Representative Z-score trace of a recording
when the animal is put in 5 sec restraint stress. (J’) Averaged 5-sec bin Z-score before, during and after
the 5-sec restraint stress for the JRGECO (ACCsiup neurons), both groups pooled. (K-K’) ACC and ACCsimb
Ca?*dynamic during unpredictable foot shock. (K) Representative Z-score trace of a recording when the
animal is subjected to a 1sec unpredictable shock. (K’) Averaged 1-sec bin Z-score before and during 1-
sec electrical foot shock for the jJRGECO (ACCs4p neurons), both groups pooled. n=6-8 animals/group.
Data are expressed as mean = SEM. *p<.05, ****<.0001. ACC, anterior cingulate cortex; BL, baseline;
FST, forced swim test; LD, light-dark test; LHb, lateral habenula; NSF, novelty suppressed feeding test;
UST, urine sniffing test; vF, von Frey.

Such a patternis similar to what we observed for the whole ACC neuronal population (Fig.S2K),
but opposite to what we and others (Huang et al., 2019) observed in the LHb. On the contrary,
we observed a drastic increase in Ca%* signals in response to a single unpredictable electrical
foot shock (Fig.2K-K’; comparison between 1sec before the shock and the 1-sec shock: t-test:
t(13)=2.510, p=0.0261). A similar pattern was observed in the whole ACC neuronal population
and the LHb (Fig.S2L), as already described in other studies for the LHb (Lecca et al., 2017;
Trusel et al., 2019) or cortico-habenular neurons (Mathis et al., 2021). These results show for
the first time that ACCsiup neurons are not directly implicated in the aforementioned
behavioral tasks but specifically signal aversive information that likely trigger an emotional

response. Interestingly, their response is a mix of the ACC and LHb individual responses.
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During the restraint stress the ACCsyp neurons presented a dynamic similar to the one
observed in the whole ACC neuronal population but opposite to what we observed in the LHb
neurons (i.e., a reduction of the Ca?* signal), while in response to the electrical foot shock the
response was similar in the ACC, LHb and ACC-ub neurons. This suggests that this specific
neuronal population participates in the integration of stressful stimuli and the coordination of
the ACC and LHb activities to likely modulate emotional behaviors. Hence, an alteration of
these neurons might participate in emotional disorders. However, these data should be
interpreted carefully as these are preliminary data performed on a small number of animals

and that this experiment will need to be repeated.

The chronic, but not acute, optogenetic stimulation of ACCsiyp neurons induces

anxiodepressive behaviors.

To further evaluate the involvement of the ACC-LHb pathway in emotional processing, we
activated glutamatergic ACC neurons projecting to the LHb by injecting a retrograde AAV
expressing ChR2-mCherry in the LHb and implanting an optic fiber in the ACC of naive animals
(Fig. 3A-C). Patch-clamp recordings confirmed that pulsed blue light stimulation (wavelength:
475nm, pulse duration: 40ms; frequency: 10Hz) evoked strong and stable inward currents in
voltage clamp and action potentials in current clamp in mCherry-expressing ACC neurons (Fig.
3D). Evoked currents by the stimulation are stable in amplitude for the whole stimulation train
whatever the stimulation frequency (Fig. S3A) and the proportion of pulses resulting in an
action potential depends on the stimulation frequency (Fig. S3B). Using the same paradigm,
we showed that a single stimulation session was not sufficient to trigger any alteration in
spontaneous locomotor activity, real-time place avoidance or behaviors related to anxiety or
depression. Indeed, no differences in aversive- and anxiodepressive-like behaviors were
observed between stimulated and non-stimulated groups through the time spent in the
stimulated box in the RTA (Fig. 1E; t-test: p=0.0514), the time spent in the lit compartment of
the LD test (Fig. 3F; t-test: p=0.7858), the latency to eat in the NSF (Fig. 3G; t-test: p=0.2566)
and the duration of immobility time in the FST (Fig. 3H; t-test: p=0.7550). As a more general
measure of emotionality (Guilloux et al., 2011), we also calculated emotionality scores for
each animal across all 3 tests (LD, NSF, FST). Results confirmed that single stimulation of the

ACC-LHb pathway does not induce any emotional deficits (Fig. 3I; t-test: p=0.4378).
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Figure 3. Acute optogenetic activation of ACCsHp neurons in naive animals does not induce aversion and
anxiodepressive-like behaviors.

(A) Representation of the virus injection and optogenetic cannula implantation strategy. (B) Timeframe
of virus injection, cannula implantation and behavioral tests. (C) Representative picture of the injection
site in the LHb and of the virus expression in the ACC; scale bar = 250 um. (D) Representative traces of
the inward currents recorded in voltage clamp (upper panel) and of the action potentials recorded in
current clamp (lower panel) induced by a 10 Hz optogenetic stimulation of an ACC neuron. Stimulated
animals do not show any difference in the time spent in the stimulated box before (E) and during the
stimulation (F) compared to controls in the RTA (n=7-19 animals/group). They also do not exhibit any
difference in time spent in the light box of the LD (n=15-21 animals/group) (G), in the latency to feed in
the NSF (n=15-19 animals/group) (H) and in the immobility time in the FST (n=15-21 animals/group) (1).
confirmed by the emotionality score combining LD, NSF and FST do not elicit difference between non-
stimulated and stimulated animals (n=15-21 animals/group) (J). Data are expressed as mean + SEM. ACC,
anterior cingulate cortex; FST, forced swim test; LD, light-dark test; LHb, lateral habenula; NSF, novelty
suppressed feeding test; No stim, non-stimulated; RTA, real time aversion; Stim, stimulated.
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Considering that emotional deficits are chronical phenomena, an acute activation of the ACC-
LHb pathway might not be enough to significantly recruit the ACC-LHb pathway. We therefore
tested the effects of repeated stimulations over 4 consecutive days (Fig. 4A-B). Our results
showed that chronic stimulation of the ACC-LHb pathway induced anxiodepressive-like
behaviors since stimulated animals displayed decreased time spent in the lit box of the LD (Fig.
4C; Mann-Whitney: p=0.0224), increased latency to eat in the NSF (Fig. 4D; t-test: p=0.0467)
and a tendency to increase immobility time in the FST (Fig. 4E; t-test: p=0.0595). This was
confirmed when computing the emotionality score, with an increased emotional score,
reflecting increased emotional disorders, in stimulated animals (Fig. 4F; t-test: p=0.0004).
However, the aversive component was still not affected by this chronic activation (Fig. 4G; t-
test: p=0.8406). Interestingly, the effect of chronic activation on behavioral outcomes
disappears 2 weeks after the last stimulation in the FST test pointing out the reversible nature
of the optogenetic paradigm (Fig. 4H; t-test: p=0.7054).

Since most of the behavioral tests used can be interfered by any locomotor activity deficits,
spontaneous activity of stimulated and non-stimulated animals was measured in an open
field. Our results demonstrated no differences between groups in distance travelled (Fig. 4l;

open field: t-test: p=0.5935).

The acute inhibition of ACCs4p neurons is sufficient to counteract chronic neuropathic pain-

induced but not stress-induced emotional consequences.

Since a chronic activation of the ACC-LHb pathway induces anxiodepressive-like behaviors and
that ACCsup neurons participate in emotional processing, we wondered whether inhibiting
this pathway could rescue the anxiodepressive-like behaviors induced by either chronic pain
or stress. To address this, we inhibited glutamatergic ACC neurons projecting to the LHb by
injecting a retrograde AAV expressing ArchT-GFP in the LHb and implanting an optic fiber in
the ACC (Fig. 5A-B). We first confirmed ArchT-GFP function by ex vivo electrophysiological
recordings, which confirmed that our continuous optogenetic stimulation consistently evoked
outward currents in GFP+ ACC neurons and inhibited their action potentials (Fig. 5C). The
evoked current is stable in amplitude for the whole continuous stimulation (Fig. S3C). The
action potential frequency is strongly inhibited at the beginning of the stimulation and then
re-increases slowly until the end of it (Fig. S3D). To assess behavioral effects of inhibiting the

BLA-ACC pathway in chronic pain or chronic stress model, the same viral vector was injected.
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Figure 4. The chronic optogenetic stimulation of ACCsip neurons induces anxiodepressive-like
behaviors in naive animals.

(A) Representation of the virus injection and optogenetic cannula implantation strategy. (B) Timeframe
of virus injection, cannula implantation, chronic activation and behavioral tests. Stimulated animals
present a decreased time spent in the light box of the LD (n=16-23 animals/group) (C), an increased
latency to feed in the NSF (n=13-13 animals/group) (D) and a tendency to increased immobility in the
FST (n=16-23 animals/group) (E), which is reflected by an increased emotionality score compared to non-
stimulated mice (n=16-23 animals/group) (F). However, chronic activation of this pathway does not
produce any aversion to the stimulation as seen in the RTA with no difference before (G) or during the
stimulation (H) (n=10-12 animals/group). 2 weeks post stimulation, the stimulated mice do not present
any difference in immobility time compared to controls in the FST (n=10-12 animals/group) (1). This
chronic stimulation does not have any effect on the locomotor activity of the animals (J) as the distance
traveled is the same for non-stimulated and stimulated mice in an open field (n=10-12 animals/group).
Data are expressed as mean = SEM. *p<.05, ***p<.001. ACC, anterior cingulate cortex; FST, forced swim
test; HC, home cage; LD, light-dark test; LHb, lateral habenula; NSF, novelty suppressed feeding test; No
stim, non-stimulated; RTA, real time aversion; Stim, stimulated; w, week.
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Figure 5. The inhibition of ACC1nb neurons is sufficient to counteract chronic neuropathic pain-induced
anxiodepressive-like behavior.

(A) Representation of the virus injection and optogenetic cannula implantation strategy. (B) Timeframe
of cuff surgery, virus injection, cannula implantation and behavioral tests with inhibition. (C)
Representative picture of the injection site in the LHb and of the virus expression in the ACC; scale bar =
250um. (D) Representative trace of the hyperpolarization recorded in voltage clamp (upper panel) and
of the decrease in action potentials frequency recorded in current clamp (lower panel) induced by a 10
Hz optogenetic stimulation of an ACC neuron. (E) Cuff animals present a decreased mechanical threshold
in the ipsilateral paw compared to the contralateral paw and sham animals 2 weeks after the surgery
and onward (n=35-38 animals/group). ACC-LHb inhibition do not affect the mechanical threshold in cuff
animals (n=13-24 animals/group) (F). Cuff animals exhibit decreased time spent in the light box of LD
(n=13-22 animals/group) (G), increased latency to feed in the NSF (n=12-22 animals/group) (H) and
increased immobility time in the FST (n=12-20 animals/group) (1), which is reflected by an increased
emotionality score (n=13-22 animals/group) (J). Acute inhibition does not elicit any difference in the LD
(G), however, it rescues depressive-like behaviors in the NSF (H) and in the FST (1), as reflected in the
emotionality score (J). This inhibition does not produce any aversion, as seen in the RTA before (K) and
during the stimulation (L) (n=8-9 animals/group). It did not elicit any preference either, as seen in the
CPP between the habituation (M) and the stimulation (N) (n=5-6 animals/group). It also does not induce
any differences in locomotor activity in an open field (n=7-14 animals/group) (0). Data are expressed as
mean + SEM. *p<.05, **p<.01, ****p<.0001. ACC, anterior cingulate cortex; BL, baseline; C, cuff; CPP,
conditioned place preference; FST, forced swim test; L, left; LD, light-dark test; LHb, lateral habenula;
NSF, novelty suppressed feeding test; No stim, non-stimulated; R, right; RTA, real time aversion; S, sham;
Stim, stimulated; vF, von Frey; w, week.

In our neuropathic pain model, as expected, we observed decreased mechanical sensitivity
thresholds in the ipsilateral paw of cuff animals following the surgery (Fig. 5D; Mixed Effect
Model, time as repeated measure: Time, Surgery & Time x Surgery: p<0.0001; 2-7 PO weeks:
cuffipsi < shamipsi, cuffipsi < shamcontra, Cuffipsi < cuffcontra, P<0.0001). We also observed
anxiodepressive-like behaviors following chronic pain in cuff non stimulated animals with a
decreased time spent in the lit box of the LD (Fig. 5F; 2-way ANOVA: Surgery: F1,6,=7.826
p=0.0067; Sham vs Cuff - No stim: p=0.0337), an increased latency to eat in the NSF (Fig. 5G;
2-way ANOVA: Interaction: F164=6.479 p=0.0133; Sham No stim vs Cuff No stim: p=0.0124)
and an increased immobility time in the FST (Fig. 5H; 2-way ANOVA: Interaction: F167=4.211
p=0.0443; Sham No stim vs Cuff No stim: p=0.0036); all reflected by an increased emotionality
score (Fig. 51; 2-way ANOVA: Surgery: F163=6.647 p=0.0121, Interaction: F1,63s=5.740 p=0.0193;
Sham No stim vs Cuff No stim: p=0.0002). The inhibition of the ACC-LHb pathway did not have

any effect on the mechanical hypersensitivity (Fig. 5E; 3-way ANOVA, time as repeated
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measure: Interaction: F135=0.2849 p=0.5969, ns). However, it prevented anxiodepressive-like
behavior as displayed in the LD (Fig. 5F; 2-way ANOVA: Surgery: F167=7.826 p=0.0067; Sham
vs Cuff-Stim: p=0.0702; ns), in the NSF (Fig. 5G; 2-way ANOVA: Interaction: F164=6.479
p=0.0133; Cuff No stim vs Cuff Stim: p=0.0095) and the FST (Fig. 5H; 2-way ANOVA:
Interaction: F1,67=4.211 p=0.0443; Cuff No stim vs Cuff Stim: p=0.0255), as confirmed by the
emotionality score (Fig. 51; 2-way ANOVA: Interaction: F1,63=5.740 p=0.0193; Cuff No stim vs
Cuff Stim: p=0.0002). This inhibition did not create any aversion as seen in the RTA (Fig. 5J, 2-
way ANOVA: Interaction: F1,31=3.593 p=0.0674, ns), nor did it prevent spontaneous pain in the
CPP (Fig. 5K; 2-way ANOVA: Interaction: F119=0.2268 p=0.6394, ns). We also verified that this
inhibition did not have any impact on the locomotor activity (Fig. 5L; 2-way ANOVA: open-field
- Interaction: F1,41=1.954 p=0.1697, ns).

To study whether ACC-LHb pathway is specifically implicated in chronic pain induced
depression or if its implication can be generalized to other cause of depression, we used the
same optogenetic paradigm in the chronic variable stress model (Fig. 6A-B). Animals
submitted to CVS for 3 weeks did not display anxiety-like behavior in the LD (Fig. 6C; 2-way
ANOVA: Stress: F1,55=1.020 p=0.3170, ns), although there was a trend in the NSF (Fig. 6D; 2-
way ANOVA: Stress: F1,56=3.836 p=0.0552). However, they exhibited depressive-like behavior
as observed in the FST (Fig. 6E; 2-way ANOVA: Stress: F155=7.157 p=0.0098; POST HOC: Ctrl No
stim vs CVS No stim: p=0.0064). This was reflected by the emotionality score with an increased
emotionality between stressed and non-stressed animals (Fig. 6F; 2-way ANOVA: Stress:
F155=7.670 p=0.0075; Ctrl No stim vs CVS No stim: p=0.0061).

Contrary to the cuff model, inhibition of the ACC-LHb pathway did not seem to prevent any
depressive-like consequences as stimulated stressed animals presented a similar latency to
eat and immobility time as controls. Likewise, the emotionality score did not seem to differ
between non stimulated and stimulated stressed animals. However, the control stimulated
animals had a tendency towards an increased emotionality compared to non-stimulated
controls, which might explain why there is no significant difference between stimulated
controls and stressed animals in the FST (Fig. 6E; 2-way ANOVA: Stress: F1,55=7.157 p=0.0098;
Ctrl Stim vs CVS Stim: p=0.4895) and in the emotionality score (Fig. 6F; 2-way ANOVA: Stress:
F1,55=7.670 p=0.0075; Ctrl Stim vs CVS Stim: p=0.4656). These results suggest that the ACC-LHb
pathway is an important part of the circuit involved in chronic pain-induced anxiodepressive

disorders, but not stress-induced depression.
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Figure 6. The optogenetic inhibition of ACCsup neurons is not sufficient to counteract stress-induced
emotional consequences.

(A) Representation of the virus injection and optogenetic cannula implantation strategy. (B) Timeframe
of virus injection, cannula implantation, chronic variable stress and behavioral tests. Stressed animals
do not present any anxiety-like behavior as seen with the time in the light box of the LD (n=9-22
animals/group) (C). However, they do exhibit increased latency to feed in the NSF (n=10-22
animals/group) (D) and increased immobility time in the FST (n=9-22 animals/group) (E) that are not
rescued by the ACC-LHb inhibition as seen in the emotionality score (n=10-22 animals/group) (F). Data
are expressed as mean £ SEM. *p<.05, **p<.01. ACC, anterior cingulate cortex; Ct, control; CVS, chronic
variable stress; FST, forced swim test; LD, light-dark test; LHb, lateral habenula; NSF, novelty suppressed
feeding test; No stim, non-stimulated; St, stressed; Stim, stimulated.

Lateral habenula projecting ACC neurons display a unique molecular signature that is affected
by chronic neuropathic pain.

To study the molecular signature of ACC neurons projecting to the LHb (ACCsimb), we
generated a retrograde AAV containing a plasmid encoding the ribosomal protein RPL10a
fused to the reporter protein mCherry, under the CaMKlla promoter (AAVrg-CaMKlla-
mCherry-RPL10A-WPRE-SV40). After injection in the LHb, this allowed us to perform viral
translating ribosome affinity purification (VTRAP), as described by Heiman et al. (2014), in
order to collect only mRNA under transcription from ACCsinb. We first performed vTRAP in
naive animals to verify the viral approach used and to characterize ACCsiyp neurons

transcriptional signature (Fig. 7A-C).
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Figure 7. vTRAP of LHb-projecting ACC neurons in naive animals.

(A) Representation of the virus injection and ACC dissection strategy. (B) Timeframe of virus injection,
ACC dissection, VTRAP and RNA extraction. (C) Representative picture of the injection site in the LHb;
scale bar = 250um. (D) Representative fluorescence images showing cells positive for mCherry and NeuN
(left panel), GFAP (middle panel) or Olig2 (right panel); scale bar = 100um. (E) RT-gPCR analysis
confirmed the enrichment in the immunoprecipitated (IP) portion in Camk2, with a depletion in Gad65,
Gad67 and Gfap (n=3 animals). (F) The samples selected for RNA sequencing presented a good
enrichment in Mcherry and Camk2, which was further confirmed by the RNA sequencing results, with
also depletion in Gad1, Gad2, Gfap and Olig2 (n=3 animals) (G). (H) Using Principal Component Analysis,
robust differences were observed across groups (IP and input samples) at the genome-wide level. (I)
3310 transcripts were upregulated and 3943 transcripts were downregulated in the IP fraction compared
to the input fraction. (J) GSEA analysis revealed depletion in genes associated with PFC microglia,
astrocytes, oligodendrocytes precursor cells and interneurons. Data are expressed as mean = SEM. ACC,
anterior cingulate cortex; FC, fold change; IP, immunoprecipitated fraction; LHb, lateral habenula; PFC,
prefrontal cortex.

The mCherry reporter was only present in cells expressing NeuN protein, thus neurons, but
not in cells expressing the GFAP or Olig2 proteins (Fig. 7D; astrocytes or oligodendrocytes,
respectively). These results were confirmed by gRT-PCR (Fig. 7E), with an enrichmentin Camk2
(glutamatergic marker) and a depletion in Gad65, Gad67 (GABA markers) and Gfap (astrocytic
marker) RNA in the immunoprecipitated section (IP) compared to the whole tissue (input).
Before sending the three samples for RNA sequencing, we systematically checked that the IP
was enriched in Mcherry and Camk2 (Fig. 7F). Our RNAseq data confirmed the VTRAP of
glutamatergic cells only, with an enrichment in Camk2a and a depletion in Gad1, Gad2, Gfap
and Olig2 (Fig. 7G). IP and input sections were well separated as expected in principal
component analysis (PCA; Fig. 7H). In the IP fraction, 3310 transcripts were upregulated and
3943 transcripts were downregulated compared to the input fraction (Fig. 71). We then used
Gene Set Enrichment Analysis (GSEA, Fig. 7)) to interrogate gene sets related to prefrontal
cortex cell types (Zhong et al., 2018). It confirmed that astrocytic (Fig. 7J, upper left panel),
microglial (Fig. 7J, upper right panel), oligodendroglial (Fig. 7J, bottom left panel) and

interneuronal (Fig. 7J, bottom right panel) genes are all downregulated in the IP fraction.
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Figure 8. Lateral habenula projecting ACC neurons display a unique molecular signature that is affected
by chronic neuropathic pain.

(A) Representation of the virus injection and ACC dissection strategy. (B) Timeframe of cuff surgery, virus
injection, behavioral tests, ACC dissection, VTRAP and RNA extraction. (C) Cuff animals present a
decreased mechanical threshold in the ipsilateral paw compared to the contralateral paw and sham
animals, 2 weeks after the surgery and onward (n=8 animals/group). They also present a higher
emotionality score, reflecting anxiodepressive-like behavior (NSF+splash) (D). (E) RT-qPCR analysis
confirmed the enrichment in the immunoprecipitated (IP) portion in Mcherry and Camk2, with a
depletion in Gad65 (n=8 animals/group). (F) 591 transcripts were upregulated and 828 were
downregulated in cuff compared to sham animals. (G) RRHO2 identified shared transcriptomic changes
in the ACC across naive IP vs naive input study and IP cuff vs IP sham study. Levels of significance for the
rank overlap between the two studies are color-coded. (H) Gene ontology analysis on the overlapped
genes of the two bottom panels (upregulated in IP vs input) revealed enrichments in GO terms related
to RNA processing and epigenetic adaptations. (I) Genes significantly dysregulated in cuff animals from
the GO terms of the RRHO2 analysis. Mecp2 gene is of particular interest and genes its STRING network
showed mainly downregulation in neuropathic animals displaying anxiodepressive-like behavior (J). Data
are expressed as mean £ SEM. **p<.01. ACC, anterior cingulate cortex; BL, baseline; D, down; L, left;
NSF, novelty suppressed feeding test, R, right; RRHO2, rank-rank hypergeometric analysis; U, up; vF, von
Frey; w, week.

We then performed vTRAP in our cuff model at 8 weeks post-surgery and analyzed the
obtained RNA by RNAseq using Illumina NextSeq 2000 RNAsequencer (Fig. 8A-B). Animals with
peripheral nerve injury displayed decreased mechanical thresholds in the ipsilateral paw (Fig.
8C) and increased emotionality score (Fig. 8D) computed with NSF and Splash tests
(Supplementary Fig. 4A-B). qRT-PCR confirmed that the samples sent for RNA sequencing did
present an enrichment in Mcherry and Camk2 and a depletion in Gad65 (Fig. 8E). Two samples
had a lower quality, but GSEA comparing the overlap between the IP effect (IP vs input,
obtained from the naive animal batch) and the cuff effect (IP cuff vs IP sham), with and without
outliers (WITH_OL and WO_OL, respectively), showed a similar overlap and directionality
(Supplementary Fig. 4C-D), with a good correlation for FC values (Supplementary Fig. 4E) and
p-values (Supplementary Fig. 4F). Therefore, we continued the analyses with the outliers. In
cuff IP, 591 transcripts were upregulated and 828 transcripts were downregulated compared
to sham IP (Fig. 8F). A systematic threshold-free comparison, Rank Rank Hypergeometric
Overlap (RRHO2), revealed large patterns of transcriptional dysregulation in similar directions
in our IP effect and our cuff effect (Fig. 8G). Gene ontology (GO) analysis on overlapped genes

in the two bottom panels (Supplementary Fig. 4G), for which genes were enriched in the IP
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fraction, revealed enrichments in GO terms (Fig. 8H) related to RNA processing (mRNA
processing, RNA splicing, ncRNA processing, ribonucleoprotein complex biogenesis) and
epigenetic adaptations (histone modification or methylation). Interestingly, genes related to
histone modifications or methylation have already been associated with depression or
anxiety, such as Ashl1, Mysm1 or Mecp2 (Fig. 8l). Lateral habenula projecting ACC neurons

display a unique molecular signature that is affected by chronic neuropathic pain.

Discussion

The ACC has been described as a key player in emotional processing and psychiatric disorders
such as anxiety and depression, more specifically in the context of chronic pain (Barthas et al.,
2015; Etkin et al., 2011; Sellmeijer et al., 2018). In this study we showed that ACC neuronal
dynamics seems to be blunted in cuff animals during female urine sniffing, hinting for its role
in anhedonic behavior. On the other hand, while ACC neurons projecting to the LHb are not
implicated in behavioral outputs observed in classical tests for anxiety- and depressive-like
behaviors, they seem to react specifically to aversive events. By assessing this pathway’s
function, we showed that its chronic activation was able to induce anxiodepressive-like
behaviors, while its inhibition in a chronic pain mice model was able to rescue consequent
emotional disorders. This specific role in chronic pain-induced anxiodepressive-like behaviors
could be due to the dysregulation of RNA processing and epigenetic adaptations in ACCshb
neurons that we uncovered with an RNAseq analysis.

Studying ACC neuronal dynamics during several classically used tests assessing anxiety- and
depressive-like behaviors revealed specific Ca?* fluctuations time-locked with grooming
episodes, entries into light and dark zones, exploration and consumption of food (after food
deprivation) as well as when mice investigated social scents. Overall, these tests showed ACC
activity fluctuations when mice started or terminated a given behavior. This role in action
initiation has already been observed in animal models and Humans (Brockett et al., 2020;
Rolls, 2019; Srinivasan et al., 2013). Notably, it has been shown that ACC neurons fire on STOP
trials in a Go-noGo task (Bryden et al., 2019). On the contrary, ACC lesion induces deficits in
suppressing a motor action, likely through a default activation of the dorsomedial striatum
(Brockett et al., 2020). Furthermore, using head restraint mice, Kim and colleagues (2021)
showed that the pharmacological inhibition of the ACC altered the selection of actions. In the

present study, most of the events require freely moving animals to engage in an action, which
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should theoretically require a decrease in ACC activity. Accordingly, when mice initiate
grooming in splash test, investigate social scents (both male and female) in the UST and eat
the food pellet in NSF test, we observed strong and sustained reduction of the Ca?* signal.
Interestingly, in the NSF test, a clear dissociation is detected when mice touched the food and
ate (Touch—>eat) the pellet or not (Touch->do not eat). When mice touched the food and
subsequently ate it, we can consider that after the “evaluation” of the food they took the
decision to eat it. For this specific behavioral sequence, we observed a strong reduction in the
ACC Ca?*right after touching the food. This likely reflects the switch allowing the promotion
of the action (i.e., eating). In the contrary, in the Touch->do not eat sequence the ACC signal
does not fluctuate, suggesting that the ACC reduction of activity required to promote the food
consumption is absent and so prevents the behavioral outcome. As for the splash test or the
UST, the reduction seems to occur right after the initiation of the behavior, which likely
suggests an integration of the information rather than the anticipation and the promotion of
the given behavior. Surprisingly, this framework seems to not be adapted when mice explore
a threatening context (LD test). In our conditions, we observed a similar increase in ACC Ca?*
signal right before the transition from one compartment to the other, regardless of the
directionality. First, this suggests that the ACC is not tracking the aversive valence of the
compartment the animals is entering. Then, contrary to the other behaviors, the ACC activity
is increased before the animals engage in the transition from one compartment to the other.
An important number of studies already described the presence of multiple sub-types of
neurons in the ACC, able to encode reward-related information, detect error in prediction or
participate in motor selection (Johansen and Fields, 2004; Kolling et al.,, 2016a, 2016b;
Monosov et al., 2020; Procyk et al., 2000; Quilodran et al., 2008; Rigney et al., 2018; Shackman
et al.,, 2011). However, in the present, using fiber photometry, we could not dissociate
different cell populations and so must consider the local ACC activity. We thus consider that
such an increase of ACC Ca?* signal right before the transition, regardless of the directionality,
might signal a critical change in the task context (i.e., change in the light condition) and is
related to the evaluation of the ongoing action. An important aspect of this calcium dynamic
to consider is its quick decrease once the animal has transitioned to one compartment,
compared to the second before entering. This confirms our previous findings and reinforces
the hypothesis that ACC Ca?* activity must be reduced to promote the exploration. Hence, in

the LD box, we can hypothesize that the increase right before the transition reflects the
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evaluation of the ongoing action while the following inhibition of the ACC activity reflects the
promotion of action. It is noteworthy to mention that most of the ACC Ca%* dynamic observed
were not different in sham and cuff animals. However, ACC Ca?* dynamic related to the female
scent sniffing was blunted, but not the one for the male scent. This latest result suggests that
the information, here socially relevant, are not conveyed the same way in neuropathic mice
and are likely not integrated within the ACC. Male mice have a preference toward female
olfactory stimuli (Dhungel et al., 2019), suggesting that pleasant socially relevant stimulations
are not integrated by the ACC of cuff mice. Such a shift in information processing might
participate in the development of anhedonia-like behaviors. Altogether, these first results
confirm the crucial role played by the ACC in the promotion of actions and the signaling of
social information in freely moving mice tested in classical behavioral paradigms.

However, the information it sends to other brain regions might be altered, resulting in the
development of anxiodepressive-like symptoms. It also suggests that among the multiple
projections from the ACC, the LHb appears as an important candidate, notably because of its
role as the anti-reward system. It is indeed important for the processing of aversive
information and is also implicated in depressive-like behaviors and anxiety (Baker et al., 2022;
Cui et al., 2018; Lecca et al., 2017, 2016; Lecourtier et al., 2023; Li et al., 2013; Mathis et al.,
2015; Murphy et al., 1996; Sartorius et al., 2010; Sartorius and Henn, 2007). We thus recorded
the Ca?* dynamics of ACCsi4p neurons. Interestingly, these neurons do not participate as does
the whole ACC neuronal population during the anxiodepressive behavioral paradigms tested
in this study, but they are particularly responsive to aversive/stressful events. It is therefore
likely that they are integrating aversive/stressful information, transmitting it to the LHb and
therefore coordinating the ACC and LHb responses in the presence of such stimuli.

Since this ACC subpopulation possesses this unique stress relevant functional signature, we
hypothesized that they might play an important role in emotional regulation and that their
manipulation must affect emotional behaviors. Surprisingly, even though these neurons
respond to acute stress stimuli such as restraint stress or an unpredictable foot shock, only
their chronic optogenetic activation induced anxiodepressive-like behaviors. These results
suggest that a long-term plasticity of the pathway is likely implicated and needed for the
occurrence of these behaviors. This resembles greatly pain- and stress-induced symptoms
which require a certain chronicity to be observed. However, inhibiting this pathway in animals

submitted to chronic stress did not induce any changes in depressive-like behaviours
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suggesting that this specific population is not implicated in emotional deficits induced by
chronic stress. On the other hand, the inhibition of the ACC-LHb pathway was able to rescue
anxiodepressive-like symptoms induced by neuropathic pain, highlighting its importance in
chronic pain-induced emotional consequences. Of note, this inhibition had no effect on the
mechanical hypersensitivity of the animals, confirming the essential role of the ACC in the
emotional consequences of pain (Barthas et al., 2015). Since it has been reported that lesion
of the LHb in the context of chronic pain was sufficient to reverse the mechanical
hypersensitivity and the anxiodepressive-like behaviors (Li et al., 2017), we suggest that the
role of the LHb in the somatosensorial component of chronic pain could therefore be due to
other brain regions projecting to the LHb such as the insular cortex (Kim and Lee, 2012). With
these results in mind, it seems that pain is affecting the ACC, probably from information it
receives from other brain structures, such as the locus coeruleus (Hirschberg et al., 2017) or
the BLA (Becker et al., 2023; Meda et al., 2019) and that the chronification of pain likely affects
its network, notably the LHb. Altogether, it seems that ACC neurons projecting to the LHb is
playing critical role in chronic pain but not stress induced depression.

Such a unique trait makes this pathway a crucial player in chronic pain-induced emotional
disorders. In that regard, we further evaluated, at the molecular level, the chronic pain-
induced alterations within the ACC-LHb neurons. We used vTRAP approach (Heiman et al.,
2014), allowing us to study modifications in the transcriptome of ACCs1b neurons. Based on
bioinformatic analyses, we found that transcriptomic changes occurring in animals with
neuropathic pain were mostly related to RNA processing and epigenetic adaptations. There
seems to be in particular a downregulation in the expression of Ashl1, Mysm1 or Mecp2 genes
in ACC>Hp neurons in neuropathic pain condition, which have all been previously implicated
in anxiety or depression. Ashl/1, a gene encoding the histone methyltransferase Ashl1, was
shown to be differentially expressed after chronic restraint stress in the dentate gyrus (Datson
et al.,, 2013). Mysm1 dysregulation has been widely observed in patients with major
depression and mice with depressive-like behaviors. It encodes the deubiquitinase Mysm1,
and its knockdown or pharmacological inhibition in astrocytes in mice alleviated depressive-
like behaviors induced by chronic restraint stress (Zhang et al., 2023). Finally, Mecp2 encodes
the transcriptional regulator methyl-CPG-binding protein 2 (MeCP2), which binds to
methylated genomic DNA. Alterations in its expression have been notably highlighted in the

context of pain and depression (Hou et al., 2015; Jang et al., 2021; Murgatroyd et al., 2009;
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Sanchez-Lafuente et al., 2022; Sun et al., 2021; Tao et al., 2020; Wang et al., 2011). Loss of
MeCP2 was shown to cause more repression than activation of downstream genes in the
hippocampus (Chahrour et al., 2008). Interestingly, genes associated to Mecp2 in STRING
network were mostly downregulated as well in our dataset. Its role as a transcriptional
regulator puts Mecp2 in a central position to affect a multitude of downstream genes, which
could lead to the development of anxiodepressive-like behaviors. The following step is to
verify these genes’ expression in gRT-PCR in another set of animals submitted to neuropathic

pain. Trying to reverse the anxiodepressive-like phenotype induced by chronic pain by
overexpressing these genes in the cuff model could confirm their importance in ACC>up

neurons in the emotional consequences of chronic pain. Such a modulation has already been
successfully applied in our team with the inhibition of Mkp1 in the cuff model (Humo et al.,
2020) or of Sema4a in depression-induced by chronic activation of the BLA-ACC pathway
(Becker et al., 2023).

In conclusion, the ACC neurons projecting to the LHb are implicated in emotional processing
and more particularly chronic pain induced emotional dysfunction. The unique functional and
molecular signature of this pathway in the context of chronic pain-induced emotional

disorders makes it an interesting target for future therapeutical strategies.
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Figure S1. The effect of chronic pain on the ACC Ca?* dynamic.

(A) Splash test grooming time is not different between sham and cuff animals. (B) NSF latency to feed is
increased in cuff animals. (C) LD test time in light box is not different between sham and cuff animals.
(D) UST preference ratio shows a tendency to decrease for cuff animals. (E-F) ACC Ca?* dynamic during
splash test. Averaged 1-sec bin Z-score before and after grooming initiation (E) and termination (F), for
both groups. (G-H) ACC Ca?* dynamic recordings during NSF test. (G) Representative trace of a recording
when the animal touches the food pellet in the NSF test. (H) Averaged 1-sec bin Z-score before and after
the touching episode, for both groups. (I-J) ACC Ca?* dynamic during LD test for the entry in the dark box.
(1) Representative Z-score trace when the animal enters the dark box. (J) Averaged 1-sec bin Z-score
related to the entrance to the dark compartment (from light to dark side). (K-L) ACC Ca?* dynamic during
UST for the male scent. (K) Representative Z-score trace of a recording when the animal sniffs the female
scent. (L) Averaged 1-sec bin Z-score before and after the male scent investigation. n=14-15
animals/group. Data are expressed as mean = SEM. *p<.05, *¥*<.01, ***p<.001, ****<.0001. LD, light-
dark test; NSF, novelty suppressed feeding test; UST, urine sniffing test.
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Figure S2. The effect of chronic pain on Ca%* dynamic of ACC neurons projecting to LHb.

(A) Splash test grooming time is not different between sham and cuff animals. (B) NSF latency to feed is
not different between sham and cuff animals. (C) UST preference ratio shows a tendency to decrease
for cuff animals. (D) LD test time in light box is not different between sham and cuff animals. (E) ACC and
ACCsiHp Ca%t dynamic during splash test, representative trace of a recording when the animal initiates
grooming. (F-H) ACC and ACCsp Ca?* dynamic during UST. (F) Representative Z-score trace of a
recording when the animal sniffs the female scent. (G) Representative Z-score trace of a recording when
the animal sniffs the male scent. (H) Averaged 1-sec bin Z-score before and after the male scent
investigation. (I-J)) ACC and ACCsiup Ca®* dynamic during LD test for the entry in the dark box. (l)
Representative Z-score trace of a recording when the animal enters the dark box. (J) Averaged 1-sec bin
Z-score related to the entrance to the light compartment (from dark to light side). (K-L) ACC and ACCshb
Ca?* dynamic during restraint stress. (K) Averaged 5-sec bin Z-score before, during and after the 5-sec
restraint stress for the JRGECO (ACC-nb neurons), for both groups. (L) Averaged 5-sec bin Z-score before,
during and after the 5-sec restraint stress for the GcCAMP (ACC neurons). (M-N) ACC and ACC-up Ca?*
dynamic unpredictable foot shock. (M) Averaged 1-sec bin Z-score before and during 1-sec electrical
foot shock for the JRGECO (ACCsinp neurons), for both groups. (N) Averaged 1-sec bin Z-score before
and during 1-sec electrical foot shock for the GcAMP (ACC neurons). n=6-8 animals/group. Data are
expressed as mean + SEM. *p<.05, **<.01, ***p<.001. LD, light-dark test; NSF, novelty suppressed
feeding test; UST, urine sniffing test.
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Figure S3. Electrophysiological recordings of neurons expressing the channelrhodopsin or the
archeorhodopsin.

(A) Amplitude of the last eEPSCs of the stimulation depending on the stimulation frequency of the
channelrhodopsin (ChR2) and relative to the amplitude of the eEPSC evoked by a 1Hz stimulation. (B)
Proportion of stimulations evoking at least one spike depending on the stimulation frequency of the
ChR2. (€) Amplitude of the current recorded during the first 10s and the last 10s of a 1-minute
continuous inhibition via the archeorhodopsin (ArchT). (D) Frequency of action potentials during the first
and last 10s of the continuous inhibition via the ArchT relative to the 10s before the inhibition. Data are
expressed as mean = SEM. *p<.05, **<.01. ArchT, archeorhodopsin; ChR2, channelrhodopsin.
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Figure S4. Lateral habenula projecting ACC neurons display a unique molecular signature that is affected
by chronic neuropathic pain.

(A) NSF latency to feed is not different between sham and cuff animals. (B) Grooming time in the splash
test is decreased in cuff animals. (C-D) GSEA reveals that there is a similar overlap with (WITH_OL) and
without the technical outliers (WITHOUT_OL) with the IP portion of the VTRAP in naive animals. (E-F)
There is also a good correlation in fold change values (E) and p-values (F). (G) RRHO2 reveals a good
overlap between genes upregulated in the IP vs input (in naive animals) and in cuff vs sham (IP only) in
the upper panel (UU: 929 genes). There is also a good overlap between genes upregulated in the IP vs
input (in naive animals) and downregulated in cuff vs sham (IP only) in the bottom panel (UD: 929 genes).
Data are expressed as mean + SEM. **<.01. FC, fold change; NSF, novelty suppressed feeding test; UD,
up/down; UU, up/up.
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General Discussion

Overview & interpretation

While the ACC has been widely studied in our team in the pain-emotional disorders dyad,
the contribution of its networks to the development of anxiety and depression needs to
be further studied. Our team started to tackle this topic, notably with the study of the
BLA-ACC pathway and its role in the depressive consequences of chronic neuropathic and
more widely depression in both mice and humans (Becker et al., 2023). However, the
dysregulations present at the level of the ACC, in chronic neuropathic pain when
anxiodepressive-like symptoms are present, probably do not stop there and are likely to
propagate to downstream structures. We thus hypothesised that the projection from the
ACC to the LHb, an epithalamic structure implicated in aversive processing, anxiety and
depression, could play a role in the development and maintenance of the emotional

consequences of chronic pain.

The calcium fluctuation of ACCs1p Nneurons
Our first aim was to understand the dynamics of neuronal activity in the ACC
subpopulation that projects to the LHb in freely moving animals with a fiber
photometry approach. Interestingly, the calcium dynamics of ACCsyp neurons were
different to those of the whole ACC, and only responsive to aversive stimuli, but not to
specific behavioural outputs recorded in anxiodepressive-like tests. In the
characterisation of ACC calcium fluctuation, it is interesting that the response of ACC
neurons in sham and cuff animals is almost similar for most of the behaviours analysed.
This result, which could be surprising at first, is in accordance with the fact that the
mice are already engaged in a specific behaviour when we look at the calcium
fluctuation. It would therefore be interesting to see whether there are differences
before the behaviour is performed, when the animal decides to engage or not in the
behaviour, as observed in the NSF when mice only touch the food or when it touches
and eats the food. However, such an analysis could require the development of more
specific behavioural paradigms, which allow to know when the animal decides to
perform a behaviour. While we saw no calcium fluctuations in anxiodepressive-like

tests in ACCsinp neurons, it is likely that these neurons are not involved in the
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execution of these specific behaviours but could be important in the processes leading
to them. Indeed, as they exhibit a specific activity in response to stressful events such
as a restraint or an unpredictable electric foot shock, they could be important for the
processing and evaluation of aversive information that happen before the behaviour
is engaged. Furthermore, while ACCsup neurons are glutamatergic, the whole ACC
recordings encompass all neuronal populations, including GABAergic neurons. Finally,
recent papers have shown that some brain structures can present a functional
dichotomy depending on their projections. For example, Hirschberg and colleagues
(2017) highlighted that the LC-ACC and LC-SC pathways present a functional
dichotomy, as their activation induces aversion/anxiety-like behaviours and
antinociception respectively. It is thus conceivable that ACCsup neurons are only
implicated in aversive processing and that other ACC projections would be implicated

in the behavioural outputs observed in anxiodepressive tests.

The behavioural characterisation of the ACC-LHb pathway
Secondly, we aimed at characterising the role of the ACC-LHb pathway in emotional
processing using an optogenetic approach. We first activated this pathway in naive
animals. Interestingly, while the acute activation of this pathway did not result in any
behavioural changes, the chronic optogenetic activation elicited anxiodepressive-like
behaviours. This result is in line with previous work from our team in which only a
chronic activation of the ACC was able to induce anxiodepressive-like behaviours
(Barthas et al., 2015, 2017). This suggests that plasticity is at play and that it requires a
chronic activation of the neurons. It is well known that long term potentiation (LTP) is
one of these plastic mechanisms that can happen in the ACC (Bliss et al., 2016; Chen et
al., 2021). Two types of LTP can occur in cortical excitatory synapses, presynaptic LTP
(kainate-dependent) and postsynaptic LTP (NMDA-dependent) (Bliss et al., 2016). In
the ACC, both LTP seem to play an important role in pain-induced hyperactivity, but
also emotional consequences (Bliss et al., 2016; Koga et al., 2015; Li et al., 2021). As
LTP can occur after repeated activity of neurons (Sandkihler, 2007), we suggest that
only a chronic activation of ACCs1np neurons results in LTP, leading to anxiodepressive-

like behaviours development.
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Interestingly, the plastic mechanisms that could underlie the development of
anxiodepressive-like behaviours in our chronic optogenetic paradigm resembled those
that could occur in chronic pain-induced emotional disorders. Therefore, we inhibited
the ACC-LHb pathway in our cuff model. A single inhibition led to alleviation of
anxiodepressive-like symptoms, with no effect on the mechanical hypersensitivity of
neuropathic pain. This result is not surprising as most of the papers studying the
emotional consequences of pain have not reported any changes in the
somatosensorial component of pain when manipulating the ACC (see the review in the
ACC part of the Introduction).

In addition, it is well-known that the LHb is widely implicated in stress response, and
therefore in stress-induced depression. Hence, we inhibited the ACC-LHb pathway in a
chronic variable stress model in which animals are submitted to different
environmental stress. We showed that inhibiting the ACC-LHb pathway do not alter
the anxiodepressive-like behaviours observed in animals submitted to CVS suggesting
that the ACC-LHb pathway, although driving anxiodepressive-like behaviours when
chronically activated, is essential to chronic neuropathic pain-induced, but not stress-
induced, emotional disorders. Knowing that the LHb is widely implicated in stress
processing (Benabid and Jeaugey, 1989; Carr et al., 1998; Chastrette et al., 1991;
Wirtshafter et al., 1994), the fact that blocking the ACC-LHb pathway is not sufficient
to rescue stress-induced depression is surprising. However, several teams have been
investigating the role of the ACC in the pain-emotional disorder dyad and have also
found different underlying mechanisms when comparing it with models of stress-
induced depression. For example, Li et al. (2021a) have compared an inflammatory
model (chronic CFA), with a neuropathic model (SNI) and two stress-induced models:
chronic corticosterone injection and chronic restraint stress. While all these models
induced depressive-like behaviours, only did the chronic pain models exhibit a
downregulation of the extracellular matrix protein laminin f1 in the ACC. Similarly, in
the thalamus, Zhu and colleagues (2021) have compared CFA, SNI, chronic restraint
stress (CRS) and chronic unpredictable stress (CUS) models’ impact. They have notably
highlighted that posterior thalamic nucleus glutamatergic (POgiy) neurons have an
increased excitability in CFA and SNI, but not CRS and CUS animals. On the opposite,

parafascicular thalamic nucleus glutamatergic (PFe) neurons have a decreased
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excitability in CRS and CUS, but not CFA and SNI animals. These distinct subpopulations
of neurons within the thalamus that underlie two different models of depressive-like
behaviours are particularly interesting as it seems that there is a discrimination in
several brain regions between stress- and pain-induced emotional consequences. In
addition, these two populations were shown to project to different cortical areas: POgly
neurons to the primary somatosensory cortex and PFgiy neurons to the ACC. Therefore,
it is possible that the ACC-LHb pathway is only implicated in pain-induced
anxiodepressive consequences, and it would thus be interesting to compare these
results with other models of pain-induced emotional disorders such as an
inflammatory model.

In addition, our preliminary fiber photometry results highlight that ACCsp neurons
seem to be responding to aversive stimuli only. As in chronic stress, all the stressors
received during the CVS are aversive, it is possible that the ACC-LHb pathway has been
over activated. Plastic changes occurring in the LHb could thus lead this specific
connection to be ineffective, such as compensation mechanisms. On the opposite, in
the context of chronic pain, this pathway is probably not as activated as in chronic
variable stress, but could be more prone to be activated, because of the changes
induced by chronic pain. This would be in line with results from Bravo and colleagues
(2012), who observed that chronic mild stress (CMS) heightened the aversion to
nociceptive stimuli in CCl animals, compared to animals subjected to only CMS, CCl or
none. Their findings suggest that pain and stress could exacerbate each other’s
behavioural output. In our cuff model, it is thus possible that chronic pain is facilitating
the communication between the ACC and the LHb to signal aversive events, leading to
the development of the anxiodepressive-like comorbidity. By inhibiting the ACC-LHb
pathway in chronic pain animals, it could block the facilitated communication,

therefore blocking the emotional consequences of chronic pain.

The transcriptional signature of ACCsiub neurons in chronic pain
Because of the specificity of this pathway to chronic pain and its unique functional
signature within the ACC in fiber photometry, we sought to understand whether these

neurons presented a specific transcriptional alteration in our cuff model. From our
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experiment, we ended with an IP (the immunoprecipitated RNA linked to ribosomes)
and an input (the whole ACC RNA content) fraction for all the samples.

Our result showed that upregulated and downregulated genes in the cuff model
compared to sham (IP cuff vs IP sham) correlated greatly to those in the IP of naive
animals (IP naive vs input naive), which confirmed that the vTRAP approach worked in
our cuff and sham animals. When looking only at downregulated and upregulated
genes in cuff animals that overlapped with genes upregulated in the IP of naive
animals, the gene ontology revealed terms widely associated with RNA processing and
epigenetics.

Epigenetics processes have already been widely implicated in pain (Descalzi et al.,
2009; Finnerup et al., 2021), depression (Penner-Goeke and Binder, 2019) and anxiety
(Bartlett et al., 2017). More specifically, within the genes implicated in the gene
ontology terms, Mecp2 is an interesting target. Methyl-CpG binding protein 2 (MeCP2)
is a transcriptional regulator that binds to methylated genomic DNA to regulate several
physiological functions (Boyes and Bird, 1991; Guy et al., 2011; Lewis et al., 1992; Nan
et al., 1997). It is notably acts as a transcriptional repressor by binding to methylated
CpG dinucleotides and recruiting corepressors and chromatin remodelling proteins
(Jones et al., 1998). While it was extensively studied in neurodevelopmental disorders
such as Rett syndrome, in which loss of MeCP2 function was shown to be associated
with anxiety symptoms, alterations in its expression have more recently been
highlighted in the context of pain or depression (Hou et al., 2015; Jang et al., 2021;
Murgatroyd et al., 2009; Sanchez-Lafuente et al., 2022; Sun et al., 2021; Tao et al.,
2020; Wang et al., 2011). Interestingly, gain of MeCP2 causes more activation than
repression, while its loss causes more repression in the hippocampus (Chahrour et al.,
2008). It would therefore not be surprising if most of downstream targets of MeCP2
were to be repressed in our context. Even though the results are not significatively
different, we looked at the main direction for genes in the MeCP2 STRING network of
association and found that most of them were downregulated in our data in cuff
animals. Chahrour and colleagues’ study also highlighted the upregulation of Bdnf in
animals with gain of MeCP2 function and inversely downregulation in animals with loss
of MeCP2 function. Increases in MeCP2 expression have been widely correlated with

increased brain derived neurotrophic factor (BDNF) expression (Chang et al., 2006;
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Klein et al., 2007). It would be interesting to check BDNF gene and protein expression
in ACCs1hb neurons as we did not see it in our RNAseq data. In addition, as we observe
a decrease of Mecp2 gene expression, it is also possible that the protein is not yet
impacted. This could also be a compensatory mechanism to counteract chronic pain
induced changes, it would therefore be interesting to study Mecp2 expression at
earlier time points also. Finally, the aforementioned studies have been performed in
gain or loss of MeCP2 animal models, while in our case, the dysregulation of Mecp2 is
probably not as strong as any of their manipulations, as Mecp2 is just downregulated
and not completely suppressed.

In addition, studies in neuropathic animals were mostly performed in the spinal cord
or in brain regions involved in the somatosensorial component of pain (Sun et al., 2021;
Tao et al., 2020; Wang et al., 2011). This could explain the discrepancies between their
upregulation of MeCP2 and the downregulation of Mecp2 we observed in ACCsihb
neurons, as the ACC is more involved in the emotional consequences of pain. Loss of
MeCP2 function was also shown to be damaging to dendritic morphology, synaptic
plasticity and neurotransmission (Na et al., 2013). However, before going further, it
seems important to confirm Mecp2 dysregulation in our model via gRT-PCR, and also
to check MeCP2 protein levels. A deeper network analysis of Mecp2 also seems
essential to assess the potential changes its downregulation could generate.

In addition, this study remains descriptive, thus trying to target Mecp2 in ACCsihb
neurons by increasing its expression by viral means in our cuff model or silencing it
with siRNA or shRNA in naive animals would provide a causal link between its
dysregulation and the observed phenotype. This strategy have already been
successfully applied to Mkp1 in the cuff model (Humo et al., 2020) and to Sema4a in

BLA-ACC chronic activation-induced depression model (Becker et al., 2023).

Concluding remarks
This study is, to my knowledge, the first to study the role of the ACC-LHb pathway in the
context of chronic pain-induced emotional disorders. It brings new knowledge about the
functional connectivity, the behaviour and the transcriptional profile of a particular subset
of ACC neurons projecting to the LHb (ACCs1p). It highlights the specificity of the ACC-

LHb pathway in chronic pain-, but not stress-, induced emotional disorders, which goes in
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the same direction as several published articles highlighting the dichotomy of several
brain regions’ projections. In addition, the epigenetic mechanisms that seem at play in
this particular pathway in chronic pain animals are of great interest as they are influencing
a wide variety of targets and thus biological functions.

The unique functional and molecular signature of this pathway in the context of chronic
pain-induced emotional disorders makes it critical for understanding the pathophysiology
of pain, anxiety and depression. This study provides some new keys and highlights the

importance of studying circuitries to understand the pain-emotional disorder dyad.

Limitations of the study

In the following section, | will discuss several technical points and their possible limitations

in my thesis work.

The optogenetic model

The optogenetic model, used in this study, might have an impact on the interpretation
of some behavioural outcomes.

First, we systematically isolated animals in individual cages from the surgery onward
until the end of the behavioural experiments. This social isolation was necessary at the
beginning of the experiments, as we had no means to implant cannulas with the
certainty that they would hold in place for as long as needed. However, social isolation
is a known and reported factor for anxiety and depression in humans (Yanguas et al.,
2018). While most of the studies using social isolation models focus on early social
isolation, specifically in juvenile and adolescent rodents (Toth and Neumann, 2013),
several studies in the last decades have started to address social isolation in adult
rodents. Interestingly, social isolation in adolescent and adult mice was shown to have
differential effects on behaviour, with more pronounced behavioural changes in
adolescent mice (Lander et al., 2017). Nevertheless, several behavioural deficits have
been observed in socially isolated adult mice, including higher locomotor activity in an
open field and decreased home-cage activity, increased aggression, anxiety- and
depressive-like behaviours, decreased cognitive and memory abilities (Clemenza et al.,

2021; Funabashi et al., 2022; leraci et al., 2016; Lander et al., 2017). In addition, cellular

- 147 -



and molecular mechanisms that are keys in the physiopathology of anxiety and
depression can be found in socially isolated mice, such as dysregulation of
corticosterone, BDNF, cfos and GABA, in the hippocampus or the prefrontal cortex
(Berry et al., 2012; Chaibi et al., 2021; leraci et al., 2016). Typical social isolation models
in adult mice often lasts for 6 weeks, while our social isolation lasted for 2-3 weeks at
most. However, Liang’s group have shown that 4 weeks social isolation was sufficient
to induce anxiety-like behaviours, cognitive and memory impairments, as well as
impairments in GABAergic transmission, decreased ATP levels, modulation of BDNF-
TrkB signaling pathway and their downstream phosphorylation of MAPK pathway,
changes in microglia and astrocytes density, size and morphology in the hippocampus
(Al Omran et al., 2022a, 2022b; Silva et al., 2020; Watanabe et al., 2022a, 2022b,
2022c). In that regard, even 2-3 weeks social isolation could already be profoundly
deleterious for the animals and could make them more prone to develop emotional
disorders. However, in our study all the mice underwent social isolation, which can
decrease the social isolation bias as all mice were treated equally in that regard.
Fortunately, for the CVS protocol and the fiber photometry experiments, we
developed a new implantation protocol that ensures that the cannulas can remain in
place, without the need for social isolation. However, | have noted several
discrepancies with the optogenetics experiments when analysing behavioural data
from the VTRAP experiments or from our longitudinal genomic study in which |
participated and that can be found in the appendix. Indeed, in these experiments, mice
that underwent cuff surgery were group housed as there was no need to isolate them
because of the absence of cannulas. In these settings, tests such as the NSF, which was
key in my optogenetic study was not highlighting any more differences between sham
and cuff animals when animals were group housed. However, other studies from our
team have been performed in group housed animals in the cuff model, so it seems that
it is rather an issue with the experimental settings used in my thesis rather than an
actual issue with the cuff model (Humo et al., 2020; Sellmeijer et al., 2018). Knowing
the changes that can occur in the brain after a few weeks of social isolation, it would
not be surprising that social isolation is either priming ACCsnb neurons prior to their
chronic activation, or multiplying the effects of neuropathic pain, thus worsening

symptoms associated with anxiety or depression. Although the cuff model is still
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working in group housed animals, it would be of great interest to test whether our
chronic activation protocol in naive group-housed animals would be sufficient or if
priming by social isolation is key to the development of anxiodepressive-like
behaviours that we observed.

The second technical point concerns the timing of the optogenetic stimulation. Indeed,
some of our behavioural tests were not adapted to perform the stimulation during the
test, because of material issues, such as for the LD test, or because of the
incompatibility of the connection of the mice to an optogenetic cable during the test,
like the FST. Since we did not see any differences in any tests in experimental paradigm
with acute activation and tests were performed without the optogenetic stimulation
in the chronic activation, we suggest that testing during or just after the activation does
not interfere with the data. Concerning the optogenetic inhibition, although we tested
our parameters in electrophysiological recordings, the continuous inhibition in freely
moving animals lasted 5 minutes, hence 5 times the stimulation used in the
electrophysiological protocols. However, while there is a decrease of around 50% of
action potential firing during the inhibition, which is almost entirely sustained during
the whole inhibition (Fig. S3D), it seems that ex vivo, the action potential firing comes
back to basal levels right after the 60s of inhibition. This, in a way, is positive, because
it seems that there is no rebound of activity from the inhibited neurons. However, we
do not know what happens after 5mn of inhibition and if the neurons behave in the
same way right after this specific inhibition. One important thing to take into
consideration is that ex vivo is probably different from what happens in our freely
moving animals. As circuits are intact in vivo compared to ex vivo, other mechanisms
could lead to a sustained inhibition of the ACC-LHb pathway, which would be enough
to alter subsequent behaviour. Another important concern for the electrophysiological
recording is that it was only performed in naive animals, and not in our neuropathic
pain model. It is known from previous work in our team that the ACC is hyperactive at
later time points of neuropathy, which are associated with anxiodepressive-like
behaviours. Thus, we think that our inhibition acts differently in neurons that are
hyperactive because of the neuropathy, which is supported by the inhibition of the
ACC-LHb pathway in sham animals, which behaved the same way as sham non

stimulated animals. This hints that our inhibition only has an effect when the neurons
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are hyperactive or that they are silent in sham animals, and that inhibition right before
or during the test does not change anything. To bypass this technical limitation, one
possibility would be to do our inhibition using chemogenetic tools, which would allow
us to have an inhibition of the ACC-LHb pathway during the tests. Otherwise, even
though we did not see so far significant alterations in any Ca?* fluctuations in LHb
projecting ACC neurons during the behavioural tests in our fiber photometry
experiment, it would be interesting to inhibit and record the neurons at the same time
to have anidea of the overall activity of LHb projecting ACC neurons before, during and
following the inhibition. This could provide us with a clearer picture of whether our

inhibition is still effective following the 5mn inhibition.

The cuff model
Our neuropathic pain model, which consists of implanting a cuff on the main branch of
the right sciatic nerve, has been well characterised and presents several advantages: it
is highly reproducible, does not induce motor deficits or autophagy, and induces a
sustained mechanical hypersensitivity, that associates with anxiodepressive-like
behaviours at later timepoints (Yalcin et al., 2011). However, the cuffing of only the
right sciatic nerve should be taken into consideration. For example, a study in rats
reported a differential effect of left and right neuropathy induced by spared-nerve
injury (Leite-Almeida et al., 2012). The left neuropathy was associated with anxiety-
like behaviours without cognitive deficits, while the right neuropathy associated with
cognitive deficits, without anxiety-like behaviours. Even though in our cuff model, it
seems that the right neuropathy is indeed sufficient for the development of
anxiodepressive-like behaviour, it would be of interest to also assess whether cuffing
the left sciatic nerve would have the same effect, as it was already observed in other
groups (internal communication from collaborators). This would be particularly
important considering that the optogenetic cannula implantation is done randomly in
either hemisphere. In humans, the ACC and PFC were shown to be lateralised in the
context of emotional processing (Esteves et al., 2020, 2021). For example, Watanabe
and colleagues (2015) have shown an asymmetry in the endogenous opioid system in
the human ACC, which could be implicated in the lateralisation of emotion and pain

processing. In addition, a study in mice have shown a lateralisation of the right ACC in
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the context of observational fear, which is closely linked with negative emotions (Kim
et al.,, 2012). In our cuff model, electrophysiological recordings did not show any
lateralisation in term of hyperactivity, even though the cuff surgery is always
performed on the right sciatic nerve (Sellmeijer et al., 2018). However, cuffing on the
left sciatic nerve could bring new knowledge about the lateralisation of neuropathic
pain, which would be extremely valuable for translational research in chronic pain.

In addition, one of the drawbacks of this study is the fact that we only performed
experiments in male so far. The study of chronic pain and emotional disorders in
female is however clinically relevant, as female patients make up to 70% of the chronic
pain population (Berkley, 1997), while female patients are twice more likely to develop
anxiety or depression compared to male patients (Gater et al., 1998; Kessler et al.,
1995, 1994; Weissman et al., 1996, 1994). Although sex differences are widely studied
in clinical settings, this is still not the case for preclinical research. Indeed, a review by
Mogil (2012) have highlighted that in the journal PAIN, almost 4 papers out of 5 tested
male animals only, while 5% papers tested both sexes without analysing possible sex
differences. However, a few studies have been focusing on the study of chronic pain in
male and female rodents and have reported different results, notably on the
presentation of nociceptive symptoms, such as increased and longer hypersensitivity
(Nicotra et al., 2014; Rahn et al., 2014; Sorge and Totsch, 2017; Vacca et al., 2014). In
addition, responses to analgesic drugs such as opioids were shown to be different
between males and females, mainly because of difference in kappa- and mu-opioid
receptor mechanism of action (Bai et al., 2015; Mogil et al., 1993). Finally cellular and
molecular differences have been highlighted, with for example higher levels of
interleukin-1b, tumor necrosis factor-alpha and brain-derived neurotrophic factor in
male CFA mice (Kuzawinska et al., 2014), or with a downregulation of genes associated
with neurotransmitter release or extracellular matrix in the ACC of female SNI mice
(Dai et al., 2022).

When | started my PhD thesis, the cuff model had only been characterised in male
mice, which explains why we only performed the study in male animals. However,
recent unpublished study from our group aiming at characterising the cuff model in
female mice have showed that depressive but not anxiety-like behaviours can also be

observed in female mice with a similar time course as reported in male mice. Such
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differences in emotional behaviour concurrent to chronic pain could be explained by
difference in the mechanisms underlying the development of this comorbidity
between males and females. Therefore, an evaluation of our optogenetic activation
and inhibition in female animals could allow us to have a better understanding of the
mechanisms underlying chronic pain and its emotional consequences, while
encompassing the entirety of the population suffering from this comorbidity. Such an
experiment is already planned to first verify whether our chronic activation is sufficient

to induce emotional consequences in female mice.

The vTRAP

The VTRAP approach constitutes a strong tool to interrogate the transcriptome of a
specific brain cell population (Heiman et al., 2014). However, as this method relies on
the purification with a fluorescent protein, it is thus dependant on the virus injection
and expression. Although we selected the samples sent for RNAseq based on multiple
factors, including the site of injection, the behaviour of the animals and the gRT-PCR
results, the enrichment in mCherry was very variable between samples, which could
be explained by the injection that was not perfectly performed or due to the improper
viral transfection and expression. Even though this represents a technical limitation for
the VTRAP method, the other alternative could have been to perform fluorescent-
activated cell sorting (FACS) (Lanier, 2014), which allows to sort cells based upon the
fluorescent characteristics of each cell, which would encounter the same limitations.
Therefore, we selected the VTRAP method as it allows us to assess the translating RNA
and not the full RNA content of the targeted neurons, which gives more precise
information on the state of the neurons at a specific time point.

Finally, the RNAseq in our cuff model was only made on the IP fraction, which only
allowed us to compare sham and cuff animals in this fraction, but not in light of the
input fraction as we have already done this for another study. The analysis thus solely
focused on comparing the IP vs input in naive animals and the IP cuff vs IP sham. Even
though we hypothesised that, using the RRHO2 tool, genes enriched in the IP vs input
experiment and overlapping with genes from the cuff IP vs sham IP experiment would
for sure be specific of our neurons of interest, there is still a possibility that the cuff

surgery induces changes that are hidden by such an analysis. We also have no way to
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make sure that the processes we observe and that the dysregulated genes are specific
of only our IP population in cuff animals and not present in the whole ACC, as we only
had the IP, but not the input of our sham and cuff animals. To tackle that question, it
would be possible to perform an RRHO2 with our cuff IP vs sham IP and cuff input vs
sham input from other RNAseq datasets of our laboratory that have been previously
generated. This could confirm the specificity of the observed changes in our neuronal

population only.

The fiber photometry
Fiber photometry is one of the new tools to monitor cellular events in vivo through
fluorescent biosensors (Cui et al., 2014). The most well-known are calcium sensors, to
monitor neuronal activity, but a plethora of other sensors have been developed to
sense other specific neurotransmitters. It is however important to keep in mind that
the recorded signals will be dependent on the number of neurons expressing the
sensor and the level of expression in each neuron. It is therefore not possible to
compare the raw signal between animals, and thus to know whether the ACC is
hyperactive in cuff animals. However, the strength of the fiber photometry approach
is to understand neuronal dynamics in response to specific behavioural outputs, such
as the initiation of a grooming episode in the splash test or the entry into a zone in the
LD test. The biggest issue | had with the fiber photometry experiment was that the
mice were very stressed on a basal level, and they do not seem to have developed
anxiodepressive-like behaviours. This absence of symptoms could be due to two
things: the animals did not develop emotional consequences after chronic pain, i.e., an
issue with our model, or the fiber photometry cable somehow impaired behaviour. To
tackle that question, it would be interesting to perform a test before the fiber
photometry recordings, such as the splash test to verify that mice indeed do develop
anxiodepressive consequences following cuff surgery. This is to keep in mind for
following batches of mice that will be needed to complete this experiment. It is thus
complicated to conclude on the results we have got so far with the fiberphotometry,
or at least to compare between sham and cuff animals. However, as we did not observe
any calcium fluctuations in the anxiodepressive tests, we chose to still present all the

results we got so far separating sham and cuff, as they still had a different surgery. For
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the restraint and the unpredictable electrical foot shock, we chose to combine all the
animals, as we saw no differences between sham and cuff animals. An additional batch
with good behaviour is still needed to confirm whether there is an absence of
differences between sham and cuff or if it was mainly due to the absence of emotional
consequences. Indeed, it would not be surprising for the processing of aversive
information to be different in cuff animals, which could explain the behavioural
outcomes.

In addition, from the preliminary checks we have performed on the virus expression in
the ACC, it seems that, while the GCcAMP6 is well expressed in ACC neurons, jRGECO
expression in ACCsup neurons is very poor. Indeed, not a lot of cells were infected with
this approach compared to the amount we had for the optogenetic or vTRAP
experiments. As the connection between the ACC and the LHb is mainly ipsilateral and
that we implant the fiber only on one side of the ACC, we decided to only inject the
virus unilaterally. However, there are also some contralateral connections from the
ACC to the LHb, which could explain why we had such a poor expression efficiency. In
addition, it is not impossible that our two viruses were competing in ACCs4p neurons,
which could be an additional explanation. Therefore, for the following experiments, it
seems important to limit ourselves to only ACCs b neurons, with a bilateral injection
in the LHb, to maximise our chances of having a sufficient fiberphotometry signal to

confirm the results we have so far.

Perspectives & open questions

The present work has brought plenty of new knowledge about the ACC-LHb pathway, but
it represents only a glimpse into this pathway.

Firstly, while the ACC-LHb pathway seems to be implicated in anxiodepressive-like
behaviours, especially in the context of chronic pain, this study did not decipher the role
of the ACC-LHb pathway under non pathological condition.

Secondly, it only focused on ACC neurons, leaving the LHb mainly out of the equation,
apart from being the receiver of the information conveyed by the ACC.

This leaves two open questions that would benefit from additional studies to properly be

able to understand the importance and the role of the ACC-LHb pathway.
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What is the primary role of the ACC-LHb pathway?

The study of brain structures and networks are particularly important in the context of
diseases and have led to the development of therapeutical approaches currently used
in the clinic. However, understanding how the brain works under normal conditions
seems essential to decipher how alterations could potentially affect physiology. While
brain structures have been widely studied and are well known for their functions, such
as action selection for the ACC or the LHb as an anti-reward centre, a lot of work is still
needed to understand pathways and circuitries. This is especially the case in our study.
We have started to tackle the question of the primary role of the ACC-LHb pathway
with our fiber photometry experiment, but more work would be beneficial.

Indeed, while it seems that the ACC-LHb pathway is not implicated in the behavioural
outputs recorded in our anxiodepressive tests, it is involved in the signalling of aversive
events. Aversion and reward being two faces of the same coin, especially when it
comes to the LHb, it would be particularly interesting to try to record ACCs4p Nneurons
in a rewarding task, or in a test combining reward and aversion such as the sucrose
water quinine test (Yuan et al., 2019).

This knowledge would allow for a more precise interpretation of optogenetic results
and could bring new information to understand why the inhibition of this pathway

seems only effective in the context of chronic pain-induced emotional behaviours.

To whom does the ACC speak?

The second important point to progress in understanding the ACC circuitry would be
to understand where in the LHb the ACC projects and which neurons it contacts.
Indeed, the LHb comprises multiple subregions that are targeted by different
prefrontal cortex areas in rat (Kim and Lee, 2012) and could therefore specifically
project to different brain regions.

In addition, while the LHb is mainly composed of glutamatergic cells, it also contains
GABAergic interneurons. Such targeting of specific cell subtypes was demonstrated by
Zhou and colleagues (2019), who looked at central amygdala (CeA) somatostatin

neurons projecting to the LHb in the context of chronic pain-induced depression. They

- 155 -



showed that these CeA neurons preferentially contacted glutamatergic LHb neurons,
and that this connection was involved in pain-induced depressive-like behaviours.

Knowing the targets of ACC neurons in the LHb would allow for a better understanding
on how information sent from the ACC are processed and how they are transmitted to
LHb downstream structures and participating in the physiopathology of chronic pain-

induced emotional consequences.

Concluding remarks
Altogether, this project shed light on the role of the ACC-LHb pathway in the emotional
consequences of chronic pain in mice. With the completion of the fiber photometry
experiment in ACCs+p neurons, we will be able to assess the importance of this
pathway in aversive signalling. In addition, our RNAseq results provide an overview of
impairments in epigenetic mechanisms. Assessing the causal role between these
impairments and emotional consequences of chronic pain could be a first step to

uncover potential preclinical targets to open future therapeutic leads.
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Appendix

Longitudinal genomic study

In addition to my PhD project, | participated in a transversal genomic study in our team.

My work consisted in generating three different batches of neuropathic animals, composed
of 12 sham and 12 cuff. Each batch corresponded to a specific time point of the cuff model:
TP1 with only the mechanical hypersensitivity, TP2 with both the mechanical hypersensitiviy
and the anxiodepressive-like behaviours, and TP3 with only the depressive-like behaviours but
with no mechanical hypersensitivity anymore. | performed the behaviour of all three batches
(von Frey, splash test and novelty supressed feeding test -NSF-).

Then, we dissected and collected 7 different brain regions in both sham and cuff animals for
each batch at their respective time points: the anterior cingulate cortex, the insular cortex,
the nucleus accumbens, the habenula, the basolateral amygdala, the ventral tegmental area
and the dorsal raphe nucleus. | then proceeded to RNA and DNA extractions for all the
samples.

The RNA samples were sent for RNA sequencing and the data is currently being analysed by a
bioinformatician.

This work will allow for a transcriptional comprehension of the longitudinal changes induced
by the cuff model in brain regions associated with pain, anxiety and depression.

You can find the behaviour of the animals selected for RNA sequencing on the following page

for each time point. *<.05, **<.01. n= 6-8 animals/group
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ARTICLE INFO ABSTRACT

Keywords: Neuropathic pain arises as a consequence of a lesion or disease affecting the somatosensory nervous system. It is
antidepressant accompanied by neuronal and non-neuronal alterations, including alterations in intracellular second messenger
PhOSph9dieSterase inhibitors pathways. Cellular levels of 3',5'-cyclic adenosine monophosphate (cAMP) and 3',5'-cyclic guanosine mono-
?II\II;iyma phosphate (cGMP) are regulated by phosphodiesterase (PDE) enzymes. Here, we studied the impact of PDE
Pain inhibitors (PDEi) in a mouse model of peripheral nerve injury induced by placing a cuff around the main branch
Rolipram of the sciatic nerve. Mechanical hypersensitivity, evaluated using von Frey filaments, was relieved by sustained

treatment with the non-selective PDEi theophylline and ibudilast (AV-411), with PDE4i rolipram, etazolate and
YM-976, and with PDES5i sildenafil, zaprinast and MY-5445, but not by treatments with PDEli vinpocetine,
PDE2i EHNA or PDE3i milrinone. Using pharmacological and knock-out approaches, we show a preferential
implication of delta opioid receptors in the action of the PDE4i rolipram and of both mu and delta opioid re-
ceptors in the action of the PDE5i sildenafil. Calcium imaging highlighted a preferential action of rolipram on
dorsal root ganglia non-neuronal cells, through PDE4B and PDE4D inhibition. Rolipram had anti-neuroimmune
action, as shown by its impact on levels of the pro-inflammatory cytokine tumor necrosis factor-a (TNFa) in the
dorsal root ganglia of mice with peripheral nerve injury, as well as in human peripheral blood mononuclear cells
(PBMCs) stimulated with lipopolysaccharides. This study suggests that PDEs, especially PDE4 and 5, may be
targets of interest in the treatment of neuropathic pain.

1. Introduction

3,5'-cyclic adenosine monophosphate (cAMP) and 3',5'-cyclic gua-
nosine monophosphate (cGMP) are important second messengers
implicated in many biological processes (Friebe et al., 2020; Gancedo,
2013; Houslay, 2010). Their cellular levels are regulated by phospho-
diesterase (PDE) enzymes belonging to an eleven-family group
(PDE1-PDE11) that can be further divided into multiple isoforms,
encoded by different genes and/or resulting from alternative splicing
(Ahmad et al., 2015; Azevedo et al., 2014; Francis et al., 2001; Soderling

and Beavo, 2000). The PDE families differ in their ability to hydrolyze
cAMP and/or cGMP, in their tissue and subcellular distribution, as well
as in their sensitivity to pharmacological inhibitors (Ahmad et al., 2015;
Azevedo et al., 2014; Francis et al., 2011). Either clinically or in pre-
clinical models, these PDE inhibitors (PDEi) have been shown to be
effective in a variety of pathological conditions, including major
depressive disorder, sexual dysfunction, chronic obstructive pulmonary
dysfunction, psoriasis and chronic pain (Ahmad et al., 2015; Azevedo
et al., 2014; Bollenbach et al., 2019; Keravis and Lugnier, 2012; Mayer
et al.,, 2005; Page and Spina, 2011; Renau, 2004; Wittmann and
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Helliwell, 2013).

Neuropathic pain is a chronic pain arising as a consequence of a
lesion or a disease affecting the somatosensory nervous system (Scholz
et al., 2019; Treede et al., 2019). Interestingly, antidepressant drugs
acting on monoamine uptake are amongst first line treatments for
neuropathic pain (Attal et al., 2010; Attal, 2019; Barrot et al., 2009;
Wright and Rizzolo, 2017). Their primary targets are the noradrenergic
and serotonergic transporters, with also some potential direct action on
voltage-gated sodium channels (Barber et al., 1991; Mico et al., 2006;
Kremer et al., 2016). The pain-relieving action through noradrenergic
transmission has been shown to be mediated by the secondary recruit-
ment of B adrenoceptors at peripheral level and/or oy adrenoceptors
centrally (Choucair-Jaafar et al., 2009; Barrot et al., 2010; Bohren et al.,
2013; Kremer et al., 2018; Yalcin et al., 2009a, 2009b; Zhang et al.,
2009), by the recruitment of the opioid system (Mico et al., 2006;
Kremer et al., 2016, 2018; Marchand et al., 2003; Ucel et al., 2015;
Wattiez et al., 2011), and by the reduction of peripheral cytokine tumor
necrosis factor (TNF)-a in the dorsal root ganglia (Bohren et al., 2013;
Kremer et al., 2018). Since: 1) PDE4 inhibitors have been preclinically
investigated for their antidepressant effects (Bobon et al., 1988); 2)
PDE4 has been shown to be the main PDE to mediate the hydrolysis of
cAMP formed by the activation of f, adrenoceptors (Ye et al., 1997); 3)
increasing cAMP levels suppresses the activation of glial cells and the
production of proinflammatory cytokines such as TNFa, and PDEi can
enhance the anti-TNFa activity of a po adrenoceptor agonist (Chris-
tiansen et al., 2011), we sought to investigate whether a long-term
treatment with PDEi could alleviate mechanical hypersensitivity
following peripheral nerve injury.

In this study, our pharmacological screening showed that only PDE4i
and PDES5i significantly relieved mechanical hypersensitivity in a dose-
dependent manner. Using pharmacological and knock-out approaches,
we further showed a differential implication of opioid receptors in the
antiallodynic effect of the PDE4i rolipram and the PDE5i sildenafil.
Calcium imaging highlighted a preferential action of rolipram on dorsal
root ganglia non-neuronal cells, through PDE4B and PDE4D inhibition.
In addition, long-term treatment with rolipram decreased levels of the
pro-inflammatory cytokine TNF« in the dorsal root ganglia.

2. Material and methods
2.1. Animals

Experiments were performed in adult male mice, housed three to five
per cage under a 12 h light/dark cycle with ad libitum access to water and
food, and weighing 25-30 g at surgery time. C57BL/6J mice (Chrono-
biotron UMS3415, Strasbourg, France), as well as wild-type (WT) and
MOR ", DOR™/", KOR /" littermate mice were used. The generation of
mice lacking the p (MOR), 6 (DOR) or k (KOR) opioid receptor has been
previously described (Filliol et al., 2000; Simonin et al., 1998). These
mice were backcrossed on a C57BL/6J background for at least 10 gen-
erations, and heterozygote mice (MOR™", DOR™", KOR*/") were bred in
our facilities and genotyped upon weaning. The animal facilities are
legally registered for animal experimentation under Animal House
Agreement C67-482-1. Experiments were approved by the regional
ethical committee (CREMEAS).

2.2. Model and test

Peripheral nerve injury was induced by inserting a cuff around the
main branch of the right sciatic nerve (Benbouzid et al., 2008b; Yalcin
et al., 2014). Surgeries were done under ketamine (17 mg/mL)/xylazine
(2.5 mg/mL) anesthesia (intraperitoneal, 4 mL/kg) (Centravet, Taden,
France). The common branch of the right sciatic nerve was exposed and
a 2 mm section of split PE-20 polyethylene tubing (Harvard Apparatus,
Les Ulis, France) was placed around it (Cuff group). The shaved skin was
closed using suture. Sham-operated mice underwent the same
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procedure, without implantation of the cuff (Sham group). Mechanical
allodynia being a symptom of neuropathic pain, we measured me-
chanical thresholds of hindpaw withdrawal using von Frey hairs and the
results were expressed in grams (Barrot, 2012; Bohren et al., 2010;
Yalcin et al., 2014). Mice were placed in clear Plexiglas® boxes (7 cm x
9 cm x 7 cm) on an elevated mesh screen and calibrated von Frey fil-
aments (Bioseb, Chaville, France) were applied to the plantar surface of
each hindpaw in a series of ascending forces until they bent. Gram value
of the lower filament that induced at least 3 paw responses out of 5 trials
was considered as the paw withdrawal threshold for this animal.

2.3. Drug treatments

Ibudilast (AV-411) and MY-5445 were purchased from Tocris Bio-
sciences (Bristol, United Kingdom). Rolipram, theophylline, naltrindole
and naloxonazine were purchased from Sigma-Aldrich (St Quentin Fal-
lavier, France). Erythro-9-(2-hydroxy-3-nonyl)adenine (EHNA), etazo-
late, milrinone, sildenafil, vinpocetine, YM-976 and zaprinast were
purchased from Biotrend Chemikalien GmBH (Koln, Germany). For
studies in mice, drugs were suspended in 1% methylcellulose in 0.9%
NacCl. PDEi and vehicle solutions were injected intraperitoneally, twice
per day (morning and evening) in a volume of 5 mL/kg body weight.
Chronic treatments began after at least a two-week delay post-surgery
and lasted at least 12 days, except for the non-selective PDEi ibudilast
that was given for 7 days. In order to measure the effect of chronic
treatments, behavioral tests were done in mornings before the first daily
injection and at least twice per week during treatments, except for
ibudilast for which the test was done at day 7 only. Experimental designs
are detailed in their corresponding figures (Figs. 1-3). For the study in
human peripheral blood mononuclear cells (PBMCs), rolipram was re-
suspended in dimethyl sulfoxide (DMSO) and tested at different con-
centrations (final DMSO concentration was adjusted to 1% maximum for
each testing well).

2.4. Immunoblot

After 21 days of rolipram or control treatment, dorsal root ganglia
corresponding to lumbar levels L4, L5 and L6 were dissected. Total
protein was extracted in 150 pL of lysis buffer (20 mM Tris pH 7.5; 150
mM NaCl; 10% glycerol (v/v); 1% NP40 (v/v); Protease Inhibitor EDTA-
free (Roche)) and quantified with DC protein assay kits (Bio-Rad).
Fifteen pg of proteins were resolved on 12% polyacrylamide-SDS elec-
trophoresis gel under reducing conditions, and transferred to PVDF
membranes (Immobilion, Millipore, #IPVH00010). Blots were incu-
bated 1 h in blocking agent (ECL Blocking Agent, Advance Western
Blotting Detection System Kit) and overnight with anti-TNF« (1:500, RD
systems, #AF-410-NA) and anti-p-tubulin (1:10000, Abcam,
#Ab108342) antibodies. Blots were then incubated with anti-goat and
anti-rabbit HRP-conjugated secondary antibodies (1:5000, Chemicon,
#AF106P and #AP187P) at room temperature, and revealed by chem-
iluminescence (Advance Detection System Kit, Amersham, #RPN2135)
using Hyperfilm substrates (Hyperfilm, Amersham Biosciences,
#RPN1674K). Protein expression was quantified using the densitometry
tool of Adobe PhotoShop software CS5.

2.5. Dorsal root ganglia culture

Dorsal root ganglia cell cultures were prepared from adult mice.
Immediately after dissection, lumbar dorsal root ganglia were collected
in a phosphate-buffered saline solution, enzymatically dissociated for
20 min at 37 °C with trypsin-EDTA (0.5 g/L, Seromed) and 2 mg/mL of
collagenase IA/dispase (Invitrogen). Following enzymatic dissociation,
culture medium consisting of MEMa (minimum essential medium o,
Gibco, France) with 50 IU/mL penicillin-streptomycin (Gibco) and 10%
v/v heat inactivated horse serum (Gibco) was added. Cells were then
further dissociated by trituration with polished Pasteur pipettes of
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Fig. 1. Non-selective PDEi and selective PDE4i and PDES5i relieve mechanical hypersensitivity. (A) Time course of the experiments. Peripheral nerve injury was
induced by inserting a cuff around the main branch of the sciatic nerve. Treatments started after at least 2 weeks postsurgery. Mechanical sensitivity was tested using
von Frey filaments. (B,C) Chronic treatment with the non-selective PDEi theophylline (n = 5-7/group; post-hoc Duncan: *p < 0.05 and ***p < 0.001 vs. Cuff Veh Ipsi)
or ibudilast (n = 5-6/group; post-hoc: ***p < 0.001) relieved mechanical hypersensitivity. (D) Prolonged treatments with vinpocetine (PDEil), EHNA (PDEi2) or
milrinone (PDEi3) (n = 5-6/group) did not reverse mechanical hypersensitivity. (E) The PDE4i rolipram suppressed mechanical allodynia after chronic treatment (n
= 5-6/group; post-hoc: ***p < 0.001 vs. Cuff Veh Ipsi), and this effect was also observed with 2 other PDE4i: etazolate (n = 4-5/group; post-hoc: *p < 0.05 and ***p
< 0.001 vs. Cuff Veh Ipsi) and YM-976 (n = 5-6/group; post-hoc: ***p < 0.001 vs. Cuff Veh Ipsi). (F) Treatment with the selective PDE5i sildenafil (n = 5/group; post-
hoc: *p < 0.05 and ***p < 0.001 vs. Cuff Veh Ipsi), zaprinast (n = 5/group; post-hoc: ***p < 0.001 vs. Cuff Veh Ipsi) and MY-5445 (n = 5-7/group; post-hoc: ***p <
0.001 vs. Cuff Veh Ipsi) also relieved mechanical hypersensitivity. Data are presented as mean + SEM. Contra, contralateral; Ipsi, ipsilateral; PWT, paw withdrawal
thresholds; Sal, saline; Veh, vehicle.
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Fig. 2. The PDE4i rolipram and PDES5i sildenafil reverse mechanical hypersensitivity in a dose-dependent manner. (A) Time course of the experiments. Peripheral
nerve injury was induced by inserting a cuff around the main branch of the sciatic nerve. Treatments started (time 0) at least 2 weeks postsurgery. Mechanical
sensitivity was tested using von Frey filaments. (B) Chronic treatment with rolipram at 0.03 mg/kg and 0.06 mg/kg had no effect, while doses 0.125 mg/kg (post-hoc
Duncan: **p < 0.01 and ***p < 0.001 vs. Cuff Sal Ipsi) and 0.25 mg/kg (post-hoc: **p < 0.01 and ***p < 0.001 vs. Cuff Sal Ipsi) fully reversed mechanical hy-
persensitivity. (C) Chronic sildenafil at 0.005 mg/kg had no effect, while it relieved hypersensitivity at doses 0.0075 mg/kg (post-hoc: *p < 0.05 and ***p < 0.001 vs.
Cuff Sal Ipsi), 0.01 mg/kg (post-hoc: **p < 0.01 and ***p < 0.001 vs. Cuff Sal Ipsi) and 0.02 mg/kg (post-hoc: **p < 0.01 vs. Cuff Sal Ipsi). Data are presented as
mean + SEM. B, baseline; Contra, contralateral; Ipsi, ipsilateral; PWT, paw withdrawal thresholds; Sal, saline; Veh, vehicle.

decreasing tip-diameter. Dorsal root ganglia cells were then plated on
15 mm glass coverslips coated with poly-p-lysine (0.02 mg/mL), and
cultures were placed in a controlled atmosphere (95% O3, 5% CO3).
Calcium imaging experiments were performed 24-36 h after seeding.

2.6. Calcium imaging

Calcium imaging was performed on dorsal root ganglia cell cultures
from Sham and Cuff mice. Cells were incubated in a solution containing
2 uM Fura-2 acetoxymethyl ester (F1201, Molecular Probes, USA) and
0.01% pluronic acid (Molecular Probes) for 1 h at room temperature.
During calcium measurements, cells were continuously perfused with an
extracellular solution (130 mM NaCl; 5 mM KCIl; 1 mM CaCl,; 1 mM
MgCly; 10 mM glucose; 10 mM HEPES pH 7.3). Fluorescence measure-
ments were performed on an inverted microscope (Axiovert 35, Zeiss)
with a 40X oil-immersion objective (Fluo 40, NA 1.30, Nikon) using a
real-time imaging system with a cooled CCD camera (CoolSnap HQ,
Photometrics) and an imaging analysis software (Imaging Workbench
software 4.0, Axon Instruments). Fluorescence was alternatively excited
at 340 nm and 380 nm with a Lambda-10 filter wheel (Sutter In-
struments) and the emitted light was collected above 520 nm. Images

were acquired every 2 s and intracellular calcium concentration was
expressed using the fluorescence ratio F340/F380 after background
subtraction. Responses to UTP (50 uM), KCI (50 mM) and rolipram (1, 10
and 100 pM) were tested. Neurons and non-neuronal cells were identi-
fied using successive application of UTP, a P2Y receptor agonist, and
high KCl which triggers calcium responses selectively in neurons. Cells
that clearly showed calcium responses to UTP but not to KCl were
considered as non-neuronal cells, while cells that responded to KCl with
or without responses to UTP were considered as neurons.

2.7. siRNA experiments

In order to determine the PDE4 subtype involved in the neuronal and
non-neuronal effects of rolipram, we performed siRNA-mediated
knockdown of Pde4b and Pde4d in dorsal root ganglia cell cultures.
Knockdown of Pde4b and Pde4d mRNA were performed using ACCELL
siRNA (#E—049576-00 and #E—043744-00, respectively) designed and
validated by ThermoFisher/Dharmacon (Lafayette, CO, USA). A non-
targeting siRNA (#D-001910-10-05) was used as a negative control.
Stock solutions for the targeted and scrambled siRNA (#D-001910-10-
05) were prepared at 100 pM in 1x siRNA Buffer (diluted from
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Fig. 3. Opioid receptors are necessary to PDE4i and PDES5i antiallodynic action. (A) Time course of experiments. Peripheral nerve injury was induced by cuffing the
sciatic nerve and treatments started at least 2 weeks postsurgery. Mechanical sensitivity was tested using von Frey filaments. Opioid receptor implication was
assessed using WT, MOR /", KOR /- and DOR /" mice, and, in a separate set of experiments, by testing the MOR antagonist naloxonazine (30 mg/kg, s.c) and the DOR
antagonist naltrindole (5 mg/kg, s.c) compared to vehicle injection (methylcellulose 1%, s.c) in mice that had fully recovered from mechanical hypersensitivity with
chronic rolipram or sildenafil treatment. All data are presented for the right paw, ipsilateral to the surgery. (B) Data are expressed as area under the curve (AUC, g.
day) over the period of treatment. Rolipram had an antiallodynic action in WT, MOR /- and KOR /" mice, but was ineffective in DOR™/" mice (n = 5-6/group; post-
hoc Duncan: ***p < 0.001; ns, non-significant). (C) Acute injection of naloxonazine failed to block chronic rolipram-induced alleviation of mechanical hypersen-
sitivity (n = 5), while naltrindole suppressed rolipram effect (n = 5-6; post-hoc Duncan: ***p < 0.001 vs. Sham Vehicle and vs. Cuff Rolipram at time 0). (D) Long-
term sildenafil treatment had an antiallodynic action in WT and KOR ™~ mice, while no effect was present in MOR " and DOR ™" mice (n = 6-7; post-hoc: ***p <
0.001). (E) Acute injection of either naloxonazine (n = 5-7; post-hoc: ***p < 0.001) or naltrindole (n = 5; post-hoc: ***p < 0.001) induced a relapse of allodynia in

sildenafil treated mice. Data are presented as mean + SEM.

Dharmacon 5x siRNA Buffer, #B-002000-UB-100). Dorsal root ganglia Gapdh: forward 5'-GGCCTTCCGTGTTCCTAC-3' and reverse 3' TGTCAT-
cells were plated and allowed to attach to culture dishes for 30 min in CATACTTGGCAGGTT-5’.
standard culture medium. Then, medium was replaced by 1 mL of
serum-free medium (Thermo scientific, #B-005000-500) containing 1 2.9. Anti-TNFa activity in human peripheral blood mononuclear cells
pM siRNA or the scrambled negative control. The cultures were tested (PBMCs)
24-36 h after transfection.
PBMCs were prepared from the peripheral blood of healthy donors
2.8. Real time quantitative PCR (RT-qPCR) (Etabliss