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Analyse anatomo-fonctionnelle et moléculaire des conséquences
anxiodépressives de la douleur neuropathique dans un modéle
murin : importance du cortex cingulaire antérieur

Résumeé

La douleur neuropathique est un syndrome secondaire a une maladie ou a une Iésion
affectant le systéme nerveux somatosensoriel. Environ 30% des patients souffrant de
douleurs neuropathiques présentent des troubles de 'humeur. Les causes biologiques de
ces comorbidités ne sont pas clairement établies. Grace a I'utilisation d’'un modéle murin de
douleur neuropathique, nous avons cherché a comprendre I'apparition des conséquences
émotionnelles de cette douleur. Pour cela, nous avons cherché a identifier des régions
cérébrales impliquées dans les différentes composantes et conséquences de la douleur ainsi
que les modifications moléculaires y prenant place. Nous avons mis en évidence une
ségrégation corticale de la douleur avec l'intégration de la composante sensorielle par le
cortex insulaire postérieur d’une part et lintégration de la composante aversive et des
conséquences émotionnelles par le cortex cingulaire antérieur d’autre part. Nous avons
ensuite montré I'implication de la protéine MKP-1 dans I'expression des comportements de
type anxiodépressif dans notre modéle.

Mots-clés : douleur neuropathique, dépression, anxiété, modéle animal, MKP-1.

Abstract

Neuropathic pain is defined as a pain caused by a lesion or disease of the
somatosensory nervous system. Around 30% of neuropathic pain patients develop mood
disorders. The biologic bases of these comorbidities are not clearly established. Using a
murine model of neuropathic pain, we tried to understand the emotional consequences of
neuropathic pain. Thus, we identified cerebral regions involved in the different components of
pain and molecular modifications taking place in these regions. We showed a cortical
separation of the pain experience with on one hand the integration of the sensory component
of pain in the posterior insular cortex and on the other hand the integration of the aversive
component and the emotional consequences of pain in the anterior cingulate cortex (ACC).
Looking at the molecular modifications in the ACC, we showed that MKP-1, a protein able to
dephosphorylate the MAPK, is involved in the development of pain-related mood disorders in
our model of neuropathic pain.

Keys words : neuropathic pain, depression, anxiety, animal model, MKP-1.




Sommaire




[aXd Yo [ Lot 4o s F TR RPN 5

AAVANTPIOPOS cettttiiiiiiiitiitititeteeereeerere et reee et teteteteeeteteteteteteteeeeeteteeateeeeeeeeeeeseseeeseeesseeesesesesesesnsssnsnnnnns 6
Emotional consequences of neuropathic pain: insight from preclinical studies. ........ccccecn...... 8
INEFOAUCTION ..ttt b e st sae e s sar e sttt et e nne e 8
Preclinical modelling of the anxiodepressive consequences of neuropathic pain. ................ 9
Preclinical insights into the neurobiology of neuropathic pain consequences..................... 13
1. Neuroanatomy and neuroplasticity of neuropathic pain consequences...........ccccuvveee... 13
Qe T COMBX . tiiuiiiiiiie ittt ettt ettt e st esbe e s bt e e sabeesabe e s bt e ebeeesabeesabeeanns 13
(o RN I V=N o170 o Yo Yot o1 o LU L3RS PRR 16
Lo I o TSI [ g1V J 1 = TSR 17
d.  The mesolimbic PAathWay.......ccoociiiiiiiiie e e 19
2. NeuroendoCring PAramMELEIS. ... ciiieieeeeeecirree e e e e esrrrr e e e e e e s sbraeeeeeesssaabareeeeeessnrennees 20
3. NEUIOIMMUNE FESPONSE e it iiiiieee it it it ee et eeessssssssssss s s aaaaaaeaaaeaeaabsasaababebebsbeseseeeeeenennnenens 21
I \V [T g o =Y a1 e T=IR VA =T 0 [N 22
ST \\[=TUT o1 d fo] o] o1 ol = Tot o 530 EUER 23
(O] aTol (VT oY Y= T a (o o T B oYt {1V T SR UUPRt 24
The anterior cingulate cortex: Role in mood disorders and in pain......c.ccccccvevcieeeenciiee e, 25
Neuroanatomy Of the ACC .......ooi i e e ee e e e e e ebae e e e rre e e e sares 25
1. The general organization of the cingulate Cortex .....cccoovviiiniiieiiiiie e, 25
2.  The ACC connections: insights from rodents and primates studies..........c.ccccvveevcrverenne. 26
- TR I o 1= Y O G e T £ PURPt 27
o TR Il o V=0 AN @Ol TU ] o U ) £ UEUR 29
The role of the ACCin MOOd diSOrAErS ......cc.eeiiiiiiiiiiii e e 31
The role of the ACC N PAIN ccoceiiii et e e e sbee e e e snbe e e s s beeeeenreas 35
1. Insights from cliniCal STUAIES ....coouuviiieeee et ee e e e 35
a. The role of the ACC in physiological conditions ........ccccceeecuiiiiriiieeeiiieeecee e, 35
b. The role of the ACC in pathological pain conditions .........ccccceeeiiiiieiiiiiee e, 36
c. Therole of the ACC in the affective component of pain.......ccccccveeeeiiiecccee e, 37
d. The role of the ACC in the cognitive component of pain .......cccccceeeeeiieieeciiee e, 37
2. Insights from preclinical StUdIES ......cc.euviiiiii e 39
a.  Insight from 1€SI0N STUIES ....uvviiieeee e e e e e e e e e e e eanes 39
b. Insights from ex vivo electrophySiologY ......cccveeiiiiieiiiiiiee e 41
c. Insights from in vivo electrophySiology ......ccvieiiiiiiiiiiiieciee e 41
d. Insights from imaging StUIES.......cccciiiiiiiiie e 41



e. Insights from molecular StUIES ......cccuiiiiiiiieecee e 42

f.  Discrepancies betWeen StUIES ........ccocviiiiiiiiiicciee e 43

V. Le cortex insulaire : réle dans la douleur chez I’'Homme et le rongeur........cccccceecvveeeeiieeeens 44

A. Organisation générale du corteX iNSUIAIre .......cccueiiiiiiieiciiee e 44

1. Chezles singes et I"HOMME .......oiiiiiiieciie ettt e e e e e e e e araee s 44

N € o 1= AN [T o oV TU SRR 44

B. Connexions du COrteX iNSUIQINE ........oovuieiiiiiiiieiie et 45

1. Connexions iNtraiNSUIQINES ......cccueiiiiiiiiieiiee et st 45

2. CoNNEXIiONS XEraINSUIAITES. .....eiiieiiiiiie ittt ettt esbeeeneeesaree e 45

Q. COMtEX CEIEDIAl ...ttt et st st e sb e e st e sbe e s aee e 45

b, StrUCTUIeS lIMbBIQUES......eiiei et e e e e e e e e e e areas 46

Co TRAIAMUS (et st st st sttt et ettt e 46

C.  FONCtions du COrteX iNSUIAITE ..c..eoiuiiieiiiiiiieete ettt 46

1. Observation de quatre grands domaines fonctionnels.........cccceeeecveeeeiiieecccieee e, 46

2. Fonctions du cortex insulaire dans la somatosensation et la douleur chez ’'Homme....... 47

3. Fonction du cortex insulaire dans la somatosensation et la douleur chez le rongeur...... 48

(0] o) [=Tota e [T d o T=F1 < IR 49
RESUITAES ..ttt ettt et e b e bbbt bt h e s a e st en e eae e ne e 51
I.  The sciatic nerve cuffing model of neuropathic pain in MIce ........ccceevviieviiiiiiiiieecee e, 52

II.  The anterior cingulate cortex is a critical hub for pain-induced depression...........cccccveeeuneeen. 66
Il Réle de la protéine MAPK Phosphatase 1 (MKP-1) dans les conséquences émotionnelles de

[a douleUur NEUFOPATNIGUE ......uiiiieee et e e e e e e e e e et e e e e e e e e atbaeeaeeesenanstaaeeeas 94

A INEFOAUCTION ..ttt ettt st e b e e be e e s ab e e sabeeebeesbbeesabeesabeesaneeeas 94

B.  Matériel @t METhOTE .....ooiiiiiecee s 97
€. RESUIATS ettt st st sttt et et nne e 101

O N P VY= LT [o T o 1o [ U 101

2. Analyse du profil d’expression ProtiqUE .......c.ceececueeeeecieeeeiiiee e et e e evaee e 101

3.  Comportement des animaux KO MKP-1 .........cccuiiiiieeiiiiiiirieee e erinreee e ee e e e e e ssnenes 102

D, DISCUSSION citetee ittt ettt e s e e e e e s s e e s e e e s e e e e s e e e e e e e e eneeas 103

D T ol U T oY oI =d=Y =T =] LSRR 106
I.  Pertinence du modele utilisé dans I’étude de la douleur neuropathique .......ccccceeevvveeeenneen. 107
A.  L'étude de la douleur chez |85 FONGEUIS ......cccoiiiiiiiiiiie ettt 107
B. Discussion sur les termes hyperalgésie et allodynie ........cccoceeeeeiiiiiiiiii e, 108

C. La modélisation de la douleur neuropathique dans le modele du cuff .........cccceoeeneeennnnen. 109



D. Discussion de la mesure de la douleur spontanée par CPP .......cccceevcieeeiiiieeeecieeeccieee e 110

II.  Pertinence du modele utilisé pour I'étude des comportements anxiodépressifs.................. 113
A. Précautions et précisions sur les termes emMplOYEés ........cccccveiviieeeeiieie e 113
B. Modélisation des comportements de type anxiodépressif chez la souris .........cccceeeeuneenn. 113
C. Modélisation des comportements de type anxiodépressif dans le modele du cuff........... 115
D. Autres considérations méthodologIiQUES ..........cccueiieiiiiiiiiiiee e e 117
[l Mécanismes responsables de |'apparition des troubles anxiodépressifs dans notre modele
(o Lo (o TN ] LT U g o T=TU T oY o -1 o o LU IR 120
V. Modifications moléculaires au sein de 'ACC .......c.cocieeieieeiienieneeneeseeseeee e 122
V. Dissociation corticale : risques de simplification et de généralisation des résultats.............. 125
e ] o T=ToL Y=L T P U TP PR PRRPPPRPTPPPTRE 129
AININEXE ..ttt e et e s e e e et e e s sareeesenreas 133
211 o] [ToT = =T o] o1 USRI 135



Intfroduction




. Avant-propos

La douleur neuropathique est un syndrome secondaire & une maladie ou &
une lésion affectant le systeme nerveux somatosensoriel (Jensen et al., 2011),
d'étiologies diverses, se traduisant par de multiples signes cliniques. Tandis que la
douleur chronique concerne environ 30 % de la population, les douleurs chroniques
ayant des caractéristiques neuropathiques affectent environ 6,8 % de la population
en France (Bouhassira et al., 2008). Les signes cliniques observés sont de plusieurs
types (Tableau 1). lls peuvent étre dits « positifs », comme par exemple I'hyperalgésie,
qui est une réponse douloureuse exagérée 4 un stimulus nociceptif, ou encore
I'allodynie, qui est une réponse douloureuse 4 un stimulus normalement non
nociceptif. D'autres signes sont dits « négatifs », tels que I'hypoesthésie, qui est une
perte de la sensibilité générale, ou I'hypoalgésie, qui est une perte de la sensibilité &
la douleur. Les douleurs neuropathiques sont chroniques et peuvent perturber de
maniere dramatique la vie des patients qui en souffrent (Attal et al., 2011).
L'apparition de troubles de I'humeur tels que I'anxiété et la dépression chez environ
30 % des patients souffrant de douleurs neuropathiques (Radat et al., 2013) est une
des raisons de cette altération de la qualité de vie. Les causes biologiques de ces
comorbidités psychiatriques ne sont pas clairement établies. La connaissance de
ces causes pourrait permettre une prise en charge plus globale de la douleur

neuropathique et ainsi une amélioration de la santé des patients.

Les ftroubles psychiatriques développés dans le cadre de douleurs
neuropathiques concernent principalement I'anxiété et la dépression. Le diagnostic
des tfroubles anxieux généralisés est présenté dans le Diagnosis and Statistical
Manual of Mental Disorders IV (DSM-IV). Les patients doivent souffrir d’anxiété et
d'inquiétude excessives a propos d'une variété d'évéenements et de situations
depuis au moins é mois et présenter au moins trois des signes suivants : une tension
ou une agitation, de la fatigue, des probléemes de concentration, une irritabilité et
une tension musculaire. La dépression majeure est le trouble dépressif le plus
fréquent. Selon le DSM-IV, elle doit durer au moins deux semaines consécutives et
présenter au moins cing des symptémes résumeés ci-apres : une humeur dépressive,
une perte d'intérét ou de plaisir pour presque toutes les activités, une perte ou un

gain de poids, des troubles du sommeil, une agitation ou un ralentissesment moteur,



Tableau 1. Symptémes rencontrés dans la douleur neuropathique.
(IASP Taxonomy Task Force)

Signes Définitions
Allodynie : douleur due a un stimulus normalement non douloureux
Hyperalgésie : douleur exagérée en réponse a un stimulus douloureux
Positifs » e R
Hyperesthésie : sensibilité exagérée a une stimulation
Hyperpathie : réaction retardée anormalement douloureuse et souvent explosive
a un stimulus, le plus souvent répété
Sensations Dysesthésie : sensation anormale et déplaisante, spontanée ou provoquée
anormales Paresthésie : sensation anormale, spontanée ou provoquée
A . Hypoalgésie : douleur diminuée en réponse a un stimulus douloureux
Négatifs

Hypoesthésie : sensation diminuée a une stimulation




de la fatigue, un sentiment de dévalorisation ou de culpabilité, des difficultés de

concentration et enfin des pensées de mort et des idées suicidaires.

C'est dans ce contexte que s'inscrit mon travail de thése. Grace a I'utilisation
d'un modele murin de douleur neuropathique, nous avons cherché d comprendre
I'apparition des conséquences anxiodépressives de cette douleur. Pour cela, nous
avons étudié des régions cérébrales impliquées dans les aspects sensoriels et aversifs
de la douleur, dans les troubles de I'hnumeur ainsi que les modifications moléculaires

prenant place dans ces régions.

La premiere partie de l'intfroduction sera consacrée da un état des lieux des
connaissances précliniques concernant la relation entre la douleur neuropathique et
les troubles de I'humeur. La deuxiéme partie détaillera la neuroanatomie, les
connexions et I'implication du cortex cingulaire antérieur dans les troubles de
I'numeur et dans la douleur. Cette région est connue pour participer chez 'Homme
(Rainville et al., 1997) et chez le rat (Johansen et al., 2001) a la composante affective
de la douleur. Enfin, la troisieme partie de I'introduction sera consacrée au cortex
insulaire (IC), et en particulier a sa partie postérieure (pIC). Nous résumerons sa
neuroanatomie et son réle crucial dans la composante sensorielle de la douleur
chez 'Homme (Peyron et al.,, 2000) et chez le rat (Benison et al., 2011). Ces deux
structures corticales, I'ACC et le plC, acteurs majeurs de |'expérience douloureuse,

sont les cibles étudiées au cours de ces fravaux de these.



ll. Emotional consequences of neuropathic pain: insight from preclinical

studies.

Cette premiere partie de I'introduction, écrite en langue anglaise, est une
revue de la littérature devant donner lieu & publication. Elle a été coécrite avec mes

encadrants, Ipek Yalcin et Michel Barrot.

A. Introduction

Pain is defined as an unpleasant sensory and emotional experience associated
with actual or potential tissue damage, or described in terms of such damage
(International Association for the Study of Pain). It is thus a multidimensional and
subjective experience. While acute pain can be protective and adaptive (Morrison
et al., 2013), chronic pain is often a debilitating disease, affecting 20 to 60% of the
world population (Ellioft et al., 1999; Breivik et al., 2006). Either of neuropathic or
inflammatory origin, chronic pain remains difficult to freat and has major socio-
economic impacts (Bouhassira and Aftal, 2011). In this review, we focus on
neuropathic pain which is defined as a pain arising as a consequence of a lesion or
disease affecting the somatosensory system (Treede et al., 2008). For most patients,
neuropathic pain has a peripheral origin, arising as a consequence of peripheral
nerve injury or as a consequence of a metabolic disease such as diabetes. Nerve
injuries and diabetic peripheral neuropathy account for almost two-thirds of the
patients. However, neuropathic pain can also result from infectious diseases, as in
post-herpetic neuralgia, from exposure to neurotoxic compounds, such as those
used for cancer chemotherapy, or be of central origin, as observed after spinal cord
injury or local post-stroke ischemia (Attal et al., 2008). Both physical examination and
questionnaires such as the DN4 (Bouhassira et al., 2008; Attal et al., 2011) and the
Neuropathic Pain Symptom Inventory (Freeman et al., 2014) are used to diagnose
the neuropathic characteristic of pain and its different symptoms. These symptoms
include spontaneous pain, evoked pain such as allodynia, hyperalgesia or
hyperpathia, abnormal sensations such as paresthesia or dysaesthesia and sensitive
deficits like hypoesthesia (Attal et al., 2008).



Neuropathic pain can affect multiple aspects of the patient’s health and
quality of life, including mood, sleep and cognitive processes (Attal et al.,, 2011;
Haanpaa et al., 2011). Mood disorders such as depression and anxiety are frequently
observed in patients suffering from chronic pain. Epidemiological studies report
around 50% mean prevalence rate for major depressive disorder in patients with
chronic pain (Bair et al., 2003; Maletic and Raison, 2009). This prevalence is around
30% for patients suffering from neuropathic pain (Gustorff et al., 2008; Radat et al.,
2013), and it may even reach around 80% in fiboromyalgia patients (Fietta and
Manganelli, 2007). While this co-morbidity is clinically well established, the underlying
mechanism(s) remained unclear. The recent development of animal models now

allows us to address the consequences of neuropathic pain.

Here we report the evidences from anatomical, neuroimaging, behavioral,
pharmacological and biochemical preclinical studies that address the affective
consequences of neuropathic pain. We first review articles aimed at modeling the
anxiodepressive consequences of neuropathic pain and we discuss the challenges
and parameters to consider when generating animal models. We then discuss the
possible mechanism(s) underlying these consequences, by describing morphological

and functional changes associated with affective disorders in neuropathic animails.

B. Preclinical modelling of the anxiodepressive consequences of

neuropathic pain.

Models of neuropathic pain in rodents can be based on peripheral nerve
injuries, central injuries, trigeminal neuralgia, diabetic neuropathies, chemo-induced
neuropathies, postherpetic neuralgia, and so forth (Sorkin and Yaksh, 2009; Colleoni
and Sacerdote, 2010; Jaggi et al., 2011; Barrot, 2012). Almost all of the preclinical
studies on the affective consequences of neuropathic pain were performed on
models related to sciatic nerve manipulation, using either nerve compression or
section. These models rely on three or four loose ligatures around the main branch of
the sciatfic nerve (chronic constriction injury, CCl) (Bennett and Xie, 1988), on the
tight ligation of the sciatic nerve (partial sciatic nerve ligation, PSL) (Seltzer et al.,
1990) or of the L5 and Lé spinal nerves (spinal nerve ligation, SNL) (Kim and Chung,

1992), on the ligation of the common peroneal nerve (Vadakkan et al., 2005), or on



Table 2. Summary of studies on the affective consequences of neuropathic pain.

Pain Model Species Test Results References

PSNL Rat BT BB deficits Andrews etal., 2012
Mouse OF, EPM, TST No effect Hasnie et al., 2007b
Mouse OF No effect Kodamaetal., 2011
Mouse LD, EPM ALB Narita et al.,2006a,b
Mouse LD, EPM ALB Matsuzawa-Yanagida et al., 2008

SNL Rat OF, EPM,LD, FST No effect Kontinen etal., 1999
Mouse OF, EPM, LD, FST ALB, DLB Suzuki et al., 2007

CCl Rat FST, SP No effect Bravoetal., 2012
Rat FST, OF DLB Zengetal., 2008
Rat EPM ALB Roeska et al., 2009
Rat FST DLB Fukuhara etal.,2012
Mouse EZM, FST, OF no effect Urbanetal., 2011

SNI Rat OF, EPM,FST no ALB, DLB Gongalves et al., 2008
Rat OF, EPM, FST ALB, DLB Leite-Almeida et al., 2009
Rat FST, SP DLB Wangetal.,, 2011
Mouse OF, FST no ALB, DLB Normanetal., 2010
Mouse EZM, FST, OF no effect Urbanetal., 2011
Mouse DL,NSF ALB Mutso et al., 2012

Cuff Mouse EPM, MB, SI, TST ALB Benbouzid et al., 2008
Mouse LD, MB, NSF, Splash, FST  ALB, DLB Yalcinetal., 2011

SNT Rat FST DLB Huetal., 2010
Rat BT BB deficits Andrews etal., 2012

Antiretroviral Rat OF,BT ALB, BB deficits Huangetal., 2013

List of abbreviations: ALB, Anxiety-like behavior; BB, Burrowing behavior; BT, Burying test; CCI, Chronic construction injury; DLB, Depres-
sion-like behavior; EPM, Elevated-plus maze; EZM, Elevated zero maze; FST, Forced swimming test; LD, Light-dark test; MB, Marble
burying; NSF, Novelty-suppressed feeding; OF, Open field; S|, Social interaction; SNI, Spared nerve injury; SNL, Spinal nerve ligation; SNT,
Spinal nerve transfection; SP, Sucrose preference; PSNL, Partial sciatic nerve ligation; TST, Tail suspension test.



the implantation of a polyethylene cuff around the main branch of the sciatic nerve
(Mosconi and Kruger, 1996; Benbouzid et al., 2008b). The spared nerve injury (SNI) is
another frequently used model, for which two of the three terminal branches of the
sciatic nerve are tightly ligated before their distal axotomy (Decosterd and Woolf,
2000). A shared feature of these models is to induce mechanical allodynia, as well as

changes in thermal sensitivity for most of them.

Since the late 90’s, several research groups worked on modeling the affective
consequences of neuropathic pain in animal. The first studies (Kontinen et al., 1999)
and some recent ones (Hasnie et al., 2007a; Kodama et al., 2011; Urban et al., 20171;
Bravo et al., 2012) failed to evidence any association between neuropathic pain
and anxiety/depression related behaviors, while other studies reported anxiety
and/or depression-related phenotypes in rodent models (see Table 2) (Suzuki et al.,
2007; Benbouzid et al., 2008b; Goncalves et al., 2008; Zeng et al., 2008; Roeska et al.,
2009; Hu et al., 2010; Yalcin et al., 2011; Alba-Delgado et al., 2013). The former studies
were however performed during the first 3 weeks following pain induction, while the
latter considered later time-points. This suggests that the time factor may be one of
the critical points to model chronic pain-induced mental disorders, and that models
providing a time-dependent evolution of the anxiety- or depression-related
phenotypes are valuable to study the etiology and pathogenesis of mood disorders
(Roeska et al., 2009; Yalcin et al., 2011). Besides the temporal parameter, species,
strains of animals, neuropathic pain models and the time of the day-night cycle
when the animals are tested may all influence the results. Additionally, it has recently
been shown that the side of the nerve injury (left vs. right) may differently influence
the affective and cognitive consequences of neuropathic pain (Leite-Almeida et al.,
2012). Indeed, left-side and right-side nerve lesions in rats were proposed to

preferentially alter emotional behavior and cognitive performances respectively.

Even though neuropathic pain may have different origins (see Infroduction),
animal studies are presently using traumatic models to study the affective
consequences of neuropathic pain (see Table 2). As a consequence, the relation
between diabetic peripheral neuropathic pain and depression/anxiety was not
examined yet in rodent, despite the fact that a high rate of comorbidity has been
reported in patients (Jain et al., 2011). Nevertheless, recent studies reported that the
HIV as well as the antiretroviral therapy-induced peripheral neuropathy causes

thigmotaxis and decreases burrowing behavior (indexes of anxiety-like behavior),
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which can be attenuated by gabapentinoid freatment and benzodiazepine
anxiolytic freatment (Wallace et al., 2007b; Wallace et al.,, 2007a; Wallace et al.,
2008; Huang et al., 2013). Similarly, postherpetic neuralgia in a rat model of varicella
zoster virus-associated neuropathic pain also induces anxiety-like behavior (Hasnie et
al., 2007b).

The studies aiming at modeling the anxiodepressive consequences of
neuropathic pain use well-known behavioral tests. The most frequently performed
tests to evaluate the anxiety-related behavior are exploratory-based
approach/avoidance conflict tests, such as the elevated plus maze, the open field
or the dark-light exploration test (see Table 2). The novelty-suppressed feeding test,
which is based on a conflict between the drive to eat and the fear of venturing into
the centre of the testing open field, responds to chronic but not acute
antidepressant drug treatments and is thus used to address the frequent intermixture
of anxiety/depression symptoms (Nestler and Hyman, 2010). The most frequently used
tests for assessing depression-related behaviors in rodents involve exposure to stressful
sifuations and the measure the time spent in active versus passive stress coping, such
as the forced swimming test or the tail suspension test (see Table 2). In addition to
depressed mood, depression also includes homeostatic, neurovegetative
(abnormalities in sleep, appetite, weight) or cognitive symptoms. Unfortunately,
these symptoms are less often studied under a neuropathic pain paradigm. Another
symptom, more frequently examined, is the animal’s interest in pleasurable activities
such as the preference for sucrose solution or engaging in social interactions. For
instance, both sucrose consumption (Wang et al.,, 2011) and social interactions
(Benbouzid et al.,, 2008b) decrease in neuropathic animals. A recent study, using
fossorial and therefore naturally burrowing rats, showed that the burrowing behavior
is reduced by peripheral nerve injury (Andrews et al., 2012). Burrowing is an
evolutionarily conserved behavior and alterations of such activity likely reflect the
effect of chronic pain on motivation and general well being. Insomnia or
hypersomnia is another common problem associated with chronic pain (Palermo et
al., 2011; Tang et al., 2012) and depression (Krystal, 2012) in patients. Accordingly,
sleep alterations such as reduced sleep efficiency, increased number of arousals
(Andersen and Tufik, 2003), increased wakefulness and decrease in non-rapid eye

movement (NREM) sleep (Narita et al.,, 2011; Takemura et al., 2011) have been
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observed under neuropathic pain state, using functional magnetic resonance

imaging (fMRI) and brain wave analysis.

The diminished ability to think or concentrate, i.e. a cognitive symptom, is one
of the symptoms of major depression according to Diagnostic and Statistical Manual
of Mental Disorders (DSM) IV. Patients with neuropathic pain often complain about
memory and attention deficits which may significantly decrease their intellectual
ability (Dick and Rashiqg, 2007; Legrain et al., 2009). A growing number of preclinical
studies confirmed that neuropathic pain can induce cognitive impairments. Indeed,
altered working memory (Ren et al., 2011; Cardoso-Cruz et al.,, 2013), short term
memory (Ren et al., 2011) spatial memory (Leite-Almeida et al., 2012), impaired
aftention (Leite-Almeida et al., 2012) and impaired cognitive flexibility in middle
aged animals (Leite-Almeida et al.,, 2009) have been reported in models of

peripheral nerve injury.

As almost all the behavioral tests used to assess anxiety and depression related
behavior in rodents depend on the motor activity of the animals, it is always critical
to control the effects of the neuropathic pain model on locomotor activity before
performing any of these tests. For instance, the general locomotor activity of the
neuropathic animals remain unaffected in the spinal nerve ligation (Suzuki et al.,
2007), spared nerve injury (Goncalves et al., 2008; Norman et al., 2010), partial sciatic
nerve ligation (Narita et al., 2006a; Kodama et al., 2011) and cuff (Benbouzid et al.,

2008b; Yalcin et al., 2011) models of neuropathic pain.

Besides the face validity, showing the capacity of the model to demonstrate
the symptoms of the given pathology, few studies also explored the predictive
validity of neuropathic pain models, i.e. their capacity to answer to clinically relevant
tfreatments. Results of these studies showed that neuropathic pain-induced mood
disorders are sensitive to tfreatments with anxiolytic such as efizolam (Narita et al.,
2006a) or antidepressants such as the ftricyclic antidepressant imipramine, the
serotonin and noradrenaline selective reuptake inhibitor milnacipran, or the selective

serotonin reuptake inhibitor paroxetine (Matsuzawa-Yanagida et al., 2008).

Altogether these studies illustrate that it is possible to reliably model the
anxiodepressive phenotype in animals with neuropathic pain. This modeling is critical
for understanding the molecular and neural mechanism leading to the

anxiodepressive consequences of neuropathic pain.
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C. Preclinical insights into the neurobiology of neuropathic pain

consequences.

While this review focuses on preclinical research, which offers a unique
opportunity to test cellular and molecular hypotheses, human clinical investigations
provide critical neuroanatomical insights, particularly through functional imaging
studies. Indeed, recent human studies in neuropathic pain patients point out
morphological and functional changes as well as reorganization in brain structures
associated with affective and cognitive disorders, such as the medial prefrontal
cortex (mPFC) (Baliki et al., 2006; Baliki et al., 2008), the anterior cingulate cortex, an
integrative part of the mPFC (Peyron et al.,, 2000; Obermann et al., 2013), the
hippocampus (Zimmerman et al., 2009; Mutso et al., 2012), the amygdala (Liu et al.,
2013) and the thalamus (Apkarian et al., 2004; Maarrawi et al., 2013). The animal
models allow testing the factors of causal relationships and the hypotheses on the

mechanism(s) underlying pain-induced mood disorders.

1. Neuroanatomy and nevuroplasticity of neuropathic pain

consequences

In the past two decades, several authors have considered the possibility that
plasticity of brain structures and cellular remodeling are involved in the
pathophysiology and the treatment of mood disorders (Pittenger and Duman, 2008;
Ota and Duman, 2013). This hypothesis may also apply to pain-induced mood
disorders since cortical and subcortical functional and structural neuroplastic
alterations have been observed in chronic pain. However, while stress-induced
changes in plasticity have been extensively studied in the depression field, the

detailed mechanisms remain poorly understood in the context of neuropathic pain.
a. The cortex

Cortical areas such as the somatosensory | (SI) and Il (Sll), the anterior cingulate
as well as the insular cortices are involved in mediating and modulating the pain
experience (Garcia-Larrea and  Peyron, 2013). Among these areas, the
somatosensory cortices are primarily thought to play a role in discriminating the
location and intensity of painful stimuli (Peyron et al., 2000), while other cortical areas

including the cingulate cortex, the insula or the mPFC were proposed to support the
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affective, motivational and cognitive aspects of pain. Although we will mostly
present data on the possible role of the anterior cingulate and the insular cortfices, it
is important to note that the other cortical regions such as the somatosensory cortex
may exert indirect influence. Indeed, peripheral nerve injury induces a rapid rewiring
of SI (Kim and Nabekura, 2011). This synaptic remodeling, including an increased
synaptogenesis and synapse elimination and an enhanced strength of persisting
synapses, causes Sl hyperexcitability in response to peripheral stimulation and might

also affect the ACC or other pain-related cortical areas (Kim et al., 2012).
i. The anterior cingulate cortex

The anterior cingulate cortex (ACC) is an integration centre that interconnects
neurons from the frontal cortex, the thalamus and the amygdala, processing
cognitive, emotional and autonomic functions (Vogt, 2005; Shackman et al., 2011).
Importantly, the ACC is strongly implicated in the pathophysiology of depression as
well as in pain processing. Indeed, imaging studies showed hypermetabolism
(Drevets, 2001) and reduced volume (Drevets et al., 1998) of the ACC in depressed
patients. On the other hand, clinical (Vartiainen et al., 2009) and preclinical studies
(Paulson et al., 2002; Li et al., 2010; Ning et al., 2013) in the neuropathic pain field
revealed changes in the ACC, which also processes information related to the
emotional component of the neuropathic pain experience. Indeed, the ACC
neurons are strongly activated by painful experiences, and the lesional deletfion of
this cortical structure blocks the aversive component of neuropathic pain (Qu et al.,
2011). Besides its implication in the pain-related unpleasantness, the ACC also
confributes to the anticipation of pain (Porro et al., 2002) and to the avoidance

learning observed as a secondary reaction to pain (LaGraize and Fuchs, 2007).

By using an MRI approach, the longitudinal cortical changes associated with
pain-like and anxiety-like behaviors were determined in the rat spared nerve injury
model of neuropathic pain (Seminowicz et al., 2009). The cortical volume of the ACC
as well as of the retrosplenial, entorhinal and insular cortices bilaterally decreased in
a fime-dependent manner, and the changes in the prefrontal and retrosplenial
corfices were correlated with anxiety-related behaviors. Preclinical studies on the
mPFC, comprising the ACC, also evidenced significant morphological alterations
with neuropathic pain. Thus, an increase in the number of arborisation and in the
length of basal but not apical dendrites of pyramidal cells, together with increased

spine density, was observed in the early phase after spinal nerve injury (Metz et al.,
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Anterior Cingulate Cortex:

¥ volume (Seminowicz et al., 2009)
4 arborisation (Metz et al., 2009)

4 length of basal pyramidal cells (Metz et al., 2009)
4 spine density (Metz et al., 2009)
4 neuronal activity (Xu et al., 2008; Toyoda et al., 2008)
4 presynaptic NT release (Xu et al., 2008; Toyoda et al., 2008)
4 postsynaptic response (Xu et al., 2008)
Impaired LTP (Li et al., 2010)

4 spontaneous oscillation (Ning et al., 2013)
¥ BDNF (Al-Amin et al., 2011)

4 NGF (Al-Amin etal, 2011)

Nucleus accumbens:
Altered functional connectivity
with several region (Baliki et al., 2012, Chang et al. 2014)
4 levels of AMPA GIuA1 (Goffer et al., 2013)

¥ D1,D2, kappa opioid receptor (Chang et al., 2014)

Thalamus

Amygdala:
4 volume (Goncalves et al., 2008)

4 cell proliferation (Goncalves et al., 2008)

4 blood flow (Paulson et al., 2002)

4 spike firing (Goncalves and Dickenson, 2012; Ikeda et al., 2007)
4 excitatory synaptic transmission (lkeda et al., 2007)

4 levels of CRF (Ulrich-Lai et al., 2006; Rouwette et al., 2012)
4 glucocorticoid receptors (Ulrich et al., 2006)

Hippocampus:

v volume (Mutso et al., 2012)

¥ neurogenesis (Terada et al., 2008)

v density of presynaptic terminal puncta (Ren et al., 2011)
v TP (Kodama et al., 2007; Ren et al., 2011)

4 IL-1beta (Del Rey et al,, 2011)

4 IL-6 (Al-Amin et al., 2011)

4 NFkappaB (Chou et al., 2011)

Locus coeruleus:

ATH (Alba-Delgado et al., 2007)
4 NAT (Alba-Delgado et al., 2007)
alpha-2AR hypersensitivity (Alba-Delgado et al., 2007)

4 bursting activity (Alba-Delgado et al.,, 2007)

Figure 1. Summary of on functional and morphological alterations in animal with neuropathic pain. List of abbreviations:
ACC, Anterior cingulate cortex; AR, Adrenoceptor; BDNF, Brain derived neurotrophic factor; CRF, Corticotropin releasing factor;
D, Dopamine; IL, Interleukine; LTP, Long-term potentiation; NAT, Noradrenaline transporter; NGF, Nerve growth factor; NFkap-
paB, Nuclear factor kappa B; NT, Neurotransmitter; TH, Tyrosine hydroxylase.



2009). While these results may seem to differ from MRI data (Seminowicz et al., 2009)
and from the report showing no changes in dendritic length of amygdala neurons in
neuropathic animals (Goncalves et al., 2008), it is important to point out that the
alterations are likely region- and time-dependent and may also depend on whether

the neuropathy is accompanied with anxiodepressive behaviors or not.

Synaptic transmission and neuronal excitability are important factors of the
functional plasticity which are modified in the ACC after neuropathic pain. For
example, the common peroneal nerve ligation model of neuropathic pain increases
both presynaptic neurotransmitter release (Xu et al., 2008; Toyoda et al., 2009) and
postsynaptic responses (Xu et al., 2008). At microcircuitry level, a sciatic nerve injury
results in structural modification in the layer V of the ACC (Blom et al., 2014). A loss of
inhibitory synapses onto excitatory pyramidal neurons and a loss of the excitatory
drive onto inhibitory fast-spiking interneurons lead to a local disinhibition of the
cortical network (Blom et al., 2014). This loss of connectivity between excitatory and
inhibitory neurons could have large effects on circuit behavior and might explain the
increased activity observed in the ACC in patients with nerve injury (Hsieh et al.,
1995). However, the capacity of expressing new plasticity within the ACC, such as
the long-term potentiation (LTP) (Li et al., 2010) of synaptic connections is impaired in

neuropathic pain condition (see Figure 1).

These ex vivo electrophysiological studies also raise the question of in vivo
neuropathic pain-associated changes in neuronal ACC activity, particularly in
spontaneous neuronal oscillations, a process believed to be fundamental for many
forms of brain function and plasticity. A recent in vivo whole recording study
demonstrated that neuropathic pain is accompanied by an increase in the rates of
spontaneous oscillations of ACC neurons (Ning et al., 2013). However, whether these
various neuroplastic alterations are a cause or a consequence of neuropathic pain-
induced affective disorders remains to determine, for example through direct

longitudinal correlative study (see Table 3).
i. The insular cortex

The insular cortex (IC) is reciprocally connected with the PFC, the ACC, the Sl
as well as the amygdala; and it has been suggested to play an important role in pain
processing, especially in pain intensity coding (Coghill et al., 1999). The complexity of

IC connectivity and the variability of pain-related activity between different IC
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Table 3. Involvement of neurobiological substrates of depression in neuropathic pain models.

Neurobiological basis of Observations in neuropathic pain models Signs present in pain-re-
depression lated mood disorders
Monoamine increased LC bursting activity (Alba-Delgado et al., 2013)

alpha-2 AR hypersensitivity (Alba-Delgado et al., 2013) yes

increased TH expression (Alba-Delgado et al., 2013)
increased NAT (Alba-Delgado et al.,, 2013)

Neuroendocrine no changes n.a.

Neurogenic decreased neurogenesis in HC (Mutso et al., 2012)
yes
increased cell proliferationin AMY (Goncalves et al., 2008)

Neurotrophic decreased BDNF (Al-Amin et al., 2011)
not determined

increased NGF (Al-Amin et al., 2011)

Neuroanatomic decreased volume of ACC, HC (Semiowicz et al., 2009; Mutso et al, 2012)
yes

increased volume of AMY (Goncalves et al., 2008)

Neuroplastic changes in excitability (Ikeda et al., 2007)
changes in synaptic transmision (lkeda et al., 2007; Goncalves not determined

and Dickenson, 2012)
alterations in LTD or LTP (Kodama et al., 2007; Ren et al., 2011)

Neuroimmune increased proinflammatory cytokines (Ren and Torres, 2009; Del )
Rey etal, 2011; Al-Aminet  NOt determined
al, 2011)

decreased antiinflammatory cytokines (Clarck et al., 2013)

Epigenetic not determined n.a.
List of abbreviations: ACC, Anterior cingulate cortex; AMY, Amygdala; AR, Adrenoceptor; BDNF, Brain derived neurotrophic factor; CRF,

corticotropin releasing factor; HC, Hippocampus; IL, Interleukine; LC, Locus coeruleus; LTD, Long-term depression; LTP, Long-term
potentiation; n.a., not applicable; NAT, noradrenaline transporter; NGF, Nerve growth factor; TH, Tyrosine hydroxylase.



subregions suggest that this cortical area may play a multifaceted role in pain. For
example, some studies reported a preferential pain activation of the posterior IC
(pIC) (Alkire et al., 2004), whereas others have also described it in the mid-insula
(Treede et al., 2000) or in the operculoinsular area (Greenspan and Winfield, 1992;
Mazzola et al., 2012b). While the activation of the IC has been implicated in both
antinociceptive and pronociceptive processes (Treede et al., 2000), the role of the IC
in the aversive component as well as the anxiodepressive consequences of chronic
pain is still unclear. Nevertheless, it has been shown that the IC displays functional
and morphological alterations in depressive states, including reduced volume
(Cohen et al., 2013) and altered basal neuronal resting state activity in depressed

patients (Sliz and Hayley, 2012).
b. The hippocampus

The hippocampus, one of the crucial brain regions involved in learning and
memory processes (Colgin et al., 2008; Wicking et al., 2014) but also in anxiety and
depression (Eisch and Petrik, 2012; Wingenfeld and Wolf, 2014), is an important
candidate as substrate for the cognitive and affective consequences of
neuropathic pain. Indeed, neuropathic animals exhibit deficits in working memory
(Ren et al., 2011; Leite-Almeida et al., 2012), in short-term memory (Ren et al., 2011)
as well as in recognition memory (Kodama et al., 2011), and some of these studies
directly linked these deficits to hippocampal abnormalities (Kodama et al., 2011; Ren
et al., 2011).

A recent translational study reported a decreased volume of the hippocampus
in neuropathic pain patients (Mutso et al., 2012) and associated this morphological
change in a rodent model of neuropathic pain to a decreased neurogenesis in the
dentate gyrus (Mutso et al., 2012). These findings complete a previous report showing
an impairment in the enriched environment induced neurogenesis in heuropathic
animals (Terada et al., 2008). Moreover, a reduced density of presynaptic terminal
puncta at CA3-CA1 synapses was also observed after peripheral nerve injury (Ren et
al.,, 2011) (see Figure 1). In rodents, neuropathic pain-induced morphological
changes in the hippocampus have thus been correlated with increased anxiety,
impaired contextual fear extinction (Mutso et al., 2012) and memory deficits (Ren et
al., 2011). This may be related to a decrease in the hippocampal volume reported in

chronic pain patients.
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The chronic pain-induced LTP and LTD plastic changes in the hippocampus
depend on the type of pain, on the animal model and on the studied hippocampal
synapses. Indeed, different from the inflammatory pain (Zhao et al., 2009),
neuropathic pain reduces the induction of LTP without affecting LTD. This was
observed at dentate gyrus, CA1 and/or CA3 synapses, after partial sciatic nerve
ligation (Kodama et al., 2007) as well as after spared nerve injury (Ren et al., 2011).
These studies brought major information, by analyzing plastic modifications at late
time-points of the neuropathic pain when the affective and cognitive consequences
are clearly observed and also by completing the electrophysiological approaches

with behavioral analyses.
c. The amygdala

An increasing body of evidence from anatomical, neurochemical,
electrophysiological and behavioral studies emphasizes the amygdala as an
important player in the affective and cognitive dimensions of pain (Rouwette et al.,
2012; Veinante et al., 2013; Carr and Zachariou, 2014). In particular, the central
(CeA) and the basolateral (BLA) nuclei have been implicated in the affective
components and consequences of neuropathic pain (LeDoux, 2000; Pare and
Duvarci, 2012; Veinante et al., 2013). While the BLA is largely associated with the
processing of mood disorders and fear (Boyle, 2013; Lalumiere, 2014), the field of
pain research mostly focused on the CeA. Indeed, the CeA has been referred to as
the "nociceptive amygdala” because of its high content in nociceptive neurons and
the major inputs it receives from the parabrachial nucleus (PB), a direct relay from

nociceptive information ascending from the spinal cord (Veinante et al., 2013).

In contrast to the hippocampus and to the ACC, morphological analyses
showed an increased volume of the amygdala in animals with a spared nerve injury
and displaying anxiodepressive behaviors. This alteration was associated with an
increased cell proliferation in the CeA as well as in the BLA, while no alterations were

found in the dendritic arborisations (Goncalves et al., 2008).

In neuropathic pain models, the PB-CeA synapses and the BLA-CeA synapses
are potentiated and the excitability of the CeA neurons is increased (lkeda et al.,
2007). While the synaptic changes observed at the PB-CeA synapses appear to be
NMDA-receptor independent (lkeda et al.,, 2007), the infra-CeA administration of

NMDA or group | mGIuR antagonists reduces the pain-induced place avoidance
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behavior (Ansah et al., 2010). It suggests that the amygdaloid NMDA receptors play
a role in the maintenance of neuropathic pain by facilitating BLA inputs or by
facilitating synaptic signaling between CeA interneurons rather than by facilitating
ascending PB-CeA inputs (Ansah et al.,, 2010). In a model of neuropathic pain,
changes in the activity of the CeA were shown to be asymmetrical and time-
dependent. Indeed, the spontaneous and the stimulus-evoked neuronal activities
are higher in the left CeA at 2 and é days after the induction of neuropathic pain,
while the activity in the right CeA becomes more important at day 14 (Goncalves
and Dickenson, 2012). The time-dependency of changes in the activity of the
amygdala is further supported by the increased blood flow observed in the BLA at 8
or 12 weeks, but not at 2 weeks, after the induction of neuropathic pain in rats

(Paulson et al., 2002) (see Figure 1).

Besides the glutamatergic system, the amygdala GABAergic (Pedersen et al.,
2007) and opioidergic transmissions (Narita et al., 2006a) also play critical roles in a
neuropathic context. Indeed, a pharmacological manipulation of GABA-A receptors
in the CeA can modify the escape/avoidance behavior in neuropathic animals,
suggesting that the CeA is implicated not only in sensory processing but also in the
affective-motivational dimension of neuropathic pain (Pedersen et al., 2007). Some
of the CeA neurons co-synthesize GABA with the corticotropin releasing factor (CRF)
(Marchant et al., 2007), a neuropeptide which has a well established role in anxiety
(Hauger et al., 2009; Homberg and Contet, 2009; Binder and Nemeroff, 2010). The
CRF system of the extended amygdala, a continuum of basal forebrain structures
stretching from the CeA caudally to the bed nucleus of the stria terminalis (BST)
rostrally (Alheid et al., 1995; Cassell et al., 1999), is also altered in neuropathic pain,
with increased levels of CRF (Ulrich-Lai et al., 2006; Rouwette et al.,, 2012) and
glucocorticoid receptors (Ulrich-Lai et al., 2006) after peripheral nerve injury (see

Figure 1).

The opioid system in the amygdala modulates the stress response and anxiety-
like behaviors (Kastenberger et al., 2012; Poulin et al., 2013). In this context, a possible
correlation was found between the activity of the amygdala opioid receptors and
neuropathic pain-induced anxiety (Narita et al., 2006a). The effect of the mu-opioid
receptor agonist DAMGO or the delta-opioid receptor agonist SNC80 (but not of the
kappa-opioid receptor agonist 1CI199,441) on [35S]GTPgammasS binding fo the

amygdala membranes was significantly decreased 4 weeks after a sciatic nerve
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ligation, when neuropathic pain-induced anxiogenic consequences can be

observed.
d. The mesolimbic pathway

Growing evidence points out the role of the mesolimbic pathway from the
ventral tegmental area (VTA) to the nucleus accumbens (NAc) in depression and its
tfreatment (Nestler and Carlezon, 2006; Russo and Nestler, 2013). These regions
participate to the “brain reward circuits”, but they also respond to aversive and
nociceptive stimuli (Becerra et al., 2001). Surprisingly, few studies focused on the role

of the NAc in neuropathic pain.

Human imaging data showed that chronic pain activates the NAc and
changes its response fto noxious stimuli (Baliki et al., 2010); and the increased
functional connectivity between the NAc and the PFC is predictive of the fransition
from acute to chronic pain (Baliki et al., 2012). Preclinical imaging and molecular
evidence are also supportive of a time-dependent and structure-dependent
reorganization of the NAc core and shell with the tfransition to neuropathic pain
(Chang et al., 2014). As shown by using fMRI, the functional connectivity of the NAc
core to the caudate/putamen, the insula and the SI/Sll cortices decreases at day 28
of SNI, as well as the NAc shell functional connectivity to the SI/SIl cortices and to the
insula. These changes are however not present at days 2 or 5 of SNI. The genomic
analyses showed an increased gene expression of dopamine receptors at day 5,
and a decreased expression of dopamine 1A receptor, dopamine 2 receptor and
kappa-opioid receptor at day 28 of SNI, and correlated the NAc functional
connectivity with dopamine receptor gene expression (Chang et al., 2014) (see

Figure 1).

Neuropathic pain in rodents also increases the levels of the GIuAT subunit of the
AMPA-type glutamate receptors at the NAc synapses (Goffer et al., 2013), which
leads to the formation of calcium-permeable AMPA receptors (CPARs). These
changes were related to the affective consequences of chronic pain, since the
pharmacological blockade of the CPARs in the NAc increases neuropathic pain-
induced depression-like behaviors, while an AMPA receptor potentiator decreases
them (Goffer et al., 2013). These results are in accordance with studies done by

research groups in the depression field, showing that mice that are susceptible to
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depression present increased GIuATl levels in the NAc in the social defeat model
(Vialou et al., 2010).

2. Nevuroendocrine parameters

Although mood disorders have frequently been associated with alterations of
the hypothalamo-pituitary-adrenal (HPA) axis (Krishnan and Nestler, 2010), published
data do not support such alterations in the context of neuropathic pain. Indeed,
three weeks after the induction of nerve constriction injury, there is no change in
corticosterone and adrenocorticotropic hormone levels in the rats when measures
are done at rest or after a restraint stress (Bomholt et al., 2005; Ulrich-Lai et al., 2006).
This lack of basal and stress-induced alterations is further supported by a study
comparing corticosterone levels at 2, 4 and 8 weeks of peripheral nerve compression
(Yalcin et al., 2011), also showing unaltered adrenal and pituitary weights and HPA
feedback conftrols. These results emphasize that sustained neuropathic pain differs
from a simple chronic stress, at least concerning the neuroendocrine response, even

though it induces similar behavioral consequences (see Table 3).

While neuropathic pain was not preclinically associated with changes in HPA
function (Bomholt et al., 2005; Ulrich-Lai et al., 2006; Kilburn-Watt et al., 2010; Yalcin et
al., 2011), it should be acknowledged that fibromyalgia, which is another type of
chronic pain with a high rate of concurrent mood disorders (Alciati et al., 2012) can
be associated with decreased cortisol production and release (Heim et al., 2000;
Raison and Miller, 2003), similar to posttraumatic stress disorders (Heim et al., 2000;
Raison and Miller, 2003). Moreover, preclinical models of inflammatory pain such as
injections of carrageenan or complete Freund's adjuvant increased corticosterone
level in mice (Benedefti et al, 2012). These observations demonstrate that
neuroendocrine alterations strongly depend on the conditions leading to chronic
pain. This also suggests that the mechanism leading to mood disorders may differ, at

least partly, according to the type of chronic pain.

Besides HPA axis alterations, neuroendocrine abnormalities in depression can
also include changes in thyroid axis, in growth hormone and in prolactin secretion
(Brown, 1989; Lang and Borgwardt, 2013). After ligation of the sciatic nerve, a
decrease in the plasma levels of thyroxine (T4), free thyroxine (fT4) and

triodothyronine (T3), but not of free T3 and thyroid stimulating hormone (TSH), is
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observed in the subpopulation of nerve-injured rats that displays a persistent
decrease in social dominance behavior towards an intruder (Kilburn-Watt et al.,
2010). However, the possible presence and significance of other neuroendocrine

changes in the context of neuropathic pain remains largely unexplored.

3. Neuroimmune response

Neuroimmune alterations are increasingly recognized to play important roles in
the pathophysiology of depression (Dantzer et al., 2008; Capuron and Miller, 2011)
and of chronic pain (Miller et al., 2009; Clark et al., 2013). During the course of an
immune challenge the release of pro-inflammatory cytokines is usually transient and
highly regulated by anti-inflammatory mechanisms, but clinical (Backonja et al.,
2008) and preclinical studies (Calvo et al., 2012; Clark et al., 2013) have presented
evidence for a sustained imbalance between pro- and anfi-inflammatory cytokines
in neuropathic pain. While primarily studied with the peripheral nervous system and
the spinal cord, the recruitment of neuroimmune mechanisms in neuropathic pain

also affects the brain.

Cytokines are synthesized by a variety of immune cells such as neutrophils,
macrophages or lymphocytes, but can also be produced by non immune cells like
glial cells. At early phase of the neuropathic pain, an increase in microglial staining is
observed in the periaqueductal grey and the hypothalamus (Takeda et al., 2009),
and an astroglial activation in the periaqueductal grey (Mor et al., 2010); while at
later phase, when an anxiety-like behavior is present, an astrogliosis is observed in the

cingulate cortex (Narita et al., 2006b).

The upregulation of IL-1B, a proinflammatory cytokine implicated in the
induction and maintenance of neuropathic pain (Ren and Torres, 2009), has been
reported in the brainstem and the prefrontal cortex during the early phase of a
peripheral neuropathic pain (Apkarian et al., 2006). The expression of IL-1p also
increases in the hippocampus of rats with SNI or with CCI, both at early and later
phase of the neuropathic pain (del Rey et al., 2011). In the hippocampus, rats with
neuropathic pain also show a bilateral increase in IL-6 levels (Al-Amin et al., 2011)
and in Nuclear Factor kappa B (NF-kB) expression (Chou et al., 2011), an important
transcription factor known to be implicated in immune responses (see Figure 1).

These abnormal regulations of cytokine expression may participate to the
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hippocampal reorganization, since the induction of LTP in the hippocampus can
increase the expression of IL-1p and IL-6 (Schneider et al., 1998; Balschun et al., 2004)
while the blockade of IL-1 (Schneider et al., 1998) and IL-6 (Balschun et al., 2004) can

impair or prolong the maintenance of LTP, respectively.

While neuroimmune mechanisms after nerve injury are well studied in the
peripheral nervous system and in the spinal cord (Calvo et al., 2012; Clark et al.,
2013), the studies on cytokine expression in specific brain areas are sparse in the
context of neuropathic pain (Ignatowski et al., 1999; Covey et al., 2000; Covey et al.,
2002; Apkarian et al., 2006; Uceyler et al.,, 2008). Moreover, these studies do not
directly address the potential link between cytokines and the emotional
consequences of neuropathic pain. Another important drawback is that most
research focuses on early changes, from an hour to 7 days post nerve injury, rather
than on long term changes, whereas emotional consequences of neuropathic pain

develop over time.

4. Monoamine systems

The monoamine hypothesis, despite its limitations, still remains one of the most
studied hypotheses of depression (Krishnan and Nestler, 2008; Goldberg et al., 2014).
It proposes that depression results from decreased monoamine function in the brain
since freatments such as antfidepressant drugs increase monoamine transmission by
inhibiting monoamine oxydase or by inhibiting the reuptake of serotonin and/or
noradrenaline. This hypothesis is also supported by biochemical studies reporting
alterations in the receptor density and the metabolites of noradrenaline and
serotonin in cortical and limbic structures. Imaging studies show decreased
dopamine receptor binding and genetic studies provide evidence for
polymorphisms of the catechol-O-methyl-transferase (COMT) (Antypa et al., 2013) or

the serotonin tfransporter (Kenna et al., 2012) in depressed patients.

The monoaminergic systems are implicated in pain control, as the serotonergic
and the noradrenergic brainstem regions provide descending pain modulating
pathways. Furthermore, antidepressants acting on noradrenergic uptake, but not on
serotonergic uptake only, are a first-line treatment against neuropathic pain
(Finnerup et al., 2010; Attal, 2013). Recent studies also evidenced that alterations in

the monoaminergic systems might promote the depressive and anxiogenic
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behaviors observed in chronic pain. Indeed, neuropathic pain-induced
anxiodepressive behaviors coincided with marked modifications in noradrenergic
locus cceruleus neurons, such as increased tyrosine hydroxylase and noradrenaline
transporter expression, and az-adrenoceptor hypersensitivity influencing locus
cceruleus fiing and noradrenaline release in the prefrontal cortex terminal areas
(Alba-Delgado et al., 2013). Similar changes in tyrosine hydroxylase, noradrenaline
tfransporter and az-adrenoceptor levels in the locus cceruleus have also been
described in animal models of depression and in the postmortem brain tissue of
depressed individuals (Ordway et al., 1994a; Ordway et al., 1994b; Zhu et al., 1999). In
addition, chronic pain can exacerbate chronic mild stress-induced increase in the
number of tyrosine hydroxylase positive cells in the locus cceruleus (Bravo et al.,
2014), further supporting a possible key role of the locus cceruleus in the interaction

between chronic pain and depression (see Figure 1, Table 3).

5. Nevurotrophic factors
Changes in neurotrophic factors, particularly BDNF (brain-derived neurotfrophic
factor), and subsequent alterations in synaptic plasticity and synapse dynamics can
contribute to depression and antidepressants’ effect (Autry and Monteggia, 2012).
BDNF is the most widely expressed neurotrophin in the central nervous system where
it regulates neuronal survival and differentiation and critically participates in activity-

dependent synaptic plasticity mechanisms (McAllister et al., 1999; Poo, 2001).

The neurotrophic theory of depression stemmed from preclinical studies
reporting that stress reduces BDNF-mediated signaling pathway in the hippocampus
while chronic antidepressant freatment activates this pathway (Krishnan and Nestler,
2008, 2010). Post-mortem studies also showed decreased hippocampal BDNF levels
in depressed patients (Karege et al., 2005). In the field of neuropathic pain, BDNF was
particularly studied in the spinal cord, where it actively participates to the
neuropathic pain pathogenesis. Indeed, the BNDF release from activated spinal
microglial cells causes the disinhibition of pain-transmitting signals (Coull et al., 2005;
Ferrini and De Koninck, 2013). Less information is available at supraspinal level. Two
weeks after SNI or CCI, BDNF levels decrease in the cingulate cortex, the striatum
and the hippocampus, while the levels of another neurotrophic factor, the nerve
growth factor (NGF), increase in the same regions (Al-Amin et al., 2011) (see Figure 1,

Table 3). Moreover, the subchronic administration of a potent stimulator of BDNF
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synthesis, the 4-methylcatechol, suppresses neuropathic pain-induced depression
(Fukuhara et al., 2012). It suggests that decreased BDNF levels may participate to
neuropathic pain-induced depression. Further work is however needed to detail the
possible relations between neuropathic pain-induced depression and brain BDNF

signalling.

D. Conclusion and perspectives

In the past ten years, a growing number of studies have focused on the
affective consequences of neuropathic pain, aiming at modeling them and at
understanding the pathophysiology of neuropathic pain and mood disorder
comorbidity. For this purpose, animal models seem necessary even though the
development of convincing models for psychiatric disorders represents a major
challenge. In this review, we have highlighted some of the difficulties in generating
such models and pointed out crifical parameters that should be considered such as

the time factor, emphasizing the necessity for longitudinal studies.

While sustained neuropathic pain differs from a simple stress regarding
neuroendocrine HPA alterations, there are some common features such as changes
in monoaminergic system or neuroimmune responses. These observations may thus
suggest that the elucidation of mechanisms underlying neuropathic pain-induced
depression should be expanded by considering the molecular players already
identified in the depression field such as franscription factors, circadian genes,

epigenetic actors, mediators of energy homeostasis etc.

Recent studies show that most of the central nervous system pathologies are
related to alterations in brain networks rather than to changes occurring in a single
brain structure. While future investigations are still necessary to divulge the precise
role of target brain structures, and to build causal link between the morphological
and functional alterations and the neuropathic pain-induced mood disorders,
analysis performed on the circuitry level is also necessary to unravel the circuit

dysfunctions underlying this comorbidity.

24



A Primate

-

[JACC
CImcc
[l pcc
[C]RSC

©
w
N

vy,
vt L3

dorsal

rostral caudal

ventral

B

Primate | 24a|24b| 24c| 33 | 25 | (s,p)32 | d32](a,p)24a’ |(a,p)24b’ |(a,p)24c’| 24d | (a,p)33’| 32’ |23,31(29,30

Rodent | Cg2|Cgl| ~ |Cg2| IL PrL ~ Cg2 Ca1l ~ ~ Cg2 ~ ~ | RS

Figure 2. Organization of the ACC in primates and rodents.

A. Schematic views of cingulate cortex subregions in primates and rodents.

In primates, the cingulate cortex arches arround the dorsal aspect of the corpus callosum, in the medial part of the prefrontal
cortex. It is composed by an anterior part in red (ACC, Brodmann’s areas 24, 25, 32 and 33), a middle part in blue (MCC,
Brodmann’s areas 24, 32"and 33’), a posterior part in green (PCC, Brodmann'’s areas 23 and 31) and the retrosplenial cortex in
grey (RS, Brodmann’s areas 29 and 30). The ACC is divided into subgenual (areas 24, 25 and s32) and perigenual (areas p32 and
d32) parts and the MCC into anterior (a) and posterior (p) parts. In rodents, the ACC region, homologous to primate’s areas
24a, 24b, 25 and 32, is located anterior to the bregma. Caudally, the MCC is more undifferentiated and composed by region
homologous to primate’s areas 24a’and 24b’ The rodent RS correspond to a region homologous to primate’s areas 29 and 30.
However, primate’s Brodmann areas 23c, 23d, d23, v23 and d31 constituting PCC, and sulcal areas 24c, d32, 24c, 24d and 32’
don’t have any counterpart in rodent.

B. Correspondence between cingulate cortex nomenclatures in primates and rodents.

The ACC, MCC, PCC and the RS are represented with the same colors than in A. The symbol '~ indicates areas with no
counterpart in rat.

The nomenclature in rodents is the one used in the Franklin and Paxinos ‘s stereotaxic atlas (2007). Prelimbic (PrL) and
infralimbic (IL) cortices correpond to areas 32 and 25, respectively, but are not considered as a part of the ACC in rodents.
Rostral regions of cingulate subdivisions Cg1 and Cg2 correspond to the ACC and caudal regions to the MCC.



lll. The anterior cingulate cortex: Role in mood disorders and in pain

Cette revue de la littérature est le fruit d'une collaboration avec deux autres
doctorants de I'équipe. Clémentine Fillinger a rédigé la section neuroanatomie et
Jim Sellmeijer la partie concernant I'implication de I'ACC dans les troubles de
I'hnumeur. J'ai quant & moi rédigé les parties concernant I'ACC dans la douleur
clinique et préclinique. Ce travail, apres finalisation sera publié dans une revue

scientifique.

A. Neuroanatomy of the ACC

In 1878, Broca first described the cingulate cortex as a component of the great
limbic lobe. Ever since, the knowledge of this structure has greatly evolved. Today, it
is considered as a heterogeneous structure, composed of several subdivisions with

different cytoarchitecture, connections and functions.

1. The general organization of the cingulate cortex

In primate, including human, the cingulate cortex is located in the medial wall
of the cerebral cortex spanning from the supracallosal to the cingulate sulci. It is
composed of four subregions: the anterior cingulate (ACC), the midcingulate (MCC)
and the posterior (PCC) cingulate cortices and the retrosplenial (RS) cortex (Vogt et
al., 2005). The ACC, often divided into perigenual and subgenual parts according to
the anteroposterior axis, covers Brodmann' areas 24, 25, 32 and 33. While the MCC
covers areas 24', 32’ and 33’, the PCC includes areas 23 and 31, and the RS areas 29
and 30. Each area contains additional subdivisions (Figure 2A). For example, the
area 24 contains the 24a, the 24b and the 24c parts; likewise, the area 32 is divided

into a subgenual (s32), a perigenual (p32) and a dorsal (d32) part (Vogt et al., 2005).

Comparing the cingulate cortex of primates and rodents is challenging due to
the absence of the supracallosal and the cingulate sulci in lissencephalic mammals.
The organization of cingulate regions in rodents has recently been reviewed (Vogt
and Paxinos, 2014). The anterior, middle and retrosplenial regions were identified on

the basis of their cytoarchitecture by homology with the primate cingulate cortex.
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The rodent's ACC appears to be composed of regions homologous to Brodmann'
areas 24a, 24b, 25 and 32, with a residual area 33 observed in rats but not in mice.
The MCC is composed of regions homologous to areas 24a' and 24b', the PCC is
absent in rodents, and the RS is composed of regions homologous to areas 29 and 30
as in primates. The limit between the ACC and the MCC in rodents is located
approximately at the level of the bregma (Vogt et al., 2005; Vogt and Paxinos, 2014).
While this description offers a direct comparison with the primate cingulate cortex, it
doesn't completely overlap with the nomenclature often used in rodents. Thus, in the
classic stereotaxic atlases of the rat brain and of the mouse brain (Franklin and
Paxinos, 2007; Paxinos and Watson, 2007), the areas 24a/24a' and 24b/24b' are
respectively labeled cingulate cortex Cg2 (ventral) and Cgl (dorsal), according to
the nomenclature of (Zilles and Wree, 1995). However, the difference between the
areas 24a/24b and 24a'/24b', i.e. between the ACC per se and the MCC, is not
labeled. The rodent’s infralimbic cortex (IL) corresponds to the area 25 and the
prelimbic cortex (PrL) to the area 32 (Figure 2B). Thus, the classical nomenclature
used in rodents restricts the ACC to Cgl and Cg2 regions, which, along with the IL,
the PrL and the secondary motor cortex, constitutes the medial prefrontal cortex

(Van Eden and Uylings, 1985; Heidbreder and Groenewegen, 2003).

In rodents, the ACC (i.e; Cgl and Cg2) is an agranular cortex lacking a true
layer IV. The molecular layer | is relatively large compared to more lateral cortices.
The layers II/lll are thinner than the layers V/VI, divided into two parts, Va/Via and
Vb/VIb, based on their neuronal density. Layers Il to VI mainly contain pyramidal
cells, and these neurons are globally smaller in all layers of the area 24 compared to
the area 24’, but their density is higher in area 24, especially in the layers V/VI. On the
caudal borders of the ACC, the limit between the area 24' and the RS is
characterized by an accumulation of small and densely packed neurons in the
layers II/lll. The area 33 in the rat, wedged between the areas 24a/24a' and the
indisium griseum, remain poorly differentiated (Farber et al., 2004; Vogt and Paxinos,
2014).

2. The ACC connections: insights from rodents and primates studies
The connections of the ACC have been largely studied in the rat, mostly as a
part of the medial prefrontal cortex (Heidbreder and Groenewegen, 2003; Gabbott

et al., 2005; Hoover and Vertes, 2007; Euston et al., 2012; Bissonette et al., 2013;
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Figure 3. Main inputs to the anterior cingulate cortex in the rat. In addition to strong intra-cingulates connections, the
other principal regions sending projections to the ACC are the cerebral cortex in purple, the basal forebrain and the
hypothalamus in green, the thalamus in orange and the brainstem in blue. For each region, the main structures projecting
to the ACC are detailed.
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Courtin et al., 2013; Dilgen et al., 2013). For this reason, we will use the classical
Cgl/Cg2 nomenclature in the following descriptions. The connectivity will be
presented with respect to rats' studies since, according to our knowledge, a
systematic exploration of the mouse ACC connectome is not yet available.
Additional information concerning the primate's ACC will also be given for

comparison.

The different subregions of the rat ACC are strongly interconnected. The caudal
part of the Cgl projects to the caudal part of the Cg2, and the entirety of the Cg2
projects to the middle part of the Cg1 (Jones et al., 2005).

a. The ACC inputs

Concerning afferents (Figure 3), the ACC receives strong inputs from cortical,
thalamic regions, as well as from a few other forebrain structures and from a limited
number of brainstem centers. At cortfical level, the ACC receives moderate to strong
inputs from frontal regions, especially from the medial prefrontal cortex and the
orbital cortex. The PrL sends the strongest projection to the the rostral ACC (Jones et
al., 2005). Inputs from the IL, the medial and ventral orbital cortex and the agranular
medial cortex are moderate and a light projection also arises from the posterior
agranular insular cortex (Conde et al., 1995; Heidbreder and Groenewegen, 2003;
Jones et al., 2005; Hoover and Vertes, 2007). The ACC also receives a prominent
projection from the RS, with a topographical organization of connections between
the RS and the ACC subdivisions (Heidbreder and Groenewegen, 2003; Jones et al.,
2005; Hoover and Vertes, 2007; Vogt and Paxinos, 2014). Caudally, the associative
somatosensory, visual and auditive areas send moderate to strong inputs to the
ACC. These afferents originate mainly in the parietal associative, the secondary
visual and the temporal auditory cortices (Vogt and Miller, 1983; Miller and Vogt,
1984; Conde et al., 1995; Heidbreder and Groenewegen, 2003; Jones et al., 2005;
Hoover and Vertes, 2007). Globally, these cortical afferents to the ACC in the rat are
similar to those described for homologous areas in the primate brain (Pandya and
Kuypers, 1969; Jurgens, 1983; Barbas and Pandya, 1989; Van Hoesen et al., 1993;
Carmichael and Price, 1995; Ongur and Price, 2000; Morecraft et al., 2012).

The hippocampal region also projects to the ACC in the rat. The entorhinal and
the perirhinal cortices send a moderate projection to the ACC (Heidbreder and
Groenewegen, 2003; Hoover and Vertes, 2007). The hippocampus per se strongly

projects to the IL and the PrL (Conde et al., 1995; Heidbreder and Groenewegen,
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2003; Hoover and Vertes, 2007), but recently Hoover and Vertes (2007) showed an
input from the ventral CA1 and the subiculum to the ACC. A similar organization has
been described in primates where inputs from the hippocampus target the rostral
part of the cingulate gyrus, especially the areas 25 and 32, but weakly innervate the
area 24, with no projection to the area 24' (Vogt and Pandya, 1987; Van Hoesen et
al., 1993; Carmichael and Price, 1995; Bachevalier et al., 1997; Morecraft et al., 2012)
(Figure 3).

The second maijor input to the ACC originates in the thalamus, mainly from the
anterior, the midline and the intralaminar nuclei (Horikawa et al., 1988; Conde et al.,
1990; Shibata, 1993; Van der Werf et al., 2002; Heidbreder and Groenewegen, 2003;
Hoover and Vertes, 2007). In the anterior group, strong inputs to the ACC arise from
the anteromedial and the interanteromedial nuclei, while the anterodorsal nucleus
projects predominantly to the MCC (Horikawa et al., 1988; Shibata, 1993; Hoover and
Vertes, 2007; Vogt and Paxinos, 2014). An additional strong projection originates in
the lateral mediodorsal and the ventromedial nuclei (Conde et al., 1990; Heidbreder
and Groenewegen, 2003; Hoover and Vertes, 2007). As for midline nuclei, the
ventrally located reuniens and rhomboid nuclei were found to strongly project to the
ACC, while the dorsal midline nuclei, the paraventricular and the paratenial nuclei,
send a meager projection (Van der Werf et al., 2002; Vertes et al., 2006; Hoover and
Vertes, 2007; Vertes and Hoover, 2008). Among the infralaminar group, the
centrolateral, the centromedial, the paracentral and the parafascicular nuclei
project with variable density to the ACC with a slight preference to Cgl (Van der
Werf et al., 2002; Hoover and Vertes, 2007). While most of the thalamic inputs to the
ACC are comparable in rats and primates, the afferents from the anteromedial and
the anterodorsal nuclei which are strong in rodents are almost absent in the primate
ACC (Jurgens, 1983; Vogt and Pandya, 1987; Carmichael and Price, 1995;

Bachevalier et al., 1997; Romanski et al., 1997) (Figure 3).

A few additional forebrain regions contribute to the ACC afferents. The
basolateral nucleus of the amygdala and the claustrum both project to the ACC
(Heidbreder and Groenewegen, 2003; Hoover and Vertes, 2007). A distinctive
projection arises from the diagonal band of Broca and from the basal nucleus
complex. Additionally, ACC projecting neurons are found spread through the basal
forebrain, in the substantia innominata, the globus pallidus and the bed nucleus of

the stria terminalis (Heidbreder and Groenewegen, 2003; Hoover and Vertes, 2007;
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Chandler et al., 2013). At least a part of these projections is cholinergic (Chandler et
al., 2013). Finally, the hypothalamus appears to send a limited projection to the ACC,
especially from the lateral hypothalamus and the supramammillary nucleus (Hoover
and Vertes, 2007). The same projections have been described in primates (Pearson
et al., 1982; Jurgens, 1983; Barbas and De Olmos, 1990; Carmichael and Price, 1995;
Frankle et al., 2006) (Figure 3).

The brainstem afferents to the ACC are sparse and originate selectively in
dopaminergic, serofonergic and noradrenergic centfers (Heidbreder and
Groenewegen, 2003; Hoover and Vertes, 2007; Chandler et al., 2013). As the rest of
the medial prefrontal cortex, the ACC receives a sizeable projection from the ventral
tegmental area (VTA) (Heidbreder and Groenewegen, 2003; Chandler et al., 2013),
but a moderate projection also arises from the medial substantia nigra pars
compacta (SNc) (Conde et al., 1995; Hoover and Vertes, 2007). Afferents from the
raphe nuclei originate preferentially in the dorsal raphe and to a lesser extent in the
median raphe (Hoover and Vertes, 2007). While at least a portion of the VTA/SNc
and raphe afferents are dopaminergic and serotonergic, respectively, non
monoaminergic projections from these centers to the ACC have been shown
(Chandler et al.,, 2013). Noradrenergic afferents take their origin in the locus
coeruleus (LC) (Hoover and Vertes, 2007; Chandler et al., 2013). In primates' ACC,
the inputs from monoaminergic centers such as the VTA, the SNc and the LC, are
completed by other brainstem inputs from the mesencephalopontine formation, the
area prerubralis, the periaqueductal gray, the dorsal tegmental nucleus of Gudden
and the superior vestibular nucleus (Jurgens, 1983; Berger et al., 1988; Lewis, 1992;
Paus, 2001).

b. The ACC outputs
Regarding ACC outputs (Figure 4), most of the afferents reaching the ACC are
reciprocated by an efferent projection, with only a few exceptions. Additionally, the

ACC also sends axons to some structures which do not project cortically.

Substantial projections from the ACC to the orbital, the sensorimotor, the visual-
related, the refrosplenial and the temporal areas, such as the perirhinal cortex, have
been described (Vogt and Miller, 1983; Sesack et al., 1989; Arikuni et al., 1994;
Heidbreder and Groenewegen, 2003; Jones et al., 2005). The hippocampus is a
notable exception to the reciprocity of cortical connections as it doesn't appear to

receive any input from the ACC (Sesack et al., 1989; Heidbreder and Groenewegen,
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2003). In primates, projections from ACC to motor and premotor cortices have been
described (Pandya et al., 1981; Van Hoesen et al., 1993; Arikuni et al., 1994), but the
most interesting thing is that ouputs to presubiculum and to CAT have also been
report (Baleydier and Mauguiere, 1980; Arikuni et al., 1994). The thalamic nuclei
receiving projections from the ACC are generally the same as the ones projecting to
it (Vertes, 2002; Heidbreder and Groenewegen, 2003). The stronger outputs of the rat
ACC are directed to the lateral part of the mediodorsal nucleus, and to the
anteromedial, the interanteromedial, the paraventricular and the reuniens/rhomboid
nuclei (Vertes, 2002; Gabbott et al., 2005). In primates, similar cortico-thalamic
connections have been described, including a strong output to the mediodorsal
nucleus, in addition to a moderate output to the pulvinar (Leichnetz and Astruc,
1976; Tanaka, 1976; Carmichael and Price, 1995; Romanski et al., 1997; Ongur and
Price, 2000) (Figure 4).

In the basal forebrain, the efferents from the rat ACC target the basolateral
amygdala and the claustrum in a reciprocal way (Cassell and Wright, 1986; Sesack
et al., 1989; Heidbreder and Groenewegen, 2003; Gabbott et al., 2005). The
cholinergic diagonal band of Broca is also reached by ACC axons, especially ifs
horizontal limb (Sesack et al., 1989; Heidbreder and Groenewegen, 2003). A
unidirectional cortico-striatal projection from the ACC concerns the dorsal striatum,
mainly the medial and intermediate parts of the caudate putamen, and only
marginally encroaches on the ventral striatum (Sesack et al., 1989; Heidbreder and
Groenewegen, 2003; Gabbott et al, 2005). The ACC projections to the
hypothalamus seem to be directed to the lateral and the posterior hypothalamus
(Sesack et al., 1989; Heidbreder and Groenewegen, 2003; Gabbott et al., 2005).
However in primates, the cingulostriatal projection is directed only to the cenftral,
central, medial and lateral parts of the ventral striatum, whereas the dorsal striatum is
connected mainly to the MCC (Pandya et al., 1973; Baleydier and Mauguiere, 1980;
Van Hoesen et al., 1993; Kunishio and Haber, 1994; Carmichael and Price, 1995;
Ongur et al., 1998) (Figure 4).

In the brainstem, the ACC axons terminate in monoaminergic centers such as
the dorsal raphe, the VTA, the SNc and the LC, which contribute to ACC afferents
(Sesack et al., 1989; Ongur and Price, 2000; Heidbreder and Groenewegen, 2003;
Gabbott et al., 2005). It should be noted that the ACC projections to these regions

are generally less dense than the ones from the PrL and the IL (Heidbreder and
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Groenewegen, 2003; Gabbott et al., 2005). In addition, the ACC also projects to
brainstem centers from which it doesn't receive any direct afferent. Thus, the
periaqueductal gray matter is the recipient of an ACC projection mainly targeting its
dorsolateral column (Sesack et al., 1989; Floyd et al., 2000; Ongur and Price, 2000;
Heidbreder and Groenewegen, 2003; Gabbott et al., 2005). Other minor efferents of
the ACC have been described to the superior colliculus, the midbrain retficular
formation and the nucleus of the solitary tract. Finally, ACC neurons have been
found to project to the cervical and the thoracic spinal cord (Miller, 1987; Gabbott
et al., 2005).

In primates, the ACC efferents to the brainstem have also been identified. The
abundant projections include the SNc, the VTA, the dorsolateral part of the
periaqueductal gray matter, the midbrain reticular formation, the red nucleus, the
dorsal raphe and the LC (Leichnetz and Astruc, 1976; Van Hoesen et al., 1993; An et
al.,, 1998; Burman et al., 2000; Frankle et al., 2006). Regarding the spinal cord, the
primate cingulospinal projection originates preferentially from the MCC while the
main projection to the spinal cord comes from the ACC in rat (Luppino et al., 1994;
Vogt and Paxinos, 2014).

B. The role of the ACC in mood disorders

Clinically, the structural analysis of the ACC revealed that a reduction of its
volume is correlated with the number of depression episodes (Yucel et al., 2008), the
correlation with an increased risk of major depression being more specifically related
to less gray matter volume in the subgenual ACC (sACC) (Drevets et al., 1997;
Botfteron et al., 2002; Coryell et al., 2005) and in the VACC (Boes et al., 2008).
However, such reduction of the ACC volume is also found in various other psychiatric
disorders, including post-traumatic stress disorder (PTSD) (Rauch et al., 2003; Yamasue
et al., 2003; Kitayama et al., 2006), borderline personality disorder (Whittle et al., 2009;
Niedtfeld et al., 2013), schizophrenia (Byun et al., 2012; Sinka et al., 2012; Lee et al.,
2013) and obsessive-compulsive disorder (OCD) (Kuhn et al., 2013). In both the PTSD
(Yamasue et al., 2003) and the borderline personality disorder (Bouras et al., 2001;
Whittle et al., 2009), the symptom severity was negatively correlated with the size of
the ACC.
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The anterior cingulotomy, a lesion of the cingulum bundles, can be clinically
used as a last resort freatment for patients suffering from treatment resistant major
depression. This type of ablative surgery leads to improvements in around 75% of the
patients with infractable major depression (Shields et al., 2008). The anterior
cingulotomy is most successful when the lesion is performed more anteriorly and
interrupts the connectivity with the posterior part of the ACC (Steele et al., 2008). This
“rostral extension” of the ablative procedure hints towards a participation of the
vACC in major depression, which is in line with data showing an increased vACC
activity in depressed patients during the processing of emotional stimuli (Yoshimura
et al., 2010). Furthermore, it has been shown that antfidepressant drugs such as the
serotonine/noradrenaline reuptake inhibitor clomipramine decrease the activity of
the ACC (de Almeida et al., 2010). Confirming the ACC as a target for invasive
surgical procedures to treat depression, deep brain stimulation of the ACC has been
shown to be effective in the treatment of depression symptoms (Lipsman et al.,
2013).

These clinical results suggest that an increased ACC activity may underlie the
depression phenotype. This notion is further supported by animal studies. For
instance, in the social-defeat-paradigm, the presence of depression-like behavior is
accompanied by an increased cingulate activity (Yu et al., 2011). Reciprocally,
when the rat’s infralimbic cortex is inactivated, which can be argued fto be
equivalent to the primate subgenual ACC, the depression-like phenotype decreases
(Slattery et al., 2011). However, the detailed influence of cingulate sub-regions
require further exploration, since lesions of the rostral ACC in the rat has been
reported to have either no effect on the immobility in the forced swim test (Li et al.,

2012), or to result in increased immobility (Bissiere et al., 2006).

Altered ACC activity has also been associated with another psychiatric
condifion, the PTSD. In an fMRI study, PTSD patients performed an emotional
counting Stroop task (ecStroop) (Shin et al., 2001). During the ecStroop, participants
count the words presented on a computer screen which have, depending on the
condition, neutral, negative or combat related contents. The PTSD patients show a
diminished rACC activity during the presentation of combat related words, in
contfrast to healthy subjects (Shin et al., 2001). The authors propose that the
rostral/ventral ACC would have a regulating role, inhibiting the activity of the

amygdala in response to fearful stimuli. In PTSD patients this inhibition, as reflected by
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an ACC hyporesponsivity, is disrupted, which results in a hyperresponsive activation
of the amygdala during the processing of fearful stimuli (Shin et al., 2005). A similar
hypothesis has also been done for another psychiatric disorder, the general anxiety
disorder (Greenberg et al., 2013). On the contrary, other studies reported an
increased dACC activity in PTSD patients, which would therefore refute the above
theory (Phan et al., 2006). However, as stated previously, the function of the dACC is
thought to differ from the one of the VACC, suggesting different significance for

altered activity observed in one or the other region.

A decreased activity of the dACC during the anficipation and the perception
of non-emotional stimuli has been associated with borderline personality disorder
(Gruber et al., 2004; Scherpiet et al., 2014). Moreover, an increased pregenual
activity during the anticipation of negative stimuli (Scherpiet et al., 2014) together
with an increased ventral activity during anger processing (Minzenberg et al., 2007)
and an increased connectivity between the amygdala and the vACC (Cullen et al.,
2011) suggest that borderline patients suffer from a disrupted interplay between
cognitive and emotional processes. This is further reflected by the finding that error-
related negativity amplitudes, a signal generated by the ACC after erroneous
responses, were decreased in borderline disorder patients (de Bruijn et al., 2006). This
reduced action monitoring might be the reason why borderline patients do not learn

from their errors as well as healthy individuals.

In a number of studies, the obsessive compulsive disorder (OCD) has been
associated with greater error-related processing. For instance, the severity of OCD
symptoms has been correlated with an increased vACC error-related processing
(Fitzgerald et al., 2005). It has moreover been shown that the vVACC is more active in
OCD patients during response competition tasks and that the dACC is deactivated
during reinforced learning tasks (Cavanagh et al., 2010). The OCD patients were also
shown to have increased ACC resting state activity (Hou et al., 2012; Cheng et al.,,
2013). Accordingly, a chronic anterior capsular electrostimulation decreased both
the subgenual ACC activity and the OCD rating scores (Van Laere et al., 2006).
Functional connectivity studies showed that connectivity between the ACC and the
orbital frontal cortex (OFC) is decreased in OCD patients (Fontenelle et al., 2012;
Cheng et al., 2013). As the OFC is implicated in choice evaluation, whereas the ACC
neurons encode choice prediction, this might be part of the neuronal basis for the

impaired error detection phenotype in OCD patients (Cheng et al., 2013).
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Additionally, as the connectivity between these regions is reduced after sad mood
induction, this might reflect why OCD patients experience an increased
symptomatology during negative emotional states (Fontenelle et al., 2012). Diffusion-
tensor imaging showed that the cingulum bundle (CB), which is the white matter
bundle connecting the cingulate cortex with limbic regions, is also altered in OCD

patients (Cannistraro et al., 2007).

Concerning the ACC activity in schizophrenia, both increased (Mendrek et al.,
2005; White et al., 2011) and decreased activity (Kim et al., 2003; Boksman et al.,
2005; Fu et al., 2005; Wagner et al., 2013) have been reported. Nevertheless, the
predominant part of these studies reports a decreased activation during cognitive
tasks (Adams and David, 2007). Such decreased activity correlated with task
performance, providing a neuronal basis for the cognitive deficit in schizophrenia
patients (Yan et al., 2012a). A disrupted functional connectivity between the ACC
and the mediodorsal thalamus has also been reported (Wagner et al., 2013). In the
same study a stronger connectivity is observed between the dorsolateral prefrontal
cortex and the mediodorsal thalamus, which might function as a compensatory
mechanism. This is hypothesized to result from disrupted white matter connectivity.
Among other regions, a decreased positive connectivity with the bilateral putamen
and an increased negative connectivity with the posterior cingulate cortex have
also been reported, indicating hemispheric asymmetries in schizophrenia (Yan et al.,
2012a). Molecular  findings indicate  that  a-Amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid (AMPA) and N-Methyl-D-aspartate (NMDA) signaling might
be responsible for the disrupted ACC activity in schizophrenia. For instance,
tfransmembrane ionotfropic glutamate receptor regulatory protein  (TARP)
dysregulation is hypothesized to result in disrupted AMPA receptor activity
(Drummond et al., 2013). Neurogranin, which is associated with NMDA receptor
signaling (Ohi et al., 2012), and N-acetyl aspartate (NAA) concentration, whose
release is increased due to NMDA receptor activation, are both reduced in
schizophrenia patients (Premkumar et al., 2010). This disturbed glutamate signaling
might be the cause for the decreased ACC activity observed in schizophrenia

pafients.
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C. The role of the ACC in pain

Pain consists of at least two distinct dimensions, the sensory-discriminative
component encompasses qualities such as the localization and intensity of pain
while the affective-motivational component is characterized by the unpleasantness
or negative affect of pain. A growing number of clinical and preclinical studies
explored the critical role of the ACC in these components as well as in the cognitive

and attention aspects of pain.

1. Insights from clinical studies
In the 60’s, the cingulotomy, which refers to the ablation of a part of the ACC,
was used in patients suffering from neuropsychiatric illness and infractable pain
resistant to classical treatments (Ballantine et al., 1967). Those cingulotomies
(Ballantine et al., 1967) resulted in a decrease in the perceived unpleasantness of
pain without affecting the ability to discriminate the location, intensity and quality of
the noxious stimulus, emphasizing that the ACC is essentially involved in the

affective/motivational component of pain experience.

a. The role of the ACC in physiological conditions

Most of the clinical studies focusing on the implication of the ACC in mediating
and modulating pain were performed in healthy volunteers. Imaging studies show
that a thermal stimulus such as heat, laser and cold stimuli applied on skin increases
the fMRI signal in the ACC. However, the localization and the lateralization of the
activated area may differ between studies. Indeed, some report an activation of the
contralateral ACC (Coghill et al., 1994), others of the midcingulate and of the
perigenual part of the ACC (Vogt et al., 1996), of the bilateral ACC (Coghill et al.,
2001) or of the anterior, ventral and posterior part of the ACC (Kwan et al., 2000). In
fact, the subregional patterns of activation partly changes according to the type of
stimulus. Indeed, the ventral pACC is abundantly activated following an electrical
stfimulus, while more dorsal part of the pACC is activated after a thermal stimulation.
Besides skin stimulation, several studies have been performed with direct nerve (Davis
et al., 1995) and gastrointestinal fract (Silverman et al., 1997) stimulation. Concerning
nerve stimulation, only painful stimulation induces an activation in the ACC (Davis et

al., 1995; Dowman et al., 2007). The activation of the trigeminal nerve after different
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type of stimulus, chemical, electrical and mechanical, also confirm the previous

studies showing an activation of the ACC in a similar way (lannilli et al., 2008).

b. The role of the ACC in pathological pain conditions
The ACC is a structure that is, according to human studies, consistently
activated during pain experience in healthy subjects. It is worthy to wonder if,
according to these results, the ACC could be involved in the pathological chronic
pain. We will discuss in the next part chronic pain conditions such as fibromyalgia

and neuropathic pain.

i. Fibromyalgia

According to the American College of Rheumatology, fibromyalgia is
characterized by widespread pain with sleep disturbance, fatigue and is frequently
associated with psychological disorders. Compared to healthy control, patients
suffering from fibromyalgia display a decrease in gray matter volume in several brain
regions including the ACC. Even if the duration of pain did not correlate with the
gray matter volume, brain structural changes seem to be involved in this pathology
(Burgmer et al., 2009). Using fMRI in fibromyalgia patients, it was shown that the ACC
is activated in response to a mechanical stimulus that would only recruit the

somatosensory cortex in healthy subjects (Pujol et al., 2009).

i. Neuropathic pain
Neuropathic pain is a pain caused by a lesion or disease of the somatosensory
nervous system (Jensen et al., 2011). This general definition points to the large
heterogeneity of the causes (fraumatic, metabolic, infectious, etc) and the clinical
signs (allodynia, hyperalgesia, hypoalgesia, analgesia, etc) of the neuropathic pain.
Thus, it is tricky to make general conclusions about this heterogeneous condition

since the changes observed within the ACC could differ according to the etiology.

Both morphological and functional alterations were reported in the ACC in
neuropathic pain conditions. For example, a decrease in gray matter density in the
ACC has been observed in patient suffering from neuropathic pain secondary to

recurrent herpes simplex virus infections (Vartiainen et al., 2009).

In a fMRI study conducted on patients suffering from different nervous system
lesions (spinal, brainstem, thalamic or cortical lesions), mechanical and cold
allodynia recruited the mid-ACC (Peyron et al.,, 2004) and in diabetic neuropathy
thermal hyperalgesia has been shown to activate the ACC (Tseng et al., 2013). While
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the previous studies addressed the question of brain response to evoked pain,
positron emission tomography showed an activation of the bilateral PCC as well as
right ACC, regardless of the side of the neuropathy, during ongoing pain in patients

suffering from mononeuropathy (Hsieh et al., 1995).

c. Therole of the ACC in the affective component of pain

The pain is a multidimensional experience involving both somatosensory and
emotional components. Being a part of the limbic system, the ACC has been
associated with the affective/emotional component of pain. In the late 90's, a study,
using hypnosis coupled to live imaging in humans confirmed this role of the ACC
(Rainville et al., 1997). Without changing the perceived intensity (i.e. the
somatosensory component) of a nociceptive stimulus, hypnotic suggestions to
healthy subjects were made in order to vary the unpleasantness (i.e. the affective
motivational component) of the stimulation. It appears that the variations of
unpleasantness were correlated with the variation of regional cerebral blood flow
(rCBF) in the ACC, but not in other structures (Rainville et al., 1997). Using a PET
correlation analysis, another study confirmed the role of the pACC in the encoding
of pain unpleasantness induced by a hot painful stimulus (Tolle et al., 1999).
Interestingly, the pACC was the only region where the activation was correlated with

an increase of the reported pain unpleasantness.

Pain relief can be considered as rewarding (Leknes et al., 2011), and another
argument for the involvement of the ACC in the affective/motivational aspects of
pain is the activation of the ACC both in human and in rats in response to the offset

of an noxious heat stimulus (Becerra et al., 2013).

d. The role of the ACC in the cognitive component of pain

Another major component of the pain experience is the cognitive aspect.
Indeed, pain involves different cognitive features as expectation, anficipation,
attention, appraisal, empathy, learning and memory (Legrain et al., 2012) which are
necessary for the defensive behavior produced in response to actual or potential
pain (Eccleston and Crombez, 1999). A very intense pain recruits all the personal
aftention to the site of injury, and, as a consequence, diminishes the cognitive
functions allowed freating other internal and external information. When pain
becomes chronic, the focus on the pain becomes prominent (Eccleston et al., 1997)
and can seriously impaired cognitive functions, having important consequences on

the daily life, the work and the social interactions of chronic pain patients. The
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involvement of the ACC in different cognitive parameters is detailed in the following

sections.

i. Expectation — Anticipation of pain

The first question that comes to mind is whether it is possible to differentiate the
pain expectation and pain anticipation. In theory, pain expectation is linked to an
uncertain painful event whereas pain anticipation should be associated with a later,
but certain painful event. In other words, does the brain react in the same way when
the painful event is uncertain (expectation) or certain (anticipation) beforehand to
the stimulus? Trying to anticipate an unpredictable and an unlearned pain stimulus
has been shown to activate the right ACC while anficipating a learned painful
stimulus decreased the activity in this same region (Hsieh et al., 1999), showing that
expectation and anticipation does not necessarily recruit the same pathway. Then,
do these cognitive processes modify brain activity related to painful stimulig A study,
in which groups of subjects were submitted to either a simple non painful stimulus or
non painful stimulus alternated with painful stimulus reported that the activity of the
ACC increased in the latter condition after the non painful stimulus (Sawamoto et al.,
2000). Another interesting question is to know if the intensity of pain and the
activation of pain-related regions can be influenced by the degree of expected
pain. When expected pain is manipulated, expectations of decreased pain
powerfully reduce both the subjective experience of pain and the activation of
regions involved in pain processing such as the ACC and the insular cortex (Koyama
et al., 2005).

i. Atftention — Distraction induced by a pain state

It has been stated that pain can modify our attention (Eccleston and Crombez,
1999). In the case of acute pain, this is a useful reaction in order to direct the
aftention to the source of pain, aiming at stopping or avoiding it. Chronic pain
patients can develop hypervigilance towards pain (Tiemann et al., 2012), which may
alter the interactions with relatives and the environment, the ability fo work and the
overall quality of life (Grisart and Plaghki, 1999). To evaluate the interaction between
pain and attention, studies monitoring brain activity during attention demanding
tasks and painful stimuli had been developed (Bantick et al., 2002). It has been
shown that during high demanding attentional tasks, pain ratings following thermal
noxious stimulus diminishes, which was correlated with an increase in the activity of

the affective ACC (rostral) and a decrease in the activity of the cognitive ACC
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(medial) (Bantick et al.,, 2002). The decrease in the ACC activity is confirmed in
another study using CO2 laser pulse as noxious stimulus and MEG as brain activity

monitoring technique (Qiu et al., 2004).

ii. Empathy

Empathy is our ability to understand and share other person feelings. We can
demonstrate empathy for other's pain, and the involvement of the ACC in this
sifuation is already described. Indeed, the rostral ACC is activated in a person
receiving a noxious stimulus, but also in a person witnessing it (Morrison et al., 2004).
Such activation is observed in the anterior IC (alC), but not in the SI/SII, the caudal
ACC and the posterior IC, in which the activation was only present after an actual
noxious stimulus. These results suggest that the empathy for pain could activate the
cortical structures involved in the emotional but not the sensory component of pain
(Singer et al., 2004). Persons with a congenital insensitivity to pain have normal mid-
cingulate activity while witnessing other’'s pain. This suggests that the empathy
mediated by this structure do not rely only on mirror matching, since these patients

never felt pain (Danziger et al., 2009).

2. Insights from preclinical studies
In this section, we review preclinical studies and discuss them from macroscale
(imaging and behavioral studies) to microscale level (electrophysiology and

molecular studies).

a. Insight from lesion studies
i. The role of the ACC in the sensory component of
pain

Although some studies showed that lesions of the ACC decreased the sensory
component of thermal (Lee et al., 1999) or inflammatory pain (Donahue et al., 2001),
others reported no effects of lesions on inflammatory response such as licking and
biting of the inflamed paw (Johansen et al., 2001) and on mechanical allodynia
(LaGraize et al., 2004). These discrepancies may be explained by the nature of the
painful stimulus that was used (cold vs nerve injury), by the precise localisation (rostral
vs medial, dorsal vs ventral) of the lesion or by the extent (unilateral, bilateral, rostro-

caudal) of the lesion.
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i. The role of the ACC in the aversive-motivational

component of pain
Pain is defined as an unpleasant experience with sensory and emotional
dimensions. The latter has been for long not evaluated in animal research. This was
due to the difficulties for the experimenters to assess and quantify the emotional

state of animails. Since the 2000's, several paradigms have addressed this question.

Some articles reported a role for the ACC in the aversive aspects of evoked
mechanical allodynia in neuropathic pain models by using the place
escape/avoidance paradigm (LaGraize et al., 2004). This test measures the escape
behavior of animals towards an evoked painful stimulus. Interestingly, this avoidance
behavior was abolished after bilateral lesion of the ACC while the paw withdrawal
response reflecting the mechanical sensitivity remained unchanged. Therefore, the
ACC seems to mediate the aversive component of evoked pain without affecting its

somatosensory aspect in a model of neuropathic pain.

A study published in 2001 associated the injection of formalin intfo the hind-paw,
which induces an inflammatory pain, with a place-conditioning paradigm. In this
test, the rats developed an aversion to the context paired with formalin. Interestingly,
ACC lesions prior to this place-conditioning test prevented the avoidance for the
formalin-paired compartment without having any effects on nociceptive behaviors
such as paw lifting, licking and flinching (Johansen et al., 2001). These results suggest
that the ACC mediates the aversive-motivational component but not the sensory

component of inflammatory ongoing pain.

Conditioned place preference experiments have been developed recently to
study the spontaneous pain in a rat model of neuropathic pain (King et al., 2009).
The conditioning stimulus is the relieving effects of a non-rewarding analgesic drug
such as clonidine. The animal shows a preference for the analgesic drug-paired
context, in absence of any evoked painful stimuli, showing that the drug relieves the
sponfaneous pain state. The lesion of the ACC blocked this preference for the
analgesic-paired compartment, indicating that the ACC is involved the aversive
component of spontaneous pain (Qu et al., 2011). These results were generalized in
other models of pain. Indeed, the ACC is also implicated in the affective component

of visceral pain (Yan et al., 2012b) and of cephalic pain (De Felice et al., 2013).
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b. Insights from ex vivo electrophysiology

In the context of a neuropathic pain model, it has been shown that the
spontaneous membrane-potential oscillations and action potential firing of
pyramidal neurons of the layers lI/lll of the ACC are higher in neuropathic rats (Ning
et al.,, 2013). In another study, the nerve injury induced an enhancement of the
probability of the presynaptic glutamate release and postsynaptic glutamate AMPA
receptor-mediated responses (Xu et al., 2008). In chronic inflammatory pain, by using
in vitro patch-clamp recordings, the group of Min Zhuo reported an enhancement in
neurotransmitter release probability in the ACC synapses mediated, at least in part,
by calmodulin-stimulated adenylyl cyclase AC1, AC8 (Zhao et al., 2006) and TNF-
alpha (Jia et al.,, 2007). Using a bee venom persistent pain model, Gong et al.
observed an increase in the frequency and the amplitude of spontaneous excitatory
post-synaptic currents (SEPSCs) and a decrease in the spontaneous inhibitory post-

synaptic currents (sIPSCs) in ACC slices compared to the controls (Gong et al., 2010).

c. Insights from in vivo electrophysiology

Several teams have highlighted an increase of the neuronal activity of the ACC
neurons in a context of pain processing. Electrical stimulation of supraspinal pain
centers such as the medial thalamus induces the activation of the ipsilateral
cingulate cortex (Kung and Shyu, 2002) confirming the ACC as a target of the
medial thalamic pain pathway. In anesthetized rats, spontaneous activities of the
pyramidal neurons of layers lI/lll are characterized according to their firing pattern:
regular spiking, intermediate and intrinsic bursting. Acute noxious but not non noxious
mechanical stimulation of the hindpaw evoked spike responses in all three types of
neurons (Koga et al., 2010). In freely moving rats, noxious laser stimulation to the
hindpaw induced neuronal activation in the ACC (Zhang et al., 2011). Altogether,
these studies show that the ACC neurons could be activated by different kinds of
peripheral nociceptive stimuli (mechanical, thermal) in both anesthetized and freely

moving animails.

d. Insights from imaging studies
Imaging studies in animals have shown an activation of the ACC during noxious
stimulation in anesthetized (Tuor et al., 2002) or awake animals (Becerra et al., 2011),
whereas innocuous stimulation failed to activate the ACC (Yang et al., 2011). For
instance, the electrical or the chemical stimulation of the forepaw induced a

bilateral activation of the ACC which was decreased by a pre-tfreatment with
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morphine (Tuor et al., 2000). While most of the imaging studies have measured the
activity of the ACC following peripheral stimulation in naive animals (Tuor et al.,
2002), there are some studies focusing on the chronic pain condition such as
neuropathic pain. Using autoradiographic techniques to monitor changes in rCBF in
a model of chronic constriction injury (Bennett and Xie, 1988), an activation of the
ACC can be observed 10 days (Mao et al., 1993), 2 weeks (Paulson et al., 2000), 8
weeks or 12 weeks (Paulson et al., 2002) after the induction of the neuropathy.
Structural MRI studies showed a decreased volume of the ACC (Seminowicz et al.,
2009) in the spared nerve injury model (Decosterd and Woolf, 2000) and the
functional MRI studies confirmed the activation of the ACC in this model, 3 weeks

after the induction of the neuropathy (Thompson et al., 2014).

e. Insights from molecular studies

Molecular manipulations of the ACC modify the expression of several pain
behaviors. For instance, inhibiting protein kinase M zeta (PKM(), an atypical isoform
of protein kinase C thought to be involved in long term potentiation (LTP), resulted in
a reduction of mechanical allodynia in neuropathic animals (Piombino et al., 2010).
AC1 and ACS8, two majors adenylate cyclases in the brain which link NMDA receptor
activation to the cAMP intracellular signaling pathway are overexpressed in the ACC
(Wei et al., 2002). Furthermore, it has been shown in the same study that double AC1
and AC8 KO mice responses to acute noxious stimulatfion in the hot plate test, in the
tail flick test and in the paw mechanical pressure test are similar to those observed in
wild type mice. However, following paw injection of formalin, the nociceptive
behavior (licking and biting the formalin injected paw), and the mechanical
allodynia were reduced in double KO ACI1/AC8 mice. Mechanical allodynia
secondary to partial nerve ligation (a neuropathic pain model) was also reduced in
the same animals (Wei et al., 2002). Moreover, overexpression of the NMDA receptor
subunit NR2B in the ACC of mice induced an enhanced nociceptive behavioral
response (licking and biting the formalin injected paw) and an enhanced
mechanical allodynia to paw injection of formalin although response to acute
nociceptive stimulation (hot plate and cold plat tests, tail flick test) was not altered
(Wei et al., 2001). Moreover, local injection of NR2B antagonist within the ACC in the
model of formalin-induced inflammation reduced nociceptive responses (licking and

biting the formalin injected paw) (Quintero et al., 2011).
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f. Discrepancies between studies

We already showed some discrepancies between the effects of ACC lesions on
the response in inflammatory and neuropathic pain conditions, with most of studies
showing no effects of the ACC lesions (Johansen et al., 2001; LaGraize et al., 2004;
King et al., 2009) on the observed behaviors. However, the molecular studies show an
involvement of the ACC in response to nociceptive stimuli in chronic inflammatory
condifion and neuropathic but not in response to acute nociceptive stimulation. The
observed differential involvement of the ACC in pain responses depend probably on
the type of pain model that is used (acute model of pain or tonic inflammatory
model or chronic neuropathic model) and the precise localization of the

manipulations in the ACC.
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Opercule pariétal

Figure 5. Représentation schématique d’un cervau humain vu en coupe coronale. Sont représentés les opercules pariétal (fond
jaune) et frontal (fond bleu) recouvrant 'insula (fond violet) située en profondeur du sillon latéral.

Coupe coronale provenant de la banque d'image Servier.

Sillon central

Sillon péri-insulaire

Insula antérieure

irconvolutions
Insula postérieure Circonvolutions courtes

longues

Figure 6. Représentation schématique d’un cervau humain ou I'on a supprimé une partie des lobes frontal, pariétal et temporal. La
morphologie de I'insula est visible avec sa partie antérieure en orange et sa partie postérieure en vert.

Adapté de Sobotta J, Atlas of Human Anatomy, 1908.



IV. Le cortex insulaire : role dans la douleur chez ’'Homme et le rongeur

A. Organisation générale du cortex insulaire

1. Chez les singes et ’THomme

Le cortex insulaire ou insula, du latin lle, est une structure corticale décrite et
nommée par le médecin allemand Johann Christian Reil en 1809 (Reil, 1809). Elle se
situe en profondeur sous la scissure latérale, sous les opercules frontaux, pariétaux et
temporaux qui la bordent et est séparée d’eux par les sillons péri-insulaires (Figures 5
et ). L'insula est organisée en deux parties, la partie antérieure est séparée de la
partie postérieure par le sillon central insulaire. La partie antérieure contient trois
courtes circonvolutions, antérieure, moyenne et pré-centrale. La partie postérieure
est composée de deux circonvolutions longues, post-centrale et postérieure (Figure
6, adapté de (Sobotta, 1908)). Elle est considérée comme le cinquieme lobe du

cerveau.

La cytoarchitecture de I'insula révele une organisation concentrique avec une
partie agranulaire (absence de couche IV) du cbté antéroventral, entourée par une
zone dysgranulaire (couche IV discontinue), elle-méme circonscrite par une zone
granulaire (couche IV bien définie) (Figures 7 et 8) (Mesulam and Mufson, 1985;
Bonthius et al., 2005; Kurth et al.,, 2010b). Notons que cette description est tres

sommaire et que jusqu’a 31 subdivisions ont pu étre décrites.

2. Chezles rongeurs

Chez les especes lissencéphales, I'insula est a la surface latérale du cerveau et
se situe au niveau de la fissure rhinale. Elle s'étend le long de cette fissure, de la fin
du cortex orbital dorsolatéral (DLO) jusqu’au début des aires corticales auditives et
temporales d'association. Sa limite dorsale est constituée par les cortex
somatosensoriels (Sl et Sll) et le cortex piriforme borde sa limite ventrale. Ses couches
les plus profondes sont accolées a la capsule externe et au claustrum qui forment sa
limite latérale interne (Aleksandrov and Fedorova, 2003). La cytoarchitecture de
I'insula définit trois sous-structures, comparables a celles trouvées chez le primate :

I'insula agranulaire sous-divisée en partie ventrale et dorsale, I'insula dysgranulaire et
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Sillon péri-insulaire

Insula Granulaire

Insula antérieure

Insula Dysgranulaire Sulcus insulaire central

Insula postérieure

Insula Agranulaire

Figure 7. Vue latérale de I'insula avec le positionnement typique des sous-régions de l'insula selon leur cytoarchitecture.

Adapté de Bonthius DJ, J Neuropathol Exp Neurol, 2005.

Insula Granulaire Insula Dysgranulaire Insula Agranulaire

Figure 8. Photographies représentatives des différentes cytoarchitectures de I'insula. L’insula granulaire posséde une couche
IV bien définie et continue, dans l'insula dysgranulaire cette couche est discontinue et est absente de l'insula agranulaire.

D’apres Kurth F, Cerebral Cortex, 2010



I'insula granulaire. Rostralement, c'est I'insula agranulaire qui apparait en premier,
suivi par I'insula granulaire qui s’y superpose dorsalement. Apparait ensuite la partie

dysgranulaire les séparant (Figures 9 et 10).

B. Connexions du cortex insulaire

Dans cefte section sont présentées les connexions de I'insula avec les régions
impliguées soit dans la douleur (ACC, thalamus), soit dans les émotions (cortex
préfrontal, structures limbiques), et retrouvées a la fois chez les singes ou chez

I'Homme, ainsi que chez le rongeur.

1. Connexions infrainsulaires

L'étude de ces connexions a été récemment menée chez I'Homme
(Almashaikhi et al., 2013). Elle montre des connexions réciproques entre quasiment
chaqgue zone de I'insula, s'opposant ainsi aux données chez le singe et chez le rat ou
les connexions suivent préférentiellement une direction postéro-antérieure (Mesulam
and Mufson, 1982; Shi and Cassell, 1998). Notons aussi que I'article d’'Almashaikhi et
collaborateurs n'a pas réussi @ montrer de communications entre les insula droite et
gauche, probablement du fait du nombre trop faible d’'expériences permettant de

répondre d cette question.

2. Connexions extrainsulaires
a. Cortex cérébral

Des connexions réciproques sont retrouvées entre certaines régions du cortex
cingulaire et l'insula (Vogt and Pandya, 1987; Allen et al., 1991; Jasmin et al., 2004).
L'insula est aussi connectée réciproquement avec différentes zones du lobe frontal
impliquées dans les émotions (cortex préfrontal et orbital) (Allen et al., 1991;
Morecraft et al., 1992; Jasmin et al., 2004) et des zones du lobe pariétal (opercule
pariétal, cortex somatosensoriels) impliquées dans la somatosensation (Augustine,
1985; Shi and Cassell, 1998).
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Insula Granulaire

Insula Dysgranulaire

Figure 9. Représentation schématique d’un cerveau de souris vu en coupe coronale. Les différentes parties de l'insula sont
représentées ainsi que les structures voisines. Liste d’abréviations : 3V, troisieme ventricule; acp, partie postérieure de la commissure
antérieure; AIP, cortex insulaire agranulaire postérieur; cc, corps calleux; Cl, claustrum; CPu, noyau caudé-putamen; D3V, troisiéme
ventricule dorsal; DEn, noyau endopiriforme dorsal; DI, cortex insulaire dysgranulaire; ec, capsule externe; f, fornix; Gl, cortex
insulaire granulaire; ic, capsule interne; mfb, faisceau median du télencéphale; Pir, cortex piriforme; rf, fissure rhinale; S2, cortex
somatosensoriel secondaire; sm, strie médullaire; st, strie terminale; VEn, noyau endopiriforme ventral.

D’apres The Mouse Brain in Stereotaxic coordinates, Franklin KBJ et Paxinos G, Troisieme édition, 2008

Figure 10. Représentation schématique de la surface latérale du cerveau de rat. Sont figurés en couleur les différentes sous-
régions de linsula. Liste d’abréviations : dAl, cortex insulaire agranulaire antérieur dorsal; DI, cortex insulaire dysgranulaire; ER,
cortex entorhinal; Fr, cortex frontal; Gl, cortex insulaire granulaire; LO, cortex latéral orbital; Oc1, aire corticale occipitale 1; Oc2, aire
corticale occipitale 2; PAC, cortex périamygdaloide; pAl, cortex insulaire agranulaire postérieur; Pir, cortex piriforme; PR, cortex
périrhinal; Sl, cortex somato-sensoriel primaire; Sll, cortex somatosensoriel secondaire; Te1, aire corticale temporale 1; Te2, aire
corticale temporale 2; Te3, aire corticale temporale 3; vAl, cortex insulaire agranulaire antérieur ventral.

D’aprés Shi CJ et Cassell MD, J Comp Neurol, 1998



b. Structures limbiques

Les structures limbiques, tres impliquées dans les émotions et les pathologies
associées sont inferconnectées avec [I'insula. Les relations enfre l'insula et
I'amygdale sont importantes, avec des projections préférentielles vers les parties
basolatérale et cortico-médiane de I'amygdale (Augustine, 1985). Les parties
médiane et antérieure de I'amygdale projettent en retour vers I'insula (Augustine,
1985). L'hippocampe, les cortex prorhinal, périrhinal, piriforme et entorhinal recoivent
également des afférences de l'insula tandis que le cortex péri-amygdaloide, le

tubercule olfactif et les bulbes olfactifs y envoient des projections (Augustine, 1985).
c. Thalamus

L'insula projette vers des noyaux thalamiques cruciaux pour le fraitement de la
douleur comme les noyaux du groupe ventral postérieur (latéral, VPL ; inférieur, VPI)
et recoit des fibres de nombreux noyaux dont le VPI, ainsi que de la partie
parvocellulaire du noyau ventral postéromedian (VPMpc) (Augustine, 1985; Allen et
al., 1991; Nakashima et al., 2000). Chez le primate, I'insula est une sortie privilégiée du
systeme spinothalamique avec 40 % des projections pour I'insula postérieure, 30 %
pour I'opercule pariétal voisin et 24 % pour le cortex cingulaire médian (Dum et al.,
2009).

C. Fonctions du cortex insulaire

1. Observation de quatre grands domaines fonctionnels

Les fonctions liées a I'activité de I'insula sont trés nombreuses. La revue de la
littérature tres complete de Nieuwenhuys (Nieuwenhuys, 2012) liste vingt fonctions
impliquant cette structure chez I'Homme. Dans une méta-analyse de la littérature
consacrée aux fonctions de l'insula, 4 domaines fonctionnels ont été mis en
évidence, les domaines socio-émotionnel, olfacto-gustatif, cognitif et sensori-moteur
(Kurth et al., 2010a). Concernant les fonctions qui nous intéressent, il apparait que les
tdches relevant du domaine sensori-moteur activent la partie médiane et
postérieure de I'insula alors que les fonctions socio-émotionnelles sont attribuées a la

partie antéro-ventrale.
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L'insula chez le rongeur est elle aussi impliquée dans diverses fonctions. Par
exemple, des neurones de l'insula postérieure répondent & des stimuli différents tels
que le pincement de la queue, une stimulation des barorécepteurs et des
chémorécepteurs artériels, ou encore une stimulation gustative (Hanamori et al.,
1998).

2. Fonclions du cortex insulaire dans la somatosensation et Ila

douleur chez 'Homme

L'insula postérieure et I'opercule pariétal adjacent sont les structures corticales
qui sont les plus fréquemment activées dans les expériences d'imagerie cérébrale
lors d'un stimulus douloureux (Peyron et al., 2000; Apkarian et al., 2005). De plus,
I'insula parait étre la seule structure corticale dont la stimulation électrique est

capable de déclencher une sensation de douleur (Mazzola et al., 2012q).

Nous savons que la douleur est une expérience multidimensionnelle et I'insula
joue un réle dans ses diverses composantes. Les lésions de I'insula postérieure
peuvent étre responsables de la perte de la sensibilité aux modalités thermiques
(chaud ou froid) ou mécanique de la douleur (Greenspan et al., 1999; Veldhuijzen et
al., 2010). Ceci suggére que cette région est impliquée dans la composante
somatosensorielle de la douleur. Cependant, d'autres études démontrent
également que l'insula intervient dans la composante émotionnelle de la douleur,
que ce soit l'insula dorsale sans précision de la localisation antéropostérieure
(Schreckenberger et al., 2005) ou I'insula postérieure (Kulkarni et al., 2005). Enfin, il
parait probable que, via la tfransmission de l'information nociceptive de I'insula
postérieure vers I'insula antérieure, une intégration de la douleur d'un plus haut
niveau de complexité, telle que la prise de conscience de I'expérience douloureuse,
naisse dans l'insula antérieure, impliquant cette structure dans la composante

cognitive de |la douleur (Garcia-Larrea and Peyron, 2013).

L'expérience douloureuse peut étre modifiée par notre contexte émotionnel.
Ainsi, la présentation d'indices visuels dotés d'une valence émotionnelle négative va
augmenter la perception de la douleur, ceci étant mis en relation avec une
augmentation de I'activité de I'insula antérieure en imagerie par résonance
magnétique (Ploner et al., 2011). Le réle de I'insula dans les émotions et les troubles
de I'numeur est détaillé dans une revue récente (Gasquoine, 2014). Des études

d'imagerie cérébrale ont montré une augmentation de I'activité de I'insula chez des
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patients atteints de dépression majeure (Drevets, 2000). Il apparait donc pertinent de
se demander, de la méme maniére que pour I'ACC, quelle peut étre I'implication

de I'insula dans les conséquences émotionnelles de la douleur chronique.

3. Fonctlion du cortex insulaire dans la somatosensation el la

douleur chez le rongeur

Plusieurs approches ont permis de metire en évidence le recrutement de
I'insula dans la douleur chez le rongeur. Des études d'IRM fonctionnelle et de PET ont
montré une activation du cortex insulaire suite & divers stimuli nociceptifs chez
I'animal anesthésié (Tuor et al., 2002) et vigile (Becerra et al., 2011). La stimulation
électrique des pattes entraine une réponse de I'insula, mesurée par I'enregistrement
de potentiels évoqués (Benison et al., 2011). Enfin, une augmentation de I'expression
du marqueur d'activité neuronale précoce c-Fos dans I'insula a été observée suite a

un stimulus nociceptif de la région colorectale (Traub et al., 1996).

Réciproquement, chez le rat, des expériences de lésions du cortex insulaire ont
permis de mesurer son implication dans la réponse & un stimulus nocicepfif. Ainsi, une
lésion du cortex antérieur agranulaire diminue les comportements nocifensifs dans
des modeles de douleur inflammatoire soutenue et neuropathique chronique, mais
pas dans le cas d'une douleur aigué. Cela est observé indépendamment du site de
la Iésion corticale, gu’elle soit ipsilatérale ou controlatérale au cété du stimulus
nociceptif, ou encore bilatérale (Coffeen et al., 2011). La Iésion du cortex insulaire
postérieur granulaire n'empéche pas I'initiation de I'allodynie mécanique dans un
modele de douleur neuropathique mais prévient son maintien a long terme (Benison
et al., 2011). Ces deux études, bien que lésant deux zones différentes (antérieur
agranulaire vs postérieur granulaire), montrent toutes deux une implication de

I'insula dans la composante somatosensorielle de la douleur.

La réexposition de rats & un compartiment préalablement associé d une
douleur (injection de formaline dans la patte) augmente I'expression de c-Fos dans
de nombreuses structures cérébrales, parmi lesquelles I'insula (Lei et al., 2004). Ce
résultat reste néanmoins difficile a interpréter et il n'y a, d notre connaissance, pas
de preuve plus directe de l'implication de l'insula dans la composante aversive-
motivationnelle de la douleur chez le rongeur, de méme que dans les conséquences

émotionnelles de la douleur chronique.
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Objectifs de these
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Cette these a été consacrée a I'étude des conséquences émotionnelles de la
douleur neuropathique chez la souris. Elle se situe dans la confinuité d'un travail
mené par le Dr. Ipek Yalcin et ayant donné lieu a une publication dans la revue
Biological Psychiatry en 2011. Cette étude montrait le développement chez les souris
neuropathiques de comportements de type anxieux puis dépressifs, & partir de 4
semaines apres l'induction de la neuropathie. Nous avons alors cherché a

comprendre les bases neurobiologiques sous-tendant cette apparition.
Ce travail a été organisé autour de trois objectifs :

e Permetire la description précise du modéle de neuropathie utilisé et favoriser

ainsi sa diffusion et son utilisation par d’autres équipes.

Pour atteindre cet objectif un article a été consacré d’'une part a la revue de
la littérature utilisant ce modéele et d’autre part d une mise en vidéo de la procédure

de chirurgie et du test nociceptif utilisés dans I'équipe.

o Déterminer les roles des cortex cingulaire antérieur et insulaire postérieur dans
les composantes sensorielle et affective de la douleur, ainsi que dans ses

conséquences émotionnelles.

Pour cela nous avons utilisé une approche lésionnelle afin d'inactiver ces
structures. L'utilisation de divers tests comportementaux nous ont permis d'évaluer la
présence ou |'absence des différents aspects de la douleur. Ce fravail a été
complété par I'activation via une technique d’'optogénétique d’'une zone corticale

impliquée dans les conséquences anxiodépressives de la douleur neuropathique.

o Identifier les modifications moléculaires au sein de 'ACC chez les animaux
développant des troubles anxiodépressifs consécutifs a la douleur

neuropathique.

Afin de réaliser cet objectif, nous avons procédé a une analyse génomique
globale par microarray sur les ARN extraits & partir de dissection d’ACC. Pour certains
genes cibles mis en évidence, les résultats obtenus en génomique ont été complétés
par des approches de quantification protéique (Western blot) dans cefte méme
région. L'importance de I'un des génes a ensuite été confirmée par I'utilisation de

souris déficientes pour ce gene.

Les trois chapitres suivants détaillent les résultats obtenus pour chacun de ces

trois objectifs.
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I. The sciatic nerve cuffing model of neuropathic pain in mice

lpek Yalcin, Salim Megat, Florent Barthas, Elisabeth Waltisperger, Mélanie Kremer, Eric Salvat,

Michel Barrot

Différents modeles animaux sont utilisés dans le domaine de la recherche
préclinique consacrée a I'étude de la douleur neuropathique (Colleoni and
Sacerdote, 2010; Jaggi et al., 2011; Barrot, 2012). lls reposent essentiellement sur des
|ésions mécaniques du systéme nerveux périphérique. Le modéle du cuff, développé
chez le rat (Mosconi and Kruger, 1996; Fisher et al., 1998), consiste en la pose d’'un
manchon (cuff en anglais) de polyéthylene de 2 mm de longueur, unilatéralement
autour de la branche principale du nerf sciatique. Ce modéle de constriction
chronique du nerf sciatique a I'avantage, selon nous, d'induire une pression calibrée
sur le nerf et de réduire la variabilité inter-expériences et inter-équipes. Ce modele a
donc été adapté et caractérisé dans I'équipe, chez la souris (Benbouzid et al.,
2008b).

La réalisation pratique de ce modeéle présente des difficultés techniques. Par
exemple, la localisation précise de I'incision ou le geste permettant la pose du cuff
demandent de la précision. Une mise en vidéo du protocole présente un intérét
pour la standardisation du modele et pour sa diffusion dans le champ de la

recherche sur la douleur neuropathique.

L'équipe a produit recemment un protocole vidéo montrant de maniere
précise les différentes étapes de la chirurgie et le déroulement des tests sensoriels
permettant de mettre en évidence le développement des comportements
nocifensifs. Cette vidéo est accompagnée d’'une revue de la littérature utilisant ce

modéle de douleur neuropathique.

Mon rbéle dans cet article a été d'effectuer une partie de la recherche

bibliographique et de participer au tournage vidéo.
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The Sciatic Nerve Cuffing Model of Neuropathic Pain in Mice

Authors:
lpek Yalcin, Salim Megat, Florent Barthas, Elisabeth Waltisperger, Mélanie Kremer, Eric

Salvat, Michel Barrot

Keywords: Neuroscience, Pain, Neuropathic pain, Allodynia, von Frey, Mouse, Model,
Sciatic, Cuff

Short abstract:

Neuropathic pain is a consequence of a lesion or disease affecting the
somatosensory system. The "“cuff model” of neuropathic pain in mice consists in the
implantation of a polyethylene cuff around the main branch of the sciatic nerve.

Mechanical allodynia is tested using von Frey filaments.

Long abstract:

Neuropathic pain arises as a consequence of a lesion or a disease affecting the
somatosensory system. This syndrome results from maladaptive changes in injured
sensory neurons and along the entire nociceptive pathway within the central
nervous system. It is usually chronic and challenging to treat. In order to study
neuropathic pain and its treatments, different models have been developed in
rodents. These models derive from known etiologies, thus reproducing peripheral
nerve injuries, central injuries, and metabolic-, infectious- or chemotherapy-related
neuropathies. Murine models of peripheral nerve injury often target the sciatic nerve
which is easy to access and allows nociceptive tests on the hind paw. These models
rely on a compression and/or a section. Here, we present the detailed surgery
procedure for the “cuff model” of neuropathic pain in mice. In this model, a cuff of
PE-20 polyethylene tubing of standardized length (2 mm) is unilaterally implanted
around the main branch of the sciatic nerve. It induces a long-lasting mechanical
allodynia, i.e. a nociceptive response to a normally non-nociceptive stimulus, that
can be evaluated by using von Frey filaments. We present the detailed protocol for
model and testing procedures, and discuss the interest of this model for the study of
neuropathic pain mechanism, of neuropathic pain sensory and anxiodepressive

aspects, and of neuropathic pain treatments.
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Introduction:

Neuropathic pain is usually chronic and arises as a consequence of a lesion or a
disease affecting the somatosensory system. Maladaptive changes in injured sensory
neurons and along the entire nociceptive pathway within the central nervous system
participate to this complex syndrome. To preclinically study neuropathic pain and its

treatments, various models have been developed in rodents (reviewed in 1, 2, 3).

Based on known etiologies, the models of neuropathic pain aim at reproducing
peripheral nerve injuries, central injuries, tfrigeminal neuralgia, diabetic neuropathies,
chemo-induced neuropathies, post-herpetic neuralgia, etc... Different murine
models of peripheral nerve injury target the sciatic nerve and rely on a compression
and/or a section. This nerve is indeed relatively easy to access, and nociceptive tests
can be easily done based on hind paw withdrawal reflexes. The chronic constriction
injury (CCI) (4, 5), the sciatic nerve cuffing (6, 7, 8, 9), the partial sciatic nerve ligation
(PSL) (10), the spinal nerve ligation (SNL) (11), or the common peroneal nerve ligation
(12) are examples of chronic nerve compression models. In the spared nerve injury
(SNI) models, two of the three terminal branches of the sciatic nerve are fightly
ligated followed by a distal axotomy, the third branch being left intact (13, 14, 15).
The various models of neuropathic pain that target the sciatic nerve result in a
chronic mechanical allodynia (a nociceptive response to a normally non-

nociceptive stimulus) that concerns the injured hind paw.

Here, we present the detailed surgery procedure for the “cuff model” of neuropathic
pain in mice that consists in the implantation of a polyethylene cuff around the main
branch of the sciatic nerve (6, 7, 8, 9). We also detail the use of von Frey filaments to
assess the mechanical allodynia which is a long lasting nociceptive symptom present

in this model.
Protocol text:

Protocols have been approved by the “comité d'éthique en matiére

d’expérimentation animale de Strasbourg” (CREMEAS).

54



1.1

1.2

1.3

1.4

2.1

2.2

2.3

2.4

2.5

2.6

Baseline measurement prior to the surgery, using von Frey filaments

Let the mice habituate to the animal facilities for at least 10 days to 2 weeks

before initiating the testing procedures.

Habituate the mice to the von Frey testing set-up and procedure that are

described in detailed in section 4.
Before surgery, evaluate the mechanical thresholds with von Frey filaments on
separate days until at least three stable consecutive values are obtained for

paw withdrawal thresholds.

Assign the animals to the different experimental groups so that these groups do

not initially differ for the mechanical nociceptive threshold.

Surgery procedures for cuff implantation

Mouse body weight should be over 20 g for the cuff inserfion procedure

described below.

Anesthetize the animal with an infraperitoneal injection of a mixture of

ketamine (17 mg/mL) and xylazine (2.5 mg/mL) in 0.9% NaCl, 4 mL/kg.

Check the paw reflexes by pinching a hindpaw with tweezers and check the

eye reflexes to make sure that animals are fully anesthetized.

Shave the right leg from the knee to the hip using an electrical shaver.

Apply protective eye liquid gel to the eyes with a cotton-tipped swab.

Place the animal on its left side and place the right hindlimb on a small pillow,

maintain this limb to the pillow with adhesive tape.
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2.7

2.8

2.9

2.10

2.11

2.12

2.13

2.14

Disinfect the surgery field with 70% ethanol using gauze pad or cotton-tipped

swab.

Find the femur with your forefinger and make an approximately 0.5 cm incision

parallel to the femur.

Separate the muscles close to the femur with two autoclaved sticks. Never cut
the muscle. Normally, the muscle layers separate easily without any bleeding
and the sciatfic nerve appears. In case of bleeding, use sterile cofton-fipped

swab to absorb the blood.

To expose the main branch of the sciatic nerve, insert two autoclaved sticks

below the nerve and hydrate it with a physiological solution (0.9% NaCl).

Catch the pre-prepared sterile 2 mm section of split PE-20 polyethylene tubing
(cuff), 0.38 mm ID / 1.09 mm OD, with the help of a pointed steel stick and a
bulldog clamp. For this, insert the pointed steel stick intfo the cuff, which wiill
slightly open it. Then insert the bulldog through the lateral opening of the cuff,
rotate the bulldog (180°) so that it will hold the cuff by the opposite side to the
lateral opening, close the bulldog and remove the pointed steel stick. The
rotation is done to allow holding the cuff in an optfimized position for the
insertion, the bulldog clamp also help maintaining the cuff partly open. The

model and size of the bulldog clamp is critical for this step of the procedure.

A second experimenter holds the two sticks under the nerve and gently
separates them to facilitate the access to around 4 mm of the sciatic nerve.
Then insert the 2 mm cuff around the main branch of the sciatic nerve, starting
by inserting the part of the cuff that is distal to the bulldog around the part of

the nerve that is proximal to the hip.

Once the cuff is in place, gently close it by exerting a pressure on its two distal

sides with pliers, without squeezing or changing the form of the tube.

Suture the shaved skin layer with surgical knofts.
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2.15

2.16

3.1

4.1

4.2

4.3

Place the mouse on his left side in a clean homecage. Keep it under the heat

lamp until it is awake.

Add extra water and place some chow directly in the homecage.

Surgery procedures for sham controls

From steps 2.1 to 2.9 and steps 2.14 to 2.16, the procedures are identical as the
ones described above for cuff implantation. The steps 2.10 to 2.13 of the cuff

insertion are omitted in the sham controls.

von Frey testing

Place the mice in clear individual Plexiglas® boxes (7cm x 9cm x 7cm) with
holes, on an elevated perforated plate of smooth stainless steel (100 cm x
50 cm, 5-mm circle perforations with 2.5 mm in between perforation borders. Up

to 12 mice can be concomitantly tested on this set-up.

Allow the animals to habituate for 15 minutes prior to testing.

Verify that the mice are calm and apply the von Frey filaments to the plantar
surface of each hindpaw in a series of ascending forces. The von Frey filaments
(or von Frey hairs) are calibrated plastic hairs, 5 cm long and of various
diameters, fixed on applicators. Their end is not sharp but blunt. They are
applied locally until they bend, at which point they exert a calibrated pressure.
For the most common brand, the thinner filaments may go down to 0.008 g,
and are far below detection threshold, whereas the larger ones can lead to a
pressure up to 300 g. The speed of filament application, the degree of bending
and the duration of the application are critical factors that influence the
absolute values that are obtained with this test (3). With presently described
procedures in mice (i.e. application of the filament until it just bends), the
flaments that are normally used are the ones of 0.16, 0.4, 0.6, 1, 1.4, 2, 4, 6, 8,

and 10 g. In C57BL/6J mice, the pre-surgery tests start with the 1.4 g filament as
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Figure 1. Mechanical paw withdrawal thresholds in the cuff model of neuropathic pain in mice.
Adult male C57BL/6J mice were habituated to the von Frey procedure until a stable baseline was
obtained (the baseline is represented at point 0 on the graph). Both paws were tested. The Cuff mice
display ipsilateral mechanical allodynia as showed by the lowered paw withdrawal thresholds (n = 10

per group).



these mice do not respond to the ones exerting lower pressure. After surgery,
the tests start with the 0.4 g filament. Normally, responses are not positive with
these first tested filaments, but if it happens, then test a filament of lower force

at step 4.5.

4.4  Apply the chosen filament, until it just bends, three to five consecutive times to
the plantar surface of the left paw, and then do the same to the right paw.
Avoid paw lateral borders that can be more sensitive. The expected response is
a paw withdrawal, sudden flinching or paw licking. The response is considered
as positive if at least three expected responses are observed out of five trials. A
given paw is always tested three times, but the 4th and the 5™ trials are done
only if 1T or 2 response(s) was (were) observed during the first three tests. Once

the filament was tested on both paws, test the next animal.

4.5 Apply the same filament to the next animals according to the 4.4 procedure.
Once all animals are tested, start again on the first animal with the next flament

of greater force, repeat the procedure...

4.6 Each animal is tested until at two consecutive filaments are giving a positive
response. The gram value of the lower filament that gave a positive response is

considered as the paw withdrawal threshold for this animal.

Representative results:

With the procedures that are described above, the cuff implantation results in an
ipsilateral allodynia, as illustrated in Figure 1. Once the mouse is habituated to the
testing procedure, the values for paw withdrawal thresholds in the von Frey test
remain stable over time and are not affected by the surgical procedure per se, as
illustrated in Sham animals. It should however be noted that a transitory post-surgical
allodynia can usually be observed in Sham mice. When such allodynia is present, the
paw withdrawal response returns to baseline after a few days post-surgery. In Cuff
mice, the ipsilateral allodynia is already present on the first days post-surgery and is
maintained for more than 2 months (see 9, and Figure 1). The cuff-induced allodynia
remains ipsilateral in C57BL/é6J mice measured by the von Frey test as detailed

above, but in other conditions a presence of allodynia on the contralateral paw can

58



Sal or Nor treatment

.8

A=)

o 6 e Sham, Sal
ﬁ 4 o Sham, Nor
) v Cuff, Sal
o 0 a Cuff, Nor

15 20 25 30 35
Time (days post-surgery)

Figure 2. Delayed antiallodynic action of a tricyclic antidepressant. After two weeks post-surgery, mice received
intraperitoneal treatment twice a day (morning and evening) with either 0.9% NaCl or 5 mg/kg nortriptyline hydrochlo-
ride (n = 5 or 6 per group). The von Frey test was done before the morning treatment. With this procedure, a delayed
antiallodynic action of nortriptyline is observed, which requires around 12 days of treatment.
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Figure 3. Antiallodynic action of a gabapentinoid. After three weeks post-surgery, mice received intraperitoneal
treatment twice a day (morning and evening) with either 0.9% NaCl or 10 mg/kg gabapentin (n = 5 per group). The von
Frey test was done before the morning treatment. With this procedure, a delayed and lasting antiallodynic action of
gabapentin is observed. Data are presented before starting the treatments and at the 6th day of treatments.



also be observed (8). The absolute values for baseline are usually between 4 and 6 g

in C57BL/6J mice, but the testing protocol may affect these values (3).

In this model, the tricyclic antidepressant drug nortriptyline (5 mg/kg, intraperitoneal,
twice a day) relieves the neuropathic allodynia after around 2 weeks of treatment,
as illustrated in Figure 2. At this dose, no acute analgesic action of the anfidepressant
is observed (16, 17). To mimic the lasting pain relief that is present in patients taking
such drugs, the mice can be tested before the morning drug administration rather
than after. Such procedure allows assessing a long-lasting effect primed by previous
days of treatment. In this case, it requires 1-2 weeks of freatment to observe a lasting
relief of the neuropathic allodynia. When the freatment is inferrupted, a relapse is
usually observed within 3-4 days (18). Beside some antidepressants, gabapentinoids
are the other first-choice tfreatments for neuropathic pain. Gabapentin has an acute
and transitory analgesic action in this model (16), but it also displays a delayed and
long-lasting antiallodynic action when testing the animal each day before the drug
administration, as illustrated in Figure 3. This action is faster than with anfidepressant

drugs.

Discussion:

The “cuff” model was initially developed in rats to obtain a standardized and
reproducible chronic constriction injury with the implantation of multiple cuffs around
the sciatic nerve (6). It was then modified to implant a single cuff (7, 8), even though
some groups also use multiple cuff insertion (19, 20, 21, 22). It was also adapted to
mice (9, 23), which opened the possibility to use fransgenic animals. The cuff is
usually 2-mm long, but other lengths have also been used in rats (22). The
polyethylene tubing depends on the species: PE-20 in mice (9), and PE-60 (24, 25) or
PE-90 (7, 8, 26, 27) in rats.

The mechanical allodynia is measured with von Frey hairs. In this test, the absolute
values for paw withdrawal thresholds may depend upon the surface on which the
animal stands (28) or upon the duration of flament bending (3), but these factors do

not affect the detection of the neuropathic allodynia.
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The “cuff” model is of interest for the study of neuropathic pain mechanisms. It was
used to study morphological changes in myelinated and unmyelinated fibers (6, 29),
and functional changes in sensory neurons, primary afferents and spinal neurons (19,
21, 22, 30, 31, 32, 33, 34, 35). It allowed demonstrating that glial activation and a
central shift in neuronal anion gradient participate to changes in the activity and the
responses of spinal nociceptive neurons and to neuropathic allodynia (24, 36, 37, 38).
The influences of glutamate receptors (7, 39, 40, 41), of opioid receptors (16, 42, 43,

44, 45) and of nicotinic receptors (46) were also studied in this model.

Another interest of the model is its response to actual treatments of neuropathic
pain, i.e. gabapentinoids and antidepressants. Similar to clinical observations:
gabapentinoids display both an acute short-lasting analgesic action at high dose
and a delayed sustained relieving action that appears after 2-4 days of tfreatment,
tricyclic antidepressants and selective serotonin and noradrenaline reuptake
inhibitors have no acute analgesic effect at relevant dose but display a delayed
sustained relieving action that requires 1-2 weeks of freatment, and the selective
serotonin reuptake inhibitor fluoxetine is ineffective (16). The model is thus
appropriate to study the molecular mechanism underlying these treatments (16, 17,
18, 44, 45, 47), which may reveal new therapeutic targets to test in patients (48, 49,
50, 51).

Last, the model also allows studying the anxiodepressive consequences of
neuropathic pain. Clinically, these consequences affect around a third of
neuropathic pain patients but are preclinically less studied than the sensory aspects
of pain. In this model, a time-dependent development of anxiety-ike and
depressive-like phenotypes is present (62) and the related mechanism can thus be

addressed.

The standardized cuffs and procedures in this mouse model of neuropathic pain
result in low interindividual variability for the mechanical allodynia. The possibility to
use genetically modified animals (17, 18, 44, 45, 46, 47, 52), the long-lasting allodynia,
the response to clinically used treatments and the time-dependent development of

anxiodepressive symptoms make this model appropriate for the study of the various
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aspects and consequences of neuropathic pain and its treatments, which already

brought valuable information to this field of research.
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ll. The anterior cingulate cortex is a critical hub for pain-induced

depression.

Florent Barthas, Jim Sellmeijer, Sylvain Hugel, Michel Barrot, Ipek Yalcin

Nous avons décrit dans la section précédente le modéle de douleur
neuropathique utilisé et les troubles sensoriels qui s'y développent. Une étude
réalisée dans I'équipe a permis de caractériser I'apparition de comportements de
type anxieux puis dépressifs a partir de quatre semaines apres la chirurgie induisant
la neuropathie (Yalcin et al., 2011). Ainsi, nous avons a notre disposition un modele
pertinent pour I'étude des conséguences anxiodépressives de la douleur
neuropathique et pouvons désormais chercher a élucider les causes biologiques de
ces comorbidités. Nous avons basé notre stratégie sur la recherche de structures
cérébrales impliquées dans les voies de la douleur et dans les processus émotionnels.

Les cibles sur lesquelles nous avons porté notre choix sont I'ACC et le pIC.

Pour contrbler le réle de ces régions, nous avons procédé a leur Iésions par
injections localisees d’acide iboténique chez la souris. Cefte foxine, du fait de ses
propriétés excitotoxiques provoque une mort neuronale. Nous avons suivi dans un
premier temps le développement de I'allodynie mécanique grdce au test des
flaments de von Frey. Nous avons constaté que seule la Iésion du plC prévient le
maintien de I'allodynie mécanique, impliquant cette structure dans la composante
somatosensorielle de la douleur. Puis nous avons regardé |'effet des Iésions corticales
sur la composante aversive de la douleur par le test de préférence de place
conditionnée. Dans cette expérience, seule la Iésion de I'ACC inhibe cet aspect de
la douleur. Enfin, nous avons étudié le développement de comportements
anxiodépressifs gréce aux tests d'hyponéophagie, de toilettage provoqué et de
nage forcée. La lésion de I'ACC mais pas du plC prévient I'apparition ces
comportements. Ces expériences de lésion ont mis en évidence le réle du pIC dans
la composante sensorielle de la douleur neuropathique, et celui de I'ACC dans la
composante aversive et les conséquences anxiodépressives de cette douleur. Pour
confirmer le rdéle causal de I'ACC dans l'apparition des comportements
anxiodépressifs, nous avons stimulé de maniere répétée I' ACC de souris exprimant

un canal cationique channelrhodopsine-2 activable par la lumiere bleue par une
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méthode d'optogénétique. Ces animaux ont développé des comportements

anxiodépressifs confirmant le réle important de I' ACC dans ces comportements.

Mon réle dans ce travail a été de participer au choix des structures analysées,
au design des expériences, de réaliser la chirurgie stéréotaxique induisant les Iésions
corticales, de participer & celle induisant la neuropathie, de tester et de suivre le
développement des comportements douloureux et anxiodépressifs, de perfuser les
animaux, d'effectuer le contréle histologique des lésions (coupes des cerveaux,
immunohistochimie, vérification de I'emplacement des Iésions), de récolter et

d’analyser les données, de réaliser les figures et de participer a I'écriture de I'article.
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Abstract

Background: Besides chronic stress, chronic pain is among the prevalent determinant
for depression. The alterations induced in specific brain regions by sustained pain
may alter the processing of affective information, thus resulting in anxiodepressive
disorders. Here, we compared the role of the anterior cingulate (ACC) and posterior
insular (pIC) cortices in the anxiodepressive, sensory and affective aspects of chronic

pain in mice.

Methods: Neuropathic pain was induced by inserting a cuff around the right
common sciatic nerve. The lesion of the ACC and of the pIC were performed by
local injection of ibotenic acid and the chronic activation of the ACC was
performed by optogenetic stimulation. Anxiodepressive-related behaviors were
evaluated by using novelty suppressed feeding, splash and forced swimming tests.
The mechanical threshold was determined using von Frey filaments while the
aversive component of spontaneous pain was evaluated by using place

conditioning.

Results: The lesion of the ACC completely prevents the anxiodepressive
consequences of chronic pain and the aversive aspect of spontaneous pain without
affecting the sensory mechanical allodynia. Conversely, the aversive component
and the anxiodepressive consequences of pain are still present after lesion of the
plC, even though the mechanical allodynia is suppressed. Furthermore, the
optogenetic stimulation of the ACC is sufficient to provoke anxiety and depressive-

like behavior in ndive animals.

Conclusions: Our results show that, at cortical level, the sensory component of
chronic pain remains functionally segregated from its affective and anxiodepressive
components. The ACC appears as a specific hub for the anxiodepressive
consequences observed in chronic pain. The optogenetic study further supported
the essential role of the ACC in mood disorders, thus constituting an important target

for divulging the underlying mechanisms.
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Introduction

Depression, the most common mental disorder, is a disabling and long-lasting
medical condition, estimated to be the foremost contributor to the worldwide
burden of disease by 2030 (WHO, 2008). Among several precipitating factors, chronic
pain is a prevalent determinant for depression. Indeed, a mean prevalence rate of
around 50% for major depressive disorder is reported in patients with chronic pain
(Radat et al.,, 2013). The existence of pain-induced affective disorders is further
supported by preclinical studies showing that chronic pain models can induce
anxiety- and/or depression-like behaviors in animals in a time-dependent manner
(Narita et al., 2006a; Yalcin et al., 2011; Alba-Delgado et al., 2013). While it could be
suggested that chronic pain may be a chronic inescapable stress (Blackburn-Munro
and Blackburn-Munro, 2001), preclinical and clinical studies have shown that
sustained neuropathic pain strongly differs from a simple stress regarding
neuroendocrine hypothalamo-pituitary-adrenal (HPA) alterations, even if it induces
similar behavioral consequences. Indeed, neuropathic pain does not modify the
basal or stress-induced levels of corticosterone or the HPA axis negative feed-back
(Ulrich-Lai et al., 2006; Yalcin et al., 2011), while this is the case in the several models
of stress induced-depression (lbarguen-Vargas et al., 2008; McQuaid et al., 2013).
Another hypothesis for pain-induced depression could be based on a shared
neuroanatomical substrate, proposing that specific brain regions processing pain are
also involved in mood-related processing, and that the alterations induced in these
regions by long-term pain may alter the processing of affective information, thus
resulting in mental disorders. Among the candidates, the anterior cingulate cortex
(ACC) and the insular cortex (IC) appear to be critical in the networks involved in the
building of both pain and mood (Vogt, 2005; Shackman et al., 2011; Bushnell et al.,
2013).

The ACC is a relay that interconnects neurons from the frontal cortex,
thalamus and amygdala, integrating cognitive, emotional and autonomic functions
(Vogt, 2005; Shackman et al.,, 2011). Clinical imaging studies have shown the
recruitment of the ACC in pain processing (Rainville et al., 1997), and preclinical
studies have more precisely associated the activation of the ACC neurons with pain-
like aversive behavior, while the inhibition of these neurons blocks such behavior

(Johansen et al.,, 2001). The IC is another cortical area of interest since both human
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and animal studies have shown its recruitment in acute and chronic pain
(Greenspan and Winfield, 1992; Benison et al., 2011; Isnard et al.,, 2011). The
complexity of IC connectivity and the variability of pain-related activity between
different IC subregions suggest that this cortical area may play a multifaceted role in
pain processing. For example, some studies have reported a preferential pain
activation of the posterior IC (pIC) (Alkire et al., 2004), whereas others have also
described it in the mid-insula (Treede et al., 2000) or in the operculoinsular area
(Greenspan and Winfield, 1992; Mazzola et al., 2012b). The activation of the IC has
been implicated in both antinociceptive and pronociceptive processes (Treede et

al., 2000) while its role in the aversive component of pain is still unclear.

Despite the lack of direct evidence, the ACC and the IC could also play a
role in the anxiodepressive consequences of chronic pain. Indeed, both cortices are
known to display functional and morphological alterations in depressive states
(Pizzagalli, 2011; Mutschler et al., 2012; Sliz and Hayley, 2012), such as the observation
of decreased connectivity (Mafthews et al., 2008), altered glucose metabolism
(Drevets, 2001) and reduced volume (Drevets et al., 1998) in the ACC of depressed
patfients and also altered basal neuronal resting state activity in the IC (Sliz and
Hayley, 2012). Studies showing the alleviation of depressive symptoms in treatment-
resistant patients by ablative surgery (Shields et al., 2008) or deep brain stimulation
(Lipsman et al., 2013) of the ACC further support the implication of this region in
major depression. However, these data come from the psychiatric field and the
involvement of these regions in the affective consequences of chronic pain has not

yet been studied.

Although clinical and preclinical studies strongly suggest a role of the ACC
and the IC in pain processing, respective functions of these cortical areas in the
anxiodepressive consequences as well as in the sensory and affective components
of chronic pain remain unknown. Using a lesional approach in a murine model of
neuropathic pain, we demonsirate that the ACC is critical in both the
anxiodepressive and aversive aspects of chronic pain, while conversely the plC is
only critical in mechanical allodynia. The optogenetic study showing that the sub-
chronic stimulation of the ACC induces anxiodepressive behavior in naive animals

further reinforce the essential role of this region in mood disorders.
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Methods and Materials

Animals

All the lesion experiments were conducted in male C57BL/6J mice (Charles
River, L'Arbresle, France). Genetically modified mice expressing channelrhodopsin-2
and yellow fluorescent protein (Thy1-ChR2-YFP) in a subset of pyramidal neurons
were used (Chaumont et al., 2013) for optogenetic studies. They were produced
onsite from breeders provided by Jackson Laboratory. Experiments started with 8
to12 week-old mice, group-housed five per cage and kept under a 12-hour
light/dark cycle with food and water available ad libitum. For optogenetic studies
only, mice were separated after the cannula implantafion to avoid possible
damage to the implant. Animal facilities are registered for animal experimentation
(Agreement Cé67-482-1). The protocols were approved by the local ethical
committee of the University of Strasbourg (CREMEAS, n°AL-04).

Excitotoxic Lesion

Animals were anesthetized with an intraperitoneal injection of sodium
pentobarbital (63 mg/kg, 0.035 ml) and installed on a stereotaxic apparatus (Kopf).
Either ibotenic acid (56.7 mM, Biotrend, Koln, Germany) or PBS (1X, Euromedex,
Souffelweyersheim, France) was bilaterally injected to the ACC (0.3 ul;
anteroposterior: + 0.7 mm from bregma, lateral: £ 0.3 mm, dorsoventral: -1.7 mm from
the skull) or to the plIC (0.2 ul; anteroposterior: + 0.2 mm, lateral: + 3.8 mm,
dorsoventral: - 4 mm) using a 5pul Hamilton syringe (0.1 pyl/minute). The needle
remained in place for a further 5 minutes before removal. Following surgery, animals

were left undisturbed for one week before peripheral nerve injury.

Neuropathic Pain Model

Chronic neuropathic pain was induced by placing a cuff around the right
common sciatic nerve (Yalcin et al., 2011). Before surgery, mice were assigned to
experimental groups so that these groups did not initially differ for the mechanical
nociceptive threshold or for body-weight. Surgery was performed under

ketamine/xylazine  anesthesia  (ketamine 17 mg/ml,  xylazine 2.5 mg/ml;
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intraperitoneal i.p., 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 for the Cuff group.

The Sham group underwent the same procedure without cuff implantation.

Nociceptive Tests

The mechanical threshold of hindpaw withdrawal was evaluated using von
Frey hairs (Bioseb, Chaville, France) (Yalcin et al., 2011). Mice were placed in clear
Plexiglas® boxes (7x 9 x 7cm) on an elevated mesh screen and allowed to
habituate for 15 minutes before testing. Filaments were applied to the plantar
surface of each hindpaw in a series of ascending forces (0.16 to 8 grams). Each
flament was tested five times per paw, being applied until it just bent, and the
threshold was defined as 3 or more withdrawals observed out of the 5 frials. All
animals were tested before and after the lesion and every week after the
neuropathic pain induction. The latency for hindpaw withdrawal in response to
thermal stimulation was determined using the Hargreaves method (Hargreaves et al.,
1988). Mice were placed in clear Plexiglas boxes (mice: 7 cm x 9 cm x 7 cm) on
glass surface, and were allowed to habituate for 15 minutes before testing. The
infrared beam of the radiant heat source (7370 Plantar Test; Ugo Basile, Comerio,
ltaly) was applied to the plantar surface of each hind paw. The cutoff to prevent
damage to the skin was set at 15 seconds. Paw withdrawal latency were measured
twice for each hind paw. All animals were tested 12 days and 46 days after the

neuropathic pain induction.

Place Conditioning

All experiments were conducted by using the single trial conditioned place
preference (CPP) protocol as described previously for rats (King et al., 2009). The
apparatus (Imetronic, Pessac, France) consists of 3 Plexiglas chambers separated by
manually operated doors. Two chambers (size 15 cm x 24 cm x 33 cm) distinguished
by the texture of the floor and by the wall patterns are connected by a central
chamber (size 15 cm x 11 cm x 33 cm). Eight to ten weeks after the Cuff/Sham
surgery, mice went through a 3-day pre-conditioning period with full access to all

chambers for 30 minutes each day. Time spent in each chamber was analyzed to
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Novelty suppressed feeding test

Figure 1. The testing apparatus consisted of a 40 x 40 x 30cmplastic box with the floor
covered with 2 cm of sawdust. Twenty-four hours before 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. An animal was then placed in a corner of the box and latency to first
contact or to eat the pellet were recorded within a 5-min period. This test induces a
conflict between the drive to eat the pellet and the fear of venturing in the center of the
box.



control for the lack of spontaneous preference for one of the compartments.
Animals spending more than 75% or less than 25% of the total time in one of the
lateral chambers were removed from the study. On the conditioning day (day 4),
mice first received intrathecal saline (10 ul) and were placed in a conditioning
chamber. Four hours later, mice received intrathecal clonidine (10 pg/ 10 ul) and
were placed in the opposite chamber. Clonidine, an a2-adrenoceptor agonist,
induces analgesia after intrathecal administration. Conditioning sessions lasted 15
minutes each, without access to the other chambers. On the test day (day 5, 20
hours after the last afternoon session), mice were placed in the center chamber with
free access to all chambers and the time spent in each chamber was recorded for
30 minutes. CPP results from combined sponfaneous pain-induced aversion to the
unpaired side and spontaneous pain relief-induced reward in the clonidine paired

side.

Locomotor Activity

Five to six weeks after induction of neuropathic pain, locomotor activity was
monitored for both Sham and neuropathic mice. Mice were individually placed in
activity cages (32x20cm floor area, 15cm high) with 7 photocell beams. The

number of beam breaks was recorded over 4 hours.

Anxiodepressive-Related Behavior

Behavioral testing was performed during the dark phase, under red light. While
each mouse went through different tests, these were conducted according to the
following rules: 1) at least one week separated 2 tests done on the same animal; 2)
no mouse went through the same test twice; 3) the forced swimming test was always
considered as terminal (i.e. no other test was done on mice after they went through

forced swimming). Body weights were measured weekly.

Novelty Suppressed Feeding (NSF) Test. The testing apparatus consisted of a
40 x 40 x 30 cm plastic box with the floor covered with 2 cm of sawdust (Figure 1).
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
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Splash test

L
-1

Figure 2. The frequency and latency of the grooming behavior were scored during 5 min
after spraying a 10% sucrose solution on the dorsal coat of the mice.




box. An animal was then placed in a corner of the box and the latency to eat the
pellet was recorded within a 5 minute period. This test induces a conflict between
the drive to eat the pellet and the fear of venturing into the center of the box
(Santarelli et al., 2003). The test was conducted é weeks after the peripheral nerve
injury for the lesion study and one day after the last stimulation for the optogenetic

study.

Splash Test. This test, based on grooming behavior, was performed as
previously described (Santarelli et al., 2003; Yalcin et al.,, 2011) (Figure 2). The
frequency and duration of grooming behavior were scored during 5 minutes after
spraying a 10% sucrose solution on the dorsal coat of the mice. Grooming is an
important aspect of rodent behavior and decreased grooming in this test may be
related to the loss of interest in performing self-oriented minor tasks (Yalcin et al.,
2008). The test was performed 7 weeks after the peripheral nerve injury for the lesion

study and four days after the last stimulation for the optogenetic study.

Forced Swimming Test (FST). FST (Porsolt et al., 1977) was conducted by gently
lowering the mouse info a glass cylinder (height 17.5 cm, diameter 12.5 cm)
containing 11.5 cm of water (23-25°C) (Figure 3). Test duration was 6 minutes. The
mouse was considered immobile when it floated in the water, in an upright position,
and made only small movements to keep its head above water. Since little
immobility was observed during the first 2 minutes, the duration of immobility was
quantified over the last 4 minutes of the 6 minutes test. The test was done 8 weeks

after the peripheral nerve injury.

Preparation of Acute Slices

9-12 weeks mice were killed by decapitation. The brain was removed and
immediately immersed in cold (0-4 °C) sucrose-based artificial cerebrospinal fluid
containing (in mMM): 248 sucrose, 11 glucose, 26 NaHCO3, 2 KCI, 1.25 KH2PO4, 2
CaCl2 and 1.3 MgSO4 (bubbled with 95% O2 and 5% CO2). Transverse slices (400 um
thick) were performed with a vibratome (VT1000S, Leica, Nussloch, Germany). Slices

were stored at room temperature in a chamber filled with artificial cerebrospinal fluid
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Forced swimming test

Figure 3. This test was done by gently lowering the mouse into a glass cylinder (height
17.5 cm, diameter 12.5 cm) containing 11.5 cm of water (23°-25°C). Test duration was 6
min. The mouse was considered immobile when it floated in an upright position and
made only small movements to keep its head above water. Because little immobility was
observed during the first 2 min, the duration of immobility was quantified over the last 4
min of the 6-min test.



containing (in mm): 126 NaCl, 26 NoHCQO3, 2.5 KCI, 1.25 NaH2PO4, 2 CaCl2, 2 MgClI2
and 10 glucose (bubbled with 95% O2 and 5% CO2; pH 7.3; 310 mOsm measured).

Electrophysiological Recordings

Slices were transferred to a recording chamber and contfinuously superfused
with oxygenated artificial cerebrospinal fluid. Pyramidal ACC neurons were recorded
in the whole-cell configuration. Patch pipettes were pulled from borosilicate glass
capillaries (Harvard Apparatus, Edenbridge, UK) using a P-2000 puller (Sutter
Instruments, Novato, CA, USA). They were filled with a solution containing the
following (in mm): 145 KCI, 10 HEPES and 2 MgCI2 (pH 7.3, adjusted with KOH;
osmolarity 310 mOsm adjusted with sucrose) (3.5-4.5 MQ). All recordings were
performed in presence of CNQX (10 yM) and bicuculline (10 yM). Voltage-clamp
and current-clamp recordings were performed with an Axopatch 200B amplifier
(Molecular Devices, Union City, CA, USA) at a holding potential fixed at —60 mV or a
holding current allowing maintaining the resting neuron around. -60 mV. Recordings
were acquired with WINWCP 4.3.5 (courtesy of Dr. J. Dempster, University of
Strathclyde, Glasgow, United Kingdom). All recordings were performed at 34°C. The
ACC was illuminated with the same system used for the in vivo experiments (see
below) triggered with WinWCP 4.3.5, the optic fiber being localized in the recording

chamber at 3 mm from the recorded neuron.

Optogenetic Cannula Implantation and light stimulation

Animals were anesthetized with a mixture of ketamine and xylazine (ketamine
17 mg/ml, xylazine 2.5 mg/ml, i.p. 4ml/kg) before being placed in a stereotaxic frame
(Kopf). Single glass fiber canula’s, 1.7 mm long with a diameter of 220 um
(MFC_220/250-0.66_1.7 mm_RMS3_FLT, Doric lenses, Doric lenses) were implanted in
the left ACC. Coordinates derived from Franklin and Paxinos (2008) were set to 0.7
mm anterior and 0.3 mm lateral (left side) from the Bregma. The fiber optic canula
was lowered until 1.5 mm of fiber was inserted in the brain, covering the whole
vertical span of the ACC. To fix the implant to the skull Paladur dental cement was
used. After fixation with the cement, the skin flaps were sutured to cover the cement

of the implant and provide additional support.
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After a recovery period of 3-7 days the animals were stimulated with a blue
light emitting diode (LED) with a peak wavelength of 463 nm (LEDFRJ-B_FC, Doric
Lenses). From the LED, light traveled through the fiber optic patch cable
(MFP_240/250/2000-0.63_0.75m_FC_CM3) to the implant canula. Light pulses were
generated through an USB connected transistor-transistor logic pulse (TTL) generator
(OPTG_4, Doric Lenses) connected to a LED driver (LEDRV_2CH v.2, Doric Lenses).
TTLs were generated by open source software developed by Doric Lenses (USBTTL
V1.9). Optical power was measured at the fiber tip using a photodetector (UNO,

Gentec).

Optogenetic stimulation took place on 4 consecutive days for 30 minutes.
Stimulated animals received repetitive stimulafion sequences of 10 seconds
consisting of: 8 seconds at 20 Hz with 40 msec pulses and 2 seconds without
stimulation (Chaudhury et al., 2013). Light intensity was measured before
implantation and was set between 4 and 5 mW. Control animals underwent the
same implant procedures but instead the light was turned off during stimulation.
Animals were tested on the novelty suppressed feeding test one day after the last

stimulation day. Splash test was performed the fourth day after the final stimulation.

Immunohistochemistry

For the lesion study, after the behavioral testing, the animals were perfused
under deep sodium pentobarbital anesthesia (273.5 mg/kg; 0.15 ml) with 10 ml
phosphate buffer (PB, 0.1 M, pH 7.4) followed by 100 mL of a paraformaldehyde
solution (4% in phosphate buffer). Brains were removed and post-fixed overnight in
the same fixative. Frontal sectioning of the brain (40 um) was performed on a
vibratome (Leica, Rueil-Malmaison, France). For NeuN immunostaining, sections were
washed in PBS (3 x 10 minutes), incubated 15 minutes in a 1% H202 / 50% ethanol
solution, washed in PBS (3 x 10 minutes) and pre-incubated in PBS containing Triton X-
100 (0.3%) and 5% donkey serum for 45 minutes. Sections were then incubated
overnight at room temperature in PBS containing Triton X-100 (0.3%), 1% donkey
serum and a mouse anti-NeuN primary antibody (1:50000; Millipore, MAB377,
Molsheim, France). Sections were then washed in PBS (3 x 10 minutes), incubated
with a biotinylated horse anti-mouse secondary antibody (1:200 in PBS containing
Triton X-100, 1% donkey serum) for 1h30, washed in PBS (3x 10 minutes) and
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incubated with PBS containing the avidin-biotfin-peroxidase complex (ABC kit; 0.2% A
and 0.2% B; Vector laboratories) for 1h30. After being washed in Tris-HCI buffer,
sections were incubated in 3,3'diaminobenzidine tetrahydrochloride (DAB) and H20:2
in Tris-HCI for approximately 4 minutes and washed again. Sections were serially
mounted on gelatine-coated slides, air dried, dehydrated in graded alcohols,
cleared in Roti-Histol (Carl Roth, Karlsruhe, Germany) and coverslipped with Eukitt.
Lesions were indicated by neuronal cell loss localized bilaterally and extended from
1.18 to 0.14 mm from the bregma for ACC lesion and from 0.38 to -1.22 mm from the

bregma for pIC lesion.

Concerning the optogenetic study, after the completion of the behavioral
tests the animals were stimulated once with the same procedure as described
before. 0 minutes later the animals were perfused and c-Fos immunohistochemistry
was performed. This was done to check the implant location and the presence of c-
Fos, a biomarker for neuronal activity. For c-Fos immunostaining, the procedure used
was the same as that described for NeuN immunostaining. The primary antibody was
a rabbit anti-c-Fos (1:10000; Santa Cruz Biotechnology E1008) and a biotinylated
donkey anti-rabbit secondary antibody (1:300 in PBS containing Triton X-100, 1%
donkey serum). Animals having c-Fos staining outside of the ACC, for instance in the

motor cortex, were excluded from analysis.

Analysis and lllustrations

Coded slides were used to analyze the extent of the lesions of the ACC and
the plIC. Blind verification was done using a Nikon Eclipse 80i microscope with the
Neurolucida® 8.0 software (MicrobrightField, Williston, VT, USA). 3D reconstructions of
ACC and pIC lesions were done using Neurolucida® 8.0 software. Pictures were
taken with a Nikon E80i microscope. Adobe Photoshop CS5 was used to adjust

contrast, brightness and sharpness.

Statistical Analysis

Data are expressed as mean = SEM. Statistical analyses were performed using
multi-factor analysis of variance (ANOVA) with independent or repeated measures In

case of significant effect following ANOVA, multiple group comparisons were
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performed with Duncan post-hoc analysis. Significance level was set at p < .05. All
the analysis was performed with STATISTICA 7.1 (Statsoft, Tulsa, OK, USA).
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Figure 4. lllustrations of the anterior cingulate cortex (ACC) and the posterior insular cortex (pIC) lesions and
their effects on locomotor activity and body weight. (A) Representative examples of NeuN immunohistochemistry
of the ACC lesion or non-lesioned control section at the same level. (B) Representative examples of NeuN immunohis-
tochemistry of the pIC lesion or non-lesioned control section at the same level; scale bar = 300 ym. (C) 3D reconstruc-
tions of representative ACC and plIC lesions, borders of the brain are colored in green, corpus callosum and external
capsule in yellow, anterior commissure and fornix in orange, lateral and third ventricles in blue and the lesions of the
ACC and the pIC in magenta. (D) The lesion of the ACC and the pIC did not affect the general locomotor activity. (E)
Neither the lesion of the ACC nor the pIC has an effect on the weight gain. Data are expressed as mean + SEM.



Results

Excitotoxic Lesions of the ACC or the pIC

To concurrently analyze the role of the ACC and the pIC in the consequences
of chronic pain, we used a murine model of chronic neuropathic pain (Yalcin et al.,
2011) and performed localized excitotoxic lesions of these cortices with ibotenic
acid. NeuN immunostaining allowed visualization of the extent of the lesions at the
end of the experiments (Figure 4A-C). To control whether the behavioral phenotypes
were independent from possible activity deficits, the spontaneous locomotor activity
was evaluated. We observed no difference between control and neuropathic
animals and no influence of the lesion on spontaneous activity (Figure 4D) nor on

body weight (Figure 4E).

The pIC but not the ACC is Necessary for the Somotosensory Component of Chronic

Pain

In the neuropathic pain model, we observed decreased mechanical
sensitivity thresholds, referred to as mechanical allodynia, by using von Frey filaments
(Fra434=7.41, p <.001, Figure 5A). Current preclinical data suggest different influences
of the ACC and the IC (Johansen et al., 2001; Benison et al., 2011) in neuropathic
mechanical allodynia. In accordance with this prediction, we found that while the
lesion of the ACC did not affect mechanical allodynia (Fs160=4.79, p <.001, Figure
5B), the lesion of the pIlC completely suppressed its long-term development
(Fa420= 9.25, p <.001, Figure 5C). More precisely, the early postsurgical allodynia
remained present in the plC lesioned mice during the first two weeks after sciatic
nerve surgery, whereas the long term allodynia reflecting the chronicity of this
symptom was abolished. The plC is thus a core substrate of long-term allodynia in
chronic neuropathic pain. Human studies also support these results, showing that IC
subdivisions are activated by mechanical allodynia in neuropathic pain (Peyron et
al., 2013). Clinical studies showed that the IC lesion may modify nociceptive
sensifivity in humans, but these studies remain difficult to interpret due to the
interindividual variability in the extent of the lesion (Greenspan and Winfield, 1992;
Starr et al., 2009). Interestingly, our results show that neither the lesion of the ACC nor

the plC altered the mechanical thresholds per se in control animals (Figure 5B,C). This
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Figure 5. Influence of the anterior cingulate cortex (ACC) and the posterior insular cortex (pIC) on the somato-
sensory components of neuropathic pain. Neuropathic animals display a unilateral increase of mechanical (A) and
thermal (D) sensitivity in the right hindpaw. The lesion of the ACC has no effect on these behaviors (B,E). The lesion of
the pIC prevents the maintenance of the long term mechanical hypersensitivity (C) without affecting short term thermal
sensivity (F). Data are expressed as mean + SEM. *p < .05, **p < .01, ***p <.001 Sham versus Neuropathy; n = 10-17
animals per group for von Frey test, n = 5-6 animals per group for radiant heat test.



suggests that neuropathic mechanical allodynia is infegrated by the plIC, being

selectively revealed under chronic pain conditions.

Thermal hyperalgesia is another sensory symptom that may be present in
neuropathic pain patients. We evaluated the role of the ACC and the pIC by using
the radiant heat paw-withdrawal test. Similar o mechanical allodynia, neither the
ACC nor the pIC lesion modified the thermal sensitivity in control animals nor the
hypersensitivity observed during the early phase of the neuropathy (12 days post-
surgery) (Figure 5D-F, lesion x surgery Fi227=0.09, p=0.921). In addition, the lesion of the
targeted cortical areas had no effect on the thermal sensitivity in the later phase of
the neuropathy (46 days post-surgery) when thermal hyperalgesia was no longer

present in the neuropathic animals (data not shown).

The ACC but not the pIC is a Core for the Anxiodepressive Consequences of Chronic

Pain

The above data revealed a distinct role of the ACC and the pIC in the sensory
components of neuropathic pain. It was then of interest to determine the implication
of these cortices in the anxiodepressive consequences of neuropathic pain. We
observed the anxiodepressive-like behaviors accompanying chronic pain through
the increased latency to first bite in the novelty suppressed feeding (NSF) test (Two-
way ANOVA; lesion x surgery F2,62=5.70, p<0.01, No lesion sham<cuff, p<0.002, Figure
6A), the decreased grooming duration in the splash test (F2,81=3.796, £<0.02, No lesion
sham<cuff, p<0.001, Figure éB) and the prolonged immobility in the forced swimming
test (FST) (F278=10.24, p<0.001, No lesion sham<cuff, p<0.001, Figure 6C). In the NSF
test, which relies on both anxiety and depression-like aspects, the lesion of the ACC
(p = .65) but not the pIC (p < .001, Figure 6A) suppressed the chronic pain-induced
delayed latency to feed. Similarly, depressive-like behaviors observed in neuropathic
animals were prevented by the lesion of the ACC but not the pIC in the splash test
(for ACC, p = .55; pIC p < .01 Figure 6B) and the FST (for ACC, p =.22; pIC p <.00T,
Figure 6C). The lesion of either the ACC or the plC had no effect per se on the
behavioral tests in control animals (For NSF, ACC p=0.91, pIC p=0.71, for splash test,
ACC p=0.16, pIC p=0.37, for FST ACC p=0.95, pIC p=0.72, Figures 6A-C). The role of
the ACC on anxiodepressive parameters is thus selective of the context (e.g.

neuropathic pain). These data, to the best of our knowledge, are the first evidence
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Figure 6. Influence of the anterior cingulate cortex (ACC) and the posterior insular cortex (pIC) on the anxiode-
pressive consequences of neuropathic pain. An increased latency to feed in the novelty suppressed feeding (NSF)
test (A), a decrease in the grooming behavior in the splash test (B) and an increase in the immobility duration in the
forced swimming test (FST) (C) is observed in neuropathic mice compared to controls. While these effects are
prevented by the ACC lesion (A-C), the lesion of the pIC has no effect on the anxiodepressive behavior observed in
neuropathic mice (A-C). Data are expressed as mean + SEM. *p < .05, **p < .01, ***p < .001 Sham versus Neuropathy.
For all experiments, n = 9-17 per group.



showing that the ACC is a hub for the anxiodepressive consequences observed in

chronic pain.

The Optogenetic Stimulation of the ACC Induces Anxiodepressive-like Behavior

Since the deactivation of the ACC blocked the anxiodepressive-like behavior induce
by chronic pain, we wonder whether the activation of this structure may induce
depressive-like behavior. We thus performed chronic optogenetic stimulation of the
pyramidal neurons of the ACC using naive Thy1-ChR2-YFP mice (Figure 7A). The
functional validation of ChR2-YFP expression using in vitro electrophysiological
recordings confirmed that optogenetic stimulation enables to increase frequency
and inward current in the ACC. Indeed, we first examined the effect of light pulses
on ChR2-expressing pyramidal neurons recorded from the ACC acute slices. Light-
gated membrane currents recorded in the voltage clomp mode depended on light
dose. When illuminated at 450 nm with a 35 W/mm? intensity, the average peak
inward current amplitude was of -309 + 35pA (n = 3). No current was induced when
650 nm light was used (n=2) (Figure 7C-D). We next examined whether ChR2 could
reliably and repeatedly drive spiking of neurons held in current-clomp mode. We
applied frains of 15 ms light flashes at various frequencies during 5 s, at 35 W/mm?2
intensity. The percentage of flashes triggering at least one action potential was of
100£0% at 5Hz, 71 + 7 % at 20 Hz, and 31 + 8 % at 50 Hz when the whole 5-s train was
considered (n=3) (Figure 7E-F). These data indicate the reliability and sustainability of
ChR2-based photostimulation in acute slices.To validate further that optogenetic
stimulation of the ACC successfully induce neuronal activity within this brain region,
we assessed c-Fos expression. For this purpose, at the end of the behavioral tests,
each animal was stimulated once again and perfused 90 minutes after. We found a
robust and significant increase in the number of cells positive for c-Fos protein in
stimulated animals compared to control (Figure 7B). In addition, we also observed c-
Fos expression on the contralateral side of the fiber optic. Interestingly, we showed
that chronic activation of the ACC induces anxiodepressive behavior in naive
animals. Indeed, the stimulated animals displayed significantly increased latency to
first bite in the NSF test (F116= 28.88, p < .001, Figure 7G) and a decrease in overall
grooming time (F1,15=13.01, p < .01, Figure 7G) in comparison to controls. These data

confirm the major role of the ACC in the mood disorders.
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The ACC but not the pIC Mediates the Spontaneous Pain-Induced Aversive State

Clinically, the presence of spontaneous pain is offen more debilitating than
the alteration of evoked nociceptive response. For long, this parameter had
remained elusive in animal research. Recently, it has been shown that such
spontaneous pain can be unmasked in animal models of neuropathic pain (King et
al.,, 2009) by relieving the tonic-aversive state in chronic pain thanks to non-
rewarding analgesic drugs. The cerebral network mediating the aversive component
of pain includes the ACC (Johansen et al., 2001; Qu et al., 2011), but its connections
with somatosensory pain pathways are poorly described, while its relations with
anxiodepressive behaviors remain unknown. We thus compared the role of the ACC
and the pIC in the aversive component of neuropathic pain 10 weeks after the
induction of peripheral nerve injury, using the conditional place preference (CPP)
paradigm. Following spinal clonidine administration (10 ug)., we observed a CPP in
neuropathic animals (Fi1s = 12.07, p < .01, Figure 8A), resulting from pain relief. This
effect of clonidine was not present in control mice (Fi1¢ = .39, p = .54, Figure 8A),
supporting the idea that this drug selectively unmasked the tonic-aversive state in
chronic pain. The lesion of the ACC (Fi1.1s = .83, p = .37, Figure 8B), but not the pIC
(Fias = 14.51, p < .0I, Figure 8C), blocked the pain relief CPP, showing that
spontaneous pain arising from injured nerve fibers produces an aversive state that is

selectively mediated by the ACC.
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Discussion

Our findings show that the sensory component of chronic pain is functionally
dissociated from its affective and anxiodepressive components and that the ACC is
a critical brain region for the latter. Indeed, the presence of the ACC is necessary for
the anxiodepressive consequences as well as the aversive component of chronic
pain while the plC is important only for the somatosensory component. Our
optogenetic study further supports the role of the ACC in mood disorders by showing
that a sustained stimulation of the ACC repeated over 4 days induces

anxiodepressive behavior.

Besides chronic stress, chronic pain is another risk factor for depression.
However, it differs from chronic stress, as neuropathic pain does not induce
alterations of HPA axis (Ulrich-Lai et al., 2006; Yalcin et al., 2011). In present study, we
showed that the ACC is a crifical brain region for the neuropathic pain-induced
depression. The ACC has been implicated in the pathophysiology of depression
since imaging studies have shown hypoactivity in the dorsal portions of the ACC,
hyperactivity in its ventral regions (Ebert and Ebmeier, 1996) and a reduced volume
of the ACC (Drevets et al, 1998) in depressed patients. This notion is further
supported by preclinical studies showing that the social-defeat-paradigm is
accompanied with increased cingulate activity (Yu et al, 2011). By using
optogenetic, we showed that direct stimulation of pyramidal neurons in the ACC
provokes anxiodepressive-like behavior. In contrast, it has previously been reported
that the optogenetic stimulation of the mPFC induced antidepressant-like effect
(Covington et al., 2010). The difference between the localization of the implant and
experimental design can explain the difference between two studies. Indeed,
Covington et al (Covington et al., 2010) stimulated the anterior part of the mPFC
covering both the pre and the infralimbic region and the behavioural experiments
were performed during the optogenetic stimulation. However, in the present study,
all the anxiodepressive tests performed after the completion of the stimulation. The
persistent effect over several days suggests the implication of possible neuroplastic

mechanism.

The lesion of either the ACC or the pIC had absolutely no effect per se in

control animals. This confirms results showing a lack of effect of the ACC lesion on the
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anxiodepressive-like behavior in naive animals (Li et al., 2012). However, the paper
from Bissiere et al, 2006 (Bissiere et al., 2006) reported that a lesion of the rostral
cingulate cortex can diminish the immobility time in the FST. But these results are

again different in terms of species used, the extent and the localization of the lesion.

Preclinical studies showed that the ACC is also affected by chronic pain.
Indeed, chronic pain can induce functional alterations such as decreased long term
depression (Li et al., 2010) or ftriggered synaptic potentiation implicating both
presynaptic enhancement of glutamate release and postsynaptic potentiation of
AMPA receptor-mediated responses in the ACC (Descalzi et al., 2009). However, the
functional role of the ACC in the consequences of chronic pain remains sfill
unexplored. In this context, our results provide a causal link between the ACC and
the development of anxiodepressive symptoms following chronic pain. As the ACC is
also the core of the aversive component of pain (Johansen et al., 2001; Qu et al,,
2011) (present study), it is possible that the anxiodepressive behaviors observed in
neuropathic animals are triggered by the affective component of pain rather than
the somatosensory one. This hypothesis is supported by our results showing that the
lesion of the ACC also blocked the spontaneous pain-induced aversion in
neuropathic animals. In this study, the CPP paradigm is used to unmask the presence
of an aversive state due to non evoked ongoing pain. In this regard, a non-
rewarding pain alleviating drug (i.e. intfrathecal clonidine) may induce a place
preference when it suppresses the spontaneous pain in the paired compartment,
thus revealing that the animal was in a spontaneous (unprovoked) pain state in the
other compartment. This is thus the result of both a preference of the animal for the
compartment where the pain is alleviated, together with an avoidance of the
compartment where the spontaneous pain is still present (King et al., 2009). The lesion
of the ACC prevents this preference for the intrathecal clonidine-paired side, which
shows its involvement in the affective/motivational aspect of spontaneous pain.
Interestingly, the lesion of plC had no effects either on the anxiodepressive
consequences or on the aversive component of neuropathic pain. However, a
clinical study suggests a correlation between the activation of insula and the
unpleasantness of tonic pain stimulus (Schreckenberger et al., 2005) and a recent
preclinical study showed increased cerebral blood flow in the anterior part of insular
cortex during anxiety-like behaviors (Pang et al., 2011). These observations differ in

many variables from present work such as the type of stimulus (acute versus chronic),
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the targeted insular cortex subregion (anterior versus posterior). Indeed, it has been
suggested that the posterior division of the insula is involved in somatosensory
processing while the anterior insula codes higher level cognition/emotion related
sensory modalities (Wiech and Tracey, 2009; Simmons et al., 2013). Imaging (Peyron
et al.,, 2004) and lesion (Benison et al., 2011) studies showed that besides the
somatosensory cortex Il, the insula - especially its posterior part - is one of the main
brain region involved in the mechanical allodynia. In addition to the direct
projection from the spinothalamic pathway, it also receives information from the
somatosensory cortex and it projects to the striatal complex. Our results showing the
total blocking of the long-term development of mechanical allodynia by the plC

lesion reinforce the essential role of the pIC in this sensory symptom.

The nociceptive information is fransmitted to the brain by various parallel
ascending pathways such as the spinopontine, the spinomesencephalic and the
spinothalamic pathways (Lima, 2009). These pathways are not fully independent as
they polysynaptically terminate in cortical regions that can be interconnected. They
thus participate in higher integration of nociceptive inputs creating the complex
sensory and emotional experience constituting pain. In such context of brain
circuitry, however, our results support the idea that at cortfical level, the sensory
component of chronic pain remains functionally dissociated from its affective and
anxiodepressive components. This functional segregation that is observed between
the ACC and the plC may rely on differences in respective connectomes. Indeed,
even though the ACC and the IC share several common inputs and outputs, such as
the paracentral, the intermediodorsal and the central lateral nuclei of the thalamus
(Van der Werf et al., 2002), these cortical areas also have distinct afferents and
efferents. For example, the central medial thalamus projects only to the ACC, but
not to the IC, and the ACC sends projections to the basolateral but not to the
central amygdala while the plIC preferentially innervates the central amygdala
(Conde et al., 1995; Wright and Groenewegen, 1995; Shi and Cassell, 1998). A
network level of analysis would thus be important to further understand this functional

segregation.

In conclusion, this study supports the idea that the ACC and the pIC are
integrally involved in pain processing, but our findings go beyond this general
assertion by providing direct side by side evidence for the cortical dissociation

between pain components. Importantly, it reveals the critical role of the ACC but not
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the pIC in encoding anxiodepressive consequences of chronic pain. Our
optogenetic study further reinforces the essential role of the ACC in mood disorders.
The ACC may thus constitute a primary target for unveiling the precise cellular and

molecular bases of the changes occurring in chronic pain-induced depression.
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lll. Role de la protéine MAPK Phosphatase 1 (MKP-1) dans les

conséquences émotionnelles de la douleur neuropathique

A. Introduction

Dans le modele de douleur neuropathique utilisé au laboratoire ((Benbouzid et
al., 2008b)et I. Partie résultats de cette these), les souris développent des troubles
sensoriels, affectifs-motivationnels et anxiodépressifs ((Yalcin et al., 2011)et Il. Partie
résultats de cette these). Le cortex cingulaire antérieur (ACC) a été identifié comme
étant nécessaire au développement des conségquences émotionnelles de la douleur
neuropathique (Il. Partie résultats de cette these). Cela sous-entend que des
modifications ont lieu dans cette structure en condition neuropathique et qu’elles
sont responsables, au moins en partie, de |'apparition des comportements
anxiodépressifs observés. Ces changements peuvent étre de plusieurs types, avec
par exemple des variations dans la transcription de genes ou dans I'expression de
protéines, des changements d’'activité neuronale ou morphologique, ou encore une

reorganisatfion des circuits et de la communication entre les régions cérebrales.

e Notre objectif pour cette étude est d'identifier d’éventuelles modifications

moléculaires au sein de I'ACC.

Pour cela, nous avons choisi de comparer |'expression d'ARN par une
technique de puce a ADN, chez des animaux non neuropathiques (sham) et des
animaux neuropathiques (cuff), & deux points temporels. En effet, deux semaines
apres I'induction de la neuropathie, les animaux montrent une allodynie mécanique,
mais pas encore de troubles anxiodépressifs. Huit semaines apres I'induction de la
neuropathie, les animaux développent I'allodynie mécanique ainsi que des troubles

anxiodépressifs.

Ce ftravail, réalisé grce & une collaboration avec le Dr Ralf Gilsbach de
I'Université de Fribourg-en-Brisgau (Allemagne), nous a permis d’identifier différentes
cibles et nous avons choisi de nous focaliser particulierement sur I'ARN
correspondant a la protéine Mitogen-Activated Protein Kinase (MAPK) Phospatase 1
(MKP-1), aussi appelée Dual-specificity Phosphatase 1 (DUSP-1), une protéine qui

inactive les MAPK en les déphosphorylant.
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Figure 11. Représentation simplifiée des voies d’activation et d’inaction des MAPK.
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Figure 12. Représentation détaillée de la voie des MAPK. En gris apparaissent les MAPK, en jaune les MEK, en rouge les

MKP.

D’aprés Kanehisa Laboratories.
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Les MAPK sont une famille de protéines hautement conservées au long de
I'évolution. Elles jouent un réle prédominant dans la régulation de I'activité des
protéines en intervenant sur leur équiliore de phosphorylation et agissent de fait sur
de nombreuses voies de signalisation et dans un tres grand nombre de fonctions
cellulaires (prolifération, différentiation, survie et mort cellulaire), de processus
physiologiques (embryogénese, immunité, homéostasie métabolique, fonction
cardiaque et plasticité neuronale)(Jeffrey et al., 2007; Boutros et al., 2008). Elles sont
associées a des pathologies telle que le diabete, I'arthrite rhnumatoide, les maladies
neurodégénératives et le cancer (Dhillon et al., 2007; Lawrence et al., 2008). Du fait
de leur homologie de séquence, des différences dans leurs mécanismes
d'activation et de la spécificité de leurs substrats, les MAPK se classent en trois
catégories majeures : les extracellular signal-regulated kinases 1 et 2 (ERK1/2), les c-
Jun NHz-terminal kinases 1, 2 et 3 (JNK 1/2/3) et les p38a, B, & et y kinases (Cobb,
1999). La voie de signalisation des MAPK est tres complexe, des processus variés
interviennent dans leur activation et leur inactivation, et leurs protéines cibles sont
nombreuses (Figures 11 et 12). Leur voie d’activation comprend les MAPK Kinases
Kinases (MKKK ou MEKK) qui activent par phosphorylation les MAPK Kinases (MKK ou
MEK) activant a leur tour les MAPK en phosphorylant deux résidus Thréonine et
Tyrosine inclus dans un motif Thr — X — Tyr spécifique de cette famille. Les deux résidus
de la boucle d'activation des MAPK doivent étre phosphorylés pour une activité
maximale. De trés nombreuses phosphatases sont capables de désactiver les MAPK,
qgue ce soit en déphosphorylant un seul, ou les deux sites Thr et Thy. Parmi ces
différents enzymes se tfrouve la classe des MAPK Phosphatases (MKP), aussi nommeées
Dual-specificity Phosphatases (DUSP) du fait de leur capacité a déphosphoryler les
deux résidus Thr et Tyr, dont notre candidat MKP-1 est le représentant archétypal
(Lawan et al., 2013). Cette famille comprend 10 MKP chez les mammiferes, qui ont
en commun un domaine N-terminal non-catalytique et un domaine C-terminal
catalytique. Les variations de séquence, de localisation cellulaire et de spécificité de
substrat classent le MKP en trois sous-familles (Figure 13 d'apres (Caunt and Keyse,
2013)). MKP-1, & laguelle nous nous intéressons, fait partie de la sous-famille
préférentiellement nucléaire. Elle est capable d'interagir avec les trois types de

MAPK avec une préférence pour JNK et p38.

Les trois voies des MAPK sont impliquées dans le domaine de la douleur. La

phosphorylation d'ERK dans la corne dorsale de la moelle épiniere est provoquée
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Figure 13. Famille des MKP. Les 10 MKP se répartissent en 3 sous-familles : 1.Cytoplasmiques et spécifiques d’ERK, 2.Nucléaires
et 3.Cytoplasmiques et nucléaires et spécifiques de JNK/p38.

D’aprés Caunt CJ et Keyse SM, FEBS, 2013



par des stimuli nociceptifs thermique (chaud et froid) et mécanique. Cette
activation est dépendante de I'intensité du stimulus nociceptif (Ji et al., 1999). Dans
des modeles de douleur neuropathique, I'activation d'Erk a été démontrée dans la
microglie de la corne dorsale de la moelle épiniere (Ma and Quirion, 2002). Dans les
mémes cellules, la phosphorylation de p38 a été démontrée dans plusieurs modeéles
de douleur neuropathique (Jin et al., 2003; Wen et al., 2007). Le réle de JNK dans la
douleur est moins bien connu bien que plusieurs études confirment son implication.
Une augmentation de I'expression d’'une forme activée de JNK a été mise en
évidence dans les astrocytes de la moelle épiniere dans un modele de douleur
neuropathique (Zhuang et al., 2006). Compte tenu du réle de MKP-1 dans la voie des
MAPK et de I'implication de cette voie dans la douleur, quelques études se sont
intéressées a I'implication de MKP-1 dans la douleur. Par exemple, des travaux ont
montré qu’'une surexpression de MKP-1 dans la moelle épiniere prévient le
développement d'une hypersensibilité mécanique dans un modéle de douleur

neuropathique (Ndong et al., 2012).

L'implication de la voie des MAPK a aussi été mise en évidence dans les
troubles de I'humeur. Par exemple, une diminution de p-ERK est observée dans
I'hippocampe de souris dans un modeéle de dépression (Gourley et al., 2008). Le
niveau de p-ERK revient a la normale lorsque les animaux ayant un comportement
de type dépressif sont fraités par un antidépresseur tricyclique (Gourley et al., 2008).
Dans une expérience de stress de défaite sociale induisant normalement un
comportement d'isolement social et constituant un modéle de dépression, la
délétion localisée de la protéine p38 dans les neurones sérotonergiques du noyau du
raphé dorsal prévient I'apparition des comportements de type dépressif (Bruchas et
al., 2011). Le test de nage forcée, largement utilisé pour I'évaluation de I'efficacité
des antidépresseurs en phase préclinique, entraine une activation de JNK dans
I'nippocampe et le cortex préfrontal, deux régions cérébrales impliquées dans la
dépression. De plus, I'administration intfracérébroventriculaire d'un inhibiteur de JNK
enfraine un effet de type antidépresseur dans ce méme test (Galeotti and
Ghelardini, 2012). Enfin, une étude menée en parallele chez 'Homme et chez la
souris a montré une surexpression de la protéine MKP-1 dans I'hippocampe de
patients ayant souffert de dépression, de méme que dans un modele murin de
dépression, le stress chronique imprédictible. Ce méme stress chronique mené chez

des souris KO pour cetfte protéine n'entraine plus de comportement de type
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Expérience Statut génétique  Groupe chirurgie Point temporel du prélévement de I'ACC

WT Sham 2 semaines post-chirurgie
@ - Génomique WT Cuff 2 semaines post-chirurgie
WT Sham 8 semaines post-chirurgie
WT Cuff 8 semaines post-chirurgie
@ =l WT Sham 8 semaines post-chirurgie
WT Cuff 8 semaines post-chirurgie
WT Sham NA
@) - KO MKP-1 WT Cuff NA
KO MKP-1 Sham NA
KO MKP-1 Cuff NA

Tableau 4. Classification des groupes expérimentaux utilisés dans les 3 expériences
menées. NA : non applicable



dépressif (Duric et al., 2010). Ces données conféerent & MKP-1 un réle critique dans le

développement de la dépression.

Compte tenu de I'implication des voies des MAPK et de MKP-1 en particulier
dans la douleur et la dépression, ainsi que de I'augmentation de I'expression de
I'’ARN de MKP-1 dans notre modeéle, nous avons voulu tester I'implication de cette
protéine dans les conséquences émotionnelles de la douleur neuropathique. Notre

objectif a été double :

e Confirmer au niveau protéique la surexpression de MKP-1 chez les souris
ayant des comportements anxiodépressifs. Une approche par immunoblot a

confirmé la surexpression de MKP-1 chez ces animaux.

e Etudier le comportement de souris KO pour le géne MKP-1. Nous nous sommes
procurés ces souris (Dorfman et al., 1996), nous les avons exposées A notre
modele de douleur neuropathique et nous avons étudié le développement
des comportements douloureux et anxiodépressifs. Ces animaux présentent
I'allodynie mécanique attendue aprées la pose du cuff, mais par confre ne

manifestent plus de comportement de type dépressif.

Ces données confirment le réle majeur joué par la protéine MKP-1 dans
I'apparition de comportements anxiodépressifs, avec un rdle probablement

important de I'ACC dans ces troubles.

B. Matériel et méthode

Groupes expérimentaux

Trois ensembles d'expériences sont réalisées : une partie génomique, une partie
expression protéique de MKP-1 et une partie comportements nociceptif et
anxiodépressif des souris KO MKP-1. Les groupes expérimentaux utilisés sont classés

dans le tableav 4.

Animaux

Les tests concernant les parties génomique et expression protéique sont

conduits chez des souris C57BL/6J (Charles River, L'Arbresle, France). La chirurgie est
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pratiquée sur des souris mdles dgées d'au moins 8 semaines, stabulées par groupe
de cing, sous un cycle de 12 heures de lumiére suivies par 12 heures de nuit, avec
nourriture et eau ad libitum. Les animaux KO MKP-1 (Dorfman et al., 1996)
nécessaires a la reproduction pour la constitution de nos groupes expérimentaux
nous ont été fournis gracieusement par le Dr. Andrew Cato de I'Institute of
Toxicology and Genetics de Karlsruhe, aprés accord de la firme Bristol-Myers Squibb,
créateurs originaux de ces souris fransgéniques. Les animaux KO MKP-1 nécessaires
aux expériences ont été élevés a partir de croisements entre les souris KO et des
souris WT C57BL/éJ. Les animaux hétérozygotes obtenus ont été croisés entre eux, les
souris KO et WT ont été sélectionnées apres génotypage pour la suite de I'étude et
elevées dans nofre animalerie dans les mémes conditions et dans les mémes salles
gue nos animaux non-transgéniques. L'animalerie est enregistrée et agréée pour
I'expérimentation animale (agrément Cé67-482-1). Les protocoles sont validés par le
comité d’'éthique de I'Université de Strasbourg (CREMEAS, n°AL-04).

Modeéle de douleur neuropathique

Le protocole chirurgical d'induction de la neuropathie est décrit dans I'article
« The Sciatic Nerve Cuffing Model of Neuropathic Pain in Mice » en partie 1 de la

section résultats.

Test sensoriel

Le test des filaments de von Frey, qui mesure ici la sensibilité mécanique des
pattes postérieures des animaux, est décrit dans I'article « The Sciatic Nerve Cuffing

Model of Neuropathic Pain in Mice » en partie 1 de la section résultats.

Tests mesurant les comportements de type anxiodépressif

Ces tests sont décrits dans la partie matériel et méthode de I'article « The
anterior cingulate cortex is a critical hub for pain-induced depression », en partie 2
de la section résultats. Nous avons utilisé les tests d'hyponéophagie (NSF) et de

toilettage provoqué (splash test).
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Dissection des tissus

Les animaux sont euthanasiés par dislocation cervicale, le cerveau est
immédiatement prélevé et mis dans une matrice pour réaliser des tfranches frontales
de 1 mm d’'épaisseur. Toutes les opérations, d partir du prélevement du cerveau,
sont effectuées sur de la glace. Les tranches contenant la région d’intérét (2 a 3 par
animal) sont déposées dans du liquide céphalorachidien artificiel (Glucose 11,8 mM,
NaHCOs 27,5 mM, NaCl 62,5 mM, KCI 1,2 mM, CaClz2 2H20 0,55 mM, MgClz2 0,4 mM,
KH2PO4 0,25 mM, Na2SO4 anhydre 0,25 mM) et dissequées manuellement sous une
loupe binoculaire. Les parties d’ACC prélevées sont immédiatement déposées dans
des tubes préalablement placés dans de la carboglace, puis sont conservés a -80°C

jusqu'a I'extraction des ARN ou des protéines.

Extraction et dosage des ARN et des protéines

ARN - Les ARN totaux sont récupérés gréce au kit RNeasy (QIAGEN) et selon le
protocole fourni dans le kit. Leur dosage est effectué grGce a un NanoDrop
(Thermoscientific). lls sont ensuite envoyes au laboratoire du Pr. Lutz Hein et du Dr.

Ralf Gilsbach & Fribourg-en-Brisgau pour I'étude génomique.

Protéines - Les tissus prélevés sont mis dans 150 yl d'une solution de lyse (20 mM
de Tris pH 7,5 ; 150 mM de NaCl ; 10% de glycérol, 1% de NP40 ; cocktail d’inhibiteurs
de protéases Roche). Les ftissus sont homogénéisés manuellement et brievement
passés au sonicateur. Les tubes sont centrifugés 10 minutes a 11.500 rotations par
minute. Le surnageant est récupéré puis dosé par le kit DC Protein Assay (Biorad).

Apres dosage, les échantillons sont conservés a -20°C.

Analyse de I'expression de I'’ARN par les puces a ADN

Cing cents ng d'ARN sont amplifiés et biotinylés en utilisant le kit lllumina®
TotalPrep™ RNA Amplification Kit (Life). Les ARN obtenus sont ensuite hybridés a la
puce a ADN MouseWG-6 v2.0 Expression BeadChips (lllumina), puis les puces sont
traitées selon les instructions du fabricant. Les résultats sont analysés & I'aide du

Gene expression analysis module du GenomeStudio V2010.3 (lllumina) apres
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normalisation par quantiles. Six extraits d’ARN provenant chacun d'un animal sont

utilisés par condition, soit au total 24 extraits d’ARN.

Immunoblot

Les protéines sont chauffées a 90°C pendant 5 minutes. Trente ug de protéines
sont déposés dans les puits d'un gel de polyacrylamide a 8% en présence de
Sodium Dodécyl Sulfate (SDS). La migration est effectuée par électrophorese dans
un tampon de migration (TRIS base 25 mM ; Glycine 192 mM) avec 0,1% de SDS, a
une tension constante de 100 V. Les protéines sont ensuite fransférées sur une
membrane de PVDF pendant 1 heure dans un tampon de tfransfert (TRIS base 25
MM ; Glycine 192 mM ; méthanol 20%) a une intensité constante de 0,03 A et a 4°C.
Une saturation des sites aspécifiques est effectuée dans une solution d'albumine
sérique bovine a 5% pendant 4 heures. Les membranes sont ensuite incubées
pendant une nuit dans des solutions contenant les anticorps primaires dirigés contre
la tubuline (1:10.000, Abcam, ab108342) et MKP-1 (1:200, Santa Cruz Biotechnology,
V-15 sc-1199). Apres rincage, les membranes sont incubées dans des solutions
d'anticorps secondaires couplé a la péroxydase de raifort (1:5.000, Millipore, AP307P)
dirigés contre les anticorps anti-tubuline et anti-MKP-1 pendant une heure. Les
bandes d’'intérét sont détectées par chimioluminescence apres incubation dans une
solution issue du kit ECL Prime Western Blotting Detection Reagent (Amersham
Biosciences, GE Healthcare). Nous procédons a la quantification a I'aide du logiciel

Adobe Photoshop CSé aprées scan des films photographiques.

Statistiques

Les résultats sont exprimés en moyenne % I'erreur type de la moyenne. Pour les
tests comportementaux et I'immunoblot, les analyses statistiques consistent en des
analyses de variance (ANOVA) sur des mesures indépendantes ou répétées selon le
design expérimental. Les résultats des puces d ADN sont comparés par un t-test. Une
analyse post-hoc de Duncan pour comparaison intergroupes est réalisée en cas
d’'afteinte d'un niveau de significativité de p<0,05. Le logiciel STATISTICA 10.0

(Statsoft, Tulsa, OK, USA) est utilisé pour toutes les analyses statistiques.
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Figure 14. Schéma représentant le déroulement des expériences. Les tests évaluant la sensibilité mécanique (test des
filaments de von Frey, VF) sont effectués avant la chirurgie (baseline) et chaque semaine apres la chirurgie. lls sont représentés
sur fond orange. Les tests évaluant les comportements anxiodépressifs (NSF) sont effectués soit deux semaines, soit huit
semaines aprés la chirurgie. lls sont représentés sur fond vert. L’astérisque représente le point temporel auquel le préléevement de
'ACC a été effectué.




C. Résultats

1. Analyse génomique

Le déroulement des expériences et la constitution des groupes expérimentaux

sont exposés en Figure 14.

Nous avons constaté, chez les animaux cuff uniquement, le développement
d'une allodynie mécanique ipsilatérale au cbété de I'implantation du cuff (2
semaines : F220=20,65, p<0,001 ; 8 semaines : F7,70=6,04, p<0,001), qui a duré le temps

précédant le prélevement de I'ACC (2 ou 8 semaines selon le groupe) (Figure 15A).

Nous avons parallelement aux études évaluant les changements de sensibilité,
étudié le développement de comportements de type anxiodépressif par le test
d'hyponéophagie. Nous n'avons pas observé de différence dans ce test entre les
animaux sham et cuff 2 semaines apres la chirurgie (Figure 15B) (F1,10=0,002, p=0,96),
ce qui est cohérent avec les résultats déja obtenu dans I'équipe qui montrent que le
développement de ce type de comportement n'est observable, avec ce test, qu'a
partir de 5 semaines aprées I'induction de la neuropathie (Yalcin et al., 2011). Par
contre, nous avons pu montrer des comportements anxiodépressifs chez les animaux
cuff 8 semaines (Figure 15B) (F1,10=9,32, p<0,05), ce qui confirme que notre modele
de douleur neuropathique induit des conséquences émotionnelles apres un délai

temporel.

Suite a I'extraction des ARN, I'utilisation de la technique de puces a ADN nous
a permis de distinguer des variations d’expression de nombreux ARN entre les
groupes sham et cuff a 2 et 8 semaines apres I'induction de la neuropathie (Figure
16). Apres avoir effectué des recherches bibliographiques sur les différents
candidats, nous avons décidé de confinuer notre travail en nous inféressant & MKP-1
dont I'ARN présente I'une des augmentations les plus importantes dans notre
structure & la fois a 2 (ratio cuff/sham = 2,10, p<0,05) et 8 semaines post-chirurgie
(ratio cuff/sham = 1,72, p<0,05) (Figure 16).

2. Analyse du profil d’expression protéique

Nous avons & nouveau constitué deux groupes d’animaux, un groupe sham et

un groupe cuff que nous avons suivi pendant 8 semaines, avec mesure de la
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Figure 15. Résultats comportementaux des animaux dont les ARN ont été analysés par la technique de puce a ADN. (A) Une
allodynie mécanique persistante est mise en évidence chez les animaux cuff. (B) Les comportements anxiodépressifs sont visibles
chez les animaux cuff 8 semaines aprés la chirurgie, comme le montre 'augmentation du temps de latence avant la premiére prise
de nourriture chez ces animaux. n = 6 animaux par condition. * p<0,05, *** p<0,001.



sensibilité mécanique via le test des filaments de von Frey et évaluation des troubles
anxiodépressifs avec le test d'hyponéophagie (Figure 17A). Comme
precedemment, les souris cuff ont montré une allodynie mecanique (Figure 17B)
(F7,70=9.58, p<0,001) et un comportement de type anxiodépressif (Figure 17C)
(F1,10=13,10, p<0,01). La dissection de I'ACC a cette fois été faite afin d'en isoler les
protéines. Les immunoblots provenant de ces animaux ont montré, conformément
aux résultats obtenus sur les ARN, une augmentation du niveau d'expression de la

protéine MKP-1 chez les animaux cuff (Figure 17D,E) (F1,10=106,19, p<0,001).

3. Comportement des animaux KO MKP-1

Deux groupes sont constitués en fonction de leur statut génétique, le groupe
WT et le groupe KO MKP-1. Au sein de chaque groupe, nous repartissons les animaux
en deux sous-groupes, sham et cuff. Nous avons donc d notre disposition 4 groupes
qgue nous avons comparés : WT sham, WT cuff, KO sham, KO cuff. Nous avons suivi,
pendant 8 semaines, la sensibilité mecanique et les troubles anxiodépressifs (Figure
18A).

Tout d'abord il est important de noter que les animaux KO n'ont pas de
troubles de la sensibilité. Selon le test des flaments de von Frey, le seuil de sensibilité
mécanique des animaux KO n’est pas différent de celui des animaux WT (Figure 18B)
(F1,45=3,33, p=0,075). Apres la chirurgie induisant la neuropathie, les animaux cuff ont
développé une allodynie mécanique ipsilatérale & I'implantation du cuff,
indépendamment de leur statut génétique (Figure 18C) (F3,123=50,25, p<0,001). La
perte de I'expression de MKP-1 ne modifie pas ni la sensibilitfé mécanique, ni la

capacité a montrer des troubles de type neuropathie au sein de notre modele.

Les tests d’hyponéophagie et de toilettage provoqué précédemment décrits
sont utilisés pour étudier le développement de troubles anxiodépressifs chez les
animaux WT et KO. Les animaux WT cuff, comparés au WT sham montrent une
augmentation du temps de latence avant la premiere prise de nourriture (p<0,01)
dans le test d’hyponéophagie (Figure 18D) et une diminution du temps de toilettage
(p<0,001) dans le test de toilettage provoqué (Figure 18E), confirmant ainsi la mise en
place de comportements anxiodépressifs chez les animaux neuropathiques. Par
contre, pour les souris KO cuff, il n'existe pas de différence comportementale par

rapport aux KO sham dans aucun des deux tests (Figure 18D,E) (hyponéophagie :
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Figure 16. Variation d’expression des ARN extraits de ’ACC de souris sham et cuff. Sont représentés iciles 167 génes modifiés
soit 2 semaines soit 8 semaines aprés I'induction de la neuropathie. Les ARN surexprimés sont visualisés en rouge, les ARN sous-
exprimés en vert, en noir les ARN ne variant pas.




p=0,58 ; toilettage provoqué: p=0,84), montrant en cela une incapacité a
développer des comportements anxiodépressifs chez les animaux déficients en MKP-
1. Il est important de noter que les animaux WT sham et KO sham ont des réponses
similaires dans les deux tests, le statut génétique n'ayant pas d’effet sur le
comportement anxiodépressif basal des animaux (Figure 18D,E) (hyponéophagie :
p=0,86 ; toilettage provoqué : p=0,44). Nous pouvons donc conclure que la protéine
MKP-1 est responsable, au moins en partie, des conségquences émotionnelles dans

notre modeéle murin de douleur neuropathique.

D. Discussion

Au sein de I'ACC, structure impliqguée dans le développement des troubles
anxiodépressifs lieés a la douleur neuropathique, des modifications dans I'expression
de certains ARN apparaissent dés deux semaines aprés l'induction de la
neuropathie. Parmi les ARN modifiés, nous avons choisi de nous intéresser a celui
codant la protéine MKP-1. L'augmentation de I'expression de I'ARN de MKP-1 a été
confirmée par I'augmentation de I'expression de la protéine MKP-1 chez les animaux
neuropathiques. Enfin, les animaux KO pour MKP-1 qui ont une sensibilité mécanique
normale en condition basale ou en condition neuropathique ne montrent pas les
comportements de type anxiodépressif en condition neuropathique. Ceci suggere
gue la perte de cette protéine inhibe I'apparition des conséquences émotionnelles
de la douleur neuropathique, au sein de notre modele. Malgré les apports, selon
nous importants de ces résultats, des expériences complémentaires restent
nécessaires pour une meilleure compréhension du réle de MKP-1 dans les

conséquences émotionnelles de la douleur neuropathique.

Premiérement, les causes induisant la surexpression de I'ARN codant MKP-1
dans I'ACC au sein de notre modele ne sont pas connues. MKP-1 a été
originellement identifi€ comme un géene de réponse précoce dont I'expression peut-
étre induite par des facteurs de croissance ou le stress (Sun et al., 1993). De plus, les
MAPK elles-mémes provoquent une augmentation de I'activité transcriptionnelle de
MKP-1, constituant ainsi une boucle de rétrocontréle cohérente (Brondello et al.,
1997). La stabilité de son ARNm, qui peut étre une autre cause de I'augmentation de

son expression, est contrélée par les protéines de liaison & I'TARN HuR et NF90
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Figure 17. Expression de la protéine MKP-1 dans I’ACC en condition neuropathique. (A) Schéma représentant le déroulement
des expériences. Les tests évaluant la sensibilité mécanique (test des filaments de von Frey) sont effectués avant la chirurgie
(baseline) et chaque semaine apres la chirurgie. lls sont représentés sur fond orange. Le test évaluant les comportements anxiodé-
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temporel auquel le prélévement de 'ACC a été effectué. (B) Les animaux cuff développent une allodynie mécanique ipsilatérale au
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mettant en évidence un comportement anxiodépressif. (D) Exemple d’un immunoblot et (E) sa quantification. La protéine MKP-1
est surexpri-mée dans '’ACC des animaux cuff. n = 6 animaux par condition.** p<0,01, *** p<0,001.



(Kuwano et al., 2008), I'activité de ces protéines devra donc étre analysée dans
notre modele. La surexpression de I'ARNm codant MKP-1 est probablement une des
raisons de la surexpression de la protéine MKP-1, mais ce n’est pas forcément la
seule. Certaines études montrent que la stabilité de MKP-1 est augmentée lorsque
cetfte protéine est phosphorylée par ERK1/2 (Brondello et al., 1999), alors que
d'autres monfrent que la phosphorylation de MKP-1 par ERK1/2 entraine sa
dégradation via un mécanisme impliquant le systeme ubiquitine/protéasome (Lin et
al., 2003). Les mécanismes de régulation croisée entre les MAPK et MKP-1 sont fres
complexes et varient en fonction des conditions physiopathologiques et des tissus
observés. Ces mécanismes devront étre précisés dans notre modele au sein de
I'ACC.

Deuxiemement, I'effet de I'augmentation de MKP-1 sur ses cibles doit étre mis
en évidence. L'observation de I'état de phosphorylation des cibles directes de MKP-
1 que sont JNK, p38 et ERK devra étre faite, préférentiellement sur les protéines
nucléaires du fait de la compartimentalisation de MKP-1. Apres avoir déphosphorylé
leurs cibles, les MKPs peuvent soit les libérer soit les séquestrer. L'état de
phosphorylation de leurs cibles n'est donc pas le seul indice de leur activité, et des
expériences de coimmunoprécipitations peuvent fournir des informations

importantes sur I'implication de MKP-1 dans les voies de signalisation cellulaire.

Troisiemement nous avons utilisé des animaux transgéniques dont I'expression
de MKP-1 est inhibée a fravers tout I'organisme, et pas uniquement dans I'ACC. Or
nous savons que la surexpression localisée de MKP-1 dans I'hippocampe de souris est
capable d’induire des comportements anxiodépressifs (Duric et al., 2010). Bien que
nous ayons observé une surexpression de I'’ARN et de la protéine MKP-1 dans I'ACC,
I'absence de ces comportements chez les animaux KO n’est pas forcément corrélée
d la perte de I'expression de cette protéine dans I'ACC, mais peut-étre & celle dans
I'hippocampe ou dans une autre structure impliqguée dans la dépression. Une
solution pour confirmer I'implication spécifique de I'ACC serait d'induire des pertes
d'expression de MKP-1 localisées dans I'ACC (par exemple par la technique
Cre/LoxP ou l'injection locale de siRNA). Nous pourrions aussi entrainer une
surexpression localiseée de MKP-1 dans I'ACC par fransgénese virale. Ces deux
approches complémentaires pourraient permettre de confirmer I'implication de
MKP-1 dans I'ACC, dans les conséquences émotionnelles de la douleur

neuropathique.
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Figure 18. Comportements nociceptifs et anxiodépressifs des souris KO MKP-1. (A) Schéma représentant le déroulement des
expériences. Les tests évaluant la sensibilité mécanique (test des filaments de von Frey) sont effectués avant la chirurgie (baseline)
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indépendamment de leur statut génétique. (D) Les animaux cuff WT ont un temps de latence avant la premiére prise de nouriturre
plus long, mettant en évidence un comportement anxiodépressif. Ce n'est pas le cas pour les animaux KO cuff. (E) Les animaux cuff
WT ont un temps de toilettage plus court, mettant en évidence un comportement anxiodépressif. Ce n’est pas le cas pour les animaux
KO cuff. Les nombres entre paranthéses correspondent au nombre d’animaux par condition. ** p<0,01, *** p<0,001



Enfin, il nous semble important de noter que I'ARN codant MKP-1 n'est pas le
seul membre de la famille de MKP & étre surexprimé dans notre modéle. Les ARN
codant MKP-3 et MKP-4, qui font partie des deux autres familles de MKP sont aussi
surexprimés. L'effet de la surexpression de MKP-1 sur la voie des MAPK doit donc étre
pondéré par les modifications d'expression des autres acteurs de cette voie, en

particulier des autres MKP dans notre modeéle de douleur neuropathique.

La mise en évidence du réle de MKP-1 dans le développement des
comportements anxiodépressifs dans nofre modéele, constitue une piste de

recherche tres intéressante pour une meilleure compréhension de ces troubles.
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I. Pertinence du modeéle utilisé dans I'étude de la douleur neuropathique

A. L'étude de la douleur chez les rongeurs

Certains auteurs ont questionné le bien fondé de I'ufilisation des rongeurs pour
I'étude de la douleur dans un but translationnel (Langley et al., 2008; Craig, 2009).
Cette interrogation est pertinente au vue de la difficulté G développer chez
I'Homme de nouveaux fraitements pharmacologiques sur la base de leur potentiel
thérapeutique chez I'animal (Hill, 2000). Comme le dit A.D. Craig, un rat n’est pas un
singe qui n'est pas un humain (Craig, 2009). Sa critique de [I'utilisation des rongeurs
repose sur le manque d'homologie des structures qui convoient et integrent
I'information nociceptive pour aboutir a I'expérience douloureuse. Nous avons
discuté en partie de cette question dans I'introduction. En effet, toutes les structures
des voies spino-thalamo-corticales ne sont pas identiques chez I'Homme ou les
singes et chez les rongeurs. Un des exemples le plus frappant au niveau anatomique
est I'individualisation de I'insula chez 'Homme, absente chez les rongeurs, especes
lissencéphales. Cependant, les voies de projections spinothalamiques existent chez
le rat, et ces voies ont bien des terminaisons corticales dans le cortex cingulaire
(Hoover and Vertes, 2007) et le cortex insulaire (Allen et al., 1991). Ainsi, dire que
I'absence d’homologie stricte des structures et des circuits neuroanatomiques entre
I'Homme et les rongeurs rend caduque I'étude des voies et des mécanismes de la

douleur chez les rongeus dans un but translationnel nous parait excessif.

Au cours du temps, des tests mesurant, non plus uniquement des réponses
réflexes, mais aussi des comportements motivés (Johansen et al., 2001; LaGraize et
al., 2004) mettant en ceuvre des processus corticaux plus complexes sont apparus. lis
ont permis la mise en évidence chez le rongeur de la composante
aversive/motivationnelle de la douleur. Dans le cadre de la douleur neuropathique,
la présence de douleurs spontanées est particulierement handicapante pour les
patients (Backonja and Stacey, 2004). L'étude de cette composante a longtemps
été ignorée chez les rongeurs du fait d’obstacles expérimentaux. Le développement
de nouveaux tests a montré que la douleur spontanée est mesurable indirectement
avec des protocoles de préférence de place ((King et al., 2009), et partie Il. de la

section résultats). Ces tests sont relativement récents et leur portée franslationnelle
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ne peut étre anticipée. Nous pensons toutefois que la diversification des tests utilisés
et des comportements observés chez le rongeur est en faveur d'une meilleure
compréhension des processus mis en jeu dans la douleur. Les difficultés rencontrées
dans la mise en place de ces tests, leur reproductibilité et le nombre d’'animaux

nécessaires doivent toutefois étre mis en perspective avec I'information recherchée.

B. Discussion sur les termes hyperalgésie et allodynie

Les signes modélisant la douleur chez I'animal sont majoritairement des
réponses a des stimuli provoqués. Les termes hyperalgésie et allodynie sont
largement utilisés dans la recherche préclinique et nous pensons nécessaire de

préciser leur signification et leur pertinence dans notre modéle.

L'hyperalgésie se traduit par une réponse douloureuse exagérée a un stimulus
qui induit normalement de la douleur. Selon les nouvelles recommandations de
I'lASP, c'est désormais un terme générique pouvant inclure a la fois une diminution

du seuil de sensibilité et une augmentation de la réponse lorsque le seuil est dépassé.

L'allodynie est une douleur en réponse 4 un stimulus normalement non
nociceptif. Le groupe d’'étude de I'lASP travaillant sur la taxonomie précise que le
stimulus ne doit pas activer les nocicepteurs. L'allodynie se référe alors
majoritairement & I'activation des fibres AR et aux fibres AS et C a bas seuil
d’activation. Cette définition n'est pas en contradiction avec I'utilisation que nous
en faisons, cependant, I'activation de ces fibres dans notre modele n’est pas

démontrée.

En I'absence d'études électrophysiologiques démontrant quels types de fibres
sont recrutés dans les situations neuropathique et non neuropathique, les seules
conclusions que nous pouvons firer est que nous observons une diminution du seuil

de sensibilité mécanique chez les animaux cuff.
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C. La modélisation de la douleur neuropathique dans le modéle du cuff

Nous allons discuter dans notre modele de douleur neuropathique, des signes
observables et de ceux qui ne le sont pas, en comparaison aux signes décrits chez

'Homme.

Une diminution du seuil de sensibilité mécanique est mise en évidence dans
notre modele dés les premiers jours aprées la chirurgie et persiste pendant trois mois.
Le stimulus consiste en I'application statique de filaments de von Frey sur le cété
inférieur de la patte des animaux. Chez I'Homme, c'est la stimulation mécanique
dynamique qui est principalement percue comme douloureuse. La mesure de la
sensibilité a un tel stimulus (Thibault et al., 2014), par effleurement de la face
inférieure des pattes avec un pinceau est possible chez le rat mais difficile chez la
souris du fait de la petite taille des patftes des animaux et de leurs mouvements

fréquents dans les boites de test.

Une hyperalgésie a un stimulus thermique chaud est transitoirement observée
pendant les quinze premiers jours suivant la chirurgie chez les souris cuff par le
« radiant heat paw-withdrawal test » (Benbouzid et al., 2008b). Ce test a I'avantage
de mesurer indépendamment les réponses des pattes gauche et droite
(Cheppudira, 2006). L'hyperalgésie ne durant pas dans le temps, ce test n'est pas
tres utile pour nos fravaux ou nous étudions les conséquences a long terme de la
douleur neuropathique. Le temps moyen avant le retfrait de la pafte pour nos
animaux naifs doit étre au moins de 5 secondes si I'on veut pouvoir observer une
diminution de ce temps chez nos animaux neuropathiques. Les souris C57BL/6J
utilisées ne passent que trés rarement plus de 3 secondes immobiles, méme aprées un
temps d’habituation. Il est donc compliqué d'obtenir des valeurs correctes pour un

grand nombre d’animaux.

Les réponses a un stimulus thermique froid peuvent étre mesurées par le test de
la plaque froide, mais ce test ne permet pas la différenciation entre la patte gauche
et la patte droite. Le test a I'acétone, ou une goutte d'acétone est appliquée
indépendamment sur la face inférieure de chaque patte des animaux permet de
faire cefte distinction. Cependant, I'utilisation de ce test dans notre modele murin
n'a pas été concluante malgré les différents essais faits par différents

expérimentateurs de notre laboratoire.
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Le «Place/Escape Avoidance Paradigm» (PEAP) permet de mettre en
évidence la composante aversive de la douleur provoquée (LaGraize et al., 2004).
Ce test n'a pas encore été effectué dans notre modele mais pourrait compléter de

maniere pertinente les résultats déja obtenus dans I'équipe.

Tous les tests mentionnés jusqu’ici mesurent la réponse des animaux G une
douleur ou un stimulus provoqués par I'expérimentateur et mettent en évidence des
signes positifs. Nous savons qu’en clinique, ces signes sont accompagnés de troubles
de la sensibilité comme la dysesthésie et la paresthésie. Ces manifestations ne sont
pas détectables dans les modeles animaux y compris le ndtre. Les signes négatifs
d'hypoalgésie et d’hypoesthésie sont probablement observables par les tests
classiques des filaments de von Frey, mais n'ont pas été détectés dans notre

modele.

Enfin, les tests permettant la mesure de la composante aversive de la douleur
spontanée ont été menés avec succes dans nofre modele (Il. section résultats). La
pertinence et les difficultés rencontrées au cours de ces tests sont détaillées dans la

partie suivante.

En résumé, notre modeéle permet de mettre en évidence les signes positifs de
diminution du seuil de sensibilité mécanique et d’hyperalgésie thermique et la
composante aversive de la douleur spontanée mais pas,  notre connaissance, les
troubles de la sensibilité, les signes déficitaires ou la composante aversive de la
douleur provoquée. Si la multiplication des signes retrouvés a la fois chez I'Homme et
chez I'animal augmente la qualité du modeéle animal, il n'est pas pour autant
nécessaire de les retrouver en totalité pour que le modele utilisé soit pertinent. Ceci
est particulierement vrai pour les douleurs neuropathiques ou les signes cliniques sont
tres variables en fonction de I'étiologie (Baron et al., 2010) et méme entre des
patients ayant des douleurs neuropathiques d'origines comparables (Defrin et al.,
2001).

D. Discussion de la mesure de la douleur spontanée par CPP

La douleur spontanée est trés invalidante en clinique mais n’est observée que
depuis peu en recherche fondamentale. Comme nous I'avons vu dans la partie Il

de la section résultats, c'est la préférence des animaux pour un compartiment
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associé a un traitement analgésique parallelement & une aversion pour le
compartiment associé & la douleur qui met en évidence la composante
aversive/motivationnelle de la douleur spontanée. Cette mise en évidence est donc
indirecte car on ne mesure pas un niveau de douleur spontanée. Ce test, simple en

théorie, est fres compliqué a mettre en ceuvre, en particulier chez la souris.

Dans ce test développé chez le rat (King et al., 2009), les animaux montrent
une préférence pour le compartiment associé a I'analgésique apres une seule
injection intrathécale (i.t.) de clonidine, démontrant que le conditionnement est
extrémement efficace. En effet, la morphine, substance récompensante
classiqguement utilisée ne permet pas de conditionnement aussi rapide (Aguilar et
al., 2009). Chez le rat, I'injection i.t. est réalisée via un cathéter installé & demeure.
Cela permet une ou plusieurs injections successives chez I'animal vigile sans
pratiquement de douleur. Chez la souris, I'espace intervertébral est moins favorable
d la pose d'un cathéter, et I'injection i.t. doit se faire sous anesthésie gazeuse. Apres
le réveil qui survient dans les 30 secondes apres I'injection, il est fort probable que les
animaux ressentent la douleur due a I'injection. Cette douleur post-injection risque
de s'gjouter a la douleur spontanée que nous souhaitons mesurer et de cacher ainsi
I'effet analgésique de la clonidine sur la douleur spontanée. Ceci est en partie
contrélé par I'utilisation du groupe sham. En effet, si I'analgésie induite par la
clonidine enfraine un soulagement de la douleur due aux injections i.t., alors le
groupe sham présentera aussi une préférence pour le compartiment associé a la
clonidine. Or, ce n'est pas le cas, ni dans notre modeéle chez la souris, ni dans le

modele de « spinal nerve ligation » chez le rat (King et al., 2009).

Le fait que la pose d'un cathéter soit difficlement réalisable chez la souris
entraine un autre probleme. Les injections i.t. sont traumatisantes et un tissu
cicatriciel commence a se former aprées I'injection du matin augmentant le risque
d'une injection inefficace I'apres-midi. De plus, cela rend impossible les injections
répétées sur plusieurs jours et donc nous ne pouvons pas augmenter les chances

que les souris associent la drogue au contexte par des appariements successifs.

Afin de maximiser les chances d'apprentissage, nous avons choisi un protocole
ou les souris sont placées dans le compartiment immédiatement apres I'injection i.t.
pour une durée de 15 minutes, I'effet analgésique aigu de la clonidine diminuant au
bout de 30 minutes. Apres ce temps, les souris sont remises dans leurs cages. Pour

gue les animaux associent la clonidine d un soulagement, il faut que durant les 15
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minutes ou ils se trouvent dans le compartiment associé d la solution saline contréle
(i,e. le matin), les animaux aient un accés douloureux. Or, nous savons qu'en
clinigue, les patients souffrant de douleurs neuropathiques n'éprouvent pas de
douleurs spontanées en continu mais qu’elles apparaissent de maniere épisodique.
La fréquence et la durée de ces épisodes ne sont pas connues dans notre modele,
et il est possible gqu'ils ne surviennent chez les souris pas pendant la phase de
conditionnement associé a la solution saline. Ainsi, lorsqu’elles seront placées dans le
compartiment associé d la clonidine, méme si elles ressentent un épisode de douleur
spontanée et que I'injection de clonidine les soulage, elles ne pourront associer ce
compartiment a un soulagement de la douleur, car elles n'auront pas ressenti de

douleur dans I'autre compartiment.

Le choix de la clonidine se justifie par la nécessité d'avoir un analgésique
d'action immédiate, sans propriété récompensante. L'injection i.t. est choisie pour
éviter les effets cardiovasculaires de la clonidine administrée par voie générale.
Cependant, ces effets ne sont pas totalement absents lors d'une administration i.t.
car on peut observer une hypotension, une bradycardie et une sédation lors d'une

administration i.t. de clonidine chez le rat (Kaowamata et al., 2003).

Une alternative a I'injection i.t. de clonidine est I'injection de lidocaine (un
bloqueur des canaux sodium) dans le bulbe rostro-ventral (RVM). En effet, chez le
rat, I'hypersensibilité consécutive a une lésion nerveuse dépend d'un contrble
descendant facilitant provenant de cette structure (Burgess et al., 2002). Une
préférence de place pour le compartiment associé d une injection de lidocaine
dans le RVM a aqinsi été mise en évidence chez le rat (King et al.,, 2009). Cette

alternative n'a pas été essayée dans notre laboratoire.

L'utilisation de ce test de préférence de place nécessite également un point
de discussion. La préférence pour le compartiment associé a la clonidine résulte
selon nous, d'une part de I'effet récompensant du soulagement de la douleur
spontanée ressenti dans le compartiment associé a I'analgésique et d’autre part de
I'effet aversif de la douleur spontanée ressentie dans le compartiment associé a la
solution saline. Il n'est donc pas possible de dissocier I'effet récompensant du

soulagement de la douleur de I'effet aversif de la douleur.
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Critére de validité

Sous-critére de validité

Similarité recherchée entre le modele

etla pathologie humaine Application dans notre modéle

Espece phylogénétique Souris
Homologie
Souche C57BL6/J, Thy1-ChR2-YFP
facteurs environnementaux produisant au
Ontopathogénie cours du développement un organisme Inconnue
vulnérable
Pathogénie

Déclenchement

facteurs environnementaux produisant a

I'age adulte un organisme pathologique Douleur neuropathique

Mécanistique

mécanismes produisant les symtdémes, les
biomarqueurs et mécanismes sensibles a Inconnue
I'action des agents thérapeutiques

Perte d’intérét pour des activités

Ethologie comportements observés usuelles (toilettage provoqué),
Isomorphisme des résignation (nage forcée)
symptémes
Biomarqueurs marqueurs biologiques mesurés Inconnue
Induction facteurs responsablgs de:s comportements Inconnue
ou des marqueurs biologiques
Prédictivité
effets des traitements sur les
Rémission comportements ou les marqueurs Inconnue

biologiques

Tableau 5. Résumé des validités selon C. Belzung et M. Lemoine (2011) et application a notre
modeéle pour I'anxiodépression.



Il. Pertinence du modele utilisé pour I'étude des comportements

anxiodépressifs

A. Précautions et précisions sur les termes employés

Nous avons parlé tout au long de ce travail de comportements de type
anxiodépressif. Ce terme est utilisé car la dépression est une maladie humaine et |l
serait donc abusif de parler de souris dépressives. Nous utilisons le terme
anxiodépressif car il est difficile chez le rongeur, dans la plupart des tests
comportementaux, de dissocier la composante anxieuse de la composante
dépressive (Cryan and Holmes, 2005). Enfin, nous I'utilisons aussi car le test
d’hyponéophagie dont nous nous servons, concu initialement pour mesurer des
comportements de type anxieux, mesure en réalité un comportement mixte
anxiodépressif. La composante dépressive a été mise en évidence par I'efficacité
dans ce test de traitements chroniques par des antidépresseurs (Santarelli et al.,
2003).

B. Modélisation des comportements de type anxiodépressif chez la souris

La modélisation chez I'animal de comportements complexes comme les
troubles anxieux et dépressifs est sujette a débat au sein de la communauté
scientfifiqgue (Crabbe and Morris, 2004). On peut en effet se demander si des
processus psychologiques et cognitifs comme le sentiment d'impuissance, la
culpabilité, le sentiment d'inufilité, le découragement, les ruminations,
communément retrouvés chez les patients dépressifs peuvent étre modélisés chez
les rongeurs. Toutefois, méme si ces questions sont pertinentes, iI convient de
souligner que des informations apportées par les modeles animaux (Santarelli et al.,
2003) ont été confirmées dans la recherche sur les troubles de I'humeur chez
I'homme (Boldrini et al., 2009).

Comme les douleurs neuropathiques, les froubles de I'humeur regroupent une
grande variété de causes et de manifestations cliniques tels que les tfroubles anxieux

généralisés, le trouble de stress post-traumatique, le trouble obsessionnel compulsif,
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la dépression majeure pour en citer quelques-uns. La nécessité de définir des criteres
de validité pour les modeles animaux utilisés est indiscutable. De nombreux travaux
ont été consacrés a cette question (McKinney and Bunney, 1969; Wiliner, 1984; van
der Staay et al., 2009) et les criteres utilisés, du moins pour certains d’entre eux,

varient entre les auteurs (Belzung and Lemoine, 2011).

La validité d'un modele expérimental repose sur deux aspects: la validité
inferne et la validité externe (Belzung and Lemoine, 2011). La validité interne fraite
de la qualité intrinseque du design expérimental. L'expérimentateur est-il informé des
groupes expérimentaux (test en aveugle) ¢ L'attribution des animaux dans les
différents groupes est-elle randomisée ¢ Est-ce que des groupes contrbles sont
présents 2 Est-ce que les résultats sont reproductibles par le méme ou un autre
expérimentateur 2 De la réponse a ces questions vont dépendre la qualité et la

validité interne de I'expérience.

La validité externe est une notion plus complexe et regroupe des criteres
variant selon les auteurs, mais qui dans le cas de la modélisation de la dépression
sont basés tres souvent sur ceux proposés par Paul Willner en 1984 (Wiliner, 1984) :
I'isomorphisme des symptémes (face validity), la validité de prédiction (predictive

validity) et la validité de construction (construct validity).

Depuis ce travail précurseur, différents auteurs ont retravaillé ces validités et
nous allons décrire et résumer un ensemble de 5 criteres définis en 2011 (Belzung and
Lemoine, 2011), que I'on peut retrouver dans le tableau 5 : la validité d’homologie
(homology validity), la validité pathogénique (pathogenic validity), la validité
mécanistiqgue (mechanistic validity), I'isomorphisme des symptémes (face validity) et
la validité de prédiction (predictive validity), les deux derniers criteres étant formulés
de maniére identique aux deux criteres de Willner avec cependant des différences

dans leur signification.

La validité d’homologie s'intéresse au degré d’homologie entre I'espéce et la
souche servant de modele et I'Homme. Ainsi, la drosophile a une validité
d’homologie moindre que la souris, qui elle-méme a un degré d’homologie moins
important qu'un singe. La validité pathogénique évalue la similarité entre les
processus aboutissant d la maladie chez le modéle et chez I'Homme. Au sein de ce
critere sont distingués la validité ontopathogénique, définissant la similarité des

facteurs environnementaux responsables, au cours du développement, de la
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vulnérabilisation de I'organisme et la validité de déclenchement, qui compare les
facteurs capables de déclencher la transition entre un organisme vulnérabilisé et un
organisme pathologique, d I'Gge adulte. La validité mécanistique s'intéresse a la
similarité des mécanismes produisant les symptémes (et les marqueurs biologiques),
et a la similarité des mécanismes sensibles aux effets thérapeutiques. La « face
validity » est historiqguement tfraduite en isomorphisme des symptomes mais étant
donné la réévaluation de ce critéere faite dans ce travail, cette traduction peut ne
plus correspondre. Nous utiliserons cependant le terme historique d’isomorphisme
des symptdmes dans un souci de cohérence lexicale. Ce critere se réfere a la
similarité des comportements observés chez le modeéle et chez I'Homme (validité
éthologique), mais aussi a la similarité des biomargeurs (validité des biomarqueurs).
Enfin, la validité de prédiction peut étre résumée par la ressemblance entre les effets
des facteurs étiologiques (validité d’induction) et des traitements (validité de
rémission) sur des comportements directement observables ou des marqueurs
biologiques. Dans le paragraphe suivant, nous appliquerons ces criteres a notre

modéele du cuff dans I'étude des conségquences émotionnelles de la douleur.

C. Modélisation des comportements de type anxiodépressif dans le

modeéle du cuff

Nos expériences sont menées en aveugle. Toutefois, il faut prendre en compte
le fait que les animaux cuff, lors des premiers jours suivant la chirurgie induisant la
neuropathie, vont garder les doigts de la patte ou I'on a posé le cuff partiellement
fermés. Ce comportement disparadit peu d peu mais persiste lorsque les souris sont
suspendues par la queue dans le vide. Ainsi, lorsqu’on les sort de leur cage pour les
metire dans un dispositif de test comportemental, il est possible que
I'expérimentateur observe, méme involontairement, une rétraction de la patte avec
le cuff faussant ainsi le test en aveugle. L'attribution des souris en fonction des
groupes est faite de maniere randomisée, de sorte qu'ils sont homogenes avant le
début des expériences. Initialement, les animaux des différents groupes
expérimentaux étaient mélangés dans les mémes cages, puis nous les avons
groupés en fonction de leur condition. En effet, il a été montré que la cohabitation
d'une souris non malade avec une souris malade enfraine chez la souris saine une

modification de son comportement (Morgulis et al., 2004). Néanmoins, les animaux
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d'une méme expérience sont tous placés sur une méme étagere a I'intérieur d'une
méme piece. Dans la mesure du possible, un test comportemental est accompli sur
une seule journée pour éviter un effet «jouryn. Si le nombre d’'animaux est trop
important, leur passage dans un test comportemental est réparti sur deux jours pour
éviter qu'il y ait une différence entre les comportements du matin et ceux de I'apres-
midi. Dans ce cas un nombre d'animaux équivalent de chaque groupe passe
chaque jour. Les vagues expérimentales comprennent systématiquement les
groupes contrbles que nous avons jugés adéquats et nécessaires. La disposition
spatiale dans la piece contenant les tests comportementaux est conservée au cours
du temps et les parameétres de luminosité sont mesurés et reproduits afin de
conserver les mémes conditions expérimentales. Les animaux (hors animaux
transgéniques) proviennent du méme fournisseur (Charles River). L'age des animaux
est controlé pour étre le méme entre les groupes et entre les expériences
successives. Les résultats ont été reproduits a plusieurs reprises par le méme
expérimentateur et par différents expérimentateurs. Toutes ces précautions valident

selon nous la qualité du design expérimental.

Reprenons maintenant les critéres de validité externe décrit dans la partie
précédente et voyons lesquels s'appliqguent & notre modele (Tableau 5).
Concernant la validité d’homologie nous fravaillons sur I'espéce souris et la souche
C57BL/6J. L'utilisation de la souche C57BL/6J est pertinente car sensible a des
modeles de dépression et aux fraitements antidépresseurs (lbarguen-Vargas et al.,
2008). La validité pathogénique nous parait correcte au niveau de la validité de
déclenchement car la lésion nerveuse chez nos souris peut induire, comme chez
'Homme des comportements de type anxiodépressif. Par confre la validité
mécanistique nous semble difficile a établir du fait que les processus aboutissant aux
symptdmes dépressifs ne sont pas établis chez le patient souffrant de douleurs
neuropathiques. La recherche de ces processus constitue d’ailleurs un des objectifs
de ce travail de thése. La validité éthologique présente un score assez important
dans notre modele. Par exemple la diminution du comportement de toilettage chez
les souris peut étre comparée a la perte d'intérét pour les activités quotidiennes
rencontrée chez les patients dépressifs. De méme la résignation observée dans le
test de nage forcée peut étre assimilée a une forme d’'impuissance et de résignation
face a une situation adverse chez les patients dépressifs. Le risque dans la validité

éthologique est néanmoins une surinterprétation anthropomorphique des
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comportements animaux observés. La validité des marqueurs biologiques ne peut
étre analysée dans notre modeéle étant donné qu'il n'existe pas a noftre
connaissance de biomarqueurs spécifiques et valides des conséguences
émotionnelles de la douleur neuropathique. La validité de prédiction reste a évaluer.
L'efficacité des traitements antidépresseurs seulement sur les comportements
anxiodépressifs est difficile  mettre en évidence dans notre modeéle car certaines
classes comme les inhibiteurs de la recapture de la noradrénaline et de la sérotonine
(Yalcin et al., 2009), les inhibiteurs spécifiques de la recapture de la noradrénaline
(Yalcin et al., 2009) ou les antidépresseurs tricycliques (Benbouzid et al., 2008a) sont
également efficaces sur I'allodynie mécanique. La difficulté est donc d'utiliser des
traitements antidépresseurs qui ne soulagent pas la douleur neuropathique. Par
exemple, la fluoxétine, un antidépresseur de la classe des inhibiteurs sélectifs de la
recapture de la sérotonine, n'a pas d’effet sur la sensibilité mécanique. Son effet sur
les comportements anxiodépressifs pourrait nous donner des informations

concernant la validité de rémission dans notre modele.

Les validités interne et externe remplissent suffisamment de critéres selon nous
et font du cuff un modele tout-a-fait pertinent pour I'étude des conségquences

émotionnelles de la douleur neuropathique.

D. Autres considérations méthodologiques

La difficulté d’obtenir des résultats régulierement reproductibles lors d’'études
comportementales chez I'animal est bien connue de tous les expérimentateurs. De
nombreux parametres peuvent influencer le comportement des animaux, certains
sont contrélables, d'autres non. Par exemple, nous avons fait passer les souris dans
les tests comportementaux pendant la phase nocturne, cette phase correspondant
d la phase active des souris qui sont des animaux nocturnes. Ceci est important dans
nos tests (NSF, splash, FST), car les souris ayant un comportement de type
anxiodépressif présentent une diminution de I'activité motrice dans I'exploration du
champ ouvert (NSF), dans le toilettage (splash) ou dans la nage (FST). Ainsi, observer
une diminution de cette activité peut étre difficile pendant la phase inactive diurne,
ceci prévenant I'observation de comportements anxiodépressifs pourtant présents,

mais non détectables G ce moment de la journée. Notons que I'activité locomotrice
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des différents groupes est contrélée de maniere systématique dans une expérience
indépendante afin de nous affranchir d'un possible effet sur la locomotion des
chirurgies induisant la neuropathie ou les Iésions corticales. Les tests présentés dans
ces tfravaux sont ceux pour lesquels les résultats sont les plus reproductibles entre les
différentes expériences et entre les différents expérimentateurs. D’'autres tests,
s'intéressant plutdét au comportement de type anxieux, sont moins reproductibles,
comme le labyrinthe en croix surélevé, le test de clair/obscur ou encore le test
d’enfouissement des billes. Nous n'avons pas de réponse concrete pour expliquer
pourquoi certains tests sont plus reproductibles que d’autres dans nofre modéele. Soit
il peut y avoir un facteur intrinseque a notre modele le rendant moins sensible aux
traits comportementaux modélisés par certains tests, soit nos animaux sont plus
sensibles a des facteurs externes non contrdlés et non identifiés influencant leur

réponse dans ces tests, les deux possibilités ne s’excluant pas.

Dans ces fravaux de thése, dans la partie Il. de la section résultats, les
comportements anxiodépressifs olbservés sont reproductibles dans trois tests
différents. Ceci nous parait un gage important de la qualité des résultats obtenus.
Cependant, dans ces trois tests, on observe systématiquement une diminution d'un
comportement chez les animaux neuropathiques: diminution de [|'activité
exploratoire dans I'hyponéophagie, diminution du comportement de toilettage
dans le test de toilettage provoqué, diminution de la nage dans le test de nage
forcée. L'utilisation de tests permettant la mise en évidence de I'augmentation ou
de I'apparition d'un comportement pourrait étre complémentaire et pertinente. Le
test d’enfouissement des billes est en ce sens intéressant et a déja été utilisé avec
succes dans notre modele, mais comme évoqué plus haut, la reproductibilité de ses

résultats n'est pas systématique.

La plupart des tests utilisés pour mesurer des comportements de type anxieux
ou dépressif ne peuvent pas étre réutilisés sur les mémes animaux car la réponse
observée est en partie dépendante de I'exposition & un contexte inhabituel lors du
premier test. La répétition du test ferait perdre cette composante « nouveauté y.
Ainsi, si I'on veut comparer différentes conditions, par exemple le comportement
anxiodépressif 2 et 8 semaines post-chirurgie, il est nécessaire de constituer deux
groupes d'animaux. C'est la méme chose si I'on veut étudier I'effet d’un fraitement

ou encore l'effet d'une stimulation en optogénétique. Un nombre d’animaux
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important est donc nécessaire, allant a I'encontre de la régle éthique de la

réduction de leur nombre.
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lll.  Mécanismes responsables de I'apparition des troubles anxiodépressifs

dans notre modéle de douleur neuropathique

Les travaux d'lpek Yalcin, dont cette these est la continuité, ont mis en
évidence gque le modele du cuff n’est pas un modele de stress chronique. Dans les
modeles de dépression induits par le stress chronique, I'axe corticotrope est
hyperactivé en lien avec une déficience du rétrocontréle négatif (Krishnan and
Nestler, 2008). Dans notre modele, il n'y a pas d'altération de I'axe corticotrope
(Yalcin et al., 2011) montrant en cela que ce modele de douleur ne peut étre
associé a un stress chronique, et qu'il permet ainsi une modélisation spécifique des
troubles de I'humeur liés a la douleur chronique. Toutefois, ce travail a montré que
notre modéle partage des traits communs a d’'autres modeles de dépression. En
effet, la voie de signalisation intracellulaire de la « cyclic adenosine monophosphate
(CAMP) response element (CRE)-binding proteiny (CREB) est connue pour étre
impliquée dans la réponse aux antidépresseurs au sein du systeme limbique (Chen et
al., 2001) et le travail d'lpek Yalcin a montré une modification de I'activité CRE dans

le gyrus denté des animaux 8 semaines apres la pose du cuff (Yalcin et al., 2011).

Les expériences de lésions du cortex ont montré que les animaux
« neuropathiques » dont 'ACC est 1€sé ne sont pas capables de développer des
comportements de type anxieux et dépressifs. Ceci montre de maniere concluante
I'implication de I'ACC dans les conséquences émotionnelles de la douleur
neuropathique. Bien que la multiplication des tests (test d'hyponéophagie, de
toilettage provoqué et de nage forcée) renforce le résultat, nous avons voulu savoir
si, réciproquement, la stimulation de la structure serait capable de produire des
comportements de type anxiodépressif. Nous avons stimulé de maniere répétée
I'ACC de souris Thyl-ChR2-YFP et montré que ces stimulations sont capables
d'induire au bout de seulement 4 jours un comportement de type anxiodépressif mis
en évidence par les tests d’hyponéophagie et de toilettage provoqué (Il. section
résultats). Ces résultats nous paraissent d'un grand intérét et complémentaires des
résultats obtenus par les expériences de lésions et confirment le réle de I'ACC dans

les comportements de type anxiodépressif.

Nous ne connaissons pas les mécanismes responsables de |'apparition des

troubles de I'numeur dans notre modeéle murin ainsi que chez les patients douloureux
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chroniques. Néanmoins, nous suggérons que I'ACC, structure impliquée dans le
traitement de la douleur, est activée de facon chronique lors des douleurs
neuropathiques, que cette activation est responsable de phénomenes de plasticité
moléculaire et cellulaire. Ces modifications entrainent a leur tour une réorganisation
des circuits cérébraux et induisent ainsi des comportements de type anxiodépressif
chez les animaux et des troubles de I'humeur en clinigue humaine. Cependant tous
les patients souffrant de douleur chronique ne développent pas de troubles de
I'hnumeur associés. La douleur neuropathique serait donc le facteur déclenchant qui
entraine le passage d’'un organisme vulnérabilisé mais non pathologique au regard
des froubles de I'numeur & un organisme pathologique. C'est pour répondre a cette
qguestion que nous nous sommes intéressé aux modifications moléculaires prenant

place au sein de I' ACC des souris développant des froubles de type anxiodépressif.

121



IV. Modifications moléculaires au sein de ’'ACC

Nous avons mis en évidence la surexpression de I'ARN et de la protéine MKP-1
dans I"ACC des souris dans notre modele de douleur neuropathique. Cette protéine
est surexprimée dans I'hippocampe de patients ayant souffert de dépression et dans
un modele murin de dépression (Duric et al., 2010). De plus, les animaux KO MKP-1 ne
sont pas capables de développer des comportements anxiodépressifs dans notre
modele de douleur neuropathique (partie lll. section résultats). Nous pouvons donc
conclure que MKP-1 est impliquée dans le développement des comportements de

type anxiodépressif consécutifs & une Iésion du nerf sciatique.

Nous avons déja discuté de I'implication de MKP-1 dans ces troubles au cours
de la discussion du paragraphe lll. de la section résultats. Brievement, nous devons

nous demander :

e quels sont les facteurs responsables de I'augmentation de I'expression
de I'ARN et de la protéine MKP-1,

e quel est I'effet de ces augmentations sur les cibles de MKP-1 (les MAPK),
quel est le réle de MKP-1 au niveau de I'ACC dans I'apparition des
troubles

e quels sont les roles des autres protéines de la famille des MKP dont
I'expression varie également dans le développement des troubles de

type anxiodépressif consécutifs a la douleur neuropathique 2

Au-deld de ces considérations sur MKP-1, des discussions plus générales sur les
modifications moléculaires dans I'ACC dans le cadre des conséguences

émotionnelles de la douleur sont nécessaires.

Pour observer ces modifications par la technique de puce a ADN, nous avons
procédé a la dissection de I'ACC dans des tranches de cerveau frais. Cette
technique a permis de prélever la partie antérieure du cortex cingulaire, mais pas de
faire de distinction entre les parties droite et gauche car la quantité d'ARN extraite
est insuffisante pour I'analyse génomique. Nous avons pourtant observé des
variations d’expression des protéines ERK1/2 entre les c6tés gauche et droit de ' ACC
(résultats non présentés car inconsistants entre les méthodes utilisées, western blot et
immunohistochimie). Nous n’avons pas distingué ni les regions Cgl et Cg2 ni les

couches cortficales de I'ACC. Les modifications moléculaires observées doivent
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donc étre précisées dans leur localisation, en tenant compte du fait que plus la
région analysée se réduit, plus la quantité d'ARN ou de protéines pouvant étre
extraite des tissus est réduite. L'analyse de I'expression d’ARN ou de protéines souris
par souris telle que nous I'avons faite ne permettant pas d’'atteindre la localisation
anatomique souhaitée, nous pourrions grouper des zones comparables provenant
de différents animaux. Ainsi les modifications moléculaires pourraient étre
comparées au niveau de régions neuroanatomiques plus précises. Une autre
solution serait de mesurer par des techniques d’hybridation in situ I'expression
localisée des ARN cibles sur des coupes de cerveaux. Pour mesurer les variations
d’expression protéique, des techniques d'immunohistochimie pourracient donner le
méme type d’'information sous réserve d'avoir des anticorps spécifiques et
fonctionnels dans les conditions de I'immunohistochimie. Nous avons procédé & des
expériences préliminaires d’'immunohistochimie avec un anticorps dirigé contre MKP-

1 mais les marquages obtenus ne sont pas convainquants.

Dans nofre modele, les signes fraduisant une diminution de la sensibilité
mécanique apparaissent des la premiere semaine suivant la pose du manchon sur le
nerf sciatique. Les comportements de type anxiodépressif sont observables a partir
de la 4¢me semaine. Pour les expériences de génomique, la constitution de groupes
expérimentaux dont I'ACC fut prélevé 2 et 8 semaines post-chirurgie nous a permis
de distinguer les genes dont I'expression varie des le début de la neuropathie
(groupe 2 semaines) de ceux dont I'expression varie plus tard (groupe 8 semaines).
Notons qu’'une troisieme catégorie regroupe les genes dont I'expression varie des 2

semaines et se maintien au moins jusqu’a 8 semaines apres la chirurgie.

La question est alors de savoir comment interpréter ces résultats dans le
contexte de la douleur neuropathique d'une part et de ses conséguences

émotionnelles d'autre part.

Nous avons vu par exemple que I'expression de I'ARN MKP-1 augmente des la
deuxieme semaine post-chirurgie et nous savons aussi que MKP-1 est responsable
des comportements de type anxiodépressif observés a partir de la 5¢me semaine. Des
phénomeénes de plasticités doivent donc étre mis en place deés la 2¢me semaine mais

ne donnant lieu d des comportements de type anxiodépressif que plus tard.

Pour connaditre I'influence réelle des augmentations d’expression d’ARN sur les

comportements mesurés, il faudrait éfre capable de les bloquer selon des schémas
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temporels précis. Comparer |I'effet du blocage chronique ou aigu d'un ARN pourrait
nous permettre de connaitre son réle dans le développement (blocage chronique)

ou I'expression (blocage aigu) des signes observés.

De plus, les cascades d'évenements intracellulaires sont complexes et des
communications croisées existent entre différentes voies de signalisation cellulaire.
Observer attentivement nos résultats et raisonner en termes de voies de signalisation
et pas seulement au niveau d'un ou deux effecteurs est indispensable a une

compréhension globale des processus impliqués.
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V. Dissociation corticale : risques de simplification et de généralisation des

résultats

Un des résultats principaux de ces travaux de thése montre une dissociation
corticale de I'expérience douloureuse avec d'une part la composante sensorielle
allodynigue traitée par I'insula postérieure et d'autre part la composante aversive et
les conséquences émotionnelles traitées par le cortex cingulaire antérieur. Ce
résultat semble solide car plusieurs fois répété mais nécessite toutefois quelques

précautions dans son analyse.

La mise en relation d'une fonction avec une région précise du cerveau a été
établie de maniere déterminante par le neurologue Paul Broca au XIX° siecle, qui
établit que la perte de parole d’'un de ses patients était liée d une Iésion localisée du
lobe frontal gauche. Dés lors, des recherches systématiques portant sur les fonctions
des régions cérébrales furent menées. Les progres scienfifique et technique, depuis
les Iésions mécaniques jusqu'aux techniques d'imagerie cérébrale et
d’électrophysiologie ont permis de confirmer et d’affiner le réle des différentes zones
du cerveau. Ces progrés nous ont aussi montrés qu'une structure cérébrale n'est pas
homogene. Ces sous-regionalisations se traduisent par des difféerences dans la
cytoarchitecture, dans la connectivité et bien sGr dans les fonctions assurées. En
termes de cytoarchitecture, la différenciation en couches du cortex est un exemple
de cette hétérogénéité (Kurth et al, 2010b). Une structure peut aussi étre
différenciée entre sa partie dorsale et ventrale, comme le montrent les régions Cgl

dorsale et Cg2 ventrale du cortex cingulaire, ou encore selon I'axe antéropostérieur.

Un des problemes de la technique Iésionnelle par excitoxicité que nous avons
utilisée est son manque relatif de précision sur la localisation des Iésions induites.
Celui-ci est d0 en partie d notre démarche scientifique. Nous savons que I'ACC est
impliqué dans la composante aversive de la douleur (Johansen et al., 2001),
cependant son implication dans les conséquences émotionnelles de la douleur est
inconnue. Pour l'insula, ses parties antérieure agranulaire (Coffeen et al., 2011) ou
postérieure granulaire (Benison et al., 2011) sont impliquées dans la composante
sensorielle de la douleur. Son implication dans la composante aversive et les
conséquences émotionnelles de la douleur ne sont pas établies. Nous avons choisi

de léser préférentiellement la partie postérieure, celle-ci étant selon la littérature
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impliquée plus directement dans la composante sensorielle. Les comportements
anxiodépressifs observés requierent d'avoir des groupes d'animaux assez importants
(au moins dix animaux par groupe). Les zones visées, ACC et plC, sont petites chez la
souris, et obtenir une dizaine d'animaux correctement lésé pour chaque condition
(sham, cuff), et pour chaque zone du cortex exige d'avoir des cohortes d’animaux
importantes. Rajouter des distinctions entre les régions ventrale/dorsale,
antérieure/postérieure multiplie rapidement par deux, quatre, voire plus le nombre
d’animaux nécessaires. Il nous a donc semblé préférable de commencer par des
Iésions plutdt étendues dans un premier temps et de voir si celles-ci avaient des
conséguences comportementales, avant de nous focaliser, si nécessaire, sur des
zones plus précises. A cela il faut rajouter les contraintes techniques. Les Iésions par
injection d’acide iboténique ne sont pas selon nous, du fait de la difficulté de
contréler I'étendue de la lésion induite, optimales pour différentier des sous-régions

aussi proches que Cgl et Cg2 par exemple.

L'attribution de fonctions a des régions discretes du cerveau peut amener &
une simplification trop importante de la fonction étudiée. La douleur, nous I'avons
dit, est une expérience complexe ayant une composante sensorielle et une
composante émotionnelle. Ces composantes paraissent pouvoir étre séparées I'une
de I'autre dans notre modele. Cependant, nous savons aussi que I'ACC et le pIC
communiguent entre eux directement et qu'ils sont connectés en partie aux mémes
régions. Il est donc trés probable que la Iésion de I'un agisse directement ou
indirectement sur I'autre. Il faut aussi tenir compte de I'implication d’autres régions
dans les fonctions étudiées. Nous avons conscience que la mise en évidence de
I'implication d'une région cérébrale dans une fonction ne signifie pas que seule
cette région est active dans cette fonction. Le réle de l'insula antérieure, par
exemple, pourra aussi étre étudié dans les conséquences émotionnelles de la
douleur neuropathique. Au-deld de la multiplicité des structures impliquées, nous
devons également tenir compte de l'interaction entre ces différentes régions, c’est-

a-dire qu'il faut aussi raisonner en terme de circuits.

De nouvelles méthodes d’analyse de I'activité spontanée des régions
cérébrales en condition basale, c’'est-a-dire en dehors de toute stimulation ou tadche
a effectuer, sont développées en imagerie par résonance magnétique fonctionnelle
(IRMf). Elles permettent de mettre en évidence des connexions entre des régions du

cerveau dont les activités basales sont cohérentes entre elles (Fox and Raichle,
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2007). Les variations de cette connectivité pourraient étre responsables de la
chronicisation de la douleur. En effet, la force de connectivité entre le cortex
préfrontal médian et le noyau accumbens est corrélée au passage d'une
pathologie subaigué a une pathologie chronique de douleur lombaire (Apkarian AV
et al., 2013). Chez des patients atteints de fioromyalgie, les niveaux de connectivités
vont augmenter ou diminuer selon les régions des cortex insulaire et cingulaire
auxqguelles on s'intéresse (Ilchesco et al., 2014). Ces résultats nous semblent d'un
grand intérét et sont & mettre en perspective avec la nécessité de raisonner non plus
en termes de variation d'activité dans une structure isolée mais dans un réseau de

structures interconnectées.

En induisant une Iésion du systeme nerveux périphérique, nous fravaillons dans
un contexte de modélisation d'une maladie et nous avons montré que les régions
étudiées subissent des modifications entrainant les changements de comportements
observés. L'implication de I'ACC et du pIC dans les composantes de la douleur
chronique n’'est peut-étre pas comparable a leur réle dans la douleur aigué, les
circuits cérébraux pouvant étre modifieés du fait de la maladie. Nous devons donc

nous garder de conclure sur le réle de I' ACC et du plC dans la douleur en générall.

Nous devons ainsi prendre garde d une trop grande généralisation des résultats
obtenus. Nous observons chez nos animaux plusieurs réponses comportementales

traduisant différentes composantes de la douleur.

Concernant la composante sensorielle de la douleur, nous mesurons
essentiellement 'allodynie mécanique statique. Ainsi, il serait intéressant de
conndaditre I'effet de la lésion du pIC ou de I'"ACC sur I'allodynie mécanique

dynamigue, mais aussi dans la réponse a des stimuli thermiques chaud et froid.

Nous nous sommes aussi intéressés a la composante aversive de la douleur &
I'cide du test de préférence de place. Ce test mesure I'effet de soulagement d'une
drogue analgésique en l'absence de stimulus nociceptif induit par
I'expérimentateur. Confrairement aux fests évoqués plus haut qui mesurent une
réponse 4G une douleur provoquée, ce test mesure une réponse a une douleur
spontanée (King et al., 2009). Ceci est tres important car nous savons que les
douleurs spontanées sont tres invalidantes et fres fréquentes chez les patients
souffrant de douleur neuropathique (Backonja and Stacey, 2004). Toutefois, ce signe

est difficile d mettre en évidence chez I'animal dont la plainte ne peut pas étre
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percue de maniere évidente par les expérimentateurs. Nous avons ainsi pu mettre
en évidence I'implication de I’ACC mais pas du plC dans la composante aversive
de la douleur spontanée. Cependant, nous n'avons pas parlé de la composante
aversive de la douleur provoquée, dans laquelle I'ACC parait aussi étre impliqué
(LaGraize et al., 2004).

Enfin, 'ACC est au moins en partie responsable de I'apparition de froubles
anxiodépressifs liés & une douleur chronique. Il paralt aussi nécessaire de se
questionner sur son I'implication dans d'autres modeéles de dépression et d'anxiété.
La résultante anxiodépressive de I'activité de I'ACC n'est peut-étre pas spécifique

de la condition douloureuse chronique.
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Nous avons produit au cours de ce fravail de thése un certain nombre
d’informations importantes portant sur les conséquences émotionnelles de la douleur

neuropathique :

e Le cortex insulaire postérieur, dans notre modele murin de douleur
neuropathique est impliqué dans la composante somatosensorielle d'un
stimulus mécanique statique, mais pas dans la composante aversive de
la douleur spontanée ni dans les conségquences émotionnelles de la

douleur neuropathique.

e Le cortex cingulaire antérieur est impliqgué dans la composante aversive
de la douleur spontanée et dans les conséquences émotionnelles de la

douleur neuropathique

e Ceci montre une ségrégation corticale, au sein de notre modele, de la
composante sensorielle d'une part et de la composante aversive et des

conséquences émotionnelles de la douleur neuropathique d'autre part.

e Des modifications de I'expression d’'un grand nombre d'ARN a lieu dans
I’ACC des souris soumises au modele du cuff. Parmi les différentes cibles,
nous avons identifié la surexpression de MKP-1, confirmé sa surexpression
au sein de I' ACC au niveau protéique, et mis en évidence que les souris
KO MKP-1 ne sont pas capables de développer des comportements de

type anxiodépressif suite a I'induction de la neuropathie.

Des expériences devront étre menées et plusieurs pistes devront étre suivies a

court terme afin de compléter les expériences en cours.

Nous devrons poursuivre les expériences sur les roles de I'ACC et de I'lC dans
I'expression de la douleur. Nous pourrons par exemple montrer leur réle dans la
composante aversive de la douleur provoquée par le « Place/Escape Avoidance
Paradigm ». Nous pourrons aussi nous intéresser au réle de I'insula antérieure qui n'a

pas été étudié dans notre modeéle, dans aucune composante de la douleur.

Nous devrons aussi diversifier les tests comportementaux destinés a évaluer les
comportements anxiodépressifs. Par exemple, nous avons discuté de la nécessité
d'utiliser des tests pouvant étre reproduits chez un méme animal ou d’'employer des
tests mettant en évidence I'augmentation d'un comportement (type enfouissement

des billes). Les changements neurovégétatifs concernant la perte d'appétit ou
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I'alternance veille-sommeil, paramétres trés importants en clinigue humaine et
modélisable chez la souris pourront aussi étre étudiés dans notre modele. Le réle de

I'ACC dans d'autre modele de dépression serait aussi intéressant a analyser.

En ce qui concerne la partie moléculaire, il faudra poursuivre les résultats
obtenus pour I'ARN et la protéine MKP-1 et chercher quelles sont les causes et les
conséquences de la surexpression de MKP-1 sur les voies de signalisation infra
cellulaire et observer le réle des autres protéines de la famille MKP dont I'expression
varie également (MKP-3 et MKP-4) dans notre modele. L'identification des sous-
structures au sein de I'ACC (antérieur ou postérieur, Cgl ou Cg2, couches du cortex)
dans lesquelles ont lieu ces modifications devra aussi étre faite. Un travail important
devra aussi étfre mené pour identifier parmi les nombreux ARN dont I'expression varie
dans nos conditions ceux ayant un réle sur les conséquences émotionnelles de la
douleur et faire le méme travail que pour MKP-1. L'action de ces cibles sur

I'induction ou I'expression des comportements devra aussi étre mise en évidence.

La morphologie des neurones, leur arborisation dendritique en particulier, a un
effet sur leur capacité de communication. Afin de voir si des modifications de ces
parameétres sont présentes dans I' ACC, des techniques d’analyse morphologique de
type coloration de golgi ont débuté (résultats non présentés) et seront poursuivies.
Afin d'observer |'effet de la Iésion nerveuse sur I'activité des neurones de I'ACC,
I'activité électrique spontanée de ces neurones a commencé a étre mesurée par
des enregistrements électrophysiologiques in vivo et comparée entre les animaux
sham et cuff (résultats non présentés). Compte tenu des connaissances et des
techniques maitrisées dans le laboratoire, ces expériences pourront étre menées a

court terme.

A moyen terme, il faudra se mettre ad chercher non plus les modifications dans
une structure spécifique mais raisonner en termes de réseaux. L'identification des
différentes structures impliquées dans la douleur et I'émotion, I'étude de la
communication entre ces structures sont des parametres cruciaux a étudier si on
cherche d mieux comprendre des comportements complexes comme la douleur et
les troubles de [I'humeur. L'activation et l'inactivation de structures par
optogénétique et I'observation des conséquences sur I'activité du réseau sont aussi
d'un grand intérét et peuvent étfre réalisees G moyen terme dans I'équipe au vu des

connaissances préliminaires et du matériel a notre disposition.
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Des études des connexions inter-structures gr@ce a des techniques d'imagerie
fonctionnelle en collaboration avec I'Université de Fribourg-en-Brisgau doivent étre
développées. Elles permettront d'identifier les modifications d’activité liées a notre
modele et de mettre en évidence des changements dans les réseaux cérébraux
afin de mieux comprendre les conséquences émotionnelles de la douleur

neuropathique.
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BDNF parabrachio-amygdaloid pathway in morphine-induced analgesia.

Maysa Sarhan, Sophie Anne Pawlowski, Florent Barthas, Ipek Yalcin, Jennifer Kaufling, Hugues

Dardente, Venetia Zachariou, Ralph Joseph DiLeone, Michel Barrot et Pierre Veinante

Parallelement aux études menées sur mon sujet de thése, j'ai eu I'opportunité
de collaborer au sein de notfre équipe da un projet traitant du réle du facteur
neurotrophique dérivé du cerveau (Brain Derived Neurotrophic Factor, BDNF) dans la
voie parabrachio-amydaloide sur I'effet analgésique de la morphine. Ce travail a
donné lieu 4G une publication dans la revue the International Journal of

Neuropsychopharmacology.

La voie spino-parabrachio-amygdaloide relie la moelle épiniere au noyau
parabrachial, qui projette a son tour vers le noyau central de I'amygdale (CeA). Les
terminaisons de cette voie dans le CeA expriment fortement le BDNF. De plus, cette
voie est connue pour convoyer des informations nociceptives et des études
montrent I'implication du CeA dans I'effet analgésique de la morphine. Au vu de
ces résultats, nous avions fait I'hypothése d'une implication du BDNF de la voie
parabrachio-amygdaloide dans I'effet analgésique de la morphine au niveau

supraspinal.

Pour vérifier ces hypothéses, une délétion localisée de I'expression du BNDF
dans le noyau parabrachial a été réalisée gréce a des souris floxées pour le gene
codant le BDNF. Chez ces animaux la somatosensibilité n'est pas modifiee, par
contre, I'effet analgésique de la morphine est réduit. Pour confirmer que I'origine de
ceftte perte d'efficacité provenait bien d'une diminution des projections
parabrachio-CeA-BDNFergiques, nous avons procédé da une inactivation de la
signalisation du BDNF au sein de ce noyau. Nous avons injecté localement le TrkB-Fc,
un fragment constant du récepteur du BDNF, capable de lier et de séquestrer le
BDNF endogéene, s'opposant ainsi a sa fixation sur son récepteur. Ld encore, I'effet
analgésique de la morphine chez les animaux ayant recu localement le TrkB-Fc dans
le CeA a été moindre, confirmant le réle du BDNF de la voie parabrachio-

amygdaloide dans I'effet analgésique de la morphine.

Mon réle dans cette étude a été de rédaliser les expériences qui utilisent le TrkB-

Fc (Figure 4 de I'article).
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Abstract

In addition to its neurotrophic role, brain-derived neurotrophic factor (BDNF) is involved in a wide array of
functions, including anxiety and pain. The central amygdaloid nucleus (CeA) contains a high concentration of
BDNF in terminals, originating from the pontine parabrachial nucleus. Since the spino-parabrachio-amygdaloid
neural pathway is known to convey nociceptive information, we hypothesized a possible involvement
of BDNF in supraspinal pain-related processes. To test this hypothesis, we generated localized deletion of BDNF
in the parabrachial nucleus using local bilateral injections of adeno-associated viruses in adult floxed-BDNF
mice. Basal thresholds of thermal and mechanical nociceptive responses were not altered by BDNF loss and no
behavioural deficit was noticed in anxiety and motor tests. However, BDNF-deleted animals displayed a major
decrease in the analgesic effect of morphine. In addition, intra-CeA injections of the BDNF scavenger TrkB-Fc in
control mice also decreased morphine-induced analgesia. Finally, the number of c-Fos immunoreactive nuclei
after acute morphine injection was decreased by 45 % in the extended amygdala of BDNF-deleted animals. The
absence of BDNF in the parabrachial nucleus thus altered the parabrachio-amygdaloid pathway. Overall,
our study provides evidence that BDNF produced in the parabrachial nucleus modulates the functions of the
parabrachio-amygdaloid pathway in opiate analgesia.
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Key words: Brain-derived neurotrophic factor, extended amygdala, morphine, pain, parabrachio-amygdaloid
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Introduction 2009). As such, the EAc and the neural projection trans-
ferring nociceptive signals to its components play an

Many aspects of the emotional, endocrine and auto- . .
important role in both endogenous and exogenous anal-

nomic components of pain are mediated by the spino-
parabrachio-amygdaloid = pathway, = which  sends
nociceptive information to the central extended amyg-
dala (EAc) via the parabrachial nucleus (PB) (Bernard et
al.,, 1996). The EAc is a continuum of basal forebrain
structures, stretching from the central nucleus of the
amygdala (CeA) caudally to the lateral bed nucleus of the
stria terminalis (BSTL) rostrally (Alheid et al., 1995;
Cassell et al., 1999). In the pain context, the EAc on the
one hand elaborates the affective response to pain and on

gesia, among which opioid-related analgesia.

The CeA is necessary for the expression of the mor-
phine analgesic properties as evidenced by lesion studies
in rodents and primates (Manning and Mayer, 1995;
Manning et al., 2001) and morphine suppresses electro-
physiological responses to nociceptive stimulus in CeA-
projecting PB neurons and in CeA neurons (Huang et al.,
1993a, b). The EAc is enriched with a wide range of
neuropeptides, most of which are released from ter-
minals originating from the PB (Yamano et al., 1988). One
of them, calcitonin gene-related peptide (CGRP), exerts
naloxone-dependent analgesic properties when injected
directly in the CeA (Xu et al., 2003). In our study, we are
Address for correspondence: Dr P. Veinante, Institut des Neurosciences speciﬁcally interested in brain-derived neurotrophic fac-
Cellulaires et Intégratives, 21 rue Descartes, 67084 Strasbourg, France. tor (BDNF), a neuropep tide present in axonal terminals
Tel.: +33(0) 368 851 471 Fax: +33(0) 388 613 347 ) o
Email: veinantep@inci-cnrs.unistra.fr in the EAc originating from the PB (Conner et al., 1997).
* These authors contributed equally to this work. In the EAc, BDNF positive terminals form pericellular

the other exacerbates, facilitates or inhibits reactivity
to pain, by controlling affective states (Neugebauer et al.,
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baskets, similar to those described for CGRP (Yamano
et al., 1988; Conner et al., 1997; Agassandian et al., 2006),
and co-localization of CGRP and BDNF in the same
terminals within CeA has been described in rats and mice
(Salio et al., 2007). The BDNF role in neural plasticity is
clearly established in drug addiction (Graham et al., 2007;
Ghitza et al., 2010) and nociception (Pezet et al., 2002;
Merighi et al., 2008). A recent study demonstrated the
role of mesolimbic BDNF in the rewarding properties of
morphine (Koo et al.,, 2012). Regarding pain studies,
while most of the literature on BDNF and pain focuses on
the spinal cord, the supraspinal role of BDNF remains
unclear (Merighi et al., 2008). Considering the well-
described role of the parabrachio-amygdaloid pathway
in nociception, we formulated the hypothesis that BDNF
could modulate pain mechanisms in this pathway.

In this study, we investigated the role of PB BDNF in
morphine-induced analgesia using viral-mediated gene
deletion in floxed-BDNF mice (Adachi et al., 2008). We
first defined the parabrachio-amygdaloid pathway in
mice using a tract-tracing approach. Following anxiety
and motor skills assessment, we studied baseline pain
threshold and morphine-induced analgesia. Morphine-
induced analgesia was also tested after CeA injection
of the BDNF scavenger TrkB-Fc. We then examined the
impact of PB BDNF deletion on morphine-induced c-Fos
expression in the EAc and in the basolateral nucleus of
the amygdala (BLA). Our results reveal a critical role of
BDNEF in the parabrachio-amygdaloid pathway in mor-
phine-induced analgesia.

Method
Animals

Experiments were performed using male transgenic mice
homozygous for a floxed allele (exon 5) encoding the
BDNF gene, with a C57BL/6] background (Rios et al.,
2001). Mice were housed four to five per cage in a colony
maintained at a constant temperature (23 °C) with a 12 h
light/dark cycle (lights on 07:00 hours) and ad libitum
food and water. The facilities are legally registered for
animal experimentation (Animal House Agreement B67-
482-1/C67-482-1) and scientists in charge of the experi-
ments possess the certificate authorizing experimentation
on living animals, delivered by the governmental veter-
inary office.

Surgeries

Mice were anaesthetized using either a 2.5% Avertin
solution or Ketamine-Xylazine (90-10 mg/kg respect-
ively). Surgeries were done according to a standard pro-
tocol, using glass micropipettes for tracer injections
(Sarhan et al., 2005) and Hamilton syringes for viral injec-
tions (Hommel et al., 2003). The following coordinates
from Bregma were used for the PB to target the external
lateral portion: 14° anteroposterior (AP) angle, —4.1 mm

AP, 1.4mm mediolateral (ML), —4 mm dorsoventral
(DV). CeA targeting was —1.4 mm AP, 2.9 mm ML and
—39 to —4.1 mm DV from dura (Franklin and Paxinos,
2008). For intra-CeA injections of TrkB-Fc, stainless
26-gauge single guide cannulas were bilaterally im-
planted 500 um above the CeA. They were affixed to the
skull with dental cement. A 33-gauge dummy cannula
was inserted in each guide to avoid clogging and mice
were allowed to recover 7-8 d before testing.

Tract tracing

Tracers were iontophoretically injected. The anterograde
tracer biotin dextran amine (BDA; MW 10000; Molecular
Probes, USA ;2% in K-acetate 0.5 M) was injected in the PB
using a glass micropipette broken at 10 um tip diameter
with a Midgard constant current source (41 #A, 7 s on/
off, 15 min). The retrograde tracer hydroxystilbamidine
methanesulfonate (Fluoro-Gold®, FG, Fluorochrome,
USA; 2% in NaCl 0.5 m) was injected in the CeA with a
glass micropipette broken at 50 um tip diameter (+3 uA,
7s on/off, 10 min). Six to eight days after injection,
anaesthetized animals were fixed by paraformaldehyde
perfusion, brains were removed, sectioned on a vibratome
(Leica, Germany; 40 um, frontal plane) and treated
for BDA histochemical revelation (Sarhan et al., 2005)
or analysed under the fluorescence microscope (FG
injection).

Adeno-associated virus (AAV)-mediated deletion
of BDNF

Local expression of either enhanced green fluorescent
protein (eGFP) alone or eGFP fused to the Cre re-
combinase was achieved using viral-mediated gene de-
livery (Berton et al., 2006). The DNA constructs were
cloned into an AAV-2 vector in which the genes of
interest were under the control of the ubiquitous cyto-
megalovirus promoter. Viral production was accom-
plished using a triple-transfection, helper-free method
and purified as described earlier (Hommel et al., 2003). A
total of 0.5ul was bilaterally injected into the PB over
5 min (0.05ul/30s) and the needle was removed after
10 min. The age of mice at the time of deletion ranged
from 9 to 14 wk. Behavioural tests were conducted at
least 3 wk (usually 4-5 wk) following AAV injections.

BDNF expression assessment

In situ hybridization was done using a 1085 bp probe
based on the rat BDNF gene (accession number
NM_012513). The probe was labelled with [*S]UTP,
purified and used at 350 pm. Cryostat (Microm, France)
frontal sections (20 um) were fixed, acetylated, dehy-
drated and de-fatted prior to hybridization with the
probe in hybridization buffer at 54 °C overnight. Sections
were then washed, fixed, treated with RNase and dehy-
drated, left to dry, then exposed to BioMax MR films
for 6 d.



Behavioral scoring

Assessors were blind to group assignment. Anxiety levels
were assessed with the dark-light, open-field and elev-
ated plus-maze tests. Tests were performed during the
light phase, under controlled light conditions (90 lux),
videotaped and analysed using an automated video-
tracking system (Ethovision, USA). These tests were
conducted using the same animals with a 1 wk space
between tests.

Dark-light

The dark-light test was performed in place-preference
boxes (Med Associates, USA). One compartment was
dark while the other larger one was lit. Animals were
placed in the dark compartment for 2 min and the door
between the two compartments was opened allowing the
animal to freely move from one to the other for 10 min.
Photoelectric beams at the door detected when the animal
explored or entered the light compartment. Total time
spent in lit compartment was measured.

Open-field

The open-field test was conducted over 10 min. Animals
were placed in the centre of the apparatus (49 cm x 49 cm
boxes). The average distance relative to the borders of the
box and the total distance were measured.

Elevated plus-maze

Mice were placed in the centre of the maze, the head in the
direction of a closed arm. Over a 5 min period, they were
evaluated for the time spent in the open and closed arms
(55 cm from the floor, 12 cm x50 cm arms; Monteggia
et al., 2007).

Rotarod

The rotarod test was performed to evaluate motor co-
ordination. Animals were placed on immobile cylinders,
which ramped up from 0 to 45 rotations/min (IITC,
USA). The timer was stopped when the mouse fell off the
cylinder or did a whole turn with it. This procedure was
repeated three consecutive times.

Nociceptive tests

Mechanical noxious threshold was determined using
the von Frey microfilaments (Bioseb, France) as described
previously (Yalcin et al., 2011). Mice were placed in
Plexiglas boxes (7 cm x 9 cm x 7 cm) on an elevated grid.
Calibrated filaments were applied on the plantar surface
of the hindpaw. The filaments were tested five times
per paw in ascending forces until the paw withdrawal
threshold was reached (Barrot, 2012). Noxious threshold
was defined as the lower filament for which three or more
withdrawals were observed. The cut-off was set at 15 g.
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Thermal noxious response was determined using a hot
plate (IITC). Mice were placed on a 52 °C plate, in a
Plexiglas cylinder and latency to first paw licking was
used to define noxious thermal threshold. The cut-off
time was set at 50 s.

To evaluate opiate-induced analgesia, morphine
(10 mg/kg) and saline were injected s.c. 30 min prior to
testing. Mechanical and thermal responses were assessed
in independent sets of mice.

Intra-CeA TrkB-Fc injection

Mice implanted with guide cannulas were tested for
morphine-induced mechanical analgesia after CeA bilat-
eral infusion of the BDNF scavenger TrkB-Fc. TrkB-Fc
(0.5 ul per side; R&D Systems; 0.1 ug/ul in PBS) or PBS
was delivered via a 33-gauge cannula that extended
500 um below the end of the guide cannula. Injections
were performed at a constant rate over 2.5 min (CMA 400
Syringe Pump). The cannula was left in place for 5 min
before removing it. One hour later, mice received mor-
phine (10 mg/kg s.c.). Mechanical noxious thresholds
were determined 20 min before morphine injection
(40 min after intra-CeA TrkB-Fc or PBS infusion) and
20 min after morphine injection (80 min after TrkB-Fc or
PBS infusion).

Morphine-induced c-Fos response

Five wk following AAV injection in the PB, animals re-
ceived a saline injection the day prior to the experiment
for habituation to the procedure. The day of the exper-
iment, 2h after morphine (10 mg/kg s.c.) or saline
injection, animals were anaesthetized and fixed using
standard procedures (Sarhan et al., 2005). Brains were
sectioned on a vibratome (40 um frontal sections) and
immunostained for c-Fos. Free-floating sections were
washed in PBS and endogenous peroxidase activity was
blocked (50% ethanol, 1% H,0,). After PBS washes, as-
pecific binding sites were saturated in 5% donkey serum
in PBS 0.3% triton (PBS-t) and incubation in primary
antibody (rabbit anti-c-Fos 1:2000, Santa Cruz
Biotechnology, SC-52; 1% donkey serum; PBS-t 0.3%)
was done overnight (Kaufling et al., 2009). Next, sections
were washed, incubated with secondary biotinylated
antibody (donkey anti-rabbit, 1:200, GE Healthcare,
UK; 1% donkey serum), washed and incubated in
ABC kit (1:500; ABC Elite, Vector Laboratories, USA).
Diaminobenzidine revelation was performed (DAB
0.0125%, H,0, 0.0009 %) and after extensive washes, sec-
tions were mounted on gelatine-coated slides, air-dried
and coverslipped with Eukitt (O. Kindler GmbH,
Germany). c-Fos positive nuclei were counted in the BLA,
the dorsal BSTL and the capsular (CeC), lateral (CeL) and
medial (CeM) subdivisions of the CeA using a micro-
scope attached to a camera Lucida. On average, four
sections per animal were counted for the BSTL and 4-6
for the BLA and the CeA.
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Histology

At the end of the behavioural experiments, anaesthetized
animals were fixed and the brains were sectioned on a
vibratome (40 um frontal sections). For BDNF PB deletion
experiments, the PB was examined under fluorescence
for eGFP expression. For intra-CeA TrkB-Fc experiments,
the bilateral placement of cannulas was assessed on
Cresyl Violet stained sections. Pictures were taken using
an epifluorescence microscope (Leica) with a digital
camera (Cool Snap, USA) or using a Nikon E80i micro-
scope. Adobe Photoshop (Adobe, USA) was used to ad-
just contrast, brightness and sharpness.

Statistical analysis

Data are expressed as mean+s.EM. and analyses were
performed with STATISTICA 8 (Statsoft, USA). To assess
effects on morphine-induced analgesia, multifactor
analysis of variance was used. When appropriate, the
Neuman-Keuls test was used for post hoc comparisons.
For analysis of c-Fos induction, Student’s ¢ test was used
for two groups’ comparisons. The significance level was
set at p<0.05.

Results

Anatomical substrate for the parabrachial BDNF
projection

Tract tracing

Anterograde tracer injections (n=2 for successful place-
ment of injection site) targeting the PB (lateral PB, exter-
nal part, PBel; Fig. 1i) led to terminal fibre labelling in

very few labelled regions outside of them. Moreover,
retrograde tracing from the CeA (n=2 for successful
placements) resulted in strong labelling of cell bodies
concentrated into the PBel (Fig. 1iv,v). These results es-
tablish that our subsequent AAV injections targeted the
PB-EAc pathway.

Local BDNF deletion

The placement and extent of the AAV injections were
assessed by the presence of eGFP-positive neurons for
both control (eGFP alone) and BDNF-deleted animals
(eGFP-Cre fusion). eGFP labelling had to be present and
concentrated in the lateral PB for the injection placement
to be considered as valid, although it often also included
labelling spreading into the median PB. The pontine
PB was the main targeted area, but some injections dis-
played a larger rostro-caudal spread, thereby also in-
cluding the mesencephalic PB (Fig. 2a,b,d). eGFP
expressing neurons were often clustered in the external
aspect of PB, namely, the external lateral, lateral crescent
and external medial nuclei. Animals were included for

data analysis if the viral infection comprised the lateral
PB, remained within the boundaries of the PB and was
validated bilaterally.

Cellular aspects of the eGFP labelling differ whether or
not it is fused to the Cre recombinase. eGFP alone, in
control animals, is cytoplasmic and displays a labelling
that fills the entire soma as well as its dendritic (Fig. 2c)
and axonal processes. Terminal axonal labelling can be
observed in brain regions receiving afferents from the
injection site. Strong eGFP labelling was found in both
the lateral part of the CeA (CeL and CeC) and the dorsal
BSTL for all control animals (Fig. 2f~h). Moreover, the
eGFP-positive terminals in these structures display the
characteristic pericellular basket appearance (Fig. 2h)
described for CGRP-containing terminals in the CeA and
BSTL. When fused to the Cre recombinase, the eGFP
labelling appears nuclear (Fig. 2¢), while the number of
infected cells per injection site was comparable in both
control and deleted animals.

In agreement with previous reports (Berton et al.,
2006; Monteggia et al., 2007; Adachi et al., 2008; Koo
et al.,, 2012) in different brain regions, in situ hybridi-
zation reveals a decrease in BDNF mRNA levels in
BDNF-deleted animals (Fig. 2i,j). In all animals, BDNF
appears concentrated in few brain nuclei, but BDNF
transcripts were highly expressed in the PBel in con-
trol animals, as opposed to AAV-eGFP-Cre injected
animals.

Parabrachial BDNF mediates morphine-induced
analgesia

General behavioural assessment

Following histological validation, 10 control and 10
BDNF-deleted animals were used for behavioural analy-
ses. Prior to morphine-induced analgesia measurement,
animals were assessed for their anxiety levels and motor
skills. No differences were noted for anxiety levels as
measured by the dark-light, elevated plus-maze and
open-field tests (Fig. 3a—d). Similarly, motor coordination
measured using the rotarod was not altered by BDNF
deletion in the PB (Fig. 3g). Finally, no difference was
observed for general locomotor activity in the open-field
test (Fig. 3f).

Morphine-induced analgesia

In the hot-plate test, control and BDNF-deleted animals
displayed similar responses following saline injections
(Fig. 4a). Morphine-induced analgesia was present in
both groups, but it dramatically decreased in PB BDNF-
deleted animals (38 % reduction, p <0.001). Both controls
and BDNF-deleted animals showed a tolerance to the
analgesic properties of morphine (Fig. 4a), with the largest
drop in efficacy noted for the second day of morphine
injection. Following tolerance procedure, thermal no-
ciceptive response was reassessed, with both groups
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Fig. 1. Parabrachio-amygdaloid pathway in mouse. (2) Shows the structures of interest (boxed areas) on frontal brain sections drawings
(adapted from Franklin and Paxinos, 2008). After deposit of biotin dextran amine in the parabrachial nucleus (PB; i, black arrow),
anterogradely labelled axons are found in the lateral part of the central nucleus of the amygdala (CeA ; ii) and in the dorsal part of the
lateral bed nucleus of stria terminalis (BSTL; iii). Retrogradely labelled somas are found in the PB (iv) after Fluoro-gold™ injection in
the CeA (v, white arrow). Scale bars: 200 um. ac, anterior commissure; dorsal (D), ventral (V), posterior (P) parts; BLA, basolateral
amygdala; lateral (CeL), capsular (CeC), medial (CeM) parts; CPu, caudate putamen; ic, internal capsule; ot, optical tract; lateral (1),
lateral external (el), medial (m) parts; scp, superior cerebellar peduncle.

again showing similar values in response to saline injec-  no baseline difference was noted between control and
tions (Fig. 4q). BNDF-deleted animals (Fig. 4b), but morphine-induced

Mechanical nociceptive response was evaluated in an ~ analgesia was reduced in BDNF-deleted animals (58 %
independent experiment. Similar to thermal sensitivity, reduction, p<0.001; Fig. 4b).
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Fig. 2. Adeno-associated virus (AAV) injections. Enhanced green fluorescent protein (eGFP) expression in the parabrachial nucleus
(PB) following AAV-eGFP (a—c) or AAV-eGFP-Cre (d, ¢) injections. Following AAV-eGFP injection in the external lateral PB (PBel),
fluorescent terminals are observed in the central nucleus of the amygdala (CeA; f) and in the lateral bed nucleus of stria terminalis
(BSTL; g, h) with typical perisomatic basket appearance. In situ hybridization, with optical density changes converted to a colour
scale shows a decrease in brain-derived neurotrophic factor (BDNF) mRNA levels in the external lateral PB (white arrowheads) of
AAV-eGFP-Cre injected mice (j) as compared to AAV-eGFP controls (i). Lateral (1), medial (m) parts; scp, superior cerebellar peduncle.
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Fig. 3. Behavioural measure (+s.E.M) of anxiety using the dark-light (a, b), the elevated plus-maze (c, d) and the open-field (e, f) tests.
Locomotor activity was assessed with the open-field (f) and motor coordination with the rotarod test (g). eGFP, enhanced green

fluorescent protein.

BDNF into the CeA mediates morphine-induced
analgesia

Following histological validation of cannula placement,
morphine-induced mechanical analgesia was analysed
on nine mice with intra-CeA PBS (control mice) and six
mice with intra-CeA TrkB-Fc (TrkB-Fc mice). The no-
ciceptive thresholds before morphine injection were
similar between control and TrkB-Fc mice (Fig. 4c), but a

decrease in morphine-induced analgesia was observed in
TrkB-Fc mice (49 % reduction, p <0.001; Fig. 4c¢).

Parabrachial BDNF mediates morphine-induced early
cellular responses

In both control and BDNF-deleted animals, morphine
injection increased the number of c-Fos positive nuclei in
the dorsal BSTL, the BLA and the three subdivisions of
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Fig. 5. Morphine-induced c-Fos in control (4, b) and brain-derived neurotrophic factor-deleted (c, d) animals in the lateral bed nucleus

of stria terminalis dorsal part (BSTLD); 4, ¢) and in the amygdala (b, d)
amygdala (CeA) subdivisions and the basolateral amygdala (BLA; ¢)
capsular (CeC), medial (CeM) divisions; morphine (Mor); saline (Sal

the CeA (Fig. 5¢). In control animals, the number of c-Fos
positive nuclei was at least doubled (BSTL 171 %, CeC
176% and CeM 233% over saline), with the largest
morphine-induced elevations being counted in the CeL
(929%) and the BLA (187%; Fig. 5¢). No difference be-
tween control and BDNF-deleted animals is noted for
responses to saline, but these groups differ widely when
comparing their response to morphine (Fig. 5a—d). More
specifically, c-Fos positive nuclei were reduced by ap-
proximately 50% in both the dorsal BSTL (control vs.
BDNEF-deleted groups, p<0.05) and the CeL (p<0.05),
while the CeC, CeM and BLA were equally responsive to
morphine regardless of the PB deletion (Fig. 5e).

Discussion

We used tract-tracing techniques to visualize the mouse
parabrachio-amygdaloid projection, a pharmacological

. Quantification (+s.E.M.) in the BSTLD, the central nucleus of the

.*p<0.05, ** p<0.03. ac, Anterior commissure; lateral (CeL),

).

approach to block BDNF actions in the CeA and molecu-
lar tools to delete the BDNF gene in the PB. From a cellular
perspective, this deletion led to a decrease in c-Fos in-
duction in the CeL and BSTL following morphine ad-
ministration. From a behavioural perspective, it resulted
in decreased morphine-induced analgesia. This reveals
an essential role for the BDNF parabrachio-amygdaloid
pathway in opiate-induced analgesia.

Morphological and functional aspects of the spino-
parabrachio-amygdaloid nociceptive pathway have been
thoroughly described in rats (Bernard et al., 1996; Sarhan
et al., 2005). While it is expected to be similar in mice,
supporting evidence is only starting to emerge (Tokita
et al., 2010). Here, both anterograde and retrograde trac-
ing methods showed that neurons in PBel extensively
project to the EAc in mice. In addition, the anterograde
transport of eGFP expressed by AAV-infected neurons
in the PBel led to terminal labelling in the EAc, thus
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confirming the targeting of the PB-EAc pathway. It
should also be noted that, in the rat, PB neurons project-
ing to the EAc, notably those in the PBel, do not innervate
other structures except a light projection to the lateral
hypothalamus and midbrain reticular formation (Sarhan
et al., 2005).

BDNF immunoreactivity was described in the CeA
and BSTL in rats and mice (Conner et al., 1997; Yan et al.,
1997; Krause et al., 2008). In the PB, a BDNF immuno-
reactive plexus is described along with BDNF expressing
neurons (Ceccatelli et al., 1991; Conner et al., 1997) and
these neurons project to the ipsilateral EAc (Conner et al.,
1997). Distinctive pericellular structures are described for
the EAc BDNF terminal labelling, featuring a similar
morphology to the axonal terminals originating from the
PB-EAc projection (Conner et al., 1997; Sarhan et al,
2005; Agassandian et al.,, 2006). Locally, dense core
vesicles were shown to contain simultaneously BDNF,
substance P and CGRP (Salio et al., 2007). Furthermore,
the BDNF receptor TrkB was post-synaptically described
in the EAc (Yan et al.,, 1997; Agassandian et al., 2006).
Behaviourally, both EAc (Davis et al., 2010) and BDNF
(Rattiner et al., 2004; Monteggia et al., 2007) were im-
plicated in anxiety-like behaviours. Indeed, BDNF global
deletion leads to enhanced anxiety-related behaviour
(Rios et al., 2001). However, our results suggest that the
parabrachio-amygdaloid pathway may not be relevant
in this context since local manipulation of BDNF in the
PB is not accompanied by a change in anxiety.

The spino-parabrachio-amygdaloid pathway carries
nociceptive information to the EAc, which then mediates
sensorimotor, emotional and affective dimensions of pain
(Neugebauer et al., 2009). This is achieved via connec-
tions with ascending and descending nociceptive systems
(Oliveira and Prado, 2001; Neugebauer et al., 2009).
Lesion studies demonstrated that the CeA is not critical
for generating the physical response to acute pain, but it is
involved in the expression of several forms of analgesia,
such as conditioned- or stress-induced (Helmstetter, 1993 ;
Helmstetter et al., 1993; Watkins et al., 1993; Manning
and Mayer, 1995). The CeA inactivation or lesion also
reduces morphine-induced analgesia (Manning and
Mayer, 1995; Manning et al., 2001) and, while systemic
morphine is expected to exert its properties on multiple
relays along the pain matrix, this indicates that CeA is a
required element of the anti-nociceptive circuit recruited
by morphine. Moreover, morphine and p-endorphin
injections into the amygdala were shown to induce anal-
gesia through periaqueductal grey (PAG) connections
(Helmstetter et al., 1993 ; Pavlovic and Bodnar, 1998), thus
suggesting that morphine can directly act on CeA cir-
cuitry. The three opioid receptors subtypes are present in
the EAc, both pre and post-synaptically (Zhu and Pan,
2005; Jaferi and Pickel, 2009; Poulin et al., 2009). In the
three CeA subdivisions, neurons can be post-synaptically
inhibited by u-receptor agonists (Chieng et al., 2006), but
presynaptic inhibition of glutamate or GABA release

has also been reported (Finnegan et al., 2005; Zhu and
Pan, 2005). We found that acute morphine injection in-
creased the number of neurons expressing c-Fos in the
CeA, dorsal BSTL and BLA, which is consistent with
previous reports (Hamlin et al., 2007). As almost all EAc
neurons are GABAergic (Alheid et al., 1995; Cassell et al.,
1999), and activation of u-receptors usually results in an
inhibitory outcome, the local effects of morphine would
mainly be due to disinhibitory mechanisms. Thus, mor-
phine would mimic the physiological activation of the
opioid system in the CeA to promote anti-nociceptive
processes normally activated during life-threatening
situations. The cellular mechanisms underlying this acti-
vation are, however, poorly understood.

Part of the inhibitory circuit of the mice CeA has been
recently disclosed in the context of fear conditioning
(Ciocchi et al., 2010; Haubensak et al., 2010). It has been
suggested that, in the Cel, GABA neurons (OFF cells)
tonically inhibit CeM projection neurons responsible for
fear-induced freezing. Another population of GABA CeL
neurons (ON cells) can be excited by BLA and/or cortical
afferents following presentation of a shock-paired tone.
As a consequence, ON cells would inhibit OFF cells, thus
disinhibiting CeM neurons and triggering the activation
of defensive pathways in the brainstem. As hypoalgesia
occurs during expression of conditioned fear, it could
be suggested that a similar circuit in the CeA controls
conditioned analgesia. However, while Finnegan et al.
(2005) proposed that u-receptor agonists trigger the dis-
inhibition of CeM PAG-projecting neurons, Chieng
and Christie (2009) suggest the contrary, i.e. inhibition
of CeM projection neurons. Several neuropeptides
such as oxytocin, neurotensin, corticotrophin-releasing
factor and CGRP also induce opioid-dependent anti-
nociception when injected into the CeA (Kalivas et al.,
1982; Xu et al., 2003; Cui et al., 2004; Han and Yu, 2009).
This would be achieved, at least for oxytocin, through the
inhibition of CeM projection neurons since oxytocin acti-
vates ON cells in the lateral CeA and decreases freezing
(Haubensak et al., 2010; Knobloch et al., 2012). Finally,
in addition to its anti-nociceptive roles, the CeA is
also involved in pro-nociceptive processes, especially
during prolonged pain (Neugebauer et al., 2009). A bi-
directional control of CeA output has thus to be achieved
either through a single circuit with both anti- and
pro-nociceptive potentialities or through the balance
between two opposite circuits. Our results show that
deleting BDNF from the PB-EAc pathway, or directly
inhibiting BDNF actions in the CeA, reduces morphine-
induced analgesia. It is thus possible that BDNF is
involved in maintaining the balance in CeA circuits
and in tuning the reactivity to emotionally relevant
situations.

BDNF has been thoroughly studied in the context of
pain modulation, but most studies focused on the spinal
level (Pezet et al., 2002; Ren and Dubner, 2007; Merighi
et al,, 2008). BDNF involvement in supraspinal pain



mechanisms was explored in the PAG and its main
downstream effector, the rostroventromedial medulla
(RVM). Midbrain BDNF infusions (Guo et al., 2006) as
well as intracerebroventricular administrations (Cirulli
et al., 2000) appear anti-nociceptive without affecting
basal nociceptive thresholds. In contrast, BDNF trans-
mission within the RVM appears pro-nociceptive and
facilitates hyperalgesia (Guo et al., 2006). Thus the BDNF
pathways are part of descending pain control systems
with both anti-nociceptive and pro-nociceptive roles.
Interestingly, TrkB controls morphine-induced analgesia
without affecting basal nociceptive responses (Lucas et
al., 2003). Our results are consistent with these data, since
suppressing BDNF in the PB-EAc projection results in
unaltered basal pain responses, but decreases morphine-
induced analgesia. From a cellular aspect, morphine
increases c-Fos expression in all analysed EAc nuclei as
well as in the BLA. In BDNF-deleted mice, this induction
is reduced in the CeL and dorsal BSTL, but not in the
BLA. Since the CeL and the dorsal BSTL are directly
innervated by PB axons containing BDNF (Conner et al.,
1997), it appears that cellular recruitment in the EAc in
response to morphine is, at least partially, dependent on
BDNEF released by PB terminals.

Our results suggest that BDNF is necessary to obtain
effective morphine-induced analgesia. Several mechan-
isms can be proposed. BDNF may act in the PB itself by
modifying dendritic morphology (Horch, 2004) or by
modulating the expression of neuropeptides such as CGRP
in parabrachio-amygdaloid neurons. If BDNF regulates
PB expression and/or release of CGRP, it would eventu-
ally impact its main anatomical target, the EAc. However,
the role of CGRP in pain-related mechanisms in the CeA
remains controversial, both pro-nociceptive (Han et al,,
2010) and anti-nociceptive (Xu et al., 2003) actions being
reported. While we cannot rule out a local action of BDNF
in the PB, the behavioural effect of TrkB-Fc infusion in the
CeA shows that BDNF can modulate morphine analgesia
by an acute local effect in the CeA. BDNF-TrkB signalling
is able to facilitate glutamatergic transmission (Guo et al.,
2006; Ren and Dubner, 2007; Merighi et al., 2008) and
also leads to the rapid internalization of GABA 4 receptors
in the amygdala, allowing for transient hyperexcitability
(Mou et al., 2011). In the CeA, BDNF is present in peri-
cellular pre-synaptic terminals containing glutamate
(Agassandian et al., 2006; Delaney et al., 2007). Post-
synaptically, both BDNF and TrkB immunoreactivities
are detected on post-synaptic densities of asymmetric
synapses facing BDNF-positive axons, presumably from
PB origin, but also BDNF-negative axons from BLA
or cortical origin (Agassandian et al., 2006). PB-derived
BDNF in the CeA may thus modulate excitatory sy-
napses. In a given physiological situation, this would
allow selecting a specific circuit by targeted disinhibition
via the opioid system and enhanced excitation via the
BDNF system. During morphine analgesia, #-receptors in
the CeL could thus trigger the silencing of a GABA
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population, thus disinhibiting a second population
that could be activated by BDNF-potentiated excitatory
afferents. The absence or blockade of BDNF in our ex-
periments would reduce this excitation, as suggested
by the decreased c-Fos recruitment in the CeL, and
consequently reduce the positive influence of CeA on
anti-nociceptive processes. Interestingly, the CeC has
often been associated with pro-nociception while the CeL
has been more associated with anti-nociception (Hamlin
et al., 2007; Neugebauer et al., 2009). It is, however, too
speculative to further develop a potential circuit for
BDNF action in the CeA. First, we do not know if PB
inputs preferentially target ON or OFF cells or another
group. The PB in the rat indeed projects to CeL and CeC
via different neuronal populations (Sarhan et al., 2005)
and the distribution of ON and OFF cells in the CeA has
not been described with enough precision to differentiate
between CeL and CeC. Second, the correlation between
the CeA distribution of u-receptors and their cellular
and behavioural effects is only partial and controversial.
Third, whereas morphine can directly act on u-receptors
in the CeA, the overall changes in CeA activity, including
those involving BDNF, can also be due to u-receptors
in CeA-projecting structures, such as the intercalated
cell masses, which provide an inhibitory input to the
CeA (Palomares-Castillo et al., 2012). Dissecting the
mechanisms of BDNF action in the CeA will thus need
additional anatomical and functional studies.

The potential role of BDNF in the BSTL remains elu-
sive. We show that BDNF deletion in the PB-EAc pathway
leads to decreased morphine-induced c-Fos activation in
the dorsal BSTL, similar to what was observed in the CeL.
The CeA and the BSTL share similar cytoarchitectural,
neurochemical and hodological features and are strongly
interconnected (Alheid et al., 1995; Cassell et al., 1999).
BDNF innervation in the BSTL originates in the PB
(Conner et al., 1997) and PB-BSTL axons arise as col-
laterals of PB neurons innervating the CeA (Sarhan et al.,
2005). However, our TrkB-Fc experiment shows that
blocking BDNF signalling in CeA is sufficient to decrease
morphine-induced analgesia. Indeed, while the role of
BSTL in pain is less studied than the CeA, it may be
mainly related to affective and neuroendocrine dimen-
sions (Deyama et al., 2007), with little or no evidence of
an involvement in nociceptive sensitivity. Thus, BDNF in
the BSTL may be involved in a circuit similar to the CeA,
but with a preferential impact on the affective aspects of
pain.

This study shows that BDNF produced in the PB-EAc
pathway is important for morphine analgesia. BDNF
deletion in PB neurons leads to a significant decrease in
c-Fos response to morphine in the CeL and BSTL. This
deletion does not alter baseline nociceptive responses,
but affects the analgesic properties of morphine.
While further research is necessary to address the
implications of supraspinal BDNF in nociception pro-
cesses, this study provides candidate anatomical and
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molecular substrates that are likely involved in opiate
analgesia.
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Analyse anatomo-fonctionnelle et moléculaire des conséquences
anxiodépressives de la douleur neuropathique dans un modéle
murin : importance du cortex cingulaire antérieur

Résumé

La douleur neuropathique est un syndrome secondaire a une maladie ou a une Iésion
affectant le systéme nerveux somatosensoriel. Environ 30 % des patients souffrant de
douleurs neuropathiques présentent des troubles de 'humeur. Les causes biologiques de
ces comorbidités ne sont pas clairement établies. Grace a I'utilisation d’'un modéle murin de
douleur neuropathique, nous avons cherché a comprendre I'apparition des conséquences
émotionnelles de cette douleur. Pour cela, nous avons cherché a identifier des régions
cérébrales impliquées dans les différentes composantes et conséquences de la douleur ainsi
que les modifications moléculaires y prenant place. Nous avons mis en évidence une
ségrégation corticale de la douleur avec l'intégration de la composante sensorielle par le
cortex insulaire postérieur d’une part et lintégration de la composante aversive et des
conséquences émotionnelles par le cortex cingulaire antérieur d’autre part. Nous avons
ensuite montré l'implication de la protéine MKP-1 dans I'expression des comportements de
type anxiodépressif dans notre modéle.

Mots-clés : douleur neuropathique, dépression, anxiété, modéle animal, MKP-1.

Abstract

Neuropathic pain is defined as a pain caused by a lesion or disease of the
somatosensory nervous system. Around 30 % of neuropathic pain patients develop mood
disorders. The biologic bases of these comorbidities are not clearly established. Using a
murine model of neuropathic pain, we tried to understand the emotional consequences of
neuropathic pain. Thus, we identified cerebral regions involved in the different components of
pain and molecular modifications taking place in these regions. We showed a cortical
separation of the pain experience with in one hand the integration of the sensory component
of pain in the posterior insular cortex and in the other hand the integration of the aversive
component and the emotional consequences of pain in the anterior cingulated cortex (ACC).
Looking at the molecular modifications in the ACC, we showed that MKP-1, a protein able to
dephosphorylate the MAPK, is involved in the development of pain-related mood disorders in
our model of neuropathic pain.

Keys words : neuropathic pain, depression, anxiety, animal model, MKP-1.




