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Résumé 
 
Les encéphalites limbiques à auto-anticorps anti-CASPR2 sont des atteintes du système 

nerveux central caractérisées par des troubles de la mémoire et des crises d’épilepsie. La 

protéine CASPR2 (Contactin-associated protein-like 2), avec son partenaire TAG-1 (Transient 

axonal glycoprotein 1), est connue pour son rôle dans le rassemblement des canaux 

potassiques voltage-dépendants (Kv1.1 et Kv1.2) dans la région juxtaparanodale des nœuds 

de Ranvier ; une organisation essentielle pour la conduction rapide de l’influx nerveux. Par 

ailleurs, un nombre croissant d’études suggère un rôle de CASPR2 dans la plasticité 

synaptique et l’excitabilité neuronale. La perturbation de ces fonctions pourrait expliquer les 

symptômes observés chez les patients présentant des anticorps anti-CASPR2. Cependant, la 

question du rôle pathogénique des anticorps anti-CASPR2 dans les encéphalites limbiques 

demeure entière. Les travaux de ma thèse ont porté sur la compréhension des mécanismes 

pathologiques des anticorps anti-CASPR2 de patient dans l’encéphalite limbique auto-

immune. Pour ce faire, j’ai déterminé initialement les caractéristiques biologiques des 

anticorps anti-CASPR2. Ces derniers sont majoritairement de la sous-classe IgG4 et ciblent 

les domaines N-terminaux discoidine et laminine G1 de la protéine. Puis, j’ai identifié deux 

mécanismes d’action potentiels des anticorps anti-CASPR2 : (1) la perturbation de 

l’interaction entre CASPR2 et TAG-1 et (2) l’augmentation de l’expression des canaux Kv1.2 à 

la membrane. L’ensemble de ces travaux met en avant la pathogénicité des anticorps anti-

CASPR2 dans les encéphalites limbiques auto-immunes. 

 

Mots clés : CASPR2, encéphalites limbiques auto-immunes, Kv1, TAG-1, interactions 
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Characterization of anti-CASPR2 antibodies in patients presenting with 
auto-immune limbic encephalitis and impact on the CASPR2/TAG-1/Kv1.2 
complex 
 
Abstract 
 
Anti-CASPR2 autoimmune limbic encephalitis is a central nervous system disorder 

characterized by memory disorders and epilepsy. CASPR2 (Contactin-associated protein-like 

2) with its partner TAG-1 (Transient axonal glycoprotein 1), is known for its role in the 

clustering of voltage-dependent potassium channels (Kv1.1 and Kv1.2) in the juxtaparanodal 

region of node of Ranvier; an organization essential for the rapid conduction of nerve influx. 

In addition, an increasing number of studies suggest a role of CASPR2 in synaptic plasticity 

and neuronal excitability. The perturbation of these functions could explain the symptoms 

observed in patients with anti-CASPR2 antibodies. However, the pathogenic role of anti-

CASPR2 antibodies in limbic encephalitis remains open. During my thesis, I wished to 

understand the pathogenic mechanisms of anti-CASPR2 antibodies in limbic encephalitis. To 

this end, I determined the biological characteristics of anti-CASPR2 antibodies. These 

antibodies are mainly of the IgG4 subclass and directed against the N-terminal discoidin and 

laminin G1 domains of CASPR2. Furthermore, I identified two potential mechanisms of anti-

CASPR2 antibodies: (1) the perturbation of CASPR2/TAG-1 interactions and (2) the increase 

of Kv1.2 membrane expression. Together, these data bring into evidence a pathogenic role 

of anti-CASPR2 antibodies in autoimmune limbic encephalitis. 
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Préface 
 

Les encéphalites limbiques sont des atteintes du système nerveux central 

caractérisées par des troubles de la mémoire, des crises d’épilepsie et des troubles du 

comportement (Tüzün & Dalmau 2007). Il y a plusieurs années, un groupe d’encéphalites 

limbiques auto-immunes avec des anticorps dirigés contre des protéines ou des récepteurs 

synaptiques a été découvert (Tüzün & Dalmau 2007). Ces protéines jouent un rôle dans 

l’excitabilité neuronale ainsi que dans la formation et la maturation des synapses, 

essentielles aux processus de mémorisation. Depuis leur découverte, un nombre croissant 

d’études in vitro et in vivo suggèrent un rôle pathologique de ces anticorps dans la maladie 

(revue, Dalmau et al., 2017). En fonction des caractéristiques de ces anticorps, plusieurs 

modes d’actions sont possibles, rendant l’étude de ces derniers essentielle à la 

compréhension de la pathologie.  

Les anticorps anti-CASPR2, ont été découverts il y a moins de dix ans chez des 

patients présentant des troubles du système nerveux central (encéphalite limbique) et des 

troubles du système nerveux périphérique (neuromyotonie et syndrome de Morvan) (Irani 

et al., 2010 ; Lai et al., 2010). Sur le plan clinique, le faible nombre de patients rapportés 

rend la caractérisation de la pathologie difficile. De plus, les raisons pour lesquelles les 

anticorps dirigés contre une même cible antigénique sont associés à un tel éventail clinique 

restent à clarifier. Enfin, sur le plan mécanistique, le rôle pathologique des anticorps anti-

CASPR2 est encore loin d’être compris.  

 

Mon travail de thèse a eu pour but la caractérisation des anticorps anti-CASPR2 et 

l’étude de leur rôle pathologique dans l’encéphalite limbique. La compréhension des 

mécanismes pathologiques associés aux anticorps anti-CASPR2 devrait permettre de mieux 

comprendre le rôle physiologique de CASPR2 dans le système nerveux mature et son 

implication dans de nombreuses autres pathologies.  
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INTRODUCTION 
 
I. Les encéphalites limbiques auto-immunes  

 
 L’encéphalite limbique, tableau clinique 

 
L’encéphalite est une inflammation de l’encéphale associée à des troubles 

neurologiques (Venkatesan et al., 2013). Elle peut être d’origine infectieuse comme 

l’encéphalite herpétique (Whitley et al., 1982) ou encore auto-immune comme l’encéphalite 

à autoanticorps anti-récepteur N-méthyl-D-aspartate (NMDAr) (Dalmau et al., 2007). Les 

encéphalites sont à différencier des encéphalopathies qui ne sont pas nécessairement 

associées à une inflammation. Ces dernières peuvent être d’origine métabolique, toxique ou 

encore associées à certains agents infectieux comme le virus de la grippe (Venkatesan et al., 

2013).  

 

Les encéphalites limbiques (EL) se caractérisent par l’apparition aigüe ou subaigüe de 

troubles de la mémoire antérograde (le patient n’est plus capable de mémoriser de 

nouvelles informations), de troubles du comportement et/ou de l’humeur (syndrome 

dépressif, irritabilité) ainsi que de crises d’épilepsie temporale (impliquant notamment 

l’hippocampe) ou généralisées (Tüzün & Dalmau 2007; Didelot et Honnorat 2009). Elles ont 

été nommées ainsi car les symptômes suggèrent une atteinte du système limbique, 

composé entre autres de l’hippocampe, impliqué dans les processus de mémorisation et de 

l’amygdale, impliquée dans les émotions (Figure 1). 

 



Figure 1 : Schéma du système limbique au sein du cerveau. Le système limbique joue un 
rôle important dans le comportement et en particulier les émotions et la mémoire. Celui-ci 
est composé entre autres de l’hippocampe, impliqué dans les processus de mémorisation et 
de l’amygdale, impliquée dans les émotions.  
 

 Sémiologie et diagnostic différentiel de l’encéphalite limbique auto-
immune 

 
 Le diagnostic de l’encéphalite limbique est loin d’être simple. La présentation des 

symptômes peut en effet varier en fonction de l’origine et du stade d’évolution de 

l’encéphalite. Lors d’une première consultation, il n’est pas rare que les crises d’épilepsie 

ainsi que les troubles psychiatriques comprenant délires et hallucinations se révèlent 

prédominants par rapport aux troubles de la mémoire, élément pourtant majeur du 

diagnostic pouvant se révéler plus tardivement (Tüzün & Dalmau 2007). Par exemple, dans 

le cas de l’encéphalite à auto-anticorps anti-NMDAr, une première phase clinique dominée 

par des troubles psychiatriques peut mener à un diagnostic de maladie psychiatrique non 

auto-immune et à un traitement inapproprié pouvant s’avérer fatal pour le patient (Dalmau 

et al., 2007). 

En complément de la symptomatologie, des techniques d’imagerie cérébrale 

couplées à l’analyse du liquide céphalorachidien (LCR) vont permettre de confirmer le 

diagnostic. Ainsi, un électroencéphalogramme pourra souvent mettre en évidence une 

activité épileptique temporale ou généralisée (Lawn et al., 2003 ; Tüzün & Dalmau 2007); 

l’imagerie par résonance magnétique (IRM) pourra révéler des anomalies au niveau des 

lobes temporaux, souvent de façon asymétrique (hypersignaux FLAIR ou T2) (Figure 2) ; enfin 

le LCR pourra présenter des signes d’inflammation (augmentation du nombre de 

lymphocytes, de protéines et d’IgGs) (Tüzün & Dalmau 2007 ). 

 



 
Figure 2 : IRM évocateur d’une encéphalite limbique (Didelot et Honnorat, 2009). IRM 
encéphalique en FLAIR (Fluid Attenuated Inversion Recovery) en coupe transversale révélant 
l’existence d’un hypersignal hippocampique bilatéral (flèches). 
 

Une fois les symptômes de l’encéphalite limbique identifiés, il est important de 

déterminer son origine afin d’adapter au mieux le traitement. Les encéphalites virales sont 

les plus fréquentes et peuvent évoluer très rapidement. Ainsi, le patient sera traité contre 

une potentielle infection en première intention en attendant les résultats d’analyses plus 

poussées (Tuzun et Dalmau 2007). Une fois la cause virale exclue, la présence d’anticorps 

spécifiques dans le sang et/ou le LCR permettra de mettre en évidence une encéphalite 

auto-immune.  

 

L’encéphalite limbique auto-immune peut être d’origine paranéoplasique, c’est à dire 

associée à un cancer. Le diagnostic de l’EL précédant souvent la découverte d’un cancer, la 

détection d’anticorps associés à une EL paranéoplasique doit conduire à la recherche d’une 

tumeur (Table 1). L’ablation de la tumeur, si tumeur il y a, et un traitement 

immunomodulateur (corticoïdes, immunoglobulines intraveineuses et échanges 

plasmatiques) permettent, dans une partie des cas, le rétablissement du patient (Table 1). 

Les différences de réponses aux traitements en fonction de la cible antigénique seront 

évoquées dans le chapitre « cible antigéniques ».  



 

Table 1 : Prise en charge d’une encéphalite limbique (repris de Didelot & Honnorat, 2009).  
TDM-TAP : tomodensitométrie thoroco-abdomino-pelvienne; TEP au FDG: tomographie par 
émission de positons au déoxyglucose; PL: ponction lombaire; Ech : échographie; Ig i.v. : 
Immunoglobulines intraveineuses; IRM : Imagerie par résonance magnétique. 



 Origines des anticorps dans l’encéphalite limbique auto-immune 
 
 Les encéphalites limbiques auto-immunes peuvent être d’origine post-infectieuses ou 

tumorales. En dehors de ces cas, l’origine des anticorps reste encore largement inconnue 

(Figure 3).  

 Origine post-infectieuse 
Certaines encéphalites, comme l’encéphalite anti-NMDAr peuvent se déclarer 

quelques semaines après une encéphalite virale telle que l’encéphalite herpétique 

(Armangue et al., 2014). Un mécanisme possible serait que les antigènes libérés suite à la 

mort cellulaire induite par le virus, soient captés par les cellules dendritiques, transportés 

aux ganglions lymphatiques (Figure 3A et C) puis présentés aux cellules B naïves et aux 

cellules T CD4+ provoquant ainsi une auto-immunité (Figure 3C) (Dalmau et al., 2017). 

 

 Origine tumorale 
Dans les encéphalites limbiques associées à un cancer, la présence de protéines du 

système nerveux dans les tumeurs peut s’expliquer de deux façons. D’une part, les cellules 

cancéreuses peuvent exprimer de façon ectopique des protéines neuronales (DeLuca et al., 

2009) d’autre part, les tumeurs peuvent contenir des tissus nerveux (Dalmau et al., 2007, 

Tüzün et al., 2009). Il est possible que la présence de ces protéines neuronales dans les 

tumeurs soit la cause de la rupture de tolérance (production d’un anticorps contre un 

antigène du soi). Des évidences suggèrent que les antigènes relargués par les cellules 

tumorales en apoptose seraient captés par les cellules dendritiques et présentés au système 

immunitaire au niveau des ganglions lymphatiques induisant ainsi une réponse immunitaire 

des cellules T cytotoxiques (Figure 3B et C) (Albert et al., 1998). Les patients développent 

alors des anticorps contre des protéines du système nerveux central, susceptibles de 

perturber leur fonction. La réponse auto-immune peut également mener à des infiltrats de 

cellules T cytotoxiques et à une mort neuronale dans le cerveau (Blumenthal et al., 2006 ; 

Bien et al., 2012).  

 

 Prédisposition génétique 
Il est également possible que certains patients présentent des prédispositions 

génétiques à l’auto-immunité. Par exemple, des mutations des gènes HLA ont été identifiées 

chez des patients avec des anticorps anti-LGI1 ou anti-IgLON5 (Gelpi et al., 2016; Van 

Sonderen et al., 2017). Cette piste reste cependant peu explorée à l’heure actuelle. 



 

 
Figure 3 : Mécanismes d’induction de la synthèse des auto-anticorps (Dalmau et Graus, 
2018). Deux mécanismes déclencheurs de l’encéphalite limbique sont représentés : le virus 
de l’Herpès (A) et les tumeurs (B). Les antigènes émis par des cellules endommagées à la 
suite d’une inflammation virale ou des cellules tumorales en apoptose pourraient être 
captés par les cellules présentatrices d’antigène (cellules dendritiques) puis transportés aux 
ganglions lymphatiques. Ensuite, les antigènes seraient présentés aux cellules T CD4+ et aux 
cellules B naïves se différenciant alors en cellules productrices d’anticorps (plasmocyte) (C). 
 

 Synthèse des anticorps périphérique ou centrale  
Le site de production des anticorps reste également matière à débat et il existe 

actuellement deux hypothèses possibles (Revue Diamond et al., 2009 ; Platt et al., 2017).  

La première, est celle d’une synthèse périphérique des anticorps, en accord avec un 

déclencheur périphérique de la pathologie comme une tumeur, avec un passage des 

anticorps à travers la barrière hémato-encéphalique (BHE). La BHE, constituée de cellules 

endothéliales, de péricytes et d’astrocytes, limite le passage des cellules et des protéines 

sanguines vers le tissu cérébral (Diamond et al., 2009). Ainsi, en conditions physiologiques, le 

passage des anticorps est possible mais en quantités très faibles ne pouvant pas expliquer 

pas le taux élevé d’anticorps retrouvés dans le LCR des patients. Pour cela, une rupture de la 

BHE semble nécessaire. En effet, en l’absence d’une telle rupture, la présence d’anticorps 

dirigés contre des protéines du cerveau dans le sérum n’induit aucun trouble cérébral 



(Diamond et al., 2009). Différents mécanismes ont été ainsi proposés pour expliquer le 

passage des anticorps à travers la BHE : (1) par activation endothéliale qui augmenterait la 

perméabilité de la BHE (Figure 4A), (2) sans activation endothéliale par l’intermédiaire de 

transporteurs (Figure 4B) et (3) par le biais du récepteur Fc néonatal (FcRn) qui permettrait 

aux anticorps présents dans le cerveau d’être efflués vers la circulation sanguine (Figure 4C) 

(Diamond et al., 2009). 

 

 

 
Figure 4 : Schéma des mécanismes de passage des anticorps à travers la BHE (Diamond et 
al., 2009). A) passage des anticorps par activation endothéliale. (a) brèche induite par des 
substances microbiennes (LPS), (b) activation des cellules endothéliales par des cytokines 
pro-inflammatoires, (c) induction d’une réponse immunitaire locale par des cytokines qui 
favorise la dysfonction de la BHE, (d) altération de la BHE directement par les anticorps, (e) 
facteurs externes fragilisant la BHE (stress, exercice extrême ou nicotine). B) Passage des 
anticorps en l'absence d'activation endothéliale. (a) endocytose de l'anticorps par un 
récepteur spécifique, (b) transport axonal rétrograde dans un neurone faisant protrusion à 
l'intérieur de la lumière des capillaires de la BHE, (c) migration trans-endothéliale d'un 
leucocyte porteur de l’anticorps au niveau des veinules post-capillaires. C) Efflux des 
anticorps vers la circulation par transport actif médié par le récepteur Fc néonatal (FcRn). 
  



La seconde hypothèse est celle d’une synthèse centrale des anticorps par des 

plasmocytes. En faveur de cette hypothèse, une étude a montré des infiltrats de 

plasmocytes dans le système nerveux central de patients présentant une encéphalite 

limbique anti-NMDAr (Martinez-Hernandez et al., 2011). Cette hypothèse reste cependant 

peu explorée à l’heure actuelle. 

 

 Différentes sous-classes et modes d’action des anticorps  
 

La plupart des anticorps présents dans les EL auto-immunes sont des 

immunoglobulines de type G, principalement de sous-classe IgG1 et IgG4. Une certaine sous-

classe d’IgG peut être associée à un certain type d’anticorps ; par exemple les anti-NMDAr 

sont majoritairement de la sous-classe IgG1. Les deux sous-classes possèdent des 

caractéristiques biologiques bien différentes (Table 2) et présentent un grand intérêt par 

rapport à l’étude du mécanisme pathogénique des auto-anticorps. 

 

 Les anticorps de sous-classe IgG1 
Les IgG1 sont la sous-classe majoritaire dans le sérum (60% des IgG totales) 

(Vidarsson et al., 2014) et sont retrouvées dans la plupart des EL auto-immunes. Ces 

anticorps sont capables de lier leurs cibles antigéniques entre-elles (cross-link) et de 

provoquer ainsi leur internalisation (Figure 5A) (Dalmau et al., 2008). De plus, les IgG1 sont 

capables de fixer fortement les récepteurs Fcγ (Table 2), induisant la phagocytose ou la 

réponse cytotoxique, et d’activer le complément permettant ainsi de faire le lien entre les 

réponses immunitaires innée et adaptative (Figure 5A). 

 

 Les anticorps de sous-classe IgG4 
Les IgG4 se trouvent habituellement en faible proportion dans le sérum (4% des IgG 

totales). Cette sous-classe est majoritaire dans les EL à auto-anticorps anti-CASPR2 et anti-

LGI1. Les IgG4 ont une faible affinité pour le récepteur Fcγ et n’activent pas le complément 

(Table 2) (Vidarsson et al., 2014). De plus, une caractéristique unique des IgG4 est leur 

capacité à échanger des moitiés de molécules pour former des IgG4 bispécifiques 

monovalentes (Figure 5B) (Rispens et al., 2011), les rendant incapables de lier deux 

antigènes identiques entre eux ou d’induire leur internalisation (Figure 5C) (Huijbers et al., 

2015).  

 



 

Les IgG4 n’agiraient donc pas par la voie cytotoxique mais plutôt en interférant avec 

la fonction de leur cible par exemple, en bloquant son interaction avec ses partenaires. Pour 

cette raison, ces anticorps sont considérés comme « bloquants » (Huijbers et al., 2015 ; 

Ohkawa et al., 2013).  

 

 

 
Table 2 : Propriétés des sous-classes IgG1 et IgG4 humaines (Vidarsson et al, 2014). 

 



 
Figure 5 : Fonction des sous-classes IgG1 et IgG4. A) Les IgG1 sont bivalents, ils possèdent 
deux sites de liaison à l’antigène. Ils sont capables de lier plusieurs antigènes entre eux et 
d’induire leur internalisation. Ils sont également capables de former de larges complexes 
avec leur cible et d’activer le complément et la réponse cytotoxique. B) Les IgG4 sont 
capables d’échanger des moitiés de molécule les rendant ainsi bispécifiques ; ils possèdent 
deux sites de liaison à l’antigène, chacun dirigé contre un antigène ou épitope différent. C) 
Les IgG4 bispécifiques ne sont pas capables de lier deux antigènes identiques entre eux ou 
de former de larges complexes anticorps-antigène. De plus, ils n’activent pas la voie du 
complément. Cependant, ils sont capables de se lier à leur cible de façon compétitive 
perturbant ainsi sa fonction. 
 

 Différentes cibles antigéniques 
 

Les encéphalites limbiques auto-immunes peuvent être classées en deux groupes 

selon la cible antigénique : les antigènes intracellulaires et les antigènes membranaires. 

Chaque groupe présente des marquages immunohistochimiques, des mécanismes 

pathologiques et une réponse au traitement différents (Figure 6).  



 Antigènes intracellulaires  
Les anticorps dirigés contre des antigènes faisant partie de cette catégorie sont les 

anti-Hu (Figure 6A,B) (Graus et al., 1987), les anti-Ma1/2 (Dalmau et al., 2004), les anti-

CV2/CRMP5 (Honnorat et al., 2009), les anti-Yo (Rojas et al., 2000), les anti-Ri (Shams’ili et 

al., 2003), les anti-Sox1 (Titulaer et al., 2009) et les anti-ZIc4 (Bataller et al., 2004). Dans 

cette même catégorie, sont également retrouvés des anticorps contre des antigènes 

intracellulaires synaptiques tel que les anti-amphiphysine (De Camilli et al., 1993), les anti-

GAD65 (Honnorat et al., 2001) et les anti-AK5 (Tünzün et al., 2007). 

Cette catégorie d’anticorps est majoritairement associée à un cancer et leur 

détection doit conduire à la recherche d’une tumeur. En fonction de la cible antigénique, un 

certain type de tumeur peut être associé, permettant d’orienter la recherche (Table 1). De 

plus, les mécanismes pathologiques chez ces patients ne semblent pas impliquer une action 

directe des anticorps sur leur cible mais plutôt des mécanismes impliquant les cellules T 

cytotoxiques et une forte perte neuronale (Figure 6C) (Dalmau et Rosental, 2008 ; Bien et al., 

2012). Les patients présentant ces anticorps répondent peu au traitement 

immunomodulateur, ce qui coïncide avec un rôle mineur des anticorps dans la pathologie et 

l’aspect irréversible des atteintes.  

 

 Antigènes membranaires 
 Les anticorps de cette catégorie sont majoritairement dirigés contre des antigènes 

synaptiques et correspondent aux : anti-NMDAr (Figure 6D,E)  (Dalmau et al., 2007), anti-

AMPAr (Lai et al., 2009), anti-GABAr (Lancaster et al., 2010 ; Petit-Pedrol et al., 2014), anti-

DPPX (Boronat et al., 2013), anti-mGluR1/5 (Sillevis Smitt et al., 2000, Lancaster et al., 2011), 

anti-P/Q-type VGCC (Mason et al., 1997), anti-récepteur à la glycine (Hutchinson et al., 

2008), anti-récepteur à la dopamine-2 (Dale et al., 2002), anti-DNER (De Graaf et al., 2012), 

anti-IgLON5, anti-neurexin-3α et anti-LGI1, anti-CASPR2, anti-contactine2 et anti-Kv1 

(anciennement connus sous le nom d’anti-VGKC) (Irani et al., 2010 ; Lai et al., 2010 ; for 

review see Dalmau et al., 2017).  

 L’association d’une tumeur avec ces anticorps est beaucoup moins fréquente que 

pour les cibles intracellulaires et dépend généralement de la cible. Le plus souvent, l’ablation 

de la tumeur, le cas échéant, et un traitement immunosuppresseur permettent le 

rétablissement des patients, suggérant une action directe et réversible des anticorps sur leur 

cible sans mort cellulaire (Figure 6F).  



 

 
Figure 6 : Cibles antigéniques (Dalmau & Graus, 2018). A) Le marquage sur coupe de 
cerveau avec les anti-Hu montre un marquage cellulaire. B) En cellules vivantes sur cultures 
de neurones, les anti-Hu ne sont pas capables d’accéder à leur cible intracellulaire. C) Les 
mécanismes pathologiques associés aux antigènes intracellulaires sont majoritairement des 
mécanismes cytotoxiques puisque les anticorps ne peuvent atteindre leur cible à l’intérieur 
de la cellule. D) Le marquage sur coupe de cerveau avec les anti-NMDAr montre un 
marquage des prolongements cellulaires. E) En cellules vivantes sur cultures de neurones, les 
anti-NMDAr sont capables d’accéder à leur cible à la surface des cellules et présentent un 
marquage du corps cellulaire et de ses prolongements. F) Les mécanismes pathologiques 
associés aux antigènes membranaires passent principalement par la liaison des anticorps à 
leur cible, perturbant leur fonction. 
 

 L’encéphalite limbique à auto-anticorps anti-CASPR2 
 
 Au sein du laboratoire nous nous intéressons plus particulièrement aux encéphalites 

limbiques à auto-anticorps anti-CASPR2 (Figure 7) dont la découverte est étroitement liée à 

celle des anticorps anti-VGKC. 

 



 Origine des anti-CASPR2, les anti-VGKC 
Les anti-VGKC (voltage gated potassium channels) ont été initialement identifiés chez 

des patients présentant un syndrome d’hyperexcitabilité des nerfs périphériques aussi 

connu sous le nom de neuromyotonie (NMT) (Shillito et al., 1995). Ces patients présentent 

des troubles purement périphériques avec des rigidités et crampes musculaires 

accompagnées de fasciculations (contractions involontaires) et d’une légère dysautonomie 

(Figure 7) (Song et al., 2017). Ultérieurement, les anti-VGKC ont été identifiés chez des 

patients présentant une encéphalite limbique (Figure 7) (Buckley et al., 2001) ainsi que chez 

des patients atteints du syndrome de Morvan (MoS), qui combine une NMT et des troubles 

centraux tel que l’insomnie, des confusions et des hallucinations (Figure 7) (Liguori et al., 

2001; review Newsom-Davis et al., 2003).  

Les premières expériences d’identification de la cible antigénique ont révélé que les 

anticorps anti-VGKC étaient dirigés contre les canaux potassiques Kv1.1, Kv1.2 et Kv1.6. Ces 

canaux ont été mis en évidence par immunoprécipitation à l’aide d’anticorps de patients sur 

des lysats de cerveaux et révélés par une dendrotoxine marquée à l’iode 125, capable de se 

lier spécifiquement aux Kv1.1, Kv1.2 et Kv1.6 (Shillito et al., 1995). Cependant, il s’est avéré 

par la suite que la plupart de ces anticorps ne ciblaient pas directement les canaux 

potassiques mais des protéines leur étant étroitement associées : CASPR2, TAG-1 et LGI-1 

(Irani et al., 2010 ; Lai et al., 2010).  

 

 Tableau clinique de l’encéphalite limbique anti-CASPR2 
 Les patients présentant des encéphalites limbiques à auto-anticorps anti-CASPR2 

sont majoritairement des hommes (94,4%) âgés en moyenne de 64,5 ans (Joubert et al., 

2016). Ils présentent des symptômes de dysfonctionnement du système limbique 

comprenant des troubles de la mémoire antérograde, des crises d’épilepsie temporale ainsi 

que des troubles du comportement. A ces troubles, peuvent s’ajouter, une ataxie 

cérébelleuse (troubles de la coordination) (33%), des douleurs neuropathiques (18%) et une 

NMT (10%) (Figure 7) (Joubert et al., 2016). Dans quelques cas, des symptômes 

paroxystiques ont été décrits comme les myoclonies orthostatiques (secousses irrégulières 

des membres inférieurs) (Van Gerpen et al., 2016 ; Gövert et al., 2016), des troubles du 

mouvement hyperkinétique (mouvements involontaires) (Bien et al., 2017) et des ataxies 

cérébelleuses paroxysmales (Joubert et al., 2017). Contrairement aux NMT et MoS, les EL 



anti-CASPR2 sont rarement associées à un cancer (16,7%) ou d’autres troubles auto-immuns 

(5,6%) (Figure 7) (Joubert et al., 2016 ; Van Sonderen et al., 2016). 

 

 Caractéristiques des anticorps anti-CASPR2 
 Jusqu’à récemment, les caractéristiques des auto-anticorps anti-CASPR2 étaient 

inconnues ; ils ont fait l’objet d’une partie de mon travail de thèse ainsi que de publications 

qui seront plus amplement décrites dans la partie résultats (Pinatel et al., 2015 ; Joubert et 

al., 2016 ; Joubert et al., 2017). En résumé, nous avons pu montrer que les anticorps anti-

CASPR2 sont présents dans le sérum et le LCR des patients atteints d’encéphalite limbique. 

Ceux-ci sont majoritairement de la sous-classe IgG4 et ciblent principalement les domaines 

N-terminaux discoidine et laminine G1 de CASPR2 (Figure 7) (Pinatel et al., 2015 ; Joubert et 

al., 2016 ; Joubert et al., 2017).  D’autres équipes travaillant sur les encéphalites limbiques 

auto-immunes ont publié également des résultats similaires (Olsen et al., 2015 ; van 

Sonderen et al., 2016).  

 



Figure 7 : Maladies auto-immunes à auto-anticorps anti-CASPR2 (Saint-Martin et al., 2018). 
A) Les anticorps anti-CASPR2 sont associés à des troubles du système nerveux périphérique 
(neuromyotonie et syndrome de Morvan) et central (encéphalite limbique). Les patients 
sont majoritairement des hommes âgés d’environ 60 ans. Bien que le syndrome de Morvan 
soit majoritairement associé à des troubles du système nerveux périphérique, les patients 
présentent également des atteintes centrales telles que de l’insomnie, des confusions et des 
hallucinations. B) Les patients présentant une neuromyotonie et un syndrome de Morvan 
ont uniquement des anti-CASPR2 dans le sérum alors que les patients présentant une 
encéphalite limbique présentent des anticorps dans le sérum et le LCR. Tous les patients 
présentant une encéphalite limbique possèdent des anticorps de la sous-classe IgG4 qui 
reconnaissent les domaines discoidine (F58C) et laminine G1 (L1) de CASPR2. 
 

II. La protéine CASPR2 (Contactin-associated protein-like 2) 
 

CASPR2 est une protéine d’adhésion cellulaire appartenant avec CASPR1, CASPR3, 

CASPR4 et CASPR5 à un sous-groupe de la superfamille des neurexines. Les neurexines, 

localisées dans le compartiment pré-synaptique, jouent un rôle dans la différentiation et la 

fonction des synapses (Missler et al., 2003 ; Graf et al., 2004 ; Gokce & Südhof, 2013). Elles 

induisent la formation de synapses excitatrices ou inhibitrices en interagissant avec des 

partenaires post-synaptiques comme les neuroligines, les LRRTM (Leucin rich repeat 

transmembrane) ou la cérébelline (Graf et al., 2004). Chez la souris, l’invalidation d’un ou 

plusieurs gènes codant pour les neurexines (neurexine-1α, 2α et 3α) provoque de sévères 

dysfonctionnements synaptiques pouvant conduire à leur mort précoce (Südhof, 2017). Chez 

l’homme, des mutations des gènes codant pour les neurexines ont été identifiées chez des 

patients atteints d’autisme (Reichelt et al., 2012), d’épilepsie (Møller et al., 2013), de 

déficience intellectuelle (Schaaf et al., 2012), de schizophrénie (Kirov et al., 2009) et de 

syndrome de Gilles de la Tourette (Huang et al., 2017). En particulier, la neurexine-3α a été 

associée aux encéphalites limbiques auto-immunes et les anticorps anti-neurexine-3α 

seraient capables d’altérer le développement des synapses in vitro (Gresa-Arribas et al., 

2016). 

 

 Structure de la protéine CASPR2 
 

CASPR2 est une protéine transmembranaire avec une région C-terminale 

intracellulaire contenant un motif de liaison aux protéines 4.1B (4.1Bb) également connu 

sous le nom de motif Glycophorine-NeurexinIV-Paranodine (GNP) (Poliak et al., 1999). Ce 



motif permet son interaction avec les protéines du cytosquelette contenant un domaine 

FERM (Four-point-one, Ezrin, Radixin, Moesin) (Denisenko-Nehrbass et al., 2003). Elle 

contient également dans sa région intracellulaire un motif de liaison PDZ de type II (PDZb) 

permettant son interaction avec des protéines d’échafaudage (Figure 8A) (Horresh et al., 

2008 et 2010). La partie extracellulaire de CASPR2 est composée d’un domaine de type 

discoidine (F58C ou D), de quatres domaines de type laminine G (L1-L4), de deux domaines 

de type EGF (Epidermal growth factor) (E1-E2) et d’un domaine de type fibrinogène (F) 

(Figure 8A) (Poliak et al., 1999).  

 

CASPR2 possède des similitudes avec la neurexine-1α. Elles possèdent toutes deux 

des domaines de liaison 4.1B et PDZ intracellulaires ainsi que des domaines laminine G et 

EGF extracellulaires. Néanmoins, les domaines discoidine et fibrinogène sont une 

particularité de la protéine CASPR2 (Figure 8A) (Poliak et al., 1999). Des différences entre 

leur structure 3D ont été également mises en évidence par des études en microscopie 

électronique. Celles-ci montrent que CASPR2 possède une structure compacte composée de 

trois lobes (Figure 8B) (Lu et al., 2016 ; Rubio-Marrero et al., 2016) tandis que la neurexine-

1α possède une structure allongée. Ces trois lobes flexibles entre eux permettraient à 

CASPR2 d’arborer deux orientations : verticale ou horizontale (Figure 8B).  Cette flexibilité 

pourrait entre autres moduler la capacité de CASPR2 à interagir avec différents partenaires 

ou encore impacter sa localisation dans différents compartiments neuronaux (Figure 8B) (Lu 

et al., 2016). Par exemple, seule CASPR2 dans son orientation horizontale avec une hauteur 

de 90Å pourrait pénétrer dans la fente synaptique inhibitrice estimée entre 100 et 120Å de 

large (High et al., 2015 ; Lu et al., 2016).  

 



 
Figure 8 : Structure de CASPR2 et de la neurexine-1α (Saint-Martin et al., 2018).  A) CASPR2 
et la neurexine-1α possèdent toutes deux des domaines de type laminine G et EGF 
extracellulaires ainsi qu’un domaine transmembranaire et des domaines de liaison 4.1B et 
PDZ intracellulaires. CASPR2 possède également un domaine de type discoidine et 
fibrinogène qui lui sont propres. B) Structure de CASPR2 proposée par Lu et al., (2016). 
CASPR2 est une protéine d’environ ~145Å de long, ~90Å- de large et ~50Å d’épaisseur. Elle 
se compose de 3 lobes (1, 2 et 3) flexibles entre eux, permettant l’orientation de CASPR2 en 
vertical ou en horizontal. Une telle flexibilité pourrait révéler différents domaines de la 
protéine et ainsi moduler la capacité de CASPR2 à interagir avec ses partenaires (P1 et P2). 
Enfin, la localisation de CASPR2 dans différents compartiments neuronaux pourrait varier en 
fonction de son orientation. 
 

 Expression de CASPR2 dans le système nerveux 
 

CASPR2 est fortement exprimée dans le système nerveux, incluant la moelle épinière 

et le cerveau et faiblement dans l’ovaire et la prostate (Poliak et al., 1999). Son patron 

d’expression spatio-temporel suggère un rôle dans la mise en place des réseaux neuronaux 

ainsi que dans les fonctions sensorielles et cognitives chez l’adulte.  

 



 Au niveau tissulaire 
Chez la souris adulte, CASPR2 est fortement exprimée dans le cortex, dans des 

régions reliées aux fonctions motrices telles que les ganglions de la base ou le noyau 

pontique mais également dans des régions du système limbique, comprenant l’hippocampe, 

l’amygdale, le noyau interpédonculaire et les corps mamillaires (Gordon et al., 2016). 

CASPR2 est également exprimée dans des structures nerveuses impliquées dans les voies 

sensorielles visuelles, olfactives, auditives, gustatives et somatosensorielles. Pour l’ensemble 

de ces voies, CASPR2 est exprimée dans les organes sensoriels primaires puis dans le tronc 

cérébral et les noyaux thalamiques et enfin dans les régions corticales correspondantes 

(Gordon et al., 2016). Au cours du développement, CASPR2 est détectée à partir du 14ième 

jour embryonnaire (E14) et son expression augmente graduellement selon un axe postéro-

antérieur (Figure 9A et B) (Poliak et al., 1999 ; Peñagarikano et al., 2011 ; Gordon et al., 

2016). Dans l’hippocampe, CASPR2 est initialement exprimée dans le Gyrus Denté à E18 puis 

son expression dans cette structure diminue au 7ième jour post-natal (P7) (Figure 9C). 

L’expression de CASPR2 débute ensuite vers P7 dans les aires CA3 et CA1 de la corne 

d’Ammon où elle augmente jusqu’à l’âge adulte (Figure 9C) (Gordon et al., 2016). 

Concernant le cortex en développement, CASPR2 est initialement détectée, dans la zone 

marginale à E14 (Peñagarikano et al., 2011). A des stades plus tardifs, son expression s’étend 

graduellement dans les couches plus profondes de telle façon que chez l'adulte, CASPR2 est 

présente dans toutes les couches du cortex (Figure 9D) (Bakkaloglu et al., 2008 ; Gordon et 

al., 2016).  

Dans le cerveau humain, le patron d’expression de CASPR2 est similaire à celui décrit 

pour les rongeurs (Poliak et al., 1999). Néanmoins au niveau du cortex, durant les stades 

précoces de développement, CASPR2 apparait particulièrement enrichie dans le cortex 

antérieur temporal et préfrontal chez l’humain (Abrahams et al., 2007). Cet enrichissement 

suggère un rôle de CASPR2 dans des fonctions cognitives supérieures telles que 

l’apprentissage du langage (Abrahams et al., 2007). 



 
Figure 9 : Expression de CASPR2 durant le développement (Gordon et al., 2016). A) 
Expression de CASPR2 dans un encéphale de souris à partir du stade embryonnaire jour 18 
(E18) au stade adulte.  B) Représentation schématique de l’expression de CASPR2 dans un 
encéphale de souris de E18 au stade adulte. C) Grossissement de l’hippocampe. L’expression 
de CASPR2 débute dans le Gyrus Denté (GD) à E18 et évolue graduellement vers les régions 
CA3 et CA1 de l’hippocampe à l’âge adulte. D) Grossissement du cortex. L’expression de 
CASPR2 débute dans les couches superficielles puis évolue vers les couches profondes du 
cortex. TH : thalamus, Hyp : Hypothalamus, SC :Superior Colliculus, Cereb : cerebellum, OB : 
olfactory bulb. Echelle : 1mm (A), 200um (C) et 500um (D). 
 

 Au niveau cellulaire 
In situ dans le cerveau de rat adulte, CASPR2 est exprimée dans une large variété de 

neurones (Figure 10) (Poliak et al., 1999). Par ailleurs, dans les neurones hippocampiques en 

culture (DIV4), 58% des neurones inhibiteurs (GAD65-positifs) expriment CASPR2 contre 

seulement 4% des neurones excitateurs (GAD65-négatifs) (Pinatel et al., 2015). Ces résutats 



suggèrent que CASPR2 serait majoritairement associée à une sous-population de neurones 

inhibiteurs.  

Concernant les compartiments neuronaux, CASPR2 est principalement localisée au 

niveau des dendrites et du corps cellulaire des neurones in vivo (Figure 10) (Poliak et al., 

1999). In vitro, dans les neurones hippocampiques cultivés pendant 4 jours (DIV4), CASPR2 

est exprimée dans la plupart des compartiments neuronaux, somato-dendritique mais aussi 

axonal. Néanmoins, à des stades plus tardifs (DIV7-8), une diminution de l’expression de 

CASPR2 est observée à la membrane au niveau du compartiment somato-dendritique. Cette 

diminution serait associée à un processus d’endocytose qui à terme conduirait à une 

polarisation de CASPR2 le long de l’axone (Bel et al., 2009 ; Pinatel et al., 2015).   

 

 
Figure 10 : Expression de CASPR2 dans les neurones (Poliak et al., 1999). Marquage de 
CASPR2 sur des tranches de cerveau de rat. CASPR2 est exprimée au niveau des corps 
cellulaires et des dendrites. A) Dans l’amygdale. B) Dans l’hippocampe. C) Dans la cinquième 
couche de neurones pyramidaux du cortex cérébral. D) Dans le Gyrus Denté. E) Dans les 
cellules granulaires du bulbe olfactif.  
 

Dans les axones myélinisés du système nerveux central et périphérique, CASPR2 est 

enrichie au niveau du segment initial (AIS) et de la région juxtaparanodale (JXP) des nœuds 

de Ranvier (NOR) (Figure 11) (Poliak et al., 1999 ; Inda et al., 2006 ; Ogawa et al., 2008 ; Scott 

et al., 2017). Le segment initial, est une région située dans la région proximale de l’axone, 



juste après le corps cellulaire (Figure 11A et B). Au niveau de cette région, riche en 

molécules d’adhésion et en canaux ioniques voltage-dépendants, sont générés les potentiels 

d’action (Leterrier, 2018). Les nœuds de Ranvier, quant à eux, se caractérisent par l’absence 

de myéline et une forte densité de canaux sodiques ; ils permettent la conduction rapide 

(saltatoire) des potentiels d’action le long de l’axone (Figure 11A et C). Ils sont flanqués de 

chaque côté par les régions paranodales, zones d’ancrage de la myéline sur l’axone, et les 

régions juxtaparanodales, situées sous la gaine de myéline (Rasband & Peles, 2015).  

 

 
Figure 11 : Expression de CASPR2 dans les neurones (Poliak et al., 1999 ; Ogawa et al., 
2008). A) Schéma d’un neurone myélinisé avec le segment initial et le nœud de Ranvier. Le 
nœud de Ranvier est entouré des régions paranodales et juxtaparanodales. B) Marquages de 
CASPR2, Kv1.2 et TAG-1 au segment initial sur des neurones hippocampiques en culture. C) 
Marquages de CASPR2 et Kv1.2 aux nœuds de Ranvier sur des coupes de nerf optique de rat. 
 



 

Enfin, de nombreuses études ont suggéré une expression synaptique de CASPR2 mais 

les résultats sont divergents ou incomplets. Des études biochimiques ont montré la présence 

de CASPR2 dans des fractions enrichies en membranes synaptiques (Bakkaloglu et al., 2008) 

ou en synaptosomes (Chen et al., 2015). Cependant, si ces techniques apportent des 

éléments de réponse à la question, elles sont souvent insuffisantes car contaminés par 

d’autres compartiments. Ainsi, dans le cas des synaptosomes, la présence de compartiments 

membranaires non synaptiques peuvent biaiser les résultats.     

Les techniques d’immunomarquage montrent également des résultats discordants. 

En utilisant un marquage post-fixation sur des cultures de neurones corticaux, une faible 

partie de CASPR2 co-localise avec la sous-unité GluA1 des récepteurs AMPA, post-

synaptiques avec un coefficient de colocalisation de Mander de 0.35 (Varea et al., 2015). 

Notons qu’un coefficient de cet ordre n’est pas un argument fort pour la co-localisation de 

CASPR2 avec les récepteurs AMPA synaptiques. D’autre part, en utilisant les anticorps de 

patients, CASPR2 semble partiellement co-localiser avec des marqueurs pré-synaptiques 

excitateurs et inhibiteurs, respectivement, VGLUT1 et VGAT mais leur co-localisation n’a pas 

été quantifiée (Figure 12) (Pinatel et al., 2015). De plus, une forte co-localisation est 

observée avec les terminaisons pré-synaptiques GAD65-positives, apposées à des clusters 

géphyrine, caractéristiques du compartiment post-synaptique inhibiteur (Pinatel et al., 

2015). L’ensemble de ces résultats tendent vers une localisation de CASPR2 au niveau du 

compartiment pré-synaptique inhibiteur. Cependant, des études plus approfondies sont 

nécessaires afin de confirmer cette hypothèse.  

 



 
Figure 12 : CASPR2 à la synapse (Pinatel et al., 2015). Marquage de CASPR2 avec les 
anticorps de patients dans des cultures de neurones hippocampiques à DIV14. A) CASPR2 co-
localise partiellement avec le marqueur du compartiment pré-synaptique excitateur 
VGLUT1. B) CASPR2 co-localise partiellement avec le marqueur du compartiment pré-
synaptique inhibiteur GAD-65. 

 

 Rôle de CASPR2 dans le développement du système nerveux 
 
 En accord avec la présence de CASPR2 durant le développement du système nerveux 

et plus particulièrement dans les neurones inhibiteurs, de nombreux résultats suggèrent un 

rôle majeur de CASPR2 dans la mise en place du réseau neuronal inhibiteur.  

 

 A l’échelle du réseau neuronal 
 Les souris invalidées pour le gène Cntnap2 codant pour CASPR2 présentent des 

défauts de migration des neurones corticaux avec la présence notamment de neurones 

ectopiques dans le corps calleux (Figure 13A) ainsi que des défauts de projection des 

neurones corticaux dans le cortex somato-sensoriel (Peñagarikano et al., 2011). Associés à 

ces défauts, les souris présentent une activité neuronale asynchrone qui résulterait 

probablement d’un dysfonctionnement du réseau plutôt que d’une activité neuronale 

anormale per se (Peñagarikano et al., 2011).  



 Un autre paramètre observé chez ces souris KO de 14 à 30 jours est un déficit de 

certaines sous-populations d’interneurones GABAergiques inhibiteurs dans le striatum, 

l’hippocampe et le cortex somato-sensoriel (Figure 13B). Ce déficit ne serait pas dû à un 

défaut de production/migration ou survie mais plutôt à un défaut de différenciation ou 

d’activité de ces neurones (Peñagarikano et al., 2011 ; Vogt et al., 2017). En accord avec ce 

résultat, il a été proposé que CASPR2 pourrait réguler, de façon intrinsèque, les propriétés 

électrophysiologiques des interneurones inhibiteurs corticaux, parvalbumine-positifs, (Vogt 

et al., 2017).  

En corrélation avec un défaut d’inhibition, l’enregistrement de cellules pyramidales 

de la région CA1 sur des tranches aigües d’hippocampe de souris KO, révèle une altération 

de la transmission inhibitrice au niveau du compartiment périsomatique (Figure 13C) 

(Jurgensen et Castillo, 2015). Cette altération ne serait pas liée à une réduction du relargage 

de neurotransmetteurs mais plus vraisemblablement à un déficit en interneurones 

parvalbumine-positifs qui contactent majoritairement la région périsomatique des neurones 

enregistrés (Jurgensen & Castillo, 2015). Des résultats allant dans le même sens, à savoir, 

une réduction de l’inhibition phasique et tonique, ont été obtenus sur des neurones 

pyramidaux des couches 2/3 du cortex visuel issus de tranches de cerveau prélevées chez les 

souris CASPR2 KO adultes (6-8 semaines) (Bridi et al., 2017). Par ailleurs, chez ces souris, ni la 

transmission excitatrice, ni les propriétés des potentiels d’action (PA) ne se trouvent altérés 

(Bridi et al., 2017). Dans l’ensemble, ces résultats suggèrent un rôle prépondérant de 

CASPR2 dans la mise en place du réseau inhibiteur.  

A contrario, dans une étude récente, seuls des défauts d’excitation du réseau 

neuronal ont été observés chez les souris Cntnap2 KO, sans défauts de migration ou du 

nombre de neurones inhibiteurs (Scott et al., 2017). Le modèle expérimental étant très 

proche des études précédentes (souris Cntnap2 KO, âge et populations de neurones 

étudiées), de telles différences dans les résultats restent difficilement interprétables.  

Enfin, une étude révèle à la fois des défauts d’inhibition et d’excitation dans des 

cultures de neurones invalidés pour CASPR2 après 4 jours in vitro (Anderson et al., 2012). Un 

point intéressant de cette étude est l’effet opposé de l’invalidation de CASPR2 comparé à 

TAG-1. En effet, l’invalidation de CASPR2 diminue l’amplitude des courants excitateurs post-

synaptiques spontanés, alors que celle de TAG-1 induit un effet opposé résultant d’une 

augmentation de la durée du signal excitateur (Figure 13D) (Anderson et al., 2012). Il est 



pour l’instant difficile d’interpréter de tels résultats mais il est possible que CASPR2 et TAG-1 

exercent des fonctions opposées sur l’excitabilité neuronale. 

 
Figure 13 : Fonction de CASPR2 dans le développement du système nerveux. A) Analyse de 
la migration des neurones. Le BrdU injecté à E16,5 est marqué à P7. Les neurones sont 
distribués anormalement dans les couches profondes du cortex de souris Cntnap2 KO 
(flèches, Peñagarikano et al., 2011). B) L’analyse de l’expression du marqueur parvalbumine 
(PAVLB) à P14 dans le cortex somatosensoriel montre une diminution du signal chez les 
souris Cntnap2 KO (Peñagarikano et al., 2011). C) Courbes entrée/sortie et traces 
représentatives des courants post-synaptiques inhibiteurs évoqués périsomatiques et 
dendritiques dans les cellules pyramidales de la région CA1 de l’hippocampe. L’amplitude 
des courants post-synaptiques inhibiteurs périsomatiques est diminuée dans les souris KO 
(Jurgensen et Castillo, 2015). D) Mesure du signal Ca2+ somatique, après induction de 
l’activité neuronale dans des cultures invalidées pour CASPR2 ou TAG-1. L’invalidation de 
CASPR2 induit une diminution de l’amplitude des signaux Ca2+ durant l’activité neuronale 



qui est rétablie par l’expression de CASPR2. L’invalidation de TAG-1 induit une augmentation 
de la durée du signal qui est restaurée par l’expression de TAG-1 (Anderson et al., 2012). 
 

 A l’échelle du neurone 
 Plusieurs études suggèrent que CASPR2 jouerait un rôle dans la pousse des neurites. 

Ainsi, il a été montré, à partir de cultures de neurones corticaux, que l’absence d’expression 

de CASPR2 induirait une diminution de la longueur des axones dès DIV3 (Canali et al., 2018). 

De plus, des défauts d’arborisation dendritique sont également observés à des stades plus 

tardifs (DIV14-18) sur des neurones corticaux en culture invalidés pour CASPR2 à DIV4 

(Figure 14) (Anderson et al., 2012).   

 

 
Figure 14 : Fonction de CASPR2 dans l’arborisation dendritique (Anderson et al., 2012). A) 
Image représentative de l’arborisation dendritique lors de l’invalidation de CASPR2. B) 
L’invalidation de CASPR2 induit une diminution de la longueur totale des neurites. C) 
L’invalidation de CASPR2 induit une diminution du nombre de branchements par neurone. 
D) L’invalidation de CASPR2 n’impacte pas l’aire du soma. Les paramètres analysés chez les 
souris KD pour CASPR2 reviennent à la normale en restaurant son expression. 
 

 A l’échelle de la synapse 
 Si de nombreuses études montrent un impact de CASPR2 sur la formation des 

synapses, il n’en demeure pas moins qu’elles divergent sur certains points. Des résultats in 

vivo et in vitro montrent une diminution du nombre d’épines dendritiques (caractéristique 

du compartiment post-synaptique excitateur) chez les souris Cntnap2 KO (Gdalyahu et al., 

2015 ; Varea et al., 2015). Ce défaut n’a cependant pas été retrouvé sur des cultures de 



neurones invalidés pour CASPR2 à DIV4 (Anderson et al., 2012). Ce résultat pourrait 

s’expliquer par la présence de CASPR2 dans les neurones en culture en différenciation avant 

le knockdown contrairement aux modèles KO. Néanmoins, dans cette étude, la largeur de la 

tête des épines dendritiques, qui peut être corrélée avec la maturité de la synapse, se révèle 

être plus petite à DIV14-18, suggérant un défaut de maturation des synapses (Figure 15A) 

(Anderson et al., 2012). Au contraire, une autre étude réalisée sur des cultures de neurones 

corticaux Cntnap2 KO montre que le ratio largeur/longueur de la tête est augmenté (Figure 

15B) (Varea et al., 2015). Dans la mesure où cet effet s’accompagne d’une diminution du 

nombre d’épines (Figure 15B), il est possible que les synapses restantes se retrouvent 

renforcées par un effet d’homéostasie, ce qui ne serait pas le cas dans l’étude de Anderson 

(2012). 

Enfin, une étude comparative sur la dynamique de formation des synapses in vivo 

montre que l’absence de CASPR2 n’impacte pas la formation de nouvelles épines 

dendritiques mais augmente leur élimination (Figure 15C). Ce résultat pointe un défaut de 

stabilisation des synapses chez les souris déficientes en CASPR2 (Gdalyahu et al., 2015). Ces 

altérations, qui expliqueraient la diminution du nombre d’épines chez ces souris, pourraient 

être dues à un défaut de trafic des récepteurs AMPA vers la synapse, observés chez les 

souris Cntnap2 KO (Varea et al., 2015).   



 
Figure 15 : CASPR2 dans le développement synaptique. A) L’invalidation de CASPR2 dans 
des neurones corticaux en culture à DIV4 induit une diminution de la largeur de la tête des 
épines (Anderson et al., 2012). B) Dans les neurones corticaux CASPR2 KO en culture, la 
largeur de la tête des épines est augmentée (Varea et al., 2015). C) Etude de la dynamique 
de formation des synapses in vivo. Dans les souris KO, alors qu’aucune différence du nombre 
d’épines nouvelles n’est observée, on note une augmentation du nombre d’épines éliminées 
(Gdalyahu et al., 2015). 
 

 Les protéines du complexe VGKC 
 
 Un des points les plus marquants quant à l’enrichissement de CASPR2 au segment 

initial de l’axone et à la région juxtaparanodale, est sa proximité constante avec TAG-1 et les 

canaux potassiques voltage-dépendants (VGKC) Kv1.1 et Kv1.2 (Figure 11) (Poliak et al., 

1999).  

 
 Les canaux potassiques Kv1 

Les canaux potassiques voltage-dépendants (Kv) permettent la sortie des ions 

potassium à la suite d’une dépolarisation de la membrane neuronale permettant ainsi sa 



repolarisation (Figure 16) (revue, Rasband, 2010). Par ce rôle, les canaux potassiques 

régulent le potentiel de repos membranaire ainsi que la durée et la fréquence des potentiels 

d’action (PA), impactant par conséquent le relargage de neurotransmetteurs à la synapse 

(Ovsepian et al., 2016).  

 

 
Figure 16 : Le potentiel d’action. A) Répartition des ions de chaque côté de la membrane 
neuronale, avec une forte concentration d’ions Na+ extracellulaires et K+ intracellulaires. Au 
repos, la membrane est polarisée à un potentiel de -70mV. B) Courbe du potentiel d’action. 
Au potentiel de repos, les canaux ioniques voltage-dépendants ne laissent pas passer d’ions 
(1). À la suite d’un stimulus, les canaux sodiques voltage-dépendants s’ouvrent pour 
permettre le passage des ions Na+ dans la cellule induisant sa dépolarisation (2). Puis, les 
canaux potassiques voltage dépendants s’ouvrent pour laisser sortir les ions K+ de la cellule 
permettant sa repolarisation et son retour au potentiel de repos (3). 
 



(a) Structure des canaux potassiques Kv1 
Les canaux Kv1 se composent d’une combinaison de quatre sous-unités α (Kv1.1 à 

Kv1.8 codés par les gènes KCNA 1 à 8) associées en homo- ou hétérotétramères ainsi que de 

quatre sous-unités β intracellulaires (Kvβ1, β2 et β3) (Figure 17A) (Ovsepian et al., 2016).  

Des études suggèrent que les canaux contenant la sous-unité Kv1.2 représentent 85% 

des canaux liées à la dendrotoxine (toxine ciblant les canaux Kv1.1, Kv1.2 et Kv1.6) contre 

47% pour la sous-unité Kv1.1, 16% pour la sous-unité Kv1.6 et 8% pour la sous-unité Kv1.4 

(Ovsepian et al., 2016). Ces données suggèrent que la plupart des sous-unités Kv1.1, Kv1.4 et 

Kv1.6 sont associées en hétérotétramères avec la sous-unité Kv1.2 et que les sous-unités les 

plus abondantes sont Kv1.2 et Kv1.1 (Ovsepian et al., 2016).  

Chaque sous-unité α possède 6 segments transmembranaires (S1-S6) reliés par des 

boucles hydrophiles intra- et extracellulaires (Figure 17A) (Grizel et al., 2014 ; Ovsepian et 

al., 2016). Le segment quatre (S4), chargé positivement, est sensible aux changements de 

potentiel. Lors d’une dépolarisation, celui-ci est déplacé vers l’extérieur induisant un 

changement de conformation à l’origine de l’ouverture du canal. L’espace entre les 

segments S5 et S6, lui, forme le pore.  

Les sous-unités β, quant à elles, se lient à la région N-terminale intracellulaire des 

sous-unités α (domaine T1) et régulent l’expression du canal ainsi que son inactivation (Long 

et al., 2005 ; revue Grizel et al., 2014). En effet, les sous-unités β possèdent une structure 

appelée « ball and chain » constituée d’un domaine en forme de boule, capable de bloquer 

rapidement le canal et de l’inactiver (Figure 17B) (Rettig et al., 1994 ; Peters et al., 2009). 

Ainsi, le canal peut se trouver sous trois états : fermé, ouvert ou inactivé par le « ball and 

chain » (Figure 17C).  

 



 
Figure 17 : Structure des canaux potassiques Kv1 (Grizel et al., 2014). A) Schéma d’une 
sous-unité α des canaux Kv et structure en cristallographie du canal Kv1.2 homo-
tétramérique en complexe avec la sous-unité β. La sous-unité α se compose de 6 segments 
transmembranaires S1-S6 d’une boucle P formant le pore. B) Inactivation de type N. La 
boule d’inactivation pénètre le pore et bloque physiquement le passage des ions après 
activation du canal. C) Schéma des transitions conformationnelles du canal Kv. C : Closed, O : 
Open, I : Inactivated. 
 

Enfin, si les canaux potassiques présentent de courtes régions extracellulaires 

limitant leur interaction avec des partenaires extracellulaires, ceux-ci possèdent néanmoins 

des régions intracellulaires permettant par exemple leur liaison à des protéines 

d’échafaudage. Entre autres, Kv1.1 et Kv1.2 possèdent un domaine de liaison PDZ dans leur 

partie cytoplasmique C-terminale qui permet leur liaison avec les protéines PSD95 et 93 (Kim 

et al., 1995 ; Ogawa et al., 2008).  

 
(b) Expression des canaux potassiques Kv1 

La majorité des canaux Kv1 sont des hétérotétramères dont l’expression dépend des 

sous-unités qui les composent (Manganas et Trimmer, 2000). Par exemple, la sous-unité 

Kv1.4 et les sous-unités β favorisent l’expression en surface ; au contraire la sous-unité Kv1.1 

a tendance à retenir le canal dans le réticulum endoplasmique (RE). La sous-unité Kv1.2, 

quant à elle, est répartie entre surface et RE (Shi et al., 1996 ; Manganas et Trimmer, 2000).  

 

Dans le système nerveux central, les Kv1 sont exprimés au niveau du soma, de 

l’axone, des dendrites et des terminaisons synaptiques mais leur composition varie en 



fonction de leur localisation (Figure 18). Les sous-unités Kv1.1/Kv1.2 sont particulièrement 

enrichies dans les terminaisons des cellules en panier inhibitrices du cervelet (Figure 18A1 et 

A2), aux nœuds de Ranvier (Figure 18B1 et B2), au segment initial (Figure 18C1 et C2) et au 

soma des cellules dans les couches profondes du cervelet (Figure 18D1 et D2) (Rasband et 

al., 2010, Ovsepian et al., 2016). Dans l’hippocampe, les sous-unités Kv1.1 et 1.2 sont 

préférentiellement exprimées au niveau des terminaisons axonales de la voie perforante, 

ainsi que dans les terminaisons des fibres moussues et des collatérales de Schaffer au niveau 

des régions CA3 et CA1 (Ovsepian et al., 2016).  

 

 
Figure 18 : Distribution sub-cellulaire des canaux Kv1 (Ovsepian et al., 2016). Les sous-
unités Kv1.1/Kv1.2 sont particulièrement enrichies dans les terminaisons des cellules en 
panier du cervelet (A) aux nœuds de Ranvier (B), au segment initial (C) et au soma des 
cellules dans les couches profondes du cervelet (D). 
 

(c) Fonction des canaux potassiques Kv1 
La fonction des canaux potassiques Kv1 et en particulier Kv1.1 et Kv1.2 a été 

largement étudiée grâce aux modèles knockout et aux toxines bloquantes telles que la 

dendrotoxine ou la 4-aminopyridine (4-AP) (revue Lai & Jan, 2006). Les deux modèles 

montrent que la perturbation des canaux potassiques induit une hyperexcitabilité neuronale 

accompagnée de crises épileptiques (Velluti et al., 1987 ; Smart et al., 1998). En effet, en 

présence de 4-AP ou de DTX, l’excitabilité neuronale est augmentée : le seuil de 

déclenchement des potentiels d’actions est diminué et leur fréquence est doublée (Bekkers 



et Delaney, 2001). De plus, le blocage des Kv1 par la dendrotoxine augmente la durée des 

potentiels d’action (Figure 19) (Weller et al., 1985 ; revue Jan et Jan, 2012). Cette 

augmentation conduit à une augmentation de la concentration pré-synaptique en calcium 

associée à une augmentation du relargage des neurotransmetteurs (Geiger et Jonas, 2000 ; 

Revue Kress et Mennerick, 2009). 

 

 
Figure 19 : Fonction des canaux Kv1.1 et Kv1.2 (Jan et Jan, 2012). Enregistrement d’un 
neurone pyramidal dans la couche 5 du cortex. L’application de DTX ralentit le potentiel 
d’action mesuré au niveau des collatérales d’axones et des boutons pré-synaptiques mais 
impacte peu le potentiel d’action au niveau du soma. 

 

Aux nœuds de Ranvier, le rôle des canaux potassiques Kv1.1 et Kv1.2 est moins clair. 

Il a été montré que ceux-ci jouent un rôle avant et pendant le processus de myélinisation 

afin de réguler l’excitabilité neuronale lors de ces phases clé du développement (Vabnick et 

al., 1999 ; Devaux et al., 2002). Une fois les axones myélinisés, les canaux se retrouvent 

électriquement isolés sous la gaine de myéline et l’ajout de toxines bloquantes n’impacte 

plus la forme des PA à ce stade (Kocsis et Waxman, 1980 ; Devaux et al., 2002).  

 
(d) Pathologies associées aux Kv1 

Les pathologies associées aux canaux potassiques sont de deux types : auto-immunes 

avec les anticorps anti-VGKC et génétiques avec des mutations dans les gènes codant pour 

les sous-unités α et β du canal. Le plus souvent, ces mutations sont associées à des troubles 



de l’excitabilité neuronale tel que l’épilepsie ou l’ataxie cérébelleuse de type 1 (EA1) (review 

D’Adamo et al., 2013).  

Chez la souris, le KO de Kcna1 ou Kcna2 induit deux phénotypes épileptiques 

distincts. Les souris Kcna1 KO présentent des épilepsies de type temporal avec des crises 

chroniques récurrentes dont 50% survivent jusqu’à l’âge adulte (Smart et al., 1998) ; les 

souris Kcna2 KO présentent quant à elles, de sévères crises généralisées et ne survivent pas 

au-delà de 19 jours (Brew et al., 2007 ; review Robbins et Tempel 2012).  

 

 La protéine d’adhésion cellulaire, TAG-1 
TAG-1 (Transient Axonal Glycoprotein-1), aussi connue sous le nom de contactine-2 

est une protéine d’adhésion cellulaire de la superfamille des immunoglobulines (IgSF) (Furley 

et al., 1990). 

 

(a) Structure de TAG-1 
La protéine TAG-1, se compose de six domaines immunoglobuline (Ig ; domaines 

caractéristiques des protéines de la IgSF) et de quatre domaines fibronectine III (Fn) 

extracellulaires mais ne possède pas de domaine intracellulaire (Figure 20A) (Zuellig et al., 

1992). Elle est liée à la membrane par une ancre GPI (Glycosylphosphatidylinositol) 

favorisant sa localisation au sein des radeaux lipidiques (microdomaines membranaires 

riches en cholestérol et sphingolipides, insolubles dans les détergents doux). Elle peut 

également être trouvée sous forme soluble, clivée de son ancre GPI par l’enzyme BACE1 

(Harel et Futerman et al., 1996 ; Gautam et al., 2014).  

Des études de la protéine entière en microscopie électronique et de certaines régions 

en cristallographie ont permis de mieux comprendre la structure 3D de TAG-1. Sous forme 

soluble, TAG-1 est repliée sur elle-même dans une conformation dite « fermée » (Figure 

20B) (Rader et al., 1996) ; cette conformation serait rendue possible par des interactions 

entre les domaines Ig1-4 N-terminaux et Fn3-4 C-terminaux (Figure 20B) (Freigang et al., 

2000). De plus, la cristallographie montre que les quatre premiers domaines Ig de TAG-1 

sont repliés en forme de fer à cheval grâce à des interactions entre les domaines Ig1/Ig4 et 

Ig2/Ig3 (Figure 20B) (Mörtl et al., 2007). Par ailleurs, par l’intermédiaire de ces domaines Ig1-

4, TAG-1 est capable d’interagir avec elle-même en trans (Figure 20C) (Freigang et al., 2000 ; 

Mörtl et al., 2007). Cette interaction homophilique en trans serait favorisée par une 

interaction homophilique en cis à travers les domaines Fn (Figure 20C) (Kunz et al., 2002). 



Ainsi, il a été suggéré que la protéine pouvait arborer deux conformations : « fermée », 

repliée sur elle-même et « ouverte », dépliée (Figure 20C) (Kunz et al., 2002). Si la 

conformation « ouverte » de TAG-1 n’a jamais été observée en microscopie, elle est 

cependant supposée médier les contacts homophiliques en trans en permettant une 

meilleure présentation des domaines Ig1-4. De plus, des études portant sur différents 

mutants TAG-1 ont montré que les mutants ΔIg5 et ΔIg6 ont tendance à s’accumuler aux 

contacts cellulaires (Figure 20D) (Rader et al., 1996 ; Kunz et al., 2002). Pour cette raison, il a 

été proposé que ces mutants, en empêchant le repliement de la protéine, favoriseraient la 

forme ouverte de TAG-1 et les contacts homophiliques en trans.  

 

 
Figure 20 : Structure et fonction de TAG-1. A) TAG-1 est composée de six domaines 
immunoglobuline (Ig) et de quatre domaines fibronectine III (Fn) extracellulaires. Elle est liée 
à la membrane par une ancre GPI et peut également se trouver sous forme soluble. B) 
Structure de TAG-1 en microscopie électronique (Rader et al., 1996). Sous sa forme soluble 
TAG-1 est repliée sur elle-même, supposément par des interactions entre ses domaines Ig1-
4 et ses domaines Fn3-4. C) A la surface des cellules, TAG-1 se trouverait sous deux 
conformations « ouverte » et « fermée ». En conformation ouverte, TAG-1 est capable de 
médier des interactions homophiliques en trans et en cis, permettant ainsi l’adhésion 



cellulaire. D) TAG-1 et son mutant ΔIg5 sont transfectés dans des cellules COS. Les flèches 
montrent des zones de contact entre deux cellules transfectées. La densité de TAG-1 aux 
contacts entre les cellules est comparé dans les deux conditions. Le mutant ΔIg5 augmente 
l’intensité de TAG-1 aux contacts et favoriserait les interactions homophiliques en trans 
(Kunz et al., 2002). 
 

(b) Expression de TAG-1 
TAG-1 est exprimée dans de nombreuses populations de neurones dans le système 

nerveux central et périphérique dès les stades précoces du développement (E11) 

(Karagogeos et al., 1991). Elle est notamment exprimée dans les cellules nerveuses du 

ganglion spinal (DRG), dans la couche moléculaire du cervelet, dans le corps calleux et dans 

les commissures antérieure et hippocampale (Wolfer et al., 1994). Son patron d’expression 

varie en fonction du stade de développement et du type cellulaire, suggérant son implication 

dans une multitude de mécanismes durant la mise en place du réseau neuronal (Wolfer et 

al., 1994).  Notamment, TAG-1 est exprimée de façon transitoire à la surface des 

prolongements axonaux des interneurones commissuraux et des motoneurones en 

croissance (Dodd et al., 1988). Initialement, elle est localisée dans les cônes de croissance 

puis le long de l’axone (Vogt et al., 1996), suggérant un rôle de TAG-1 dans la croissance 

axonale. Chez l’adulte, TAG-1 est présente au niveau des cellules granulaires du cervelet, des 

cellules mitrales du bulbe olfactif et des cellules pyramidales des régions CA1 et CA3 de 

l’hippocampe (Wolfer et al., 1998). En lien avec ce patron d’expression, il a été suggéré que 

TAG-1 pourrait jouer un rôle dans la plasticité neuronale dans le système nerveux mature 

(Wolfer et al., 1998).  

TAG-1 est également exprimée dans les cellules de Schwann (SNP) et les 

oligodendrocytes (SNC) à partir de P5 où son expression augmente jusqu’à l’âge adulte 

(Traka et al., 2002). Ces cellules gliales forment une gaine de myéline sur les axones de 

certaines populations de neurones et permettent la conduction rapide des message 

nerveux.  

 

(c) Fonctions de TAG-1 dans le système nerveux 
Au cours du développement, TAG-1 joue un rôle dans la migration neuronale, la 

pousse et le guidage axonal. L’étude de ses fonctions a été réalisée grâce aux modèles de KO 

mais également grâce à l’utilisation d’anticorps bloquants ou de la forme soluble de TAG-1, 

tous deux capables d’empêcher les interactions TAG-1/TAG-1 homophiliques en trans 



(Tsiotra et al., 1996 ; Kunz et al., 2002). Ainsi, la perturbation de TAG-1 par les anticorps ou la 

protéine soluble lors du développement in vivo ou in vitro induit des erreurs de guidage 

axonal des neurones commissuraux (Stoeckli et al., 1995 ; 1997) et de migration des 

interneurones GABAergiques corticaux (Denaxa et al., 2001).  

Un point clé de la fonction de TAG-1 est sa capacité à médier l’adhésion cellulaire en 

recrutant de nombreux partenaires (Furley et al., 1990 ; Stoeckli et al., 1991). Par exemple, 

l’interaction de TAG-1 en trans avec NrCAM permet la pousse et le guidage axonal (Lustig et 

al., 1999). D’autre part, l’interaction de TAG-1 avec NgCAM (orthologue de L1 chez le poulet) 

en cis par ses domaines Ig1-4 en conformation fermée, favorise la croissance axonale et le 

recrutement de protéines d’échafaudage (comme l’ankyrine) dans les zones de contact 

cellulaire TAG-1/TAG-1 (Figure 21) (Buchstaller et al., 1996 ; Malhotra et al., 1998).  

 

 

 
Figure 21 : Modèles d’interaction TAG-1/ L1 (NgCAM) (Malhotra et al., 1998). L’interaction 
homophilique en trans entre les molécules TAG-1 exprimées dans différentes cellules serait 
médiée par les domaines Fn de TAG-1 alors que les domaines Ig de TAG-1 (en conformation 
fermée) interagiraient avec L1 en cis. Les interactions TAG-1 en trans sont nécessaires pour 
le recrutement de l’ankyrine par la protéine L1. 
 



Dans les axones myélinisés, la protéine TAG-1 exprimée dans les cellules gliales 

myélinisantes assure le rassemblement des canaux potassiques aux JXP en collaboration 

avec les protéines TAG-1 et CASPR2 exprimées dans l’axone (Traka et al., 2003) et sera 

détaillée dans le prochain chapitre.  

Dans les axones non myélinisés, il a été montré que TAG-1 est capable de former des 

clusters avec les canaux Kv1.2. Cette accumulation dépendrait de la phosphorylation d’un 

résidu tyrosine dans la partie C-terminale de la sous-unité Kv1.2 (Tyr458) (Gu & Gu, 2011). 

De plus, la perturbation de cette phosphorylation ou la perte des radeaux lipidiques induit 

une diminution des clusters Kv1.2/TAG-1. Dans la mesure où TAG-1 ne possède pas de 

domaines intracellulaires et est enrichie dans les radeaux lipidiques, les mécanismes 

permettant le rassemblement des canaux potassiques avec TAG-1 pourraient être régulés 

par ces microdomaines.  

Enfin, il a été montré que dans des cellules HEK transfectées, TAG-1 était capable de 

moduler l’activité des Kv1.2 en diminuant leur seuil d’activation et en les rendant moins 

dépendants du voltage.  Ces changements, induiraient ainsi une diminution de l’excitabilité 

de ces cellules (Gu & Gu, 2011). 

 

(d) Pathologies associées à TAG-1 
Des anticorps dirigés contre TAG-1 ont été trouvés chez des patients atteints de 

sclérose en plaques (Derfuss et al., 2009) ainsi que chez des patients atteints d’encéphalite 

limbique (Irani et al., 2010). Dans le cas des encéphalites limbiques, les anti-TAG-1 comme 

pour les anti-CASPR2, étaient initialement supposés cibler les canaux potassiques et connus 

sous le nom d’anti-VGKC (Irani et al., 2010).  

Par ailleurs, comme pour les pathologies liées à des mutations des gènes codant pour 

les sous-unités Kv1.1 et 1.2, les mutations de TAG-1 sont associées à des troubles de 

l’excitabilité neuronale. Ainsi, des mutations du gène codant pour TAG-1 ont été identifiées 

chez des patients avec des tremblements myocloniques corticaux associés à une épilepsie 

(Stogmann et al., 2013). Les souris KO, quant à elles, présentent une susceptibilité aux crises 

convulsives (Fukamauchi et al., 2001) ainsi que des troubles de l’apprentissage et de la 

mémoire (Savvaki et al., 2008). 

 

 



 Assemblage du complexe CASPR2/TAG-1/Kv1.2 
 

 Assemblage du complexe au nœud de Ranvier 
Au nœud de Ranvier, les protéines CASPR2, TAG-1, Kv1.1 et Kv1.2 co-localisent dans 

la région juxtaparanodale (Poliak et al., 2003 ; Traka et al., 2003). Chez la souris, 

l’invalidation des gènes codant pour les protéines CASPR2 ou TAG-1, induit une perte des 

canaux Kv1.1 et Kv1.2 aux JXP (Figure 22A). De plus, l’invalidation de CASPR2 ou TAG-1 

s’accompagne, respectivement, d’une perte de l’enrichissement des protéines TAG-1 et 

CASPR2 aux JXP (Figure 22B) (Poliak et al., 2003 ; Traka et al., 2003 ; Scott et al., 2017). 

L’interdépendance entre ces trois protéines suggère l’importance de l’interaction 

CASPR2/TAG-1 pour assurer l’enrichissement des canaux Kv1 aux nœuds de Ranvier. Alors 

que CASPR2 et les canaux Kv1 sont exprimées dans la membrane axonale, TAG-1 est 

exprimée à la fois dans l’axone et dans la glie (Figure 22B) (Poliak et al., 1999 ; Traka et al., 

2002). L’interaction de TAG-1 avec CASPR2 ayant été montrée uniquement en cis (Poliak et 

al., 2003 ; Traka et al., 2003), il a été proposé que la protéine TAG-1 axonale interagirait en 

trans avec la protéine TAG-1 gliale et en cis avec CASPR2 permettant ainsi le rassemblement 

des canaux Kv1 aux JXP (Figure 22C).  

 
Figure 22 : Le complexe CASPR2/TAG-1/Kv1 aux JXP des nœuds de Ranvier. A) Marquage 
de CASPR2, CASPR et Kv1.2 aux nœuds de Ranvier (NOR) des axones myélinisés dans le 



système nerveux central (Scott et al., 2017). L’enrichissement des Kv1.2 aux JXP est perdu en 
l’absence de CASPR2. B) Perte de l’enrichissement de CASPR2 et TAG-1 aux JXP dans les 
modèles de souris TAG-1 KO et CASPR2 KO (Horresh et al., 2008). C) Représentation de 
l’organisation des complexes VGKC au JXP (Saint-Martin et al., 2018). TAG-1 interagit en 
trans avec elle-même et en cis avec CASPR2, liée au cytosquelette par la protéine 4.1B. Leur 
association pourrait conditionner le rassemblement des canaux Kv1 au JXP. 
 

Cette hypothèse a été ensuite remise en question par un modèle murin transgénique 

exprimant TAG-1 dans les cellules gliales uniquement (Tag-1-/- ; plp Tg(rTag-1)). D’après ce 

modèle, la protéine TAG-1 axonale serait dispensable pour la formation du complexe 

CASPR2/TAG-1/Kv1.2. En effet, même en l’absence de la protéine TAG-1 axonale, les trois 

protéines sont immunoprécipitées ensemble, prouvant leur association (Savvaki et al., 

2010). De plus, les protéines CASPR2, TAG-1, Kv1.1 et Kv1.2 sont correctement localisées aux 

JXP. Il a ainsi été postulé que la protéine TAG-1 gliale pouvait interagir en trans avec la 

protéine CASPR2 axonale afin de permettre le rassemblement des canaux Kv1. En effet, en 

utilisant différentes conditions expérimentales, des interactions CASPR2/TAG-1 en trans ont 

été montrées (Savvaki et al., 2010 ; Lu et al., 2016). Néanmoins, une autre étude sur des co-

cultures de neurones avec des cellules HEK293, montre au contraire que les interactions 

CASPR2/TAG-1 en trans ne permettent pas la formation de clusters Kv1.2 à la membrane 

axonale. Ces clusters se formeraient uniquement grâce aux interactions TAG-1/TAG-1 

homophiliques en trans (Gu & Gu, 2011). Il reste donc des zones d’incertitudes quant aux 

mécanismes impliqués dans l’association entre CASPR2, TAG-1 et Kv1. Entre autres, il est 

possible que ces divergences dépendent de la contribution d’autres facteurs sur les 

protéines du complexe CASPR2/TAG-1/Kv1. Par exemple, les interactions entre CASPR2 et 

TAG-1 pourraient être modulées par la forme soluble de TAG-1 relarguée par les neurones et 

la glie (Stoeckli et al., 1991 ; Savvaki et al., 2010). La forme soluble de TAG-1 étant à priori 

incapable d’interagir avec la protéine CASPR2 membranaire (Poliak et al., 2003 ; Traka et al., 

2003), celle-ci pourrait interagir avec la protéine TAG-1 exprimée par les cellules et 

empêcher l’interaction CASPR2/TAG-1 cis ou trans comme elle le fait pour l’interaction TAG-

1/TAG-1 en trans.  

 

Au sein du complexe CASPR2/TAG-1/Kv1, le meilleur candidat pour réguler la 

localisation du complexe est la protéine CASPR2, qui est reliée au cytosquelette par la 

protéine 4.1B.  Plusieurs études montrent que CASPR2 est capable de moduler la localisation 



de TAG-1 au sein de la cellule. En effet, dans les cellules COS, TAG-1 transfectée seule se 

trouve en partie dans la fraction membranaire insoluble au Triton, correspondant à la 

fraction des radeaux lipidiques (Figure 23A). Au contraire, CASPR2 se trouve dans la fraction 

soluble lourde, pouvant témoigner de son association avec les protéines du cytosquelette 

(Figure 23B) (Traka et al., 2003). Lorsque TAG-1 et CASPR2 sont co-exprimées dans les 

cellules COS, TAG-1 n’est plus retrouvée dans la fraction des radeaux lipidiques mais est 

présente dans la même fraction que CASPR2 (Figure 23A et B). Ainsi, CASPR2 serait capable 

de modifier la distribution de TAG-1 en changeant son microenvironnement et/ou en 

permettant le lien aux protéines du cytosquelette (Traka et al., 2003). De la même façon, sur 

des neurones hippocampiques en culture, TAG-1 transfectée seule forme des clusters au 

niveau des radeaux lipidiques (Figure 23C) (Gu & Gu, 2011).  La co-expression de CASPR2 

avec TAG-1 dans ces neurones, induit une perte des clusters TAG-1 qui est alors 

uniformément répartie le long de l’axone (Figure 23C) (Gu & Gu, 2011). A noter néanmoins 

que cette dernière étude est la seule à reporter un tel effet. 

 
Figure 23 : Localisation de CASPR2 et TAG-1 dans différents compartiments lipidiques. A) 
Expression de TAG-1 dans différents compartiments lipidiques. Des cellules COS exprimant 
TAG-1 seul ou avec CASPR2 sont lysées avec un tampon contenant du triton X-100 et les 
différentes fractions sont séparées sur un gradient de sucrose. TAG-1 transfectée seule est 
retrouvée dans les fractions 25% de sucrose correspondant aux radeaux lipidiques et dans le 



culot. En présence de CASPR2, TAG-1 est uniquement retrouvée dans le culot. B) Expression 
de CASPR2 dans différents compartiments lipidiques. CASPR2 est principalement retrouvée 
dans la fraction 40% de sucrose et dans le culot avec ou sans TAG-1 (Traka et al., 2003). C) 
Expression de TAG-1 et Kv1.2 dans les axones de neurones en culture. TAG-1 et Kv1.2 co-
localisent et forment des clusters (flèches). D) Expression de TAG-1 et CASPR2 dans les 
axones de neurones en culture. La co-expression de CASPR2 induit une perte des clusters 
TAG-1 qui devient uniformément répartie sur l’axone (Gu & Gu, 2011). 
 

 De la même façon, plusieurs données montrent une interaction entre CASPR2 et les 

canaux potassiques. Ainsi, le domaine cytoplasmique de CASPR2 est capable de co-précipiter 

Kv1.2 et sa sous-unité β dans des lysats membranaires de cerveaux de rat (Poliak et al., 

1999 ; Horresh et al., 2008). De plus, le domaine cytoplasmique de CASPR2 est également 

nécessaire pour la formation des complexes VGKC aux JXP (Figure 24A) (Horresh et al., 

2008). Dans la mesure où CASPR2 et Kv1.2 possèdent tous deux des domaines de liaison au 

PDZ (Poliak et al., 1999), il a été initialement suggéré que leur association pourrait être 

médiée par une protéine commune contenant un domaine PDZ telles que les protéines PSD-

93 ou PSD-95 (Poliak et al., 1999). Cependant, chez les souris invalidées pour PSD-95 

(Rasband et al., 2002), PSD-93, PSD-95/93 (Horresh et al., 2008), ou chez les souris dans 

lesquelles le domaine de liaison au PDZ de CASPR2 est délété (Horresh et al., 2008), le 

complexe VGKC se forme normalement. Ces données indiquent que la formation du 

complexe VGKC ne dépend pas du domaine de liaison au PDZ. Par contre, il a été montré que 

CASPR2 interagit avec la protéine de lien au cytosquelette 4.1B (Denisenko-Nehrbass et al., 

2003) et que cette interaction est nécessaire pour la formation des complexes aux JXP. En 

effet, chez les souris 4.1B KO ou chez les souris présentant une délétion du domaine de 

liaison 4.1B de CASPR2, non seulement CASPR2 mais également les protéines TAG-1, Kv1 et 

PSD-93 ne sont plus retrouvées enrichies aux JXP (Figure 24A et B) (Horresh et al., 2010 ; 

Buttermore et al., 2011 ; Cifuentes-Diaz et al., 2011 ; Einheber et al., 2013).  

 



 
Figure 24 : Rôle de CASPR2 dans la localisation du complexe VGKC aux JXP (Horresh et al., 
2008 ; 2010). A) La délétion de la partie intracellulaire de CASPR2 induit une perte de 
l’enrichissement du complexe VGKC au JXP. B) L’absence de protéine 4.1B induit une perte 
de l’enrichissement du complexe VGKC au JXP. 
 

 Assemblage du complexe au segment initial et à l’héminode 
CASPR2 est également enrichie avec TAG-1 et les canaux Kv1 dans deux régions clés 

de l’axone : l’héminode et le segment inital qui sont soumis à des mécanismes d’assemblage 

similaires. L’héminode est une région semblable au NOR identifiée dans les motoneurones 

(Duflocq et al., 2011). Cette région, adjacente au AIS, est le lieu d’initiation de la gaine de 

myéline et se compose d’un pseudo-paranode (para-AIS) et d’un pseudo-juxtaparanode 

(JXP-AIS) où est localisé le complexe (Duflocq et al., 2011).   

Le segment initial de l’axone, est le site d’initiation du potentiel d’action. Comme le 

NOR, il se caractérise par une forte concentration en canaux ioniques voltage-dépendants, 

molécules d’adhésion cellulaire et protéines d’échafaudage telles que l’ankyrine G (Revue, 

Nelson & Jenkins, 2017). Cette dernière est exprimée tout le long du segment initial et est 

essentielle pour son organisation. En outre, du fait de sa forte densité en protéines, le 

segment initial joue un rôle de barrière, limitant la mobilité des protéines entre le 

compartiment somato-dendritique et le compartiment axonal. Au sein du segment initial, 



CASPR2 co-localise avec TAG-1 et Kv1 dans sa partie distale, la plus éloignée du corps 

cellulaire (Figure 11C et Figure 25A) (Inda et al., 2006 ; Ogawa et al., 2008 et 2010).  

Au contraire des JXP, la localisation des canaux potassiques au AIS et aux JXP-AIS ne 

semble pas dépendre de CASPR2 ou de TAG-1 (Ogawa et al., 2010 ; Duflocq et al., 2011). 

Néanmoins, une corrélation positive entre la quantité de Kv1 et la quantité de TAG-1 au AIS 

a été rapportée (Figure 25B) (Pinatel et al., 2017). De plus, le positionnement des Kv1 au AIS, 

ne semble pas non plus dépendre des protéines PSD-93, PSD-95 et ADAM22 (Ogawa et al., 

2010). Ainsi, malgré une composition en protéines proches entre le JXP et le AIS, des 

mécanismes distincts sont responsables de l’assemblage des complexes VGKC dans ces deux 

régions et les mécanismes permettant l’assemblage du complexe au AIS devront être 

clarifiés. 

 

 
Figure 25 : Le complexe VGKC au segment initial. A) CASPR2 se situe dans la partie distale 
du segment initial avec TAG-1 et Kv1. Leur localisation dépend des protéines PSD93/95. B) 
Distribution de CASPR2, TAG-1 and Kv1.2 le long de l’axone. TAG-1 et Kv1.2 sont 
particulièrement enrichies au AIS mais pas CASPR2. La quantité de TAG-1 au AIS est 
positivement corrélée à la quantité de Kv1.2 mais pas CASPR2 (Pinatel et al., 2017).  

 

Enfin, un nombre croissant de résultats montrent que d’autres protéines sont 

associées au complexe CASPR2/TAG-1/Kv1. Il s’agit de la protéine LGI-1 cytoplasmique et 

sécrétée, des protéines d’échafaudage ainsi que des protéines ADAM22 et ADAM23. 

L’association de ces protéines au complexe CASPR2/TAG-1/Kv1 a été mise en évidence au 

travers des maladies auto-immunes à auto-anticorps anti-VGKC (Irani et al., 2010 ; Lai et al., 



2010). Elles ont également été retrouvées par spectrométrie de masse, co-

immunoprécipitées avec CASPR2 (Chen et al., 2015). Par ailleurs, à l’aide de cette technique 

sur des souris WT et KO, une isoforme de CASPR2 constituée essentiellement de ses 

domaines intracellulaires a été révélée. Celle-ci est capable de co-immunoprécipiter les 

protéines LGI-1, Kvβ2 et ADAM22 (Chen et al., 2015), montrant que leur association passe 

par des interactions intracellulaires. D’autres partenaires intracellulaires de CASPR2 ont été 

identifiés pouvant réguler la localisation de CASPR2 dans divers compartiments cellulaires 

(MPP, CASK, SAP97, la carboxypeptidase E) (Horresh et al., 2008 ; Chen et al., 2015 ; Tanabe 

et al., 2015). Par exemple, la protéine CASK qui est une protéine d’échafaudage localisée à la 

synapse, pourrait moduler l’expression de CASPR2 dans ce compartiment neuronal ; ou bien 

encore, l’interaction de CASPR2 avec la carboxypeptidase E pourrait permettre son transport 

à la membrane dendritique par les voies golgi-dépendantes (Oiso et al., 2009). 

 

 Rôle de CASPR2 dans la fonction du complexe VGKC 
 

Les données rapportées soulignent un rôle important de CASPR2 dans 

l’enrichissement des canaux potassiques aux JXP. Cependant, ces canaux étant 

électriquement isolés sous la gaine de myéline (voir chapitre sur les Kv), l’importance de 

cette fonction reste à définir.  

Ainsi, dans les nerfs sciatique et optique de souris Cntnap2 KO, malgré la perte de 

l’enrichissement de TAG-1 et des canaux potassiques aux JXP, les processus de myélinisation 

ainsi que la vitesse de propagation des PA et leur période réfractaire semblent normaux 

(Poliak et al., 2003). Néanmoins, l’enregistrement de l’activité électrique axonale globale 

dans des tranches corticales aigües de souris Cntnap2 KO de 8 semaines, montre une 

diminution de l’amplitude de la volée afférente résultant d’un ralentissement de la phase de 

repolarisation (Scott et al., 2017). Il s’ensuit alors une augmentation du relargage de 

neurotransmetteurs, suivie par une augmentation de la réponse post-synaptique excitatrice 

(Scott et al., 2017). Ces évènements, notamment, le ralentissement de la phase de 

repolarisation, pourraient être attribués à une distribution altérée des Kv1. 

Par ailleurs, une diminution de l’expression des Kv1 en surface a été observée chez 

les souris Cntnap2 KO au niveau du soma de neurones DRG (Figure 26A). Cette diminution 

semble rendre les neurones hyperexcitables, se traduisant par une augmentation du nombre 



de PA (Figure 26B) (Dawes et al., 2018). Dans l’ensemble, ces données renforcent l’idée que 

CASPR2 affecte l’excitabilité neuronale en impactant la distribution des Kv1 à la membrane.  

 
Figure 26 : Rôle de CASPR2 sur la fonction des Kv1 (Dawes et al., 2018). A) Marquage de la 
sous-unité Kv1.2 dans des neurones DRG en culture. Le profil d’immunofluorescence de la 
sous-unité Kv1.2 est représenté pour chaque condition. Un ratio entre le marquage 
membranaire et intracellulaire est calculé permettant de définir des cellules avec un fort 
marquage membranaire. Dans les souris CASPR2 KO, le nombre de cellules exprimant les 
Kv1.2 à la surface est diminué, particulièrement dans les neurones NF200 positifs, marqueur 
des neurones DRG myélinisés. B) Enregistrements représentatifs de train de PA. Chez les 
souris CASPR2 KO, le nombre de PA est augmenté dans les fibres de petit à moyen diamètre. 
 

 Si le rôle des complexes VGKC aux JXP reste à clarifier chez l’adulte, leur rôle au cours 

du processus de myélinisation est davantage établi (voir chapitre sur les Kv) (Vabnick et al., 

1999). De façon intéressante, à un âge précoce (3 semaines) correspondant aux phases de 



myélinisation, la mise en place de la myéline est retardée chez les souris Cntnap2 KO. Ce 

retard coïncide avec un défaut de la conduction des message nerveux se manifestant par 

une diminution de la vitesse moyenne de propagation des PA (Scott et al., 2017). De tels 

défauts se produisant durant une phase critique pour le développement des réseaux 

neuronaux pourraient affecter sa dynamique et ainsi perturber la consolidation des 

connexions neuronales à longue distance, souvent altérées chez les enfants atteints 

d’autisme (Scott-Van Zeeland et al., 2010 ; Liska et al., 2018).  

 

III. Maladies associées à CASPR2  
 

En lien avec le rôle de CASPR2 dans le développement, des mutations du gène 

CNTNAP2 codant pour CASPR2 ont été identifiées chez des patients atteints de maladies 

neurodéveloppementales. 

 

 Maladies génétiques associées à CASPR2  
 

 Cas cliniques associés à une mutation du gène CNTNAP2 
La première description d’une pathologie associée à une mutation de CNTNAP2 date 

de 2003, chez un père et ses deux enfants, présentant un trouble obsessionnel compulsif 

(Verkerk et al., 2003). Ce trouble s’accompagnait, chez les enfants, d’un syndrome de Gilles 

de la Tourette et reste à ce jour le seul cas de syndrome de Gilles de la Tourette associé à 

une mutation de CNTNAP2 (Belloso et al., 2007). Les trois patients présentant une 

translocation chromosomique hétérozygote et donc des réarrangements chromosomiques 

complexes, il n’est pas possible d’impliquer directement la mutation CNTNAP2 dans la 

pathologie. Suite à ce premier cas, un nombre croissant d’altérations du gène CNTNAP2 a 

été rapporté chez des patients avec des troubles neurodéveloppementaux divers impliquant 

essentiellement le système nerveux central tels que les troubles du spectre autistique, 

l’épilepsie, la déficience intellectuelle, les troubles du langage, la schizophrénie, la dysplasie 

corticale focale (CDFE) et des troubles d’hyperactivité avec déficit de l’attention (ADHD) 

(revue Rodenas-Cuadrado et al., 2014 ; Poot, 2015 et 2017). Seule une neuropathie 

périphérique, la maladie de Charcot-Marie-Tooth, a été rapportée chez deux sœurs 

présentant une duplication de l’exon 4 de CNTNAP2 (Høyer et al., 2015). 

Les neuropathies associées à des mutations de CNTNAP2 touchent majoritairement 

les enfants et dans 60% des cas, le sexe masculin. Les mutations sont majoritairement 



hétérozygotes, suggérant que la perte d’un seul allèle pourrait suffire pour perturber la 

fonction de la protéine. Néanmoins, certaines mutations ne semblent affecter le 

développement neuronal que dans un état homozygote. Par exemple, une mutation 

ponctuelle homozygote de CNTNAP2 dans l’exon 22 (3709delG ; I1253X) a été rapportée 

chez 13 enfants d’un vieil ordre Amish présentant comme trouble majeur une dysplasie 

corticale focale (Strauss et al., 2006). La même mutation se trouvait de façon hétérozygote 

chez leurs parents et chez quatre individus sains (Strauss et al., 2006). Trois autres cas de 

délétions homozygotes dans la région proximale de CNTNAP2 ont été décrits (Rodenas-

Cuadrado et al., 2016 ; Watson et al., 2014, Zweier et al., 2009). Ces patients présentaient 

une déficience intellectuelle sévère, une épilepsie précoce résistante aux traitements 

accompagnés d’une régression du langage, une altération de la communication et des 

troubles du spectre autistique. 

Il est important de noter que du fait du large éventail de présentations cliniques, des 

altérations génétiques souvent complexes et de la présence de certains variants CNTNAP2 

chez les individus sains, les pathologies associées à CNTNAP2 mettent probablement en jeu 

une combinaison de facteurs, qui restent encore à déterminer (Bakkaloglu et al., 2008 ; 

Murdoch et al., 2015). 

 

 Modèle pathologique 
L’impact des mutations CNTNAP2 sur l’expression, le repliement ou la fonction de 

CASPR2 est encore loin d’être connu mais plusieurs pistes commencent à émerger. En 

analysant les mutations, on note que certaines d’entre elles pourraient être considérées 

comme proche d’un KO (pas d’expression de la protéine). Par exemple, la délétion des exons 

2-3 (qui introduit un décalage du cadre de lecture) introduirait un codon stop prématuré 

(L39X), tronquant sévèrement la protéine (Rodenas-Cuadrado et al., 2016). D’autres 

mutations ont été étudiées dans les cellules HEK ; par exemple, la mutation I1253X induit la 

production d’une protéine tronquée et secrétée tandis que la mutation D1129H impacte le 

repliement de CASPR2, induisant sa rétention dans le réticulum endoplasmique (RE) (Falivelli 

et al., 2012). Néanmoins, ces modèles ne sont pas suffisants pour appréhender l’impact réel 

d’une mutation, tout particulièrement dans le cas des mutations hétérozygotes, lorsque la 

protéine WT est également exprimée. En effet, dans ce cas, différents scénarios sont 

envisageables dont un effet dominant négatif, une augmentation ou réduction du nombre 

de copies, de l’expression ou de l’activité du gène et de la protéine (revue Veitia et al., 



2018). Une étude récente s’est penchée sur l’impact de ces mutations hétérozygotes sur la 

forme WT de CASPR2 en lien avec la croissance axonale in vitro (Canali et al., 2018). Elle 

montre que CASPR2 joue un rôle dose-dépendant dans la croissance axonale des neurones 

corticaux en culture et que les mutants R1119H et N407S ont un effet dominant négatif sur 

cette fonction. En effet, dans les cellules COS, le mutant R1119H est capable de 

s’oligomériser avec la protéine CASPR2 WT dans le RE provoquant ainsi sa rétention 

intracellulaire, expliquant son effet dominant négatif. De plus, deux autres mutants : I869T 

et G731S, sont incapables de restaurer les défauts de pousse axonale dans les neurones 

corticaux Cntnap2 KO. Si ces mutants ne provoquent pas la rétention intracellulaire de 

CASPR2, ils sont néanmoins incapables d’interagir avec la protéine TAG-1 (Figure 27A) 

(Canali et al., 2018). Ainsi, les mutations ponctuelles hétérozygotes de CNTNAP2 pourraient 

contribuer à la pathogénicité à travers divers mécanismes.  

 

L’utilisation de modèles d’étude animal pour appréhender la fonction de CASPR2 est 

possible du fait de sa forte homologie entre les espèces : 98,6% d’homologie entre l’humain 

et le rhésus macaque et 93,8% entre l’humain et la souris (UNIPROT). Par exemple, les souris 

Cntnap2 KO homozygotes mais pas hétérozygotes présentent un phénotype de type 

autistique associé à de l’hyperactivité, des crises d’épilepsie ainsi qu’un retard 

d’apprentissage très proche du profil clinique des patients (Figure 27B) (Peñagarikano et al., 

2011 ; Rendall et al., 2016). De plus, comme mentionné précédemment, l’analyse du cerveau 

de ces souris avant le début des crises d’épilepsies ne révèle pas de changements 

morphologiques majeurs. On observe néanmoins chez ces souris, des défauts de migration 

neuronale avec un nombre réduit d’interneurones GABAergiques et une activité asynchrone 

du réseau qui pourraient contribuer aux troubles développementaux (ASD, épilepsie et 

hyperactivité) observés chez ces souris (Figure 27B). En effet, les troubles du spectre 

autistique observés chez les souris Cntnap2 KO sont corrélées avec une activité anormale 

des interneurones inhibiteurs parvalbumine positifs (Selimbeyoglu et al., 2017). Or, un 

mécanisme potentiel de l’ASD est le déséquilibre de la balance excitation/inhibition (balance 

E/I) résultant par exemple d’un défaut d’inhibition (Nelson & Valakh, 2015). La réduction de 

la balance E/I chez les souris Cntnap2 KO, permet de remédier à leurs troubles 

comportementaux, argumentant en faveur d’un rôle de l’inhibition dans la pathologie de ces 

souris (Selimbeyoglu et al., 2017).  



 
Figure 27 : Modèles pathologiques des mutations CNTNAP2. A) Impact des mutations sur 
l’interaction entre CASPR2-Fc et TAG-1. CASPR2-Fc est capable d’interagir avec TAG-1 
exprimée à la surface des cellules COS. Les mutations I869T et G731S sur la protéine CASPR2 
perturbent son interaction avec TAG-1. B) Impacts majeurs de la perte de CASPR2 dans les 
modèles in vivo et in vitro. 

 

Chez des souris WT transplantées avec des interneurones dérivés de l’éminence 

ganglionnaire médiane (EGM) de souris Cntnap2 KO, le nombre d’interneurones 

parvalbumine positifs est réduit (Vogt et al., 2017). De plus, l’expression du gène Cntnap2 

est capable de rétablir le nombre d’interneurones mais pas ses mutants ponctuels N407S, 

N418D, G731S et T1278I suggérant que ces mutants pourraient agir comme des allèles nuls 

ou hypomorphiques (moins exprimés ou moins actifs). De plus, dans une étude récente, des 

fibroblastes de patients présentant une délétion hétérozygote du gène CNTNAP2 ont été 

reprogrammés en cellules souches pluripotentes induites humaines (hiPSCs). Ces cellules, 

une fois différenciées en neurones présentent une expression accrue de CNTNAP2 et le 



réseau formé par celles-ci présente une augmentation de l’activité spontanée (Flaherty et 

al., 2017).  

Dans l’ensemble, ces résultats fournissent un premier lien entre les mutations et leur 

impact fonctionnel, renforçant la relation de cause à effet entre mutations et pathologies. 

 

 Maladies associées aux anti-CASPR2 
 

Si les anticorps anti-CASPR2, comme nous l’avons vu, ont été associés à des 

pathologies auto-immunes centrales et périphériques (EL, MoS et NMT), ils peuvent 

également être liés à des pathologies neurodéveloppementales.  

 

 Les anti-CASPR2 dans les pathologies neurodéveloppementales 
Plusieurs études ont montré une fréquence plus élevée de troubles 

neurodéveloppementaux tels que l’ASD et la déficience intellectuelle chez les enfants de 

mères présentant des anticorps anti-CASPR2 dans leur sérum. Il est important de noter que 

la présence d’anticorps anti-CASPR2 dans le sérum de ces mères n’est associé à aucun 

trouble neurologique (Brimberg et al., 2016 ; Coutinho et al., 2017). Plus généralement, les 

mères d’enfants présentant des troubles du spectre autistique ont tendance à avoir plus 

fréquemment des autoanticorps anti-neuronaux dans leur sérum par rapport à la population 

normale (Singer et al., 2008 ; Brimberg et al., 2013). De plus, il a été montré que les 

anticorps de mères d’enfants autistes injectés par voie systémique chez des souris gestantes 

sont capables d’accéder au cerveau du fœtus, affectant son développement (Dalton et al., 

2003 ; Singer et al., 2009). 

Dans une étude récente, des anticorps monoclonaux anti-CASPR2 clonés d’une mère 

d’enfant autiste ont été injectés à des souris gestantes (Brimberg et al., 2016). La 

progéniture, exposée aux anticorps in-utero, présente un phénotype de type autistique 

associé à des défauts morphologiques du cerveau (développement anormal du cortex, 

baisse de la complexité de l’arborisation dendritique des neurones excitateurs et nombre 

réduit de neurones inhibiteurs dans l’hippocampe) (Figure 28A) (Brimberg et al., 2016). Des 

résultats similaires ont été observés chez la progéniture de souris injectées avec des 

anticorps anti-CASPR2 de patients présentant une EL. Les souris exposées in-utero aux 

anticorps présentaient des comportements de type autistique associés à des défauts 

cellulaires tels qu’une localisation aberrante des neurones glutamatergiques, une diminution 



du nombre de synapses glutamatergiques et une activation microgliale (Coutinho et al., 

2017). 

Ces résultats, impliquent d’une part CASPR2 dans la mise en place du réseau 

neuronal au cours du développement et d’autre part, sont en faveur d’un effet 

pathogénique des auto-anticorps anti-CASPR2. 

 
 Les anti-CASPR2 dans l’encéphalite limbique 

 Les anticorps peuvent jouer un rôle pathologique à travers trois principaux 

mécanismes d’action (Figure 28B). En jouant un rôle agoniste ou antagoniste sur leur cible, 

en modulant l’expression de leur cible (par exemple, par internalisation) ou en interagissant 

avec divers acteurs du système immunitaire (complément, cellules T cytotoxiques) (Figure 

28B). A l’heure actuelle, peu d’études se sont intéressées à la pathophysiologie des anticorps 

anti-CASPR2 dans les maladies auto-immunes. En comparaison, la pathogénicité des auto-

anticorps dirigés contre le récepteur NMDA (anti-NMDAr) a été largement étudiée. Des 

études in vitro montrent la capacité des anti-NMDAr à internaliser leur cible, perturbant 

ainsi sa fonction (Dalmau et al., 2008 ; Hughes et al., 2010 ; Manto et al., 2010 ; Mikasova et 

al., 2012). De plus, des études in vivo montrent la capacité de ces anticorps à reproduire de 

nombreux aspects de la maladie lorsqu’ils sont injectés au niveau de l’hippocampe, chez la 

souris (Planagumà et al., 2015 et 2016). Enfin, les anti-NMDAr étant essentiellement de la 

sous-classe IgG1, leur liaison aux récepteurs NMDA pourrait entrainer des processus 

immunologiques (activation de la microglie et immunité adaptative via la liaison aux 

récepteurs Fcγ et la réponse cytotoxique) en plus de leur effet sur la fonction des récepteurs. 

A contrario, les anticorps anti-MUSK et anti-LGI-1 qui sont majoritairement de la sous-classe 

IgG4, agiraient uniquement en bloquant la fonction de leur cible sans provoquer son 

internalisation (Huijbers et al., 2013 ; Ohkawa et al., 2013). De la même façon, les anticorps 

anti-CASPR2 ne semblent pas provoquer l’internalisation de leur cible après 24h 

d’incubation sur des cultures de neurones hippocampiques de rat ou sur des cellules HEK 

transfectées (Figure 28A) (Patterson et al., 2018). Par ailleurs, en diminuant le nombre de 

synapses inhibitrices dans des cultures de neurones hippocampiques après 1h d’incubation 

seulement, les anti-CASPR2 pourraient perturber la balance E/I, rendant le réseau 

hyperexcitable (Pinatel et al. 2015). Si les mécanismes à l’origine cet effet sont inconnus, ces 

résultats sont cohérents avec le phénotype épileptique observé chez les patients (Joubert et 

al., 2016 ; van Sonderen et al., 2016).  



 

Les mécanismes d’action des anticorps anti-CASPR2 pourraient aussi impliquer les 

partenaires de CASPR2 dont TAG-1 et les canaux Kv1. Ceux-ci ont fait l’objet d’une partie de 

mon travail de thèse et seront développés dans la partie résultat. D’autres équipes 

travaillant sur les encéphalites limbiques ont également proposé des mécanismes d’action 

passant par une perturbation de l’interaction CASPR2/TAG-1 (Patterson et al., 2018) et une 

diminution de l’expression des canaux Kv1 à la surface (Dawes et al., 2018). 

 

En conclusion, si les mécanismes par lesquels les anticorps anti-CASPR2 mènent à 

l’EL, la NMT et au MoS demeurent hypothétiques, leur rôle pathologique est avancé par un 

nombre croissant de résultats.  

 
Figure 28 : Modèles pathologiques des anti-CASPR2. A) Effet des anticorps anti-CASPR2 de 
patients dans des modèles in vivo et in vitro (Saint-Martin et al., 2018). B) Différents modes 
d’action possibles des auto-anticorps (Diamond et al., 2009).  

  



  



PRESENTATION DES TRAVAUX 
 
 Les patients atteints d’encéphalite limbique à auto-anticorps anti-CASPR2 présentent 

majoritairement des troubles de la mémoire et des crises d’épilepsie. Si le rôle de ces 

anticorps dans la pathologie reste loin d’être compris, leur découverte chez des patients 

sans troubles neurologiques préalables, suggère un rôle de CASPR2 dans le système nerveux 

mature en lien avec l’excitabilité neuronale et les processus de mémorisation. CASPR2 est 

une protéine d’adhésion cellulaire initialement connue pour son rôle dans le rassemblement 

des canaux potassiques aux nœuds de Ranvier. Mais, des études récentes suggèrent 

l’existence d’autres fonctions de CASPR2 dans le système nerveux central mature. L’intérêt 

des auto-anticorps est la possibilité de les utiliser comme des outils pour étudier la fonction 

de CASPR2 dans le système nerveux mature et les mécanismes qui la sous-tendent. De plus, 

l’étude et la caractérisation des anticorps anti-CASPR2 permettront de mieux comprendre 

les mécanismes mis en jeu dans la pathologie.  

 

Mon projet de thèse s’est articulé en deux axes :  

I) La caractérisation des anticorps anti-CASPR2 de patients atteints d’encéphalite 

limbique auto-immune. Pour ce faire, j’ai obtenu les titres en anticorps et sous-classes d’IgG 

pour une cohorte de 19 patients présentant une EL et 15 patients présentant une NMT ou 

un MoS. Les prélèvements de sérum et de liquide céphalorachidien des patients proviennent 

du centre de référence des syndromes neurologiques paranéoplasiques et encéphalites 

auto-immunes localisé à Lyon et dirigé par Jérôme HONNORAT. J’ai également réalisé par 

diverses approches, une étude approfondie de la cible épitopique des anticorps chez les 

patients atteints d’EL. Ces travaux ont mené à trois publications au sein de l’équipe (Article 

1 : Joubert et al., 2016 ; Article 2 : Saint-Martin et al., accepté ; Annexe 3 : Joubert et al., 

2017). De plus, dans le cadre de ces travaux, j’ai réalisé un travail de revue bibliographique 

dans lequel j’ai identifié, en particulier, de potentiels domaines d’intérêt pour la fonction de 

CASPR2 dans le système nerveux (Annexe 1 : Revue Saint-Martin et al., 2018). Enfin, une 

partie de ces travaux a mené également à deux publications en collaboration avec l’équipe 

de Catherine Faivre-Sarrailh du Centre de Recherche en Neurobiologie et Neurophysiologie 

de Marseille et l’équipe de Laurence Goutebroze de l’institut du Fer à Moulin à Paris 

(Annexe 5 : Pinatel et al., 2015 ; Annexe 2 : Canali et al., 2018). 

 



II) L’étude de l’impact des auto-anticorps anti-CASPR2 de patients sur le complexe 

CASPR2/TAG-1/Kv1.2. Pour ce faire, j’ai étudié l’impact des anti-CASPR2 sur les interactions 

de CASPR2 avec son partenaire TAG-1 et analysé leurs domaines d’interaction. Ensuite, 

toujours en utilisant ces anticorps je me suis intéressée à la relation fonctionnelle entre 

CASPR2 et ses partenaires TAG-1 et Kv1.2. Les principaux résultats de cette étude font 

l’objet d’un article en cours de finalisation (Article 3 : Saint-Martin et al., en rédaction) et 

une partie a déjà été publié en collaboration avec l’équipe de Catherine Faivre-Sarrailh du 

Centre de Recherche en Neurobiologie et Neurophysiologie de Marseille (Annexe 4 : Pinatel 

et al., 2017). 

 

I. Caractérisation des anticorps anti-CASPR2 de patients atteints 

d’encéphalite limbique auto-immune 

 
 Article 1 :  

Characterization of a subtype of autoimmune encephalitis with anti-
Contactin-associated protein-like 2 antibodies in the cerebrospinal fluid, 
prominent limbic symptoms and seizures 
Joubert B, Saint-Martin M, Noraz N, Picard G, Rogemond V, Ducray F, Desestret V, 
Psimaras D, Delattre JY, Antoine JC, Honnorat J. JAMA Neurol. 2016 Sep 1;73(9):1115-
24.  
 

L’étude de la clinique des patients présentant des anticorps anti-CASPR2 ainsi que la 

caractérisation de ces anticorps (titre, sous-classe d’IgG et région ciblée) est essentielle à la 

compréhension de la pathologie et de son origine. Par exemple, une étude montre chez les 

patients avec des anticorps anti-NMDAr, une corrélation entre le titre des anticorps et 

l’évolution de la pathologie (Gresa-Arribas et al., 2014). Par ailleurs, la connaissance de la 

sous-classe d’IgG ainsi que l’identification du ou des domaines cibles des anticorps permet 

d’émettre des hypothèses quant aux mécanismes d’action de ces derniers.  

 

Nous nous sommes basés sur une cohorte de 18 patients présentant une EL et 15 

patients présentant une NMT ou un MoS. Nous avons étudié les caractéristiques des 

anticorps de patients à l’aide de techniques d’immunomarquages sur des cellules HEK et de 

nombreux mutants de délétion. Nous avons également analysé chez ces patients s’il existait 

une relation entre les caractéristiques de leurs anticorps et leur présentation clinique. Nous 



avons ainsi trouvé que la présence d’anticorps anti-CASPR2 dans le LCR des patients est 

systématiquement associée à une EL. Par ailleurs, les EL, NMT et MoS affectent toutes 

majoritairement les hommes mais leurs caractéristiques cliniques et biologiques sont très 

différentes. Entre autres, L’EL est rarement associée à un cancer ou d’autres troubles auto-

immuns contrairement aux NMT et MoS. Nous avons également pu déterminer que les 

patients présentant une EL possèdent majoritairement des anticorps de la sous-classe IgG4 

dirigés contre les domaines N-terminaux, discoidine et laminine G1 de CASPR2. 

 

 En conclusion, les anticorps de patients atteints d’EL pourraient directement 

perturber la fonction de la protéine en agissant sur les domaines discoidine et laminine G1. 

Ces résultats suggèrent un rôle clé de ces domaines dans la fonction de la protéine dans le 

système nerveux adulte. 
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Characterization of a Subtype of Autoimmune Encephalitis
With Anti–Contactin-Associated Protein-like 2 Antibodies
in the Cerebrospinal Fluid, Prominent Limbic Symptoms,
and Seizures
Bastien Joubert, MD; Margaux Saint-Martin, MSc; Nelly Noraz, PhD; Géraldine Picard, MSc; Veronique Rogemond, PhD; François Ducray, MD, PhD;
Virginie Desestret, MD, PhD; Dimitri Psimaras, MD; Jean-Yves Delattre, MD, PhD; Jean-Christophe Antoine, MD; Jérôme Honnorat, MD, PhD

IMPORTANCE Autoantibodies against contactin-associated protein-like 2 (CASPR2) are
observed in several neurological syndromes, including neuromyotonia (NMT), Morvan
syndrome (MoS), and limbic encephalitis.

OBJECTIVE To characterize the clinical and biological presentations of patients with
anti-CASPR2 antibodies in the cerebrospinal fluid (CSF).

DESIGN, SETTING, AND PARTICIPANTS We conducted a retrospective cohort analysis of 18
patients who had anti-CASPR2 antibodies in their CSF betweenMarch 2009 and November
2015 at the Centre National de Référence pour les Syndromes Neurologiques
Paranéoplasiques in Lyon, France. Additionally, we analyzed 15 patients who were diagnosed
as having NMT or MoS as a comparative group.

MAIN OUTCOMES ANDMEASURES Clinical presentations, anti-CASPR2 antibodies specificities,
brain magnetic resonance imaging, and CSF analyses, cancer prevalence, and evolution.

RESULTS In this cohort of 18 patients with anti-CASPR2 antibodies in their CSF, 17 (94.4%)
weremale and had amedian (range) age of 64.5 (53-75) years; in the second group, 9 of 15
patients (60.0%) with NMT or MoS weremale and had amedian (range) age of 51 years (1
month to 75 years). Only 3 patients (16.7%) in this cohort had a previous or concomitant
history of cancer (prostate, hematological, or thyroid), whereas 9 patients (60.0%) in the
second group had amalignant thymoma. Symptoms of limbic encephalitis were observed in
all patients, including temporal lobe seizures in 16 patients (88.9%) andmemory disorders in
17 patients (94.4%) from the cohort. Extralimbic signs were also evident in 12 of 18 patients
(66.7%), including cerebellar ataxia in 6 patients (33.3%). Only 2 patients (11.1%) from the
cohort were diagnosed as having NMT. Brain magnetic resonance imaging displayed
T2-weighted temporolimbic abnormalities in 14 of 15 patients (93.3%) in the second group.
Cerebrospinal fluid analysis was abnormal in 9 of 12 patients (75.0%). For 16 of 18 patients
(88.9%), follow-up was performed for at least a 6-month period (median [range], 34 [11-114]
months). Of these, 15 (93.8%) improved and 6 (37.5%) relapsed. In all patients in this cohort,
IgG4 autoantibodies were detected in the CSF. Anti-CASPR2 antibodies in the CSF targeted
the laminin G1 and discoidin domains of CASPR2 in all patients. Importantly, anti-CASPR2
antibodies were detected in the serum but not in the CSF of all patients with NMT or MoS.

CONCLUSIONS AND RELEVANCE In this cohort study, anti-CASPR2 antibodies in the CSF are
associated with a subtype of autoimmune encephalitis with prominent limbic involvement
and seizures that is rarely associated with cancer. Conversely, patients with NMT andMoS
have anti-CASPR2 antibodies only in the serum but not in the CSF and frequently present
with a malignant thymoma. The anti-CASPR2 antibodies found in these patients targeted the
discoidin and laminin G1 domains of CASPR2 and always included IgG4 autoantibodies.

JAMA Neurol. doi:10.1001/jamaneurol.2016.1585
Published online July 18, 2016.
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A ntibodiesdirectedagainstcontactin-associatedprotein-
like 2 (CASPR2) have been described in the sera of pa-
tients with peripheral and central neurological syn-

dromes, including neuromyotonia (NMT),Morvan syndrome
(MoS), andautoimmune limbicencephalitis.1Anti-CASPR2an-
tibodies belong to the anti–voltage-gated potassium channel
antibodycomplex, abiomarker thathasbeenshownto include
autoantibodies targetingCASPR2, leucin-richglioma1protein,
and other unknown antigens.2 In addition, CASPR2 antibody–
related syndromes have been frequently described in patients
withmalignant thymoma, apotential sourceof impairedT-cell
maturation that may lead to autoantibody production.3,4 Al-
thoughCASPR2 is involved in theorganizationof the juxtapara-
nodal regions of myelinated nerves, it is also expressed in the
axonsofhippocampalcells.5,6Arecentstudy7hassuggestedthat
anti-CASPR2antibodies fromthecerebrospinal fluid(CSF)ofpa-
tientswith limbic encephalitis bind to hippocampal inhibitory
interneurons at the presynaptic level and have a disruptive ef-
fecton inhibitory synapses.Moreover, anti-CASPR2antibodies
intheserumandCSFhavepredominantlybeenshowntobeIgG4
andto targetmultipleextracellularepitopesofCASPR2, includ-
ing itsdiscoidinandlamininG1domains.7,8Therefore, thediver-
sityofCASPR2antibody–associateddiseasesmayrelyonthe im-
plication of various factors, including the site of autoantibody
synthesis, the epitope specificities of anti-CASPR2 antibodies,
or the IgG subtypes involved. To further characterize patients
withanti-CASPR2antibodies,weanalyzedclinical andbiologi-
cal data frompatientswhowere positive for anti-CASPR2 anti-
bodies in the CSF.

Methods
In this study,we retrospectively included all patientswithCSF
samples positive for anti-CASPR2 antibodies at the Centre Na-
tionaldeRéférencepour lesSyndromesNeurologiquesParanéo-
plasiques inLyon,France,betweenMarch2009andNovember
2015. During this period, we tested 6650 CSF samples from
Frenchhospitals sent for routinediagnosticworkup inpatients
withsuspectedautoimmuneencephalitisorparaneoplasticneu-
rologicaldisorders.Cerebrospinalfluidsamplesfromthepatients
werescreenedbyimmunohistofluorescenceonratbrainsections,
andanti-CASPR2antibodieswere subsequently identifiedbya
cell-basedbindingassay(CBA). Inaddition,serumsamples from
patientswithconfirmedanti-CASPR2antibodies intheCSFwere
screened for anti-CASPR2antibodiesusingaCBA.Approval for
this studywas granted by the institutional reviewboard of the
Hospices Civils de Lyon (Comité de Protection des Personnes
SUD-EST IV).Written informed consent was obtained from all
patients.

SerumandCSFsamplesweredeposited intheNeuroBioTec
biobank (Hospices Civils de Lyon). Clinical datawere collected
fromthereferringphysiciansbytelephoneandemail.Wefocused
on the modes of onset, clinical symptoms, ancillary results,
therapyregimens,cancerprevalence,andoutcomes.Inaddition,
patients diagnosed in our center as having NMT or MoS were
testedforanti-CASPR2antibodiesbyCBAinboththeserumand
CSFandwereusedasa comparativegroup.Agedifferencesbe-

tweengroupswere comparedbyMann-WhitneyU test. Sex ra-
tio, anti-CASPR2antibody levels in the serumandCSF, and co-
morbiditiesbetweengroupswerecomparedusingFisherexact
test. Statistical significancewas set at P < .05.

Forimmunohistofluorescenceassays,sagittalslicesobtained
fromadult rat brainswere incubatedwithpatientCSF samples
(diluted1:10)overnightat4°C.Brainsliceswere fixedby immer-
sion into 4%paraformaldehyde for 1 hour, followedby immer-
sion in a 30% sucrose solution for 24 hours. Histological slices
were produced using the Leica CM1950 cryostat microtome
(LeicaBiosystemsNusslochGmbH).Tissuesweresubsequently
washedandincubatedwith488AlexaFluor–conjugatedgoatan-
tihumanIgG(A-21433;Thermofisher).For theCBA,culturedhu-
man embryonic kidney 293 cells were transfected using the
LipofectamineLTXkit(Invitrogen),withplasmidscodingforfull-
lengthordeletedCASPR2fusedtoan influenzavirushemagglu-
tinintag.Cellswereincubatedfor48hoursaftertransfectionwith
CSF(diluted1:10)orsera(diluted1:20)andfor2hourswithmouse
anti-hemagglutinin antibody (diluted 1:1000; H3663; Sigma-
Aldrich) in Dulbecco modified eagle medium, 25 mmol/L 4-
(2-hydroxyetyl)-1-piperazineethanesulfonic acid, 3% bovine
serum albumin, and 5% normal goat serum. Cells were subse-
quentlywashed inDulbeccomodified eaglemediumand4-(2-
hydroxyetyl)-1-piperazineethanesulfonicacidfor15minutesand
incubatedwithAlexaFluor–conjugatedsecondaryantibodies(di-
luted1:1000), includinggoatantihumantotal IgG-555 (A-21433;
Thermofisher), -488 (A-11013;Thermofisher), goat anti-mouse
IgG-555(A-21424;Thermofisher), -488(A-11029;Thermofisher),
mouseantihumanIgG1-488(F9890;Sigma-Aldrich)andmouse
antihuman IgG4-488 (F0767; Sigma-Aldrich). Bound antibod-
ies were visualized using the Zeiss Axiophot Imager.Z1. Anti-
CASPR2antibodies titers inpatientseraorCSFwereassessedby
serial2-folddilutions inCBA.Titersweredeterminedasthe low-
estdilutionthatgaveapositivesignal, accordingto2blinded in-
vestigators (V.R.,M.S.M.). Theepitopes targetedbypatient au-
toantibodies were examined on CBA using CASPR2 with
hemagglutinin-deletedconstructsaspreviouslydescribed7with
the same dilutions (CSF, 1:10; serum, 1:20).

Two blinded investigators (V.R., M.S.M.) assessed epitope
andisotypespecificitiesofanti-CASPR2antibodies.TheIgGand
albumin concentrations in the CSF and serumwere evaluated
using nephelometry (IMMAGE Immunochemistry Systems;

Key Points
Question What are the clinical features associated with
anti–contactin-associated protein-like 2 (CASPR2) antibodies in
the cerebrospinal fluid?

Findings In this cohort study of 18 patients with anti-CASPR2
antibodies in the cerebrospinal fluid, all patients displayed limbic
symptoms, including temporal lobe seizures in 16 patients and
memory disorders in 17 patients. Extralimbic signs were seen in 12
patients, including cerebellar ataxia in 6 patients.

Meaning The presence of anti-CASPR2 antibodies in the
cerebrospinal fluid is associated with a subtype of autoimmune
encephalitis with predominant temporal lobe epilepsy and
memory disorders.
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Beckman-Coulter). TheCSF/serumalbuminquotientwasused
toevaluate the integrityof theCSF-bloodbarrier. To character-
ize intrathecal immunoglobulin synthesis, the immunoglobu-
lin quotient (immunoglobulin levels in the CSF divided by im-
munoglobulin levels in theserum)wascalculatedandadjusted
to thecorrespondingmaximumimmunoglobulinquotient that
canbeexpectedatagivenalbuminquotient intheabsenceof in-
trathecal immunoglobulinsynthesis9 toquantify theCSF/serum
anti-CASPR2antibodies index.Anantibody indexgreater than
4.0was considered to reflect intrathecal synthesis.9

Results
Clinical Findings
Among the 6650 CSF samples tested by immunohistochem-
istry,we identified 18patientswith anti-CASPR2antibodies in
theCSF.During the sameperiod,we identified 15patientswith
NMTorMoSandanti-CASPR2antibodies in theserum.Samples
of CSF fromall patientswithNMTorMoSwere tested for anti-
CASPR2 antibodies and found to be normal. The clinical find-
ings, ancillary results, andoutcomesof thepatientswith anti-
CASPR2 antibodies in the CSF are shown in Table 1. Table 2
summarizes the baseline characteristics and immunological
findings of patients with anti-CASPR2 antibodies in the CSF
comparedwithpatientswithNMTorMoS.Comparedwith the
group of patients with NMT or MoS, the cohort had a signifi-
cantly higher number ofmales (94.4% vs 66.7%; P = .03) and
median age (64.5 vs 51 years; P < .01). Only 1 patient (5.6%) in
our cohortwasdiagnosedashaving another autoimmunedis-
order (thyroiditis), whereas autoimmune comorbidities were
seen in 8 of 15 patients (53.3%)withNMTorMoS (P < .01; 7 of
these 8 hadmyasthenia gravis). Only 3 patients (16.7%) in our
cohort had a previous or concomitant history of cancer (pros-
tate adenocarcinoma and chronic lymphoid leukemia in 1 pa-
tientandpapillary thyroidcancer in2patients).Althoughama-
lignant thymoma had been found prior to or following the
neurological disorder in 9 of 15 patients (60.0%)withNMTor
MoS, none of the patientswith anti-CASPR2 antibodies in the
CSF had such a tumor (P < .01).

Formost patients with anti-CASPR2 antibodies in the CSF
(13 of 18 [72.2%]), admission to the referring hospital occurred
because of partial temporal seizures. In these patients, other
symptoms installed acutely over the course of a few days to 1
week, simultaneously to epilepsy in 9 patients and only a few
months after the onset of epilepsy in the 3 remaining patients
(median [range] delay, 6 [5-18]months). In the remaining 5pa-
tients (27.8%),admissionwasrequestedbecauseofmemorydis-
orders,whichhaddevelopedprogressivelyoverseveralmonths
in4patientsandacutely in1.Allpatients inourcohorthadsymp-
tomsof limbic structure impairment, including 17 (94.4%)with
anterograde and episodic memory disorders, 16 (88.9%) with
temporal lobeseizures,10(55.6%)withsymptomsoffrontal lobe
dysfunction, and4 (22.2%)withpsychiatric symptoms (eg,de-
pressedmoodorpersecutorythoughts).Noneofthepatientspre-
sentedwith the acute confusionorbehavioral disorders classi-
cally reported in autoimmune limbic encephalitis. Extralimbic
symptoms were observed in 12 patients (66.7%), including 6

(33.3%)withcerebellarataxia,4(22.2%)withsleepdisorders,and
3(16.7%)withperipheralneuropathy.SignsofNMTwerepresent
in only 2 patients (11.1%).

Ancillary
Hyponatremiawasobservedinonly1of18patients (5.6%).Anti–
SOX1 antibodiesweredetected in 1 patient (5.6%), althoughno
evidenceofcancerwasdemonstrated.Noneoftheotherpatients
hadadditionalantibodiesagainstneuronalantigens.Brainmag-
netic resonanceimaging(MRI)datawereavailablefor15patients
(83.3%).Of these15patients,brainMRIresults remainednormal
inonly 1patient (6.7%).Twelvepatients (80.0%)had temporo-
limbichyperintensitiesonT2-weighted images (Figure1),which
appeared subsequently in3patients.Bilateral hippocampal at-
rophywasobservedin2of15patients(13.3%)onthefirst imaging
analysis. In 1patient, temporomesialhyperintensitieswereob-
servedinthefirstMRIandsecondarilyevolvedintobilateralhip-
pocampalatrophy.Cytochemicaldataanalysis results intheCSF
wereavailable for 12patientsandwerenormal inonly3patients
(25.0%). Increasedwhite blood cell counts were observed in 8
of12patients(66.7%;median[range],4000[3000-32000] cells/
μL [toconvert to 109/L,multiplyby .001]), andelevatedprotein
levelswereobserved in1patient (8.3%;0.11g/dL).Ofnote,brain
MRI and CSF analyseswere normal in all 11 patientswith NMT
andall9withMoSforwhomdatawereavailable. Interictal elec-
troencephalogramsdisplayed focal abnormalities in4of 18pa-
tients (22.2%).Brainpositronemission tomographyscanswere
performedin5patients (27.8%)andwerepathological in4.Posi-
tronemission tomographyscan findingswerenot reproducible
fromonepatient toanother; 1patienthaddiffusehypometabo-
lism, another had temporomesial hypometabolism, and 2 pa-
tientshadfrontotemporalhypermetabolism.Therefore,wewere
unable to determine a pattern specifically associated with
CASPR2antibody–relatedencephalitis.Nonetheless, ithas tobe
notedthat incontrastwithpatientswithanti–leucin-richglioma
1proteinencephalitis,10 increasedmetabolism in thebasal gan-
gliawas not observed in any of the 5 patients.

Treatments
Oral steroids were given to a total of 4 patients. One patient
was treated only with oral steroids, while 3 patients were
treated with oral steroids combined with other treatments.
Elevenof 18patients (61.1%)were treatedwith intravenous im-
munoglobulins (0.4 g/kg/d for 3 to 5 days as part of 1 to 9
monthly courses), 8 (44.4%)withhigh-dose corticosteroidbo-
luses (0.5-1 g/d for 3 to5days aspart of 1 to6monthly courses),
1 (5.6%) with plasmapheresis (6 monthly courses), 3 (16.7%)
with intravenouscyclophosphamide (1-g infusioneverymonth
for 2 to 8 months), and 2 (11%) with rituximab (375 mg/m2

administered intravenously once a week for 1 month). Three
patients (16.7%) were given mycophenolate mofetil (1 g/24 h
administeredorally)ona long-termbasis.Fourpatients (22.2%)
were given 2 lines of treatment, and 2 patients (11.1%) needed
3 different lines of treatment.

Follow-up andOutcomes
The median (interquartile range) follow-up time was 27.4
(19-51) months. All patients survived. Follow-up was

Autoimmune Encephalitis With Anti-CASPR2 Antibodies in CSF Original Investigation Research

jamaneurology.com (Reprinted) JAMANeurology Published online July 18, 2016 E3

Copyright 2016 American Medical Association. All rights reserved.

Downloaded From: http://archneur.jamanetwork.com/ by a HOPITAL EDOUARD HERRIOT (I894) User  on 07/19/2016



Copyright 2016 American Medical Association. All rights reserved.

Table 1. Clinical Findings, BrainMRI, and Evolution of PatientsWith Anti-CASPR2 Antibodies in the CSF

Patient
Age,
y/Sex

Symptoms
Leading to
Admission

Other
Symptoms

Brain MRI
Hypersignal

Follow-up,
mo Evolution Relapse

mRS at
Onset

mRS
at Last
Visit

Residual
Symptoms

62/M Partial temporal
seizures

Acute anterograde
and autobiographic
memory
impairment
simultaneous to
epilepsy

Temporomesial
(bilateral)

55 Improvement after
3 monthly courses of
IVIg, started 5 mo
after onset

1 y After
onset; seizure
and memory
disorders

1 1 Defects in
autobiographic
memory

57/M Partial temporal
seizures

Acute
autobiographic
memory
impairment and
insomnia
simultaneous to
epilepsy

Temporomesial
(left)

114 With AEDs only,
progressive
improvement until
stabilization 2 y after
onset; 1 steroid bolus
6 y after onset for
memory improvement

NMT 8 y after
onset,
without
worsening of
encephalitis
signs

2 2 NMT

60/M Anterograde and
episodic memory
impairment

Partial and
tonic-clonic
generalized
seizures and
hypersomnia 2 wk
after the onset of
memory
impairment

Temporomesial
(bilateral)

51 Improvement with
steroids and
plasmaphersis 8 mo
after onset after
initial course of IVIg,
which was inefficient;
after relapses,
improvement with
plasmapheresis and
steroid increase

2 Relapses
(15 and
28 mo after
onset);
increased
seizures at
steroid
decrease

2 1 Altered
visuospatial
memory

71/M Partial temporal
seizures

Acute
autobiographic
memory
impairment,
frontal syndrome,
cerebellar
syndrome, and
pseudobulbar
syndrome 18 mo
after onset of
epilepsy

NA 46 Marked improvement
after 6 courses of
Solu-Medrol that
were started 23 mo
after disease onset;
MMF was given as
long-term
immunosuppression

No 4 1 Moderate
anterograde
amnesia and
slightly unstable
gait

60/M Partial temporal
seizures

Acute anterograde
and autobiographic
memory
impairment and
cerebellar ataxia
simultaneous to
epilepsy

Normal 22 Spontaneous
improvement 5 mo
after disease onset;
1 course of steroid
boluses prescribed 6
mo after onset;
after relapse, no
improvement despite
steroid boluses,
1 course of IVIg, and
8 courses of CPA

Increased
seizures 7 mo
after onset,
followed by
worsening of
cerebellar
ataxia

2 3 Refractory
temporal
epilepsy and
cerebellar
ataxia

68/M Partial temporal
seizures

Acute anterograde
memory
impairment,
frontal signs,
cerebellar ataxia,
and mild NMT
simultaneous to
epilepsy

Temporomesial
(left)

11 Marked improvement
on cognitive functions
and gait after 6
courses of IVIg with
steroid boluses,
started 1 mo after
onset

No 2 1 Mildly impaired
executive
functions at
NPT

69/M Partial temporal
seizures

Acute anterograde
memory
impairment,
frontal features,
and persecuted
thoughts 6 mo
after onset of
epilepsy

Temporomesial
(right)

25 Improvement with
AEDs; oral steroids
started 2 y after onset

No 2 0 None

66/M Partial temporal
and generalized
seizures

Acute anterograde
and autobiographic
memory
impairments and
frontal features 5
mo after onset of
epilepsy

Temporomesial
(bilateral)

19 Improvement after
3 courses of IVIg and
steroid boluses,
started 9 mo after
onset; after relapse,
improvement with
6 courses of IVIg and
CPA

Increased
seizures and
memory
impairment
13 mo after
onset

2 2 Slight
autobiographic
amnesia and
impaired
executive
functions

75/M Partial temporal
and generalized
seizures

Acute anterograde
memory
impairment and
frontal syndrome
simultaneous to
epilepsy

Temporomesial
(right)

3 1 Course of
Solu-Medrol bolus
and IVIg

NA 3 NA Follow-up
<6 mo

(continued)
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Table 1. Clinical Findings, BrainMRI, and Evolution of PatientsWith Anti-CASPR2 Antibodies in the CSF (continued)

Patient
Age,
y/Sex

Symptoms
Leading to
Admission

Other
Symptoms

Brain MRI
Hypersignal

Follow-up,
mo Evolution Relapse

mRS at
Onset

mRS
at Last
Visit

Residual
Symptoms

69/M Partial temporal
seizures

Acute anterograde
amnesia and
inferior limb
sensory
neuropathy
simultaneous to
epilepsy

NA 19 Dramatic
improvement after
2 courses of IVIg,
started 17 mo after
onset

No 2 1 Slight memory
and executive
function
impairment and
neurogenic pain

61/M Partial temporal
seizures

Acute anterograde
and autobiographic
amnesia
simultaneous to
epilepsy

Hippocampal
atrophy

12 Greatly improved
after 5 courses of
IVIg, started 10 mo
after onset;
treatment with
rituximab owing to
the persistence of
detectable CSF
anti-CASPR2
antibodies

No 1 1 Reported
memory troubles
and difficulty
concentrating

63/M Partial temporal
seizures

Acute anterograde
amnesia and
anxiety
simultaneous to
epilepsy

Temporomesial
(bilateral)

59 Improvement with
steroids 3 mo after
onset; after relapses,
partial improvement
after IVIg and steroid
increase and no
improvement with
MMF; return to
baseline after
rituximab therapy

2 Relapses
(3 and
13 mo from
onset);
increased
seizures at
steroid
decrease

2 0 None

61/M Partial temporal
and generalized
tonic-clonic
seizures

Acute slight frontal
syndrome
simultaneous to
epilepsy

Temporomesial
(left)

78 Spontaneous
improvement in
seizure frequency 2 y
after onset

No 1 1 Daily partial
temporal
seizures

62/F Partial temporal
seizures

Acute anterograde
and autobiographic
amnesia, frontal
signs,
hemihypesthesia,
insomnia, and
depressed mood
simultaneous to
epilepsy

Hippocampal
atrophy

29 Improvement with
IVIg, started18 mo
after onset

No 2 1 Slight
anterograde
amnesia and
executive
impairment at
NPT and
insomnia

53/M Axonal
sensory-motor
neuropathy with
neuralgic pain
and progressive
autobiographic
amnesia, with
installation over
several months

Frontal features,
cerebellar ataxia,
insomnia, and
depressed mood

NA 25 Greatly improved
after 6 steroid
boluses, started 25
mo after onset

No 3 1 Neuropathic pain
and depressed
mood

66/M Progressive
amnesia,
cerebellar
ataxia, and
sensory
neuropathy

Partial temporal
seizures and
frontal features
parallel to
progressive
amnesia over
several months

Temporomesial
(bilateral)

5 Partial improvement
after 4 courses of
IVIg, started 1 mo
after onset

NA 3 NA Follow-up <6 mo

75/M Progressive
amnesia,
aphasia, and
cerebellar
ataxia, with
installation over
several months

None Temporomesial
(bilateral)

39 Stabilization after
9 courses of IVIg,
started 1 y after
onset; switch to CPA
afterwards with no
improvement

No 4 4 Severe
anterograde
amnesia, ataxia,
and aphasia

66/M Progressive
anterograde
amnesia

Partial temporal
seizures,
tetrapyramidal
signs, and frontal
features parallel to
amnesia, over
several months

Temporomesial
(bilateral) and
later
hippocampal
atrophy

92 9 Steroid boluses,
started 50 mo after
onset; afterwards,
progressive
improvement, with
MMF as long-term
immunosuppressive
therapy

No 4 1 Slight
anterograde
amnesia

Abbreviations: AEDs, antiepileptic drugs; CPA, cyclophosphamide; IVIg, intravenous immunoglobulin; MRI, magnetic resonance imaging; mRS, modified Rankin
score; MMF, mycophenolate mofetil; NMT, neuromyotonia; NA, not applicable; NPT, neuropsychological tests.
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performed for at least 6 months in 16 of 18 patients (88.9%).
Of these, 15 (93.8%) progressively improved, with 11 improv-
ing after immunomodulatory treatment and 4 spontane-
ously (Table 1). One patient remained stable with ataxia and
severe cognitive defects. Six of 16 patients (37.5%) had 1 or 2
relapses. Five of these patients had relapses presenting as
an increase in seizure frequency. In 2 patients, epileptic
relapses occurred when steroid medications were decreased
and were easily controlled by increasing steroid dosages.
The relapse of 1 patient consisted of the development of
NMT 8 years after the onset of encephalitis, without con-

comitant worsening of the encephalitic symptoms. The
median (interquartile range) modified Rankin score for all
patients was 2 (2-3) at onset and 1 (1-2) at the end of follow-
up. At the end of follow-up, 4 of 16 patients (25.0%) still had
symptoms that significantly altered their quality of life
(modified Rankin score ≥2), including NMT (1 patient), cer-
ebellar ataxia (3 patients), and amnesia (3 patients). Two of
16 patients (12.5%) recovered completely. Brain MRI
follow-up data were available for 9 patients. The MRI results
remained stable in 6 of 9 patients (66.7%), while tem-
poromesial hyperintensities decreased partially or com-

Figure 1. Fluid-Attenuated Inversion Recovery Imaging of a PatientWith Epilepsy, Partial Temporal Seizures,
and AnterogradeMemory Impairments

Axial planeA Coronal planeB

In these T2-weightedmagnetic
resonance images, note the
asymmetrical hyperintensities
involving both temporomesial
regions (arrowheads).

Table 2. Baseline Characteristics and Immunological Findings of PatientsWith Anti-CASPR2 Antibodies
in the CSF ComparedWith PatientsWith NMT orMoS

Characteristic

No./Total No. (%)

Patients With Anti-CASPR2
Antibodies in the CSF

Patients With
NMT or MoS P Value

No. of patients 18 15

Male 17/18 (94.4) 9/15 (60.0) .03

Age, y, median (range) 64.5 (53-75) 51
(1 mo-75 y)

.002

Serum titers, median (range) 1/15 360
(1/10 240-1/81 920)

1/800
(1/20-1/5120)

<.001

CSF titers, median (range) 1/1280 (1/80-1/10 240) 0 <.001

Detected IgG4 anti-CASPR2 antibodies

Serum 11/12 (91.7) 512 (41.7) .03

CSF 17/17 (100) 0 <.001

Detected IgG1 anti-CASPR2 antibodies

Serum 12/12 (100) 10/12 (83.3) .48

CSF 10/17 (58.8) 0 <.005

Recognition of discoidin and laminin G1 18/18 (100) 11/11 (100) >.99

Additional epitopes 10/18 (55.6) 8/11 (72.7) .45

Malignant thymoma 0 9/15 (60.0) .001

Other cancers 3/18 (16.7) 0 .23

Other autoimmune disturbances 1/18 (5.6) 8/15 (53.3) .004

Abbreviations: CSF, cerebrospinal
fluid; CASPR2, contactin-associated
protein-like 2; MoS, Morvan
syndrome; NMT, neuromyotonia.
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pletely in 2 patients (22.2%) and evolved from unilateral to
bilateral in 1 patient (11.1%). One patient (11.1%) secondarily
developed bilateral hippocampal atrophy.

Anti-CASPR2 Antibody Characteristics
As previously reported,11 studies on immunohistochemistry
in theCSFrevealedasimilar stainingpattern inallpatientswith
strong fixationof the granular andmolecular layers of the cer-
ebellar cortex and hippocampus alongwith a diffuse staining
of themolecular layer of thedentate gyrus (Figure 2). Theme-
diananti-CASPR2antibodies endpointdilution in theCSFwas
1/1280 (range, 1/80-1/10 240). All serum samples from the pa-
tientswere also positive for anti-CASPR2 antibodies. Theme-
dian anti-CASPR2 antibodies end point dilution in the serum
were significantly higher in patients in our cohort than in pa-
tients with NMT or MoS (1/15 360 vs 1/800; P < .001). Albu-
min levels in the CSF and serumwere available for 2 patients,
allowing for the assessment of intrathecal synthesis. In both
of thepatients, the immunoglobulinquotientvalues (0.03and
0.06)were larger than themaximumimmunoglobulin serum/
CSF quotient values, calculated using the Reiber hyperbolic
function9 (0.004and0.011).TheCASPR2antibody indiceswere
7.4 and 5.6, suggesting intrathecal synthesis of anti-CASPR2
antibodies in both patients. In all patients, anti-CASPR2 anti-
bodies levels in the serum and CSF were directed against the

discoidin and lamininG1 domains of CASPR2, as illustrated in
Figure 3A. IgG isotypes were determined in 17 patients
(Figure 3B). Importantly, IgG4antibodiesweredetected in the
CSF of all patients along with IgG1 antibodies in 10 of 17 pa-
tients (58.8%). Interestingly, IgG4anti-CASPR2antibodieswere
found in the serum of 11 of 12 patients (91.7%) with anti-
CASPR2 antibodies in the CSF and in only 5 patients (41.7%)
with NMT orMoS (P = .03).We observed 3 patients with anti-
CASPR2 antibodies in the CSF that were of the IgG4 but not
IgG1 isotype,which targeted the discoidin and lamininG1 do-
mains only. All 3 of these patients had anterograde and epi-
sodic amnesia and temporal seizures. One patient also re-
ported persecutory thoughts, and another patient exhibited
hypersomnia. Notably, all 3 patients with hippocampal atro-
phy on brain MRI had anti-CASPR2 antibodies in the CSF of
both the IgG4 and IgG1 isotypes.

Discussion
Clinical Patterns
It has been previously reported4,11-13 that patients with anti-
CASPR2 antibodies present with symptoms of MNT, MoS,
and various patterns of autoimmune encephalitis. However,
our study indicates that the presence of anti-CASPR2

Figure 2. Reactivity of Anti–Contactin-Associated Protein-like 2 Antibodies from Patients’ Cerebrospinal Fluid (CSF)With Rat Brain

Sagittal section with a patient’s CSFA

CerebellumC

Sagittal section with a control patient’s CSFB

HippocampusD Dentate gyrusE

The CSF of 2 patients was used for immunostaining; fluorescent antihuman IgG
mouse antibodies were used as secondary antibodies. Sagittal section of rat
brain immunostained with a patient’s CSF (A, dilution 1:10; original
magnification × 7). There was diffuse staining of the neuropil that was not
observed when rat brain sections were incubated with a control patient’s CSF

(B, dilution 1:10; original magnification × 7). Immunoreactivity was particularly
strong in themolecular and the granular cell layers of the cerebellum (C; original
magnification × 70) and the hippocampus (D; original magnification × 35); in
addition, there was diffuse staining of themolecular layer of the dentate gyrus
(E; original magnification × 70).

Autoimmune Encephalitis With Anti-CASPR2 Antibodies in CSF Original Investigation Research

jamaneurology.com (Reprinted) JAMANeurology Published online July 18, 2016 E7

Copyright 2016 American Medical Association. All rights reserved.

Downloaded From: http://archneur.jamanetwork.com/ by a HOPITAL EDOUARD HERRIOT (I894) User  on 07/19/2016



Copyright 2016 American Medical Association. All rights reserved.

Figure 3. CASPR2 Autoantibody Characterization
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A, Human embryonic kidney 293 cells were transfected to express the
full-length contactin-associated protein-like 2 (CASPR2) protein- or
domain-deletion constructs tagged with hemagglutinin (HA), visualized in the
first column. The transfected cells were incubated with patients’ cerebrospinal
fluid (CSF; dilution 1:10), visualized in the second column. Top left: CASPR2 cells
were not recognized in the CSF of any control patients. Bottom left: Constructs
only including the discoidin domain (Disc), laminin G1 domain (Lam), or both
domains (not shown) were recognized in all 18 samples for patients with
CASPR2 cells in the CSF, but the Del1 construct, lacking Disc and Lam, was not

recognized in 8 of 18 patients. Top right: Example of 1 of 10 patients in whom
the Del1 construct was recognized. Bottom right: Illustration of the different
CASPR2 domains deleted in our constructs. B, Human embryonic kidney 293
cells were transfected with the HA-tagged full-length CASPR2 protein and
incubated with patients’ CSF (dilution 1:10) to determine the IgG isotypes of
CASPR2 autoantibodies. We observed 10 of 17 patients with both IgG4 and IgG1
antibody subtypes (left panel), but only IgG4 antibodies were observed in the
remaining 7 patients (right panel).
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antibodies in the CSF is associated with a homogeneous
clinical pattern of autoimmune encephalitis with prevalent
limbic involvement and seizures. As reported before,1,11 we
observed an overrepresentation of male patients in our
cohort, which was significantly higher than in patients with
NMT or MoS. Epilepsy was the main symptom that led the
patients to seek medical attention. Neither confusion nor
behavioral disorders were observed in any of the patients.
All patients had anterograde or episodic memory disorders
and/or temporal seizures, which suggests a constant involve-
ment of the hippocampus. Brain MRIs were in accordance
with this result, as most patients displayed temporomesial
hyperintensities or hippocampal atrophy on T2-weighted
images (Figure 1). Nonetheless, extralimbic symptoms were
observed as well, the most frequent being cerebellar ataxia,
in accordance with previous results.12 Neuromyotonia was
rare in our cohort. Relapses were observed in 6 patients,
most often in the form of an increase in seizure activity. In
some cases, this increased seizure activity was steroid-
dependent and steroid-responsive, indicating the possible
direct responsibility of anti-CASPR2 autoimmunity for the
epileptogenic process. In contrast with patients with NMT or
MoS, none of the patients in our cohort had a malignant
thymoma.

Our data suggest that the presence of anti-CASPR2 anti-
bodies in the CSF is associated with a subtype of autoim-
mune encephalitis that is mostly nonparaneoplastic. By
comparison, patients with NMT or MoS do not have detect-
able anti-CASPR2 antibodies in the CSF and are frequently
affected by a malignant thymoma. The absence of detect-
able anti-CASPR2 antibodies in the CSF of patients with
NMT or MoS could reflect an autoimmune reaction strictly
developed outside of the central nervous system. Alterna-
tively, it might be because of extremely low titers of anti-
CASPR2 antibodies in the CSF, as serum titers were much
lower in patients with NMT or MoS. Therefore, variations of
the autoantibodies production within the intrathecal com-
partment are likely to underline the observed differences in
clinical presentation between the 2 groups.

Epitope Specificities
Interestingly, the anti-CASPR2 antibodies in the CSF from all
patients targeted the discoidin and laminin G1 domains of
CASPR2, suggesting that recognition of these domains is in-
volved in thegenesis of symptoms.Toourknowledge, thepre-
cise roles of the discoidin and laminin G1 domains have not
yet been clearly determined.

IgG Subtypes
Importantly, IgG4anti-CASPR2antibodiesweredetected in the
CSF of all patients. IgG4 antibodies cannot bind to comple-
ment or form immune complexes and have a low affinity for

Fc receptors.14,15Moreover, IgG4antibodieshave the ability to
exchange fragment antigen-binding arms, and a fraction of
themare thereforebispecific, suggesting that someof theanti-
CASPR2 antibodies of our patients may have bispecificity for
the laminin G1 and discoidin domains.16,17 Interestingly, frag-
ment antigen-binding fragments of anti-Musk IgG4 autoanti-
bodies frompatientswithmyasthenia gravishavebeenshown
tobepathogenic invitro, suggesting the involvementofmecha-
nisms other than the classical cross-linking and internaliza-
tion that was observed with other autoantibodies directed
against synapticproteins.18 It remains tobe seenwhether IgG4
anti-CASPR2 antibodies are bispecific for the discoidin and
laminin G1 domain and whether they are able to cross-link
CASPR2 and induce its internalization or alter its function by
other mechanisms. Additionally, IgG1 autoantibodies were
found in all the patientswith hippocampal atrophy, implying
the possible involvement of complement or antibody-
dependent cell death.Thisview is supportedby 1biopsiedcase
ofCASPR2antibodyencephalitis inwhich immunoglobulinand
complementdepositionswere reported inneurons alongwith
cell degeneration in the hippocampus.19 Therefore, distinct
pathological processes canoccurduring the courseofCASPR2
antibody encephalitis, ranging from functional alterations in-
volving IgG4autoantibodies tocomplement-mediatedcell tox-
icity induced by IgG1 autoantibodies.

This studyhas several limitations. Because of the rarity of
the disease,we only analyzed retrospective data froma small
series of patients. We also cannot exclude low titers of anti-
CASPR2antibodies in theCSFofpatientswithNMTorMoSnot
detected by ourmethods. Our results need to be confirmed in
futures studies.

Conclusions
In conclusion, anti-CASPR2 antibodies are found in the CSF
only in patients with CASPR2 antibody–associated autoim-
mune encephalitis, whereas anti-CASPR2 antibodies are de-
tected only in the serum in patients with NMT or MoS. Con-
tactin-associated protein-like 2 antibody–associated
encephalitis is observed predominantly in males and is char-
acterized by prominent limbic symptoms and temporal lobe
epilepsy.Malignant thymomawas foundonly inpatientswith
NMTorMoS. Recognition of the discoidin and laminin G1 do-
mains by the autoantibodies is constant and may be impor-
tant in the genesis of limbic symptoms. Additionally, anti-
CASPR2antibodiesof the IgG4 isotypemayplaya fundamental
role in the pathogenic processes through a functional effect
on CASPR2, although complement-mediated cell death in-
duced by IgG1 autoantibodies may also occur in some pa-
tients. These hypotheses must be further supported by fu-
ture functional studies focused on antibody specificities.
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Nous avons montré précédemment que les anticorps de patients sont 

majoritairement dirigés contre les domaines discoidine et laminine G1 de CASPR2. Le 

domaine discoidine est particulièrement intéressant puisqu’il distingue CASPR2 des 

neurexines. De plus, celui-ci permet l’interaction de nombreuses protéines (facteur de 

coagulation V, neuropiline, récepteurs à domaine discoidine) avec leurs partenaires, comme 

par exemple le collagène, dans le cas des récepteurs à domaine discoidine. L’étude de la 

structure de CASPR2 et des régions clés pour sa reconnaissance par les anticorps de patients 

permettra de mieux comprendre sa fonction et l’impact des anticorps sur celle-ci. 

 

En collaboration avec l’équipe de Heli Liu du laboratoire des drogues naturelles et 

biomimétiques à Pékin, nous avons déterminé la structure du domaine discoidine. Celui-ci 

est formé de feuillets beta, organisés de façon à présenter quatre boucles particulièrement 

accessibles formant une surface polarisée propice aux interactions avec d’autres protéines. 

A l’aide d’un logiciel de prédiction d’épitopes basé sur la structure, nous avons généré huit 

mutants et testé leur capacité à être reconnus par les anticorps de patients. Nous avons 

trouvé une diminution de la reconnaissance pour trois mutants en particulier, G69N/A71S, 

S77N et D78R tous situés dans la boucle L1 du domaine discoidine. Nous avons également 

observé que le mutant composé d’une combinaison de ces trois mutations présente une 

diminution de la reconnaissance par les anticorps anti-CASPR2 pour 11 des 12 patients 

testés.  

 

En conclusion, la boucle L1 s’avère être une région clé pour la reconnaissance du 

domaine discoidine par les anticorps de patients. Par homologie avec le domaine discoidine 

d’autres protéines (Carafoli et al., 2009), cette boucle pourrait être impliquée dans les 

interactions de CASPR2 avec ses partenaires. 
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A R T I C L E I N F O
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A B S T R A C T

Accumulating evidence has showed that anti-CASPR2 autoantibodies occur in a long list of neurological immune
disorders including limbic encephalitis (LE). Belonging to the well-known neurexin superfamily, CASPR2 has
been suggested to be a central node in the molecular networks controlling neurodevelopment. Distinct from
other subfamilies in the neurexin superfamily, the CASPR subfamily features a unique discoidin (Disc) domain.
As revealed by our and others' recent studies, CASPR2 Disc domain bears a major epitope for autoantibodies.
However, structural information on CASPR2 recognition by autoantibodies has been lacking. Here, we report the
crystal structure of human CASPR2 Disc domain at a high resolution of 1.31 Å, which is the first atomic-re-
solution structure of the CASPR subfamily members. The Disc domain adopts a total β structure and folds into a
distorted jellyroll-like barrel with a conserved disulfide-bond interlocking its N- and C-termini. Defined by four
loops and located in one end of the barrel, the “loop-tip surface” is totally polar and easily available for protein
docking. Based on structure-guided epitope prediction, we generated nine mutants and evaluated their binding
to autoantibodies of cerebrospinal fluid from twelve patients with limbic encephalitis. The quadruple mutant
G69N/A71S/S77N/D78R impaired CASPR2 binding to autoantibodies from eleven LE patients, which indicates
that the loop L1 in the Disc domain bears hot spots for autoantibody interaction. Structural mapping of auto-
epitopes within human CASPR2 Disc domain sheds light on how autoantibodies could sequester CASPR2 ec-
todomain and antagonize its functionalities in the pathogenic processes.

1. Introduction

As a fascinating advancement in the field of neuroimmunology in
the last decade, accumulating evidence has revealed that a wide range
of neurological diseases are mediated by autoantibodies against neu-
ronal cell surface proteins involved in synaptic signaling and plasticity
[1–3]. Among the neuronal cell-surface antigens, CASPR2 is an at-
tractive one, since anti-CASPR2 autoantibodies have been reported in a
long list of neurological immune disorders including Morvan's syn-
drome and limbic encephalitis [4–17]. Our recent cohort study has

showed that anti-CASPR2 antibodies in the cerebrospinal fluid (CSF)
are closely associated with a subtype of autoimmune encephalitis with
prominent limbic involvement and seizures [18].

Human CASPR2 encoded by the CNTNAP2 gene, is a 1331-residue
long and single-passing transmembrane protein that contains an N-
terminal signal peptide followed by an extracellular region, one trans-
membrane domain and a short C-terminal intracellular region. The
extracellular region is composed of a mosaic of domains, including the
N-terminal discoidin (Disc), laminin G (Lam1), laminin G (Lam2),
epidermal growth factor 1 (Egf1), fibrinogen C (FibC), laminin G
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(Lam3), Egf (Egf2), and laminin G (Lam4) domains [19]. As a cell-ad-
hesion molecule, CASPR2 belongs to the neurexin superfamily; how-
ever, distinct from other members in the neurexin superfamily, the
CASPR subfamily members, including CASPR1 through CASPR5 (also
named CNTNAP1-CNTNAP5), contain a Disc domain [19]. Like neur-
exin which is well-known for functioning in synapse formation and
association with neurological disorders such as autism [20], CASPR2
plays an important role for neuronal dendritic arborization, spine
morphology and synaptic formation [21–23], while mutations in the
CNTNAP2 gene encoding CASPR2 were mainly identified in patients
with focal epilepsy, intellectual disability, or autism [24–26]. Worthy to
mention, a high concentration of mutations was found in the exons
coding for the discoidin domain [27]. In addition, knockout of the
CNTNAP2 gene led to deficits in the core ASD behavioral domains in a
mouse model [28]. Multiple-domain organization in CASPR2 implicates
that it may engage in a number of protein-protein interactions to reg-
ulate functions [29]. Likely owing to multifaceted functions and in-
volvement in extensive protein interactions, CASPR2 has been sug-
gested to be a central node in the molecular networks controlling
neurodevelopment [30].

Mapping anti-CASPR2 antibody epitope(s) at the structural level
would facilitate revealing mechanisms for autoantibody pathogenicity
and improve diagnosis and treatment for CASPR2-associated auto-
immune diseases such as limbic encephalitis [31]. Using the cell-based
binding and neuron-based functional assays, we have showed that anti-
CASPR2 antibodies from a subtype of limbic encephalitis patients se-
lectively reacted with the N-terminal modules, including Disc and Lam1
domains of CASPR2, and that anti-CASPR2 antibodies mainly target
hippocampal inhibitory interneurons and may induce alteration of
CASPR2-mediated inhibitory synaptic contacts [32]. Deletion of the
Disc domain of CASPR2 showed significantly reduced im-
munoreactivity against antibody-positive patient sera, even though
without a complete abrogation of binding [33]. This report further
suggests that the Disc domain of CASPR2 contains a major epitope for
autoantibodies.

Although molecular architecture of the full-length ectodomain of
CASPR2 was constructed by electron microscopy [34,35], no high-re-
solution structure has been determined for any domain of CASPR2.
Structural information on CASPR2 interacting with autoantibodies has
also been lacking. Here, we report the crystal structure of human
CASPR2 Disc domain at 1.31 Å resolution, which to our best knowledge
is the first atomic-resolution structure for the CASPR subfamily. Using
structure-guided mutagenesis and protein-based ELISA, we have re-
vealed hot spots within the Disc domain for recognition by anti-CASPR2
autoantibodies from patients with limbic encephalitis. Hopefully, these
findings may shed light on how autoantibodies could antagonize
CASPR2's functionalities in the pathogenic processes.

2. Methods

2.1. Molecular cloning and baculovirus generation

cDNA fragments encoding the Disc domain (amino-acid residues
35–181) of human CASPR2 (NCBI Reference Sequence: NM_014141.5)
were amplified by PCR using gene-specific primers containing BamHI
and NotI sites. The PCR fragments were subsequently digested and li-
gated into a modified BacMam vector [36,37]. A hexahistidine tag was
introduced to the C-terminus of the construct to facilitate protein pur-
ification. After being verified by DNA sequencing, plasmids were co-
transfected with BacVector-3000 baculovirus DNA (EMD, USA) using
Cellfectin (Life technologies, USA) into sf9 insect cells in the serum and
antibiotics-free SF900-II media (Life technologies, USA). Primary pro-
geny of recombinant virus was used to infect sf9 cells for amplification.
6 d later, higher-titer baculovirus was harvested by centrifugation at
1000g for 10min.

2.2. Protein expression and purification

For protein expression, an appropriate volume of recombinant ba-
culovirus was used to transduce HEK293S cells cultured in the DMEM/
F12 (Gibco, USA) media supplemented with 10% FBS (Life technolo-
gies, USA). 72 h post viral transduction, the conditioned medium was
centrifuged at 3000 g at 277 K for 15min. The supernatant was har-
vested, buffer-exchanged to HBS (HEPES-buffered saline, containing
10mM HEPES pH 7.5 and 150mM NaCl) and applied to Ni2+–NTA
affinity chromatography. The unbound proteins were subsequently re-
moved from the affinity column using washing buffer (HBS supple-
mented with 20mM imidazole). The affinity column eluate from
300mM imidazole-containing HBS was further applied to a Superdex-
200 10/300 GL size-exclusion column (GE Healthcare) pre-equilibrated
with HBS. The fractions eluted at 17–18ml were verified by SDS-PAGE
with Coomassie blue staining, pooled and concentrated to 10mg/ml for
crystallization. The protein concentration was determined through
measuring OD280 values and calculated with extinction coefficients of
46535M−1·cm−1.

2.3. Crystallization

The initial crystallization conditions were screened at 293 K by the
sitting-drop vapor-diffusion method using the Hampton kit (HR2-130)
and the Emerald Biosystems kit (Wizard I and II). 3 d later, micro-
crystals were found in the No. 8 condition of the Wizard Classic kit II.
After optimization, diffraction-quality brick-like crystals, with a typical
dimension of 0.2× 0.2× 0.3mm3, were obtained from a sitting drop
in equilibration with the reservoir solution consisting of 20% (w/v)
PEG8000, 100mM Na2HPO4/KH2PO4 (pH 6.2) and 200mM NaCl.

2.4. Data collection and structure determination

Crystals were fast-soaked in the crystallization solution supple-
mented with 22–24% (v/v) ethylene glycerol prior to being flash-cooled
in liquid nitrogen. Diffraction data were collected on the beamline
BL19U1 at Shanghai Synchrotron Radiation Facility (SSRF). The data
sets were indexed and processed using HKL2000 [38]. Phases were
calculated with molecular replacement (MR) method in PHASER [39].
The crystal structure of the membrane-binding C2 domain of human
coagulation factor V (PDB code: 1CZV) [40] was used as a template for
searching MR solution. The resulting solution, with a TFZ score of 15.3,
was subjected to Autobuild in the software PHENIX [41]. The auto-built
model was improved by iterative manual building in COOT [42] and
refinement in PHENIX. During the final stage of refinement, water
molecules were introduced using PHENIX and manually edited in
COOT. The stereochemistry of the final model was evaluated using
Molprobity [43]. The statistics for data collection and refinement are
given in Table 1.

2.5. Epitope prediction and structure analysis

The crystal structure of human CASPR2 Disc domain was applied to
DiscoTope 2.0 server [44] for epitope prediction, with the threshold for
epitope identification set at−3.7. For structure analysis, DALI [45] was
used to search for structural homology. Structure-based sequence
alignment was executed using ClusterW [46] and mapped using
ESPRIPT [47]. Conservation of residues was based on chemical char-
acter: aromatic (F, Y, and W), hydrophobic (L, I, V, and M), acidic (E
and D), basic (K, R, and H), polar (S and T), tiny (G and A), and amide
(N and Q). Conservation was mapped to protein surface using Consurf
[48]. Solvent accessible surface area for each atom was calculated using
the program AREAIMOL in the CCP4 suite [49].
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2.6. Structure-based mutagenesis

cDNAs encoding human CASPR2 Disc domain plus the N-terminal
segment (residues 28-181) and its mutants S55N, G69N/A71S, S77N,
D78R, Y82A, W134S, D143S, R171E and G69N/A71S/S77N/D78R
were amplified by a single-step or two-step overlapping PCR.
Subcloning, baculovirus recombination and protein preparation for
these mutants were performed using the same protocol as used for the
construct produced for crystallization.

2.7. Patients

Approval for this study was granted by the institutional review
board of the Hospices Civils de Lyon (Comité de Protection des
Personnes SUD-EST IV). Written informed consent was obtained from
all patients. Titer, IgG subclass and target domains of the auto-
antibodies directed against CASPR2 in the limbic encephalitis (LE)
patient's CSF were previously characterized [18]. Twelve CSF samples
with titers between 1:320 and 1:10240 were obtained from the Neu-
roBioTec biobank (Hospices Civils de Lyon, France). In these CSF
samples, 6 had antibodies directed against the Disc and Lam1 domains
only (Disc-Lam1) and 6 against multiple domains of CASPR2 (Mult).
Basic immunological features of the LE patients are listed in Table 2.

2.8. Protein-based ELISA

Recombinant human CASPR2 Disc domain plus the N-terminal
segment (residues 28-181), or its mutants, or BSA, was coated onto a
96-well plate (Costar 3590, Corning Incorporated) with 0.4 μg protein
in 50 μl of Na2CO3/NaHCO3 buffer (pH 9.5) per well for overnight in-
cubation at 4 °C. The wells were each washed thrice with 200 μl of
phosphate-buffered saline containing 0.05% Tween-20 (PBS-T), and

blocked with 200 μl of PBS supplemented with 10% (v/v) fetal bovine
serum (FBS) for 2 h at 37 °C. The blocking solution was then removed
and 50 μl of CSF diluted in 2% (v/v) FBS-containing PBS was added.
After further incubation at 37 °C for 2 h, the wells were washed three
times with PBS-T, and incubated for 30min at 37 °C with 50 μl of 2%
(v/v) FBS-containing PBS in the presence of HRP-conjugated goat anti-
human IgG antibodies (Jackson Immuno Research, Ref. 109-036-064)
(diluted at 1:8000). After three washes in PBS-T, 50 μl of the TMB so-
lution was added to each well (Abcam, AB171523). After 15min, the
reaction was stopped by the addition of 50 μl of 2M HCl. Optical den-
sities (ODs) were recorded at 450 nm using a microplate reader (Tecan).
Unless otherwise stated, experiments were performed in triplicate and
the data were represented as a mean value ± standard deviation. The
represented OD450 value was calculated using the OD value for coated
Disc proteins subtracted by that for BSA (as a control). The OD decrease
was considered significant when it was two times larger than the
highest standard deviation (with a threshold set at 20%).

3. Results

3.1. Overall structure of the CASPR2 Disc domain

Using baculovirus-transduced mammalian cells, we obtained high-
expression of human CASPR2 Disc domain (residues 35-181) and pur-
ified it into high homogeneity and purity (Fig. 1A). The recombinant
protein had an elution volume of 17.7 ml, corresponding to an esti-
mated molecular mass of ∼14 kDa. The estimated molecular mass is
close to the calculated value, 17.4 kDa, based on its primary sequence
plus cloning scar and tag, which indicates that human CASPR2 Disc
domain mainly exists as a monomer in solution. This is consistent with
the previous report that the extracellular region of CASPR2 is likely
monomeric [50]. The purified protein crystallized in the P212121 space
group, and diffracted to 1.31 Å (Table 1). Given the presence of one
molecule of the Disc domain per asymmetric unit, the Matthews coef-
ficient (VM) was calculated to be 2.53Å3·Da−1, corresponding to a
reasonable solvent content of 51.3% [51]. Using the structure of the
membrane-binding C2 domain of human coagulation factor V [40] as a
template for molecular replacement, we solved the crystal structure of
human CASPR2 Disc domain, and the final model has relatively low
Rwork/Rfree factors and a reasonable stereochemistry (Table 1).

Human CASPR2 Disc domain adopts a total β structure and folds
into a distorted jellyroll-like barrel, with a dimension of approximately
35× 30×25 Å3. This barrel mainly consists of eight antiparallel β-
strands arranged in two sheets, with five strands β1, β2, β4, β5 and β7
forming one sheet packed against by the other one that is composed of

Table 1
Data collection and refinement statistics for human CASPR2 Disc domain.

Data collection
X-ray source SSRF BL19U1
Detector Pilatus3 6M
Wavelength (Å) 0.978
Crystal-to-detector distance (mm) 200
Oscillation range (°) 180
Oscillation width per image (°) 1
Space group P212121
Unit cell dimensions: a, b, c (Å); α, β, γ (°) 36.250, 59.680, 62.599; 90,

90, 90
Resolution range (Å)a 50–1.31 (1.33–1.31)
Unique reflections 33381 (1598)
Completeness (%) 99.6 (97.3)
I/σ(I) 35.4 (2.75)
Redundancy 8.5 (6.1)
Rmerge (%)b 7.8 (53.8)
Rmeas (%)b 8.3 (58.6)
Rpim (%)b 2.8 (22.7)
Refinement
Resolution range (Å) 31.37–1.31 (1.36–1.31)
Rwork

c 13.33 (15.99)
Rfree

c 16.51 (21.11)
Average B-factor for protein and solvent (Å2) 19.99, 34.17
r.m.s.d. bond length (Å) 0.01
r.m.s.d. bond angle (°) 1.18
Ramachandran (%; favored, allowed, generally

allowed, disallowed)
98.7, 1.3, 0, 0

a Values in parenthesis are for the highest resolution shell.
b Rmerge= Σhkl|I− 〈I〉|/ΣhklI, where I is the intensity of unique reflection hkl,

and 〈I〉 is the average over symmetry-related observations of unique reflection
hkl. Rpim: precision-indicating merging R-factor. Rmeas: multiplicity-corrected
merging R-factor.

c Rwork= Σ|Fo− Fc|/Σ|Fo|, where Fo and Fc are the observed and calculated
structure factors, respectively. Rfree was calculated using 5% of the reflections
set aside from refinement.

Table 2
Basic immunological features of LE patients with anti-CASPR2 antibodies.

Patient Titera Dilutionb Epitopec

Pat1 1:1280 1:20 Disc-Lam1
Pat2 1:10240 1:100 Disc-Lam1
Pat3 1:640 1:10 Disc-Lam1
Pat4 1:1280 1:20 Disc-Lam1
Pat5 1:10240 1:100 Disc-Lam1
Pat6 1:5120 1:40 Disc-Lam1
Pat7 1:1280 1:20 Mult
Pat8 1:5120 1:40 Mult
Pat9 1:320 1:10 Mult
Pat10 1:2560 1:20 Mult
Pat11 1:10240 1:100 Mult
Pat12 1:5120 1:40 Mult

a CSF titers (last dilution of CSF giving a positive signal) were previously
determined by cell based assay [18].

b Lowest dilution used in the ELISA.
c Disc-Lam1: for antibodies targeting the Disc and Lam1 domains only; Mult:

antibodies targeting the Disc and Lam1 domains as well as other domains.
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three strands β3, β6 and β8 (Fig. 1B). Different from other barrel-wall
strands, the strand β5 follows a protruding hairpin that is composed of
short strands βC and βD. The strand βC is proceeded by the strand βB
which joins the barrel sheet and is antiparallel with the C-terminal half
of the strand β4.

On one end of the barrel, the N-terminal residue Cys35 and the C-
terminal residue Cys181 forms a disulfide bond that locks the barrel.
Preceding the short strand β1, the N-terminal segment (residues 34-47)
assumes a loop configuration with residues 45-47 folding into a short
310 helix, η1. Adjacent to the C-terminal segment is an β-sheet of two
antiparallel strands βA and βB. The strand βA connects the barrel-wall
strands β2 and β3, while the strand βE is located in the middle of the
link between the strands β6 and β7. The long axis of the βA/βE sheet is
almost perpendicular to that of the barrel.

On the other end of the barrel are distributed four loops (named L1,
L2, L3 and L4) each connecting the barrel-wall strands. The L1, linking
the strands β1 and β2, is the longest and most twisted loop that contains
residues 51–84 and folds into two short 310 helices, η2 at residues 56-58
and η3 at residues 60-62. Noteworthy is that the L1 loop forms two
bulges at residues 68-72 (for bulge1) and residues 76-78 (for bulge2),
which flank the η2 helix (Fig. 1B). The loops L2 (connecting the strands
β3 and β4) and L4 (connecting β6 and β7) are interlocking with each
other. Meanwhile, the loop L2 is flanked by the loops L1 and L3 (linking
β5 and β6), and the loop L1 adopts a concave configuration and half-
wraps the loops L2 and L4 (Fig. S1). The tips of the loops L2, L3 and L4
are almost aligned to the same level with the two bulges and the η2
helix of L1, thus forming a relatively flat surface on one end of the
barrel (Fig. S1).

3.2. Structural comparison of CASPR2 Disc domain and its homologues

The overall structure of human CASPR2 Disc domain is similar to
that of the membrane-binding C2 domain of human coagulation factor
V [40], with an RMSD value of 0.81 Å for 114 aligned Cα atoms. These
aligned Cα atoms are mainly located in the barrel-wall strands, in-
dicating that CASPR2 Disc and coagulation factor V C2 domains share
the same folding (Fig. 2A). However, unlike the loops (such as L1 and
L2) of human CASPR2 Disc domain that constitute a relatively flat

Fig. 1. Biochemical characterization and overall structure of human CASPR2 Disc domain. (A) Gel filtration chromatogram of recombinant human CASPR2 Disc
domain. The inset (a) is an image for Coomassie blue-stained SDS-PAGE analysis of two fractions 1 and 2 eluted from a Superdex 200 gel filtration column. M,
molecular weight marker in kDa. A crystal of the Disc domain is shown in the inset (b). (B) Ribbon representation of human CASPR2 Disc domain (in cyan) with
secondary structure elements labeled and the loop L1 highlighted in grey. The N- and C-termini are respectively labeled as “N-ter” and “C-ter”. The disulfide bond
Cys35-Cys181 is indicated in sticks. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

Fig. 2. Structural comparison of human CASPR2 Disc domain (in cyan) with
homologues: (A), human coagulation factor V C2 domain (in pink); (B), DDR2
Disc domain (in orange). All structures are shown in cartoons, and the loops
with large structural variations are labeled in CASPR2 numbering. (For inter-
pretation of the references to color in this figure legend, the reader is referred to
the Web version of this article.)
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platform, the homologous counterparts in human coagulation factor V
protrude like spikes [40] (Fig. 2A). As revealed by Dali search [45], the
structure of the Disc domain of DDR2 (referring to Discoidin Domain
Receptor 2; PDB code: 2wuh) [52] can also be superimposed with that
of CASPR2 with an RMSD value of 0.75 Å for 127 paired Cα atoms, and
their structural variation also mainly occurs to the loops such as L1, L2
and L4 (Fig. 2B). In comparison with human coagulation factor V C2
domain, the Disc domain of both CASPR2 and DDR2 has a compact and
flat loop region that might facilitate docking to other proteins. There-
fore, similar to the case of DDR2 where the loop region in the Disc
domain engages in collagen recognition [52] (Fig. S2), CASPR2 Disc
domain might utilize its loop region for protein recognition. Finally, in
the human factor VIII C2 domain (PDB code: 1iqd), also able to overlay
with CASPR2 Disc domain, the loop region was shown to bind to a
patient-derived inhibitory antibody [53] (Fig. S2). This further im-
plicates that the loop region defined by the loops L1-L4 in human
CASPR2 Disc domain might constitute an epitope for recognition by
other proteins, including autoantibodies.

3.3. Surface properties of human CASPR2 Disc domain

Defined by the loop L1-L4, the loop region is located in one end of
the barrel-like human CASPR2 Disc domain, opposite to the other end
containing the N- and C-termini. The solvent-accessible surface of this
region, hereafter designated “loop-tip surface”, is totally polar and
hydrophilic, since it is mainly composed of the residues Ile54, Ser55,
Ser57, Tyr58, Arg68, Gly69, Ala71, Ser77 and Asp78 from the loop L1,
Arg103, Tyr104, Ser105, Ser107 and Asp108 from the loop L2, and
Glu169 and Arg171 from the loop L4 (Fig. S1 and Fig. 3). Located in the
center of the “loop-tip surface” is Arg103 that forms a salt bridge with
Asp108. Around the edge of the “loop-tip surface” are distributed
highly solvent-accessible hydrophilic residues such as Ser55, Arg68,
Ser77, Asp78, Tyr104, Ser105, Ser107, Glu169 and Arg171. The car-
bonyl oxygen of Gly69 forms a hydrogen bond with the main chain
amide nitrogen of Gly72, thus stabilizing the conformation of the
“bulge 1” in the loop L1. The side chains of Arg68 and Tyr104 are in
close proximity and form a cation-π interaction. Arg103 and Asp108 are
involved in a relay of hydrogen bonds among Try58, Ala71 and Arg171

(Fig. 3). The combination of all these interactions likely maintains the
construction of the “loop-tip surface”.

Noteworthy, in sharp contrast with Asp78 and Arg171 that re-
spectively have a solvent accessible surface area (SASA) of 92.3 and
128.2Å2, the surface center residues Asp108 and Arg103 are nearly
buried with an SASA of 14.3 and 37.4Å2, respectively. This implicates
that mutation of either Asp108 or Arg103 would likely alter the
structure of the “loop-tip surface”. Meanwhile, due to residence of the
salt-bridged residues Asp108 and Arg103, the surface center is ap-
proximately neutralized (Fig. S3). In comparison, the edge of the “loop-
tip surface” has considerable electrostatic potential, since its two ad-
jacent sides of the barrel-like domain are distributed with positively or
negatively charged patches (Fig. S3).

Also, it is worthy to mention that the residues on the “loop-tip
surface” of human CASPR2 Disc domain, except S55, R68 and G69,
have relatively low conservation among the five CASPR subfamily
members CASPR1-CAPSR5 (Fig. 3B and Fig. S4). Indeed, the residues
on the side surface of human CASPR2 Disc domain, such as Arg114 and
Arg160 that constitute a positively charged region (Fig. S3B), also have
low conservation. This suggests that the Disc domains of the CASPR
subfamily have diverse surface properties although the subfamily
members might have a conserved topology. The diversity in surface
property of the Disc domain in the CASPR subfamily members might
confer specificity in their autoantibody recognition.

3.4. Structure-based epitope prediction and mutagenesis

In order to dissect key residues in the epitope(s) within human
CASPR2 Disc domain, we first applied its crystal structure to DiscoTope
2.0 server [44] for epitope prediction. Six regions with high DiscoTope
scores above the default value of −3.7 are, from the N-terminus of the
Disc domain, sequentially named Epitope-1 through Epitope-6
(Fig. 4A). The predicted Epitope-1 (covering residues 52-57), Epitope-2
(residues 68-72) and Epitope-3 (residues 76-84) fall into the loop L1 of
the Disc domain, while the Epitope-4 mainly includes residues 103-112
that corresponds to the loop L2. The residues from the protruding
hairpin (βC and βD), the barrel wall strand β5, and the loop L3 (re-
sidues 140-144) are predicted to constitute the Epitope-5. The Epitope-

Fig. 3. Residues distributed over the “loop-tip surface” of human CASPR2 Disc domain. (A) Line representation of the residues with hydrogen bonds shown in slate
dotted lines. (B) Conservation of each residue among the CASPR subfamily members, CASPR1-5, mapped to the CASPR2 Disc domain surface. Bottom is shown a scale
for conservation degree.
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Fig. 4. Structure-based epitope prediction and mutagenesis of human CASPR2 Disc domain. (A) A plot of DiscoTope score (represented by the vertical axis) versus
residue number (by the horizontal axis). (B) Predicted epitopes mapped on the Disc domain surface (in grey). Color code: Epitope-1, pale cyan; Epitope-2, slate;
Epitope-3, light orange; Epitope-4, pale green; Epitope-5, light pink; Epitope-6, salmon. (C) Mutations mapped on the Disc domain surface and colored in cyan, with
S55N located in Epitope-1, G69N/A71S in Epitope-2, S77N, D78R and Y82A in Epitope-3, W134S and D143S in Epitope-5, and R171E in Epitope-6. Two potential N-
linked glycosylation sites N132 and N141 are colored in green. The Disc domain in the panels B and C has the same orientation that is related to Fig. 1B by 90° along
the vertical axis. (D–E) Gel filtration chromatograms of the wild-type (WT) human CASPR2 Disc domain and its mutants, with S55N, Y82A, W134S, D143S and
R171E displayed in the panel D, and G69N/A71S, S77N, D78R, and G69N/A71S/S77N/D78R shown in the panel E. The insets are indicated for SDS-PAGE analysis of
the recombinant proteins. The lane M is for molecular weight markers in kDa. (For interpretation of the references to color in this figure legend, the reader is referred
to the Web version of this article.)
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6 is supposed to cover residues 164-171 that reside in the loop L4. In
short, the loop region defined by L1-L4 on one end of the barrel-like
Disc domain constitutes the majority of the predicted epitopes.

Correspondingly, we prepared nine mutants of human CASPR2 Disc
domain plus the N-terminal segment (residues 28-181). The mutations
S55N, G69N/A71S, S77N, D78R and Y82A, were located in the loop L1
and distributed in three predicted epitopes, Epitopes 1-3 (Fig. 4). The
mutations W134S and D143S occurred in the Epitope-5, while R171E
was located in the Epitope-6. Supposedly, the mutations S55N, G69N/
A71S, S77N, W134S and D143S would each introduce N-linked glycans
that may act as a wedge to block interaction between human CASPR2
and auto-antibodies. For the mutations W134S and D143S, the N-linked
glycans would be attached to N132 and N141, respectively (Fig. 4C). In
addition, we created a quadruple mutant that combined the G69N,
A71S, S77N and D78R mutations. All of the nine mutants, like the wild-
type protein, were expressed well in baculovirus-transduced mamma-
lian cells, and purified into high purity as demonstrated by SDS-PAGE
analysis (Fig. 4D and E). Also, all of them exhibited a similar chroma-
tographic peak on a gel-filtration column, indicating that they have
similar physical property, such as monodispersity, in solution (Fig. 4D
and E). For an unknown reason, these mutants and their wild-type
counterpart (including residues 28-181) migrated as two bands on an
SDS-PAGE gel, whereas the construct (including residues 35-181) used
for crystallization ran as a single band.

3.5. Protein-based ELISA revealed hot spots for autoantibody recognition

Using three rounds of protein-based ELISA assays, we tested if the
above mentioned mutations are able to alter interactions between
CASPR2 Disc domain and CASPR2 autoantibodies from LE patients. In
the ELISA assays, an OD450 value is supposed to be proportional to
CASPR2 autoantibodies bound to the coated Disc protein. In the first
round ELISA assay, CSF from the patient 1 (Pat1, recognizing only Disc-
Lam1 domains on CASPR2) was tested at a series of dilutions against
eight mutants S55N, G69N/A71S, S77N, D78R, Y82A, W134S, D143S
and R171E. Upon either G69N/A71S, S77N or D78R mutations, the
binding of Pat1 autoantibodies at a 1:40 dilution to human CASPR2
Disc domain was decreased by ∼22% for G69N/A71S, ∼28% for S77N
and ∼31% for D78R in comparison with the wild-type protein (Fig. 5).
For the D78R mutant, Pat1 autoantibodies binding to the D78R mutant
was decreased by 20–30%, while OD difference was only found at di-
lutions of 1:40 and 1:80. In contrast, other mutations hardly altered the
binding of Pat1 autoantibodies to CASPR2 Disc domain at any dilutions
(Fig. 5).

In the second round of ELISA assay, we focused on the mutants of

G69N/A71S, S77N and D78R for twelve LE patients including Pat1.
Meanwhile, a quadruple mutant of G69N/A71S/S77N/D78R was also
included. As indicated in Table 2, CSF antibody titers were variable
among patients ranging from 1:320 to 1:10240. All patients' CSF was
diluted based on their autoantibody titer at a ratio between 1:10 and
1:100 for ELISA assay (Fig. 6A). For patients Pat2, Pat3, Pat4, Pat8 and
Pat9 with CSF diluted at different folds, the four mutations in Disc
domain decreased OD450 to considerable extents as observed for Pat1
(Fig. 6A). In order to compare the percentage of OD decrease between
mutant and wild-type Disc domain protein among these patients with
different CSF titers, we chose for each patient the dilution that gave an
OD around 0.8 for the wild-type protein. In comparison with the wild-
type CASPR2 protein, the quadruple mutant was found to present an
OD450 decrease of 15%–70% in binding to autoantibodies from eleven
patients out of twelve LE patients tested (Fig. 6B and C). Especially, for
Pat1 and Pat3, a decrease of 72% and 70% was observed in OD450 for
the quadruple mutant, implicating that the four residues G69, A71, S77
and D78 have a synergic impact on autoantibody recognition (Fig. 6B
and C). The quadruple mutant also significantly impaired auto-
antibodies binding (from 38% to 51% decrease) to CASPR2 Disc do-
main for Pat2, Pat4, Pat8 and Pat9. In addition, for the Pat1, Pat2 and
Pat3, both S77N and D78R mutations significantly decreased auto-
antibodies binding to CASPR2 (Fig. 6B and C). Notably, Pat1, Pat2, Pat3
and Pat4 autoantibodies have been previously shown to target Disc-
Lam1 domains of CASPR2 only, while Pat8 and Pat9 autoantibodies
target multiple domains of CASPR2 (Table 2) [18]. The quadruple
mutation consistently impaired Disc domain binding to autoantibodies
from these patients (Fig. 6B and C), suggesting that anti-CASPR2 au-
toantibodies might share the same epitope in Disc domain.

In the third round of ELISA assay, we compared “relative affinity” of
CSF autoantibodies in binding to the wild-type and quadruple mutant
Disc domain. Taking into account of that a large amount of CSF sample
will be needed to obtain a binding curve with a saturation phase for
determining a relative affinity, we selected high-titer Pat5 CSF. Given
that the same amount of CSF autoantibodies was added in plates, the
maximal OD450 should be identical for the wild-type and mutant Disc
domain to reach in a saturated phase. In order to characterize the re-
lative affinity, “q50” was used to correspond to the quantity of protein
where 50% of maximal OD450 is reached. As shown in Fig. 7, a q50
value of 0.07 μg was estimated for the wild-type protein. In contrast, for
the quadruple mutant we obtained a q50 value of 0.14 μg. These results
indicated that Pat5 CSF presented lower binding affinity with the
quadruple mutant than the wild-type Disc domain, and further verified
that the spots at the G69, A71, S77 and D78 in Disc domain are de-
terminant for LE autoantibody recognition.

4. Discussion

Autoantibodies directed against CASPR2 have been associated with
a long list of neurological immune disorders including limbic en-
cephalitis. Recently we have found that anti-CASPR2 antibodies in the
CSF are prone to occur in a subtype of autoimmune encephalitis with
limbic involvement and seizures [18]. Although CASPR2 contains dif-
ferent epitopes within the extracellular region [54], we and other have
shown that autoantibodies appear to predominantly target the N-
terminal region of CASPR2 and that the Disc domain harbors a major
epitope [32,33]. Coincidentally, it is the Disc domain that structurally
distinguishes the CASPR subfamily from the others in the neurexin
superfamily. Structural mapping of autoepitopes within human CASPR2
Disc domain will reveal how autoantibodies affect multifaceted func-
tions and extensive protein interactions of CASPR2.

Using the emerging technology of baculovirus-transduced mam-
malian cells that we have successfully used for structural biology of
glycoproteins [37,55], we fulfilled high expression of human CASPR2
Disc domain as well as its derivates. The crystal structure of human
CASPR2 Disc domain was determined to a high resolution of 1.31 Å,

Fig. 5. Protein-based ELISA analysis for Pat1 CSF autoantibodies at the in-
dicated dilutions binding to human CASPR2 Disc domain wild-type and eight
mutants.
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partially due to high purity and monodispersity of the recombinant
protein. To our best knowledge, this is the first atomic-resolution
structure of the CASPR subfamily members, which reveals that the Disc
domain assumes a totally all β structure with a conserved disulfide-

bond interlocking its N- and C-termini.
Although human CASPR2 Disc domain and coagulation factor V C2

domain share a barrel-like topology, their loops connecting the barrel-
wall β-strands have variable conformations. In human coagulation

Fig. 6. Protein-based ELISA analysis for 12 LE patients CSF binding to Disc domain and its four variants. (A) Binding of CSF autoantibodies from patients
(Pat1 ∼ Pat12) at the indicated arbitrary unit of antibody quantity to Disc domain wild-type and mutants. Herein, an arbitrary unit refers to the reciprocal of dilution
fold. (B) Percentage of optical density (OD) decrease for the binding of anti-CASPR2 antibodies from twelve LE patients on the indicated mutant versus the wide-type
CASPR2 Disc domain. For the patient 9, anti-CASPR2 binding to the mutants G69N/A71S, S77N and D78R was only tested once. (C) Summary of mutations and their
impairment on CASPR2 Disc binding to CSF from patients. “+++”, strong; “++”, medium; “+”, weak; “-”, ignorable.

Fig. 7. Binding curves of Pat5 CSF against coated Disc do-
main wild-type and quadruple mutant G69N/A71S/S77N/
D78R. The horizontal coordinate axis represents the protein
quantity used to coat the 96-well plates. 0.01, 0.2, 0.8 and
1.6 μg of Disc domain wild-type or quadruple mutant were
respectively used to coat the plates, while the same amount
of Pat CSF (diluted at 1:100) was added to each well. The
relative affinity is represented by “q50” which corresponds
to the quantity of protein where 50% of maximal OD450 is
reached. Given that the same amount of CSF autoantibodies
was added, the maximal OD450 for the wild-type and mutant
Disc domain should be identical and thus labeled as
“ODmax”. Due to limitation in CSF source, this experiment
was performed only once.
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factor V C2 domain, loops protrude like spikes out of one end of the
barrel and form a predominantly positive-charge region for membrane-
binding [40]. In contrast, human CASPR2 Disc domain defines the
counterpart end using four loops L1-L4 to constitute a relatively flat
surface, named “loop-tip surface”, which is basically neutral in the
center and has considerable electrostatic potential on the edge. Such a
surface property likely confers human CASPR2 Disc domain binding to
other proteins including autoantibodies, similar to the case of DDR2
Disc domain [52]. Consistently, the predicted epitopes by DiscoTope
within human CASPR2 Disc domain also point to the “loop-tip surface”
and adjacent barrel-wall surfaces (Fig. 4).

Since LE patient CSF samples were truly limited, we adopted three
rounds of EILSA assays to investigate which hot spots in CASRP2 Disc
domain are critical for CSF autoantibody recognition. In the first round,
we used one patient's CSF to screen Disc mutants. Among the eight
mutants S55N, G69N/A71S, S77N, D78R, Y82A, W134S, D143S and
R171E, three mutants G69N/A71S, S77N and D78R impaired Pat1's CSF
autoantibodies binding to the CASPR2 Disc domain (Fig. 5). In the
second round, we focused on the three mutants plus their combination.
The quadruple mutant of G69N/A71S/S77N/D78R showed a decreased
binding for 11 out of 12 LE patients' CSF autoantibodies (Fig. 6).
Meanwhile, anti-CASPR2 autoantibodies from two types of LE patients
might share the same epitope in Disc domain, since the quadruple
mutant impaired Disc binding to autoantibodies not only from patients
Pat1, Pat2, Pat3 and Pat4, but also from Pat8 and Pat9 (Fig. 6). Fur-
thermore, the quadruple mutations occur to the “loop-tip-surface” of
Disc domain, which implicates that LE patient CSF autoantibodies
might bind to Disc domain in a single-epitope fashion. From this point
of view, it is reasonable to quantitatively measure a relative affinity of
Disc domain binding to CSF although it is a complex mixture of anti-
CASPR2 autoantibodies. Therefore, in the third round of ELISA assay,
we tried to compare “relative affinity” of CSF autoantibodies in binding
to the wild-type and quadruple mutant Disc domain (Fig. 7). Due to
limited CSF sample availability, we selected CSF from the patient Pat5
that had highest titer of autoantibodies, coated different amounts of
Disc protein in plates, and put forward to the phrase “q50” to present
the relative affinity (Fig. 7). The higher q50 value for the quadruple
mutant Disc domain means its lower affinity for Pat5 CSF auto-
antibodies. This result further verified that the spots at the G69, A71,
S77 and D78 in Disc domain are determinant for LE autoantibody re-
cognition. Stated differently, the ELISA assay results indicate that the
“loop-tip surface” in human CASPR2 Disc domain bears hot spots for LE
autoantibodies recognition. Different from either G69N/A71S or S77N
mutations that likely introduced N-linked glycans as steric hindrance
for antigen-antibody interaction, the charge-reversal mutation of D78R
implicated that CASPR2 recognition by autoantibodies in LE patients
likely depends on electrostatic complementarity. Interestingly, these
hot spots are located on the loop L1. Intrinsic flexibility of this loop
might increase the capacity for movement to form strong antigen-an-
tibody interactions by “induced fit” [56]. Indeed, flexibility appears to
be a structural feature associated with epitope sites on autoantigenic
molecules [57,58].

Recently, some authors showed that anti-CASPR2 antibodies asso-
ciated with limbic encephalitis mainly target hippocampal inhibitory
interneurons and may induce alteration of CASPR2-mediated inhibitory
synaptic contacts [32]. It was reported that in utero exposure to
CASPR2-directed autoantibodies cloned from a mother of an ASD child
can lead to an ASD-like phenotype in mice [11], although this ob-
servation seemed controversial [59]. Adult CASPR2 KO mice exhibited
a significant decrease in the number of inhibitory interneurons and
ASD-like behavioral abnormalities [28]. Thus, it seems that anti-
CASPR2 autoantibodies could play a fundamental role in the patho-
genic processes through a functional effect on CASPR2 [18], which is
similar to the effects exerted through gene knockout. Since functions of
CASPR2 may operate via interactions with other proteins such as TAG-1
and the VGKC complex subunits [1,21,60,61], we propose that CASPR2

autoantibodies would compete with these proteins for CASPR2 binding.
Indeed, it was shown that CASPR2 autoantibodies were able to decrease
CASPR2-TAG-1 association in ELISA [62].

As revealed by electron microscopy, the N-terminal domains, in-
cluding the Disc domain, of CASPR2 form a large lobe that deviates
from the main body of molecular architecture [34]. Such a domain
arrangement would facilitate exposure of the “loop-tip surface” of the
Disc domain for interactions with an endogenous ligand or auto-
antibodies. From this point, future searching for the endogenous ligand
of CASPR2 might be based on the Disc domain. A caveat for this
strategy is that autoantibodies against CASPR2 target other regions
beyond the Disc domain [18]. The fact that CASPR2 has multiple au-
toepitopes may explain that Pat12 autoantibodies maintained its
binding to the quadruple mutant in the protein-based ELISA assay. This
may also underlie the fact that autoantibodies against CASPR2 associate
with a wide spectrum of symptoms, including limbic or more extensive
encephalitis [63]. Given that autoantibodies from a subset of LE pa-
tients may target the Disc domain of CASPR2 and would likely compete
with a potential endogenous ligand, some autoantibodies in a wider
range of pathogenic conditions might direct against multiple domains
of CASPR2 and antagonize interactions with other proteins.

In summary, we have determined the crystal structure of human
CASPR2 Disc domain and found that the quadruple mutant G69N/
A71S/S77N/D78R impaired CASPR2 binding to autoantibodies from 11
out of 12 LE patients. These findings indicate that the loop L1 in the
Disc domain bears hot spots for LE autoantibody interaction. Together
with our previous study [32], structural mapping of autoepitopes
within human CASPR2 Disc domain sheds light on how autoantibodies
might affect CASPR2 functions in the pathological contexts such as
limbic encephalitis.
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 Identification des épitopes dans le domaine discoidine et laminine 
G1, travaux complémentaires non publiés en lien avec l’article 2. 

 
 En complément de ces travaux, j’ai cherché à identifier les épitopes reconnus par les 

anticorps anti-CASPR2 de patients dans les domaines discoidine et laminine G1. 

L’identification du ou des épitope(s) des anticorps anti-CASPR2 rend possible la création de 

peptides permettant : (1) la mise en place d’un test diagnostic clinique à moindre coût pour 

la détection des anticorps anti-CASPR2 ; (2) l’étude de l’impact des anticorps en bloquant 

leur action ; (3) le développement d’éventuels traitements pour les patients.   

Un épitope est une séquence reconnue par les anticorps de 4 à 8 acides aminés (a.a.) 

qui peut être linéaire ou conformationnel. Dans le cas d’un épitope linéaire, les a.a. se 

suivent et peuvent être reconnus même lorsque la protéine a perdu sa conformation. Dans 

le cas d’un épitope conformationnel, les a.a. sont distants les uns des autres et ne sont plus 

reconnus lorsque la protéine perd sa conformation. Concernant les anticorps anti-CASPR2, 

l’existence d’épitopes linéaires sur la protéine CASPR2 a été montrée par une étude 

décrivant la capacité des anticorps de patients à reconnaître la protéine CASPR2 dénaturée 

en Western Blot (Olsen et al., 2015). Par ailleurs, les épitopes conformationnels étant 

particulièrement difficiles à identifier, nous nous sommes davantage intéressés aux épitopes 

linéaires. Pour cela, nous avons utilisé des lames contenant 96 cupules de cellulose 

recouvertes de peptides (celluspot) en duplicatas. Les peptides recouvrent l’intégralité des 

domaines discoidine et laminine G1 et sont composés de 15 a.a se chevauchant sur 11 a.a.. 

De plus, nous avons intégré trois peptides contrôles et des peptides contenant une ou 

plusieurs des 8 mutations utilisées précédemment (Article 2). Des prélèvements de LCR et de 

sérum de 10 patients ont été testés. Nous avons considéré la présence d’un épitope lorsque 

plus de trois peptides à la suite sont reconnus par les auto-anticorps. 

 

La figure 29A présente des exemples de celluspot pour le LCR et sérum d’un patient 

contrôle et d’un patient avec des anticorps anti-CASPR2. Nous avons pu mettre en évidence 

des épitopes chez 6/10 patients testés qui peuvent être différents en fonction du patient 

(Figure 29B). De plus, avec la plupart des LCR, aucun signal n’est observé ; inversement, 

certains sérums présentent un bruit de fond trop élevé pour discerner un motif de marquage 

particulier. Le résultat du celluspot dans ces deux cas est noté « négatif » (Figure 29B). Nous 



avons ainsi identifié deux épitopes dans le domaine discoidine et deux épitopes dans le 

domaine laminine G1. Dans le domaine discoidine, un épitope se retrouve majoritaire, 

puisque retrouvé chez quatre patients ; le second n’étant observé que chez un patient 

(Figure 29B). Dans le domaine laminine G1, un épitope semble également majoritaire et 

retrouvé chez trois patients contrairement au second qui n’est observé que chez un patient 

(Figure 29B). En se basant sur la séquence de chaque peptide nous avons déterminé la 

séquence maximale en a.a. de chaque épitope (Figure 29C).  

 

 
Figure 29 : Détermination des épitopes en celluspot. Les lames sont bloquées 2h à 
température ambiante en lait 5% puis incubées sur la nuit à 4°C avec les anticorps de patient 
dilués dans du lait 5%. Elles sont ensuite lavées et incubées 1h à température ambiante avec 
les anticorps secondaires anti-humain couplés à la peroxydase de raifort (HRP) dilués au 
1 :10 000 dans du lait 2,5%. Les lames sont ensuite lavées et révélées en chemiluminescence. 
A) Example d’un test celluspot avec des prélèvements de LCR et de sérum d’individu 
contrôle (sans anti-CASPR2) et de patient présentant une EL à anti-CASPR2 (LE4). Les barres 
en rose et bleu montrent les peptides reconnus dans les domaines discoidine et laminine G1 
respectivement. B) Tableau récapitulatif des résultats celluspot et détermination de la 
séquence en a.a. reconnue pour les 10 patients testés. Un épitope dans le domaine 



discoidine ou laminine G1 a pu être déterminé pour 6/10 patients. Le patient LE8 correspond 
au patient testé sur toutes les mutations en ELISA. C) À partir des séquences en a.a des 
peptides reconnus, nous avons déterminé la séquence maximale en a.a. de chaque épitope 
 

Pour certains patients, nous n’avons pas réussi à identifier un épitope (négatif). Pour 

autant, nous savons que tous les patients possèdent des anticorps contre le domaine 

discoidine. Ainsi, ces résultats peuvent être dus à (1) une sensibilité/résolution du test trop 

faible ou (2) à la présence d’épitopes conformationnels, indétectables en celluspot.  

Par ailleurs les épitopes identifiés dans le domaine discoidine correspondent bien aux 

régions prédites comme épitopiques grâce à la structure mais ne correspondent pas aux 

régions identifiées en ELISA (épitope E1 et E2) (Figure 30) (Article 2). Deux explications sont 

possibles pour de telles différences : (1) il existerait plusieurs épitopes, linéaires et 

conformationnels. Les épitopes détectés en ELISA (E1 et E2) seraient conformationnels et ne 

seraient donc pas détectés en celluspot. De plus, les épitopes détectés en celluspot (C1 et 

C2) n’étant pas impactés par les mutations S55N et W134S, ils ne seraient pas détectés en 

ELISA. (2) Les épitopes identifiés en celluspot seraient les seuls existants. Les mutations 

diminuant la reconnaissance par les anticorps de patient en ELISA (épitopes E1 et E2) 

perturberaient la conformation du domaine discoidine, empêchant l’accès des anticorps à 

leur épitope : C1 et/ou C2. 

 

 

 

 



 
Figure 30 : Epitopes du domaine discoidine déterminés par celluspot et ELISA. La structure 
3D du domaine discoidine est représentée ainsi que les 9 acides aminés mutés situés dans 
les régions épitopiques prédites. En celluspot, nous avons identifié deux épitopes au niveau 
des a.a. S55 (C1) et W134 (C2). En ELISA les mutations des a.a. S69 (E1) et S77/D78 (E2) 
induisent une diminution de la reconnaissance du domaine discoidine par les anticorps de 
patients. 
 

 Annexe 2 : Importance des domaines discoidine et laminine G1 de 
CASPR2, étude et cartographie des mutations CNTNAP2  

Contactin-associated protein-like 2, a protein of the neurexin family involved 
in several human diseases.  
Saint-Martin M, Joubert B, Pellier-Monnin V, Pascual O, Noraz N, Honnorat J. Eur J 
Neurosci. 2018 Aug;48(3):1906-1923. doi: 10.1111/ejn.14081. Epub 2018 Aug 16. 
Review. 
 

Nous avons souhaité apporter des éléments pouvant nous renseigner sur 

l’importance des domaines discoidine et laminine G1 dans la fonction de CASPR2. Un moyen 

d’évaluer l’importance de ces domaines est d’étudier leur implication dans d’autres 

pathologies comme les maladies génétiques. Pour ce faire, j’ai répertorié les mutations du 

gène CNTNAP2 identifiées chez les patients atteints de maladies neurodéveloppementales. 

L’analyse de la répartition de ces mutations permet d’identifier des régions du gène 

particulièrement concernées par les mutations et/ou associées à un type de pathologie et 

donc potentiellement importantes pour les fonctions de CASPR2.  



 

J’ai donc répertorié et cartographié les mutations du gène CNTNAP2 touchant 

uniquement les parties codantes (exons) (Figure 31). Bien que, comme décrit dans le 

chapitre « maladies associées à CASPR2 », la plupart des patients présentent une 

combinaison de présentations cliniques, seule la présentation clinique majeure ou 

initialement diagnostiquée est représentée ici (Figure 31).  

 

 
Figure 31 : Cartographie des mutations CNTNAP2 (Revue Saint-Martin et al., 2018). Le gène 
CNTNAP2 et ses 24 exons codant pour les différents domaines de CASPR2 sont représentés. 
Les larges délétions ou duplications de gène (CNVs) sont représentées par des barres au-
dessus du gène. Les mutations ponctuelles sont représentées par des flèches sous le gène et 
les mutations stop sont soulignées. La référence (nom de l’auteur et date de publication) est 
spécifiée pour chaque mutation. Certains patients possèdent plusieurs mutations du gène 
CNTNAP2 qui sont indiquées par l’indice p1 (patient 1) à p4 (patient 4). La présentation 
clinique majeure associée à la mutation est représentée en différentes couleurs (encadré). 
Pour chaque présentation clinique, le nombre de mutations et de patients répertoriés est 
indiqué entre parenthèse (encadré).  



 

Une fois les mutations répertoriées j’ai étudié leur distribution sur les 24 exons 

codant pour CASPR2. Cette distribution est comparée entre les patients rapportés dans cette 

étude (Figure 31) et les individus sains de la population globale rapportés dans la banque de 

données ExAC (Exome Aggregation Consortium) (Lek et al., 2016). Cette banque de données 

a été créée en excluant les individus présentant de sévères maladies pédiatriques. Le 

nombre de mutations a été répertorié chez les patients (Groupe patient : 49 mutations au 

total dont 24 mutations ponctuelles (PM) et 25 délétions/duplications (Copy Number 

Variation, CNVs) ainsi que dans la population ExAC (Groupe ExAC : 539 mutations au total 

dont 528 PM et 11 CNVs). Ensuite, le pourcentage du nombre total de mutations a été 

calculé pour chaque exon (nombre de mutations dans l’exon X/nombre total de mutations) 

et représenté sous forme de courbes (Figure 32). Lorsque tous les types de mutations sont 

pris en compte, aucune tendance ne ressort pour un exon en particulier (Figure 32A). Par 

ailleurs, si on étudie séparément les PM et les CNVs, aucune différence n’est observée pour 

les PM (Figure 32B). Par contre, un nombre élevé de CNVs semblent cibler les exons codant 

pour le domaine discoidine (F58C) de CASPR2 dans le groupe patient (respectivement 10,8%, 

12,8% et 6,9% des mutations totales sur les exons 1-3) comparé au groupe ExAC 

(respectivement 1,7%, 1,7% et 5,2% des mutations totales sur les exons 1-3) (Figure 32C). 

Les CNVs identifiées dans ce domaine sont majoritairement associées à l’épilepsie et aux 

déficiences intellectuelles.  

 

D’autre part, les mutations identifiées chez les patients atteints d’autisme sont en 

majorité des mutations ponctuelles (Figure 31). En étudiant la répartition de ces mutations 

ponctuelles, on note un pourcentage légèrement plus élevé de mutations dans le domaine 

laminine G4 chez ces patients, comparé à la population ExAC (Figure 32D).   

 



 
Figure 32 : Etude comparative des mutations de CNTNAP2 (Revue Saint-Martin et al., 
2018). Distribution des mutations sur les 24 exons codant pour CASPR2. Groupe patient : 49 
mutations au total dont 24 mutations ponctuelles (PM) et 25 délétions/duplications (Copy 
Number Variation, CNVs) ; Groupe ExAC : 539 mutations au total dont 528 PM et 11 CNVs. Le 
pourcentage du nombre total de mutations est calculé pour chaque exon ou domaine 
(nombre de mutations dans l’exon X/nombre total de mutations) et représenté sous forme 
de courbes. A) Comparaison de toutes les mutations. B) Comparaison des mutations 
pontcuelles. C) Comparaison des CNVs. D) Comparaison des mutations ponctuelles associées 
à l’autisme par domaine. 

 
En résumé, il ressort de ce travail deux domaines d’intérêt au regard de la fonction 

de CASPR2 : le domaine discoidine N-terminal, corroborant son implication potentielle dans 

l’EL (Article 1) et le domaine laminine G4, proche de la membrane. 



II. Etude de l’impact des auto-anticorps anti-CASPR2 de patients sur le 
complexe CASPR2/TAG-1/Kv1.2 

 
 Article 3 :  

CASPR2/TAG-1/Kv1.2 interactions and impact of anti-CASPR2 auto-antibodies 
from patients with limbic encephalitis. 
Saint-Martin M., Déchelotte B., Honnorat J., Pellier-Monnin V., Noraz N. 
 

La caractérisation des anticorps anti-CASPR2 de patients présentant une EL suggère 

un rôle direct des anticorps sur la fonction de CASPR2. Or, CASPR2 est essentiellement 

connue pour son rôle dans le rassemblement des canaux potassiques aux nœuds de Ranvier 

à l’aide de son partenaire TAG-1. Au sein de ce complexe, CASPR2 pourrait avoir différentes 

fonctions : (1) réguler la localisation du complexe, de par son association avec les protéines 

du cytosquelette ; (2) moduler l’adhésion cellulaire, de par son interaction avec TAG-1 ; (3) 

contrôler l’excitabilité neuronale, de par son interaction avec les Kv1. Notre hypothèse de 

travail a été de considérer que les anticorps seraient capables de perturber une ou plusieurs 

de ces fonctions. C’est la raison pour laquelle nous nous sommes intéressés à l’impact des 

anticorps anti-CASPR2 sur le complexe CASPR2/TAG-1/Kv1.2. 

 

Nous avons montré que les anticorps sont capables de perturber les interactions en 

cis entre CASPR2 et TAG-1 (de l’ordre de 20% de diminution). Par ailleurs, nos résultats 

montrent que le domaine discoidine n’interagit pas avec TAG-1 alors que le domaine 

laminine G1 est suffisant, bien que non nécessaire, pour cette interaction. L’utilisation de 

mutants de délétion sur toute la protéine nous a permis d’identifier les domaines EGF2-

laminineG4 comme les domaines majeurs d’interaction entre CASPR2 et TAG-1. Nous avons 

ensuite montré que les domaines Ig et Fn de TAG-1 sont capables d’interagir avec CASPR2 ; 

cette interaction serait favorisée par le dépliement de TAG-1 en forme ouverte, modulant 

ainsi les contacts cellulaires. Nous nous sommes ensuite intéressés à la capacité des 

anticorps anti-CASPR2 à moduler l’adhésion cellulaire par l’intermédiaire de TAG-1. 

Cependant, nous n’avons observé aucun effet des anticorps anti-CASPR2 dans le modèle 

cellulaire testé. Pour finir, nous avons étudié la relation possible entre CASPR2 et 

l’expression des Kv1. Nous avons montré que les anticorps anti-CASPR2 sont capables 

d’augmenter l’expression en surface des Kv1.2 sans toutefois impacter l’expression de 



CASPR2 en surface. De plus, nous avons montré que CASPR2 modulerait l’expression des 

Kv1.2 en surface de manière dose dépendante.  

 

Ainsi, CASPR2 jouerait un rôle majeur dans l’expression de surface des Kv1.2 et cette 

expression serait modulée par les anticorps de patient. L’expression de CASPR2 en surface 

étant inchangée, les mécanismes par lesquels passent cette fonction restent à déterminer. 

Entre autres, il serait intéressant de connaitre la place de TAG-1 dans cette fonction dont 

l’interaction avec CASPR2 est perturbée par les auto-anticorps. 
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Abstract
Autoantibodies against CASPR2 (contactin-associated protein-like 2) have been 

linked to autoimmune limbic encephalitis that manifests with memory disorders and temporal 

lobe seizures. According to the growing number of data supporting a role for CASPR2 in 

neuronal excitability, CASPR2 forms a molecular complex with transient axonal glycoprotein-

1 (TAG-1) and shaker-type voltage-gated potassium channels (Kv1.1 and Kv1.2) in 

compartments critical for neuronal activity and is required for Kv1 proper positioning. 

Whereas the perturbation of these functions could explain the symptoms observed in 

patients, the pathogenic role of anti-CASPR2 antibodies has been poorly studied. In the 

present study, we find that patient autoantibodies alter Caspr2 distribution at the cell 

membrane promoting cluster formation. We confirm in a HEK cellular model that the anti-

CASPR2 antibodies impede CASPR2/TAG-1 interaction and we identify the domains of 

CASPR2 and TAG-1 taking part in this interaction. Moreover, introduction of CASPR2 into 

HEK cells induces a marked increase of the level of Kv1.2 surface expression and in cultures 

of hippocampal neurons Caspr2-positive inhibitory neurons appear to specifically express 

high levels of Kv1.2. Importantly, in both cellular models, anti-CASPR2 patient autoAb 

increase Kv1.2 expression. These results provide new insights into the pathogenic role of 

autoAb in the disease. 

Keywords: CASPR2, TAG-1, Kv1, autoimmune encephalitis, autoantibody, domains of 

interaction
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1-Introduction

Contactin-associated protein-like 2 (CASPR2) is a neuronal cell adhesion protein of 

the neurexin family expressed in the central and peripheral nervous system [1]. 

Autoantibodies (autoAb) against CASPR2 have been linked to acquired neuromyotonia 

(NMT) a peripheral nerve hyperexcitability syndrome [2], Morvan’s syndrome (MoS), which 

combines NMT and encephalopathy [3] and autoimmune encephalitis (AE), a CNS-specific 

syndrome [4,5]. The presence of anti-CASPR2 Ab not only in serum but also in cerebrospinal 

fluid of AE patients was associated with rather homogeneous clinical features. They are men 

around 60 years of age with prevalent symptoms of limbic dysfunction, including memory 

disorders, temporal lobe seizures, and frontal lobe impairment [6,7]. CASPR2 autoAb were 

initially identified as Ab recognizing voltage-gated potassium channel (VGKC) [2]. However, it 

has become apparent that they principally target LGI1 or CASPR2. All these proteins belong 

to a complex referred as VGKC complex [8,9].

CASPR2 is a rather compact transmembrane protein with a C-terminal intracellular 

region that contains a 4.1B-binding motif and a type II PDZ-binding motif allowing, 

respectively, its interaction with cytoskeleton-associated proteins and scaffolding proteins. 

The extracellular part is composed of an N-terminal discoidin-like domain, four laminin G-like 

domains, two epidermal growth factor-like domains and a fibrinogen-like domain [10]. Anti-

CASPR2 autoAb recognize multiple domains of the protein. Interestingly, all patients present 

autoAb directed against the discoidin and laminin G1 N-terminal domains and some, 

recognize only those two domains [6,7,11,12], suggesting that autoAb binding to the 

discoidin and laminin G1 domains is involved in the development of the disease. Besides, 

anti-CASPR2 autoAb are mainly IgG4 [6,7], a subclass that binds weakly to Fc-γ receptors 

and do not activate complement. IgG4 could be considered as blocking Ab (i.e. Ab binding to 

its antigenic target disrupts its function). 

CASPR2 forms a molecular complex with shaker-type voltage-gated potassium 

channels (Kv1.1 and Kv1.2) and transient axonal glycoprotein-1 (TAG-1), a glycosyl-

phosphatidylinositol (GPI)-anchored adhesion molecule of the Ig superfamily also referred as 

Axonin-1 or Contactin-2 [13–16]. Proteins forming this complex were found co-enriched in 

compartments critical for neuronal activity including the axon initial segment (AIS) [17] and 

the juxtaparanodal region (JXP) of node of Ranvier (NOR) on myelinated axons [13,15]. 

Importantly, in CASPR2 KO mice, Kv1 and TAG-1 were no longer enriched at the JXP 

[13,18] and in the same way, in TAG-1 KO mice, Kv1 and CASPR2 were both mislocalized 

[15]. These data put into light the co-requirement of CASPR2 and TAG-1 for Kv1 proper 

positioning. In line with these findings and with the key function of Kv1 in controlling action 

potential propagation, CASPR2 has been involved in the regulation of intrinsic neuronal 
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excitability [18,19]. In regards with anti-CASPR2 autoAb, some data support these findings. 

For instance, anti-CASPR2 autoAb impede CASPR2/TAG-1 interaction in a solid-phase 

binding assay [20]. Furthermore, CASPR2 autoAb enhance the excitability of DRG (dorsal 

root ganglion) neurons in a cell-autonomous fashion through regulation of Kv1 channel 

expression [19]. In the present study, experiments were conducted to bring further evidence 

of a pathogenic role of anti-CASPR2 autoAb in the disease. 
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2-Materials and methods.

2.1-Patient sera and IgG purification. 
Sera from four patients with AE were obtained from the Centre National de Référence 

pour les Syndromes Neurologiques Paranéoplasiques in Lyon, France. All patients displayed 

temporal lobe seizures and memory disorders and were tested positive for anti-CASPR2 

autoAb [6,21]. Informed consent was obtained for every patient and the present study was 

granted by the institutional review board of the Hospices Civils de Lyon (Comité de 

Protection des Personnes SUD-EST IV). We also used three control sera collected from 

healthy blood donors at Etablissement Français du Sang. The titer of anti-CASPR2 autoAb in 

the sera used in this study was previously determined using an HEK cell-based assay [6,21]. 

Importantly, serum antibody titers (last dilution of serum giving a positive signal) were high 

around 1:10.000 and equivalent among patients. To purify IgG, sera were incubated with 

protein-A Sepharose 4 Fast FlowTM beads (SIGMA) 2h at room temperature (RT) on rotation, 

transferred to columns and washed 3 times with PBS. IgG were eluted in glycine buffer 

pH2.8, neutralized in Tris buffer pH8.8 and dialyzed overnight at 4°C in PBS (Slide-A-lyser 

G2 Dialysis Cassettes 0.5-3ml ThermoFisher). IgG concentration was then measured using 

micro BCA protein assay kit (ThermoFisher). Purified IgG were sterilized on 0.22μm filters 

and kept at -80°C. Patient (Pat) and control (Ctl) IgG were either used separately or as a 

pool (pPat: equimolar concentration of Pat 2, Pat 3 and Pat 4 purified IgG; pCtl: equimolar 

concentration of Ctl 1, Ctl 2 and Ctl 3 purified IgG).

 

2.2-Constructs.
The CASPR2-GFP plasmid, the CASPR2-HA (Hemagglutinin tag) and derived 

deleted constructs, CASPR2 Δ1, CASPR2 Δ2, CASPR2 Δ3, and CASPR2 Δ4, kindly 

provided by C. Faivre-Sarrailh, as well as CASPR2-Discoidin (D) and CASPR2-LamininG1 

(L1) constructs were previously described [12]. The CASPR2-EGF2-LaminineG4 (E2L4) 

construct was obtained using reverse PCR on full-length CASPR2-HA plasmid and In-Fusion 

kit (Clontech). PCR amplified products were verified by sequencing (Eurofins). The TAG-1-

GFP plasmid, TAG-1-GFP ΔFn and TAG-1-GFP ΔIg constructs, kindly provided by D. 

Karagogeos, were previously described [22]. The TAG-1-GFP ΔIg5 construct was obtained 

using reverse PCR on TAG-1-GFP full-length plasmid and In-Fusion kit (Clontech). The 

surface expression of proteins derived from all the plasmids used in this study has been 

validated in HEK cells (Fig. S1). 

2.3-Antibodies
The primary and secondary antibodies used in this study are described in Table 1.
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2.4-Cell lines and transfection.
HEK 293T cells were purchased from ATCC and cells referred in this paper as HEK-

Kv were kindly provided by A. Morielli. HEK-Kv are HEK 293 cells stably expressing m1 

mAChR, Kv1.2 and its Kvβ2 subunit [23]. Cells were grown in DMEM (ThermoFisher) SVF 

10%, P/S 1% and transfected using the lipofectamine LTX kit (Invitrogen). 

2.5-Immunoprecipitation and Western Blot.
For immunoprecipitation (IP) and Western Blot analysis, 24 hours after transfection 

HEK cells were lysed 10min at 4°C in lysis buffer pH7.5 containing NaCl 150mM, HEPES 

50mM, Triton 1%, octyl-β-glucoside 60mM (ThermoFisher), protease (Roche) and 

phosphatase (0.1mM NaF, 0.1mM Na3VO4, 1mM PMSF, 1mM benzamidine) inhibitors. 

Lysates were centrifuged at 4°C, 10min 12000g, supernatant was collected and protein 

concentration was evaluated using the micro BCA protein assay kit (ThermoFisher). 

Immunoprecipitation was performed using 150μg of protein lysate and 1μg of indicated Ab. 

Tubes were placed at 4°C with rotation overnight and then protein G agarose fast flow beads 

(Millipore) were added for 2h. Supernatant was discarded and beads were washed three 

times in 500μl lysis buffer. Immunoprecipitated proteins were then eluted in Laemmli DTT 

buffer, 5min at 95°C. Proteins were separated onto Criterion XT Bis-Tris precast 10% gels 

(Bio-Rad) and transferred onto nitrocellulose membrane (GE Healthcare). Membranes were 

blotted with the indicated Abs and revealed using Substrat HRP Immobilon Western 

(Millipore). Reactive proteins were visualized using the Chemidoc MP Imaging System (Bio-

Rad). Band intensities were quantified using ImageJ and the ratio of protein co-

immunoprecipitated/protein immunoprecipitated was calculated. In order to normalize for 

inter-experiment variations, ratios obtained for each condition were summed and results 

were expressed as a fraction of the summed ratios. 

For surface immunoprecipitation transfected HEK cells were incubated with control or 

patient purified IgG (5μg/mL) for 24h at 37°C. After one wash in PBS, cells were incubated 

with an anti-HA Ab or control anti-myc Ab (2μg/mL) for 1h at room temperature, washed 

twice in PBS and lysed. Protein lysates were then processed as described above. 

For the Biotinylation experiments hippocampal neurons (21 DIV) were treated for 24 

hours with pooled patient or control IgG and cell surface proteins were biotinylated using the 

Pierce Cell Surface Protein Isolation Kit (ThermoFisher) following manufacturer’s 

instructions. The obtained total and surface fractions were denaturated for 5min at 95°C in 

Laemmli DTT and separated onto 4-15% Criterion TGX Stain-Free Precast Gels (Bio-Rad). 

Loaded proteins were quantified after transfer to nitrocellulose membrane using the 

Chemidoc MP Imaging System. Membranes were blotted with anti-CASPR2 Ab (ab33994). 
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Reactive proteins were visualized with SuperSignal West Pico Chemiluminiscent Substrate 

(ThermoFisher, 34580) using the Chemidoc MP Imaging System. Band intensities were 

measured using Image Lab (version 5.2.1, Bio-Rad) and for each sample the ratio of Caspr2 

to total loaded protein was calculated.

2.6-Flow cytometry.
HEK-Kv cells were used for flow cytometry analysis. Cells were incubated with either 

patient or healthy control purified IgG at a concentration of 16μg/mL for 24h at 37°C. HEK 

cells were washed with PBS one time and incubated with 154mM sodium azide for 10 

minutes at 37°C, to limit endocytosis as previously described [24]. Cells were then washed 

with PBS and primary antibody was incubated for 1h at 4°C in PBS 2% BSA. Cells were 

washed three times in PBS and secondary antibody was incubated for 30 minutes at 4°C in 

PBS 2% BSA. After three washes in PBS, cells were then processed in the cytometer (three-

laser FACS Canto II) and median of fluorescence intensity was measured for each 

parameter. In these experiments, Kv1.2 was labeled with anti-Kv1.2 Ab (APC 162) and 

Alexa647-conjugated secondary Ab; CASPR2 was labeled with anti-HA Ab and Alexa405-

conjugated secondary Ab; TAG-1-GFP expression was directly measured. In order to 

normalize for inter-experiment variations, medians of fluorescence intensity obtained for each 

condition were summed and results were expressed as a fraction of the summed medians. 

2.7-Primary hippocampal neuronal culture.
Primary hippocampal neuron cultures were prepared from E18 Wistar rat embryos 

(Janvier Labs). Pregnant rats were deeply anesthetized by isoflurane (Ceva) inhalation and 

embryos were taken out by Caesarean section. Hippocampi were isolated in Hank’s buffered 

salt solution (HBSS) (Gibco) and transferred for dissociation in HBSS supplemented with 

10% (v/v) trypsin (Gibco) for 10min at 37°C. Hippocampi were then washed with 4% (w/v) 

bovine serum albumin (BSA) and triturated. Cells were plated onto poly-L-lysine (0.5mg/mL) 

coated coverslips in Neurobasal medium (Gibco) supplemented with 2% (v/v) B27 (Gibco), 

0.3% (v/v) L-glutamine (Invitrogen) and 1% (v/v) penicillin-streptomycin (invitrogen). Cells 

were cultured for 14 or 21 days at 37°C in a humidified atmosphere containing 5% CO2. 

Animal care and procedures were conducted according to the European Community Council 

Directive 2010/63/UE and the French Ethical Committee.

2.8-Immunocytofluorescence.
For surface Caspr2 and total Kv1.2/GAD65 staining hippocampal neurons were 

treated at 20 DIV (days in vitro) with patient or control purified IgG at 16μg/mL, for 24h at 

37°C. At 21 DIV neurons were washed in Neurobasal and surface Caspr2 was stained using 
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the pool of patient IgG (pPat) as primary Ab at 5μg/mL, for 30min at 37°C. Neurons were 

then washed in Neurobasal, fixed in 4% (v/v) PFA for 10min, blocked with 3% (w/v) BSA in 

PBS for 30min and incubated for 30min at RT with secondary Ab. After washing in PBS 

neurons were permeabilized for 30min at RT with 3% (w/v) BSA in PBS 0.3% (v/v) Triton X-

100 (PBS-T) and incubated for 1h at RT with anti-Kv1.2 (K14/16) and anti-GAD65 primary 

Ab. Neurons were then washed in PBS-T and incubated for 1h at RT with secondary Ab. 

After washing in PBS, nuclei were stained using 0.1μg/mL Hoechst (ThermoFisher) for 5min 

at RT.

For surface and total CASPR2-GFP staining, neurons were transfected at 11 DIV with 

CASPR2-GFP plasmid using the Lipofectamine LTX kit (Invitrogen) and treated at 13 DIV 

with patient 1 or control 1 IgG at 16μg/mL for 24h at 37°C. Neurons were washed in 

Neurobasal and surface CASPR2-GFP was stained with anti-GFP primary Ab for 30 min at 

37°C. Neurons were then washed in Neurobasal, fixed in 4% (v/v) PFA for 10min, blocked 

with 3% (w/v) BSA in PBS for 30min and incubated for 30min at RT with alexa555 secondary 

Ab. After washing in PBS neurons were permeabilized for 30min at RT with 3% (w/v) BSA in 

PBS-T and incubated for 1h at RT with anti-GFP primary Ab. Neurons were then washed in 

PBS-T and incubated for 1h with alexa488 secondary Ab. After washing in PBS, nuclei were 

stained using 0.1μg/mL Hoechst (ThermoFisher) for 5min at RT.

For all experiments coverslips were mounted in FluorPreserve Reagent (Calbiochem) 

and stored at 4°C until image acquisition.

2.9-Image acquisition and analysis
Images were acquired using Zeiss Axio Imager Z.I ApoTome microscope and for the 

quantitative analysis a fixed exposition time was applied to the different experimental 

conditions. To quantify surface Caspr2 signal intensities, images were analyzed using ICY 

Spotdetector Plugin (version 1.9.10.0, BioImage Analysis Unit Institut Pasteur). The mean 

intensity of the clusters/spots detected was multiplied by cluster area to get total signal 

intensity per cluster. Values were summed and divided by total surface occupied by clusters. 

Results were expressed as mean Caspr2 signal intensity. 

To analyze surface CASPR2-GFP expression, a ROI corresponding to transfected 

neuron was defined based on the surface occupied by green signal (total CASPR2-GFP). 

Red signals (surface CASPR2-GFP) included in the ROI were then quantified using ICY 

Spotdetector and results depicted as cluster size, cluster intensity and cluster number per 

μm2 of neuron. 

To analyze Kv1.2 expression, ROIs with the same surface across different 

experimental conditions were defined along neurites based on the red signal (surface 
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Caspr2). Green signal intensities (total Kv1.2) included in the ROI were then quantified using 

ICY and results depicted as intensity arbitrary units.

2.10-Statistical analysis
GraphPad Prism software was used for all statistical tests. Depending on the experimental 

setting, data were compared using a Mann-Whitney, a Kruskal-Wallis or a Wilcoxon signed-

rank test. Data were represented as mean±SD and significance was set for a p value ≤ 0.05. 
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3-Results.

3.1-Patient anti-CASPR2 autoAb impede CASPR2/TAG-1 interaction.
Using an acellular solid phase binding assay, it has been shown that CASPR2 and 

TAG-1 directly interact through their extracellular domains and that anti-CASPR2 patient sera 

inhibited this interaction [20]. Here, in a first set of experiments, we asked whether anti-

CASPR2 autoAb from AE patients were able to perturb CASPR2/TAG-1 interaction in a 

cellular model. HEK cells co-transfected with CASPR2-HA and TAG-1-GFP were incubated 

for 24 hours with healthy donor (Ctl) or patient (Pat) IgG purified from serum to avoid any 

side effects due to other serum proteins. Cells were then further incubated with an anti-HA 

Ab before lysis to specifically immunoprecipitate the fraction of CASPR2 present at the cell 

surface. The ratio of TAG-1 co-immunoprecipitated (co-IP) over CASPR2 

immunoprecipitated (IP) was assessed. As shown in Figure 1A, co-IP TAG-1 was observed 

in surface CASPR2 immunoprecipitates obtained from cells treated with Ctl or Pat IgG, but 

not in the control immunoprecipitates (Ctl IP) for which co-transfected HEK cells were 

incubated 24 hours with PBS and incubated with an irrelevant control Ab before lysis. 

Compared with Ctl IgG the level of co-IP TAG-1 was diminished in Pat IgG treated cells (Ctl: 

0.55±0.09; Pat: 0.44±0.09 p<0.01). Notably, a 20% and 19% decrease of TAG1-binding was 

observed using patient 2 and patient 3 IgG respectively whereas decreased binding was 

rather low on cells incubated with patient 1 IgG (7% decrease) and not observed with patient 

4 IgG (Fig. 1B). 

3.2-The EGF2 and laminin G4 domains of CASPR2 are critical for TAG-1 interaction.
To get a better understanding of the decreased CASPR2/TAG-1 binding observed in 

the presence of patient autoAb, we conducted experiments to determine which domain(s) of 

either protein was responsible for their interaction. Notably, both CASPR2/TAG-1 cis- and 

trans-interactions have been reported [13,15,25] and in CASPR2 and TAG-1 co-transfected 

HEK cells, both types of interactions are possible. We therefore first evaluated the 

contribution of CASPR2/TAG-1 trans-interactions in our model. To this end, HEK cells were 

either, co-transfected with plasmids coding for CASPR2-HA and TAG-1-GFP proteins (C2T1) 

allowing cis and trans associations or, cells were separately transfected with either one 

plasmids and subsequently put together (C2+T1) allowing CASPR2/TAG-1 trans-

associations only (Fig. 2A left panel). Cells were lysed and CASPR2 was 

immunoprecipitated using a commercial antibody directed against its intracellular domain 

(ab33994). As shown in Figure 2A right panel, the level of TAG-1 co-IP was much higher in 

co-transfected cells (C2T1) than in cells separately transfected (C2+T1) for which TAG-1 

was barely detectable even at long exposure times. These data indicate that the majority of 
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the TAG-1 co-IP with CASPR2 in co-transfected cells comes from cis-interaction between the 

two proteins. 

Anti-CASPR2 autoAb from AE patients all recognize the N-terminal discoidin (D) and 

laminin G1 (L1) domains of CASPR2 and more importantly, 45% of patient autoAb recognize 

only these two domains [6], suggesting that they could be critical for CASPR2/TAG-1 

interaction. To test this hypothesis, TAG-1 co-IP were repeated as described above in cells 

expressing the full-length (C2) or only the discoidin (D) or laminin G1 (L1) domains of 

CASPR2. No TAG-1 co-IP was detected in cells expressing the discoidin domain of CASPR2 

(Fig. 2B). In contrast, the laminin G1 domain of CASPR2 was sufficient to co-IP TAG-1 (Fig. 
2B). To further characterize the domains of CASPR2 involved in TAG-1 interaction, the same 

experiment was performed using deletion constructs covering the entire CASPR2 protein. 

CASPR2 was IP and co-IP TAG-1 was quantified (Fig. 2C). As previously shown [26], 

compared with CASPR2 full-length (C2), deletion of the laminin G2 and EGF1 domains of 

CASPR2 (Δ2) increased the quantity of TAG-1 co-IP (C2: 0.19±0.06; Δ2: 0.38±0.04 p<0.01) 

(Fig. 2C). Although this result did not tell much about the TAG-1-binding propensity of the 

laminin G2 and EGF1 domains of CASPR2, it suggested that CASPR2/TAG-1 interaction is 

constrained by conformational hindrances. Equal levels of TAG-1 were co-IP in cells 

transfected with the CASPR2 construct lacking the discoidin and laminin G1 domains (Δ1) or 

the fibrinogen and laminin G3 domains (Δ3) (C2: 0.19±0.06; Δ1: 0.24±0.06; Δ3: 0.15±0.06, 

p>0.05) indicating that these domains are dispensable for CASPR2/TAG-1 interaction (Fig. 
2C). In contrast, the Δ4 construct lacking the EGF2 and laminin G4 domains of CASPR2 led 

to a drastic decrease of CASPR2/TAG1 interaction (C2 : 0.19±0.06; Δ4: 0.05±0.07 p<0.05) 

(Fig. 2C) indicating that they are major domains of interaction. According to this, the 

construct expressing only the EGF2 and laminin G4 domains of CASPR2 (E2L4) was 

sufficient to co-IP TAG-1 (Fig. 2D).
To recapitulate, of the two discoidin and laminin G1 domains, only the laminin G1 

domain is involved in CASPR2/TAG-1 interaction and the removal of these domains does not 

significantly hamper CASPR2/TAG-1 binding. On the contrary, the EGF2 and laminin G4 

domains are critical for CASPR2/TAG-1 interaction.

3.3- Both the Ig and Fn domains of TAG-1 are involved in CASPR2/TAG-1 interaction.
TAG-1 consists of 6 immunoglobulin (Ig) domains followed by 4 fibronectin domains 

(Fn) tethered to the cell surface by a GPI anchor (Fig 3A). The fact that the EGF2-laminin G4 

domains of CASPR2, the main interaction domains involved in CASPR2/TAG-1 interaction, 

are located near the membrane was difficult to conciliate with previous findings showing that 

CASPR2 interacts in cis with the Ig but not the Fn domains of TAG-1 [22]. Therefore, the 

ability of CASPR2 to interact with the Ig and Fn domains of TAG-1 was re-considered. 
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Deletion of neither TAG-1 Fn1-4 domains (ΔFn) nor Ig1-6 domains (ΔIg) prevented CASPR2 

binding to TAG-1 indicating that both are involved in CASPR2/TAG-1 interaction. Moreover, 

the removal of TAG-1 Ig domains increased CASPR2 binding suggesting that Ig domains 

placed constraints on CASPR2 accessibility to TAG-1 Fn domains (Fig. 3B). It has been 

proposed that TAG-1 could adopt various shapes ranging from a horseshoe-shape or closed 

conformation to an extended shape or opened conformation (Fig. 3A) [27]. One can 

therefore postulate that in the closed conformation the Fn domains could be masked by the 

Ig domains thus limiting their binding to CASPR2. Inversely, in the opened conformation 

accessibility of Fn domains to CASPR2 could be promoted. To test this hypothesis, we used 

the TAG-1 ΔIg5 mutant previously described to shift the conformation of the protein toward 

an extended shape favoring Fn domains exposure [28]. As shown in Fig. 3C, the level of 

TAG-1 co-IP was higher in cells transfected with TAG-1 ΔIg5 than the full-length construct. 

Together, these results indicate that although both the Fn and Ig domains of TAG-1 

are involved in CASPR2/TAG-1 interaction, in the TAG-1 back-folded conformation Ig 

domains could limit TAG-1 binding to CASPR2. 

3.4-Patient autoAb do not alter CASPR2 surface expression but increase Kv1.2 surface 
expression.

Based on findings suggesting that CASPR2 and TAG-1 affect intrinsic neuronal 

excitability by impacting Kv1 expression/distribution at the membrane [18,19,29], we wanted 

to test the hypothesis that patient anti-CASPR2 autoAb could alter Kv1.2 surface expression. 

As a preliminary experiment, we wished to determine whether CASPR2 or TAG-1 expression 

could impact Kv1.2 surface expression. To this end, we used HEK cells stably expressing 

Kv1.2 and its Kvβ2 subunit (HEK-Kv) [23]. HEK-Kv cells were transfected with CASPR2-HA 

or TAG-1-GFP and the level of Kv1.2 surface expression was quantified by flow cytometry 

(Fig. 4A). As depicted in Fig. 4B, the level of Kv1.2 in TAG-1-positive gated cells was not 

different from the control non-transfected cells (NT) (0.23±0.03 versus 0.20±0.05, p>0.05). In 

contrast, Kv1.2 expression was markedly increased following CASPR2 transfection 

(CASPR2: 0.57±0.07 versus NT: 0.20±0.05, p<0.0001). 

Next, HEK-Kv co-transfected with CASPR2-HA and TAG-1-GFP were incubated for 

24 hours in the presence of Ctl lgG or Pat IgG and the level of CASPR2 and Kv1.2 surface 

expression was assessed (Fig. 4C). Whereas CASPR2 surface expression was not affected, 

(Ctl: 0.52±0.02; Pat: 0.48±0.02, p>0.05), the level of Kv1.2 surface expression was 

significantly increased by patient IgG (Ctl: 0.44±0.03; Pat: 0.56±0.03, p<0.0001). Patient 2, 3 

and 4 increased Kv1.2 surface expression to a similar extent, 15.22%, 16.71%, and 16.52% 

respectively while Patient 1 only induced a 3.15% increase (Fig 4D).
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3.5-Patient autoAb alter CASPR2 surface distribution in hippocampal neurons.
To study the impact of anti-CASPR2 autoAb in a more relevant cellular model, 

cultures of primary hippocampal neurons were treated at 20 DIV with patient IgG (Pat 2, Pat 

3, Pat 4) or control IgG (Ctl 1, Ctl 2). Since no commercial Ab targeting the extracellular part 

of Caspr2 was available at that time, surface Caspr2 labeling was performed using a pool of 

patient IgG (pPat). In agreement with previous data [12], Caspr2 staining appeared as 

clusters of various sizes and intensities. Only a subpopulation representing approximately 

20% of neurons expressed Caspr2. Moreover, Caspr2 was essentially localized along axons 

(Fig. 5A and data not shown). 
All tested patient IgG did not induce Caspr2 internalization. In contrast, compared 

with Ctl IgG, a two-fold increase of Caspr2 surface intensity was observed upon incubation 

with patient IgG. To gain confidence in these results, the experiment was repeated using 

pooled patient (pPat) or control (pCtl) IgG and surface Caspr2 was assessed by a cell 

surface biotinylation assay (Fig. 5B). Notably, the level of Caspr2 in the biotinylated fraction 

of the proteins as well as the level of total Caspr2 was not different between the two 

conditions. Finally, to get a better idea of the impact of patient IgG on Caspr2 level of 

expression and distribution at the cell surface, hippocampal neurons were transfected with a 

plasmid coding for CASPR2-GFP and then treated (14 DIV) with patient IgG (Pat 1) or 

control IgG (Ctl 1). To analyze the fraction of CASPR2 present at the cell surface, live cells 

were labeled with an anti-GFP primary Ab and an anti-rabbit Alexa555-conjugated secondary 

Ab, therefore avoiding any interference between patient Ab used during the 24h incubation 

and Ab used for Caspr2 surface labeling. Caspr2 overall surface intensity in cells incubated 

with Pat IgG was not different than Ctl IgG (Pat: 50.72±33.89; Ctrl: 40.78±34.46 p<0.05) 

(data not shown). The size, intensity and number of Caspr2 clusters were then quantified for 

each condition and compared (Fig. 5C). Whereas no change in the size of clusters was 

observed (Ctl1: 0.208±0.006; Pat1: 0.203±0.011 p>0.05), Pat IgG induced a decrease of 

cluster intensity (Ctl1: 248.8±28.8; Pat1: 161.3±10.8 p<0.05) and a marked increase of 

Caspr2 cluster number at the cell surface (Ctl1: 0.144±0.015; Pat1: 0.295±0.033 p<0.0001). 

Taken together, these results demonstrated that patient IgG did not significantly 

change the surface level of Caspr2 but altered its distribution at the cell membrane promoting 

Caspr2 cluster formation. 

3.6-Patient autoAb increase Kv1.2 expression in hippocampal neurons.
In line with the results we obtained on HEK cells, the impact of anti-CASPR2 patient 

autoAb on Kv1.2 expression was assessed in hippocampal neurons (21 DIV). Firstly, cells 

were stained for Kv1.2 surface expression but we were not able to observe any signal. 

Therefore, Caspr2 expression was assessed on live cells (surface) using the pool of patient 
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IgG and Kv1.2 expression was assessed on permeabilized cells (total). As illustrated in Fig. 
6A, fibers expressing high level of Kv1.2 could be clearly distinguished and strikingly an 

obvious co-labeling was observed with axons highly positive for Caspr2. Since in cultured 

hippocampal neurons Caspr2 is essentially expressed in inhibitory neurons [12], cells were 

stained for GAD65, a typical marker of inhibitory neurons (Fig. 6A). As expected the 

population of axons highly positive for Caspr2 was essentially GAD65-positive (98%) 

moreover, 90% of the Caspr2/GAD65-double positive axons also expressed high level of 

Kv1.2. Therefore, it appeared that Caspr2-positive inhibitory neurons also express high level 

of Kv1.2. Secondly, to determine whether anti-CASPR2 patient Ab modulate Kv1.2 

expression, primary hippocampal neurons were treated at 20 DIV with the pool of patient or 

control IgG and stained for surface Caspr2 and total Kv1.2 (Fig. 6B). Compared with control 

IgG, treatment with patient IgG significantly increased Kv1.2 signal intensity (Ctl: 409.8±83.2 

versus Pat: 568.9±193.6, p<0.01). 
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4-Discussion
Anti-CASPR2 patient autoAb alter CASPR2 surface distribution.

We show in this study that patient autoAb do not induce CASPR2 internalization 

using two cellular models, HEK cells and more importantly cultured primary hippocampal 

neurons. Upon patient autoAb addition the level of CASPR2 at the cell surface remained 

essentially unchanged. However, CASPR2 membrane distribution was altered with the 

formation of an elevated number of CASPR2 clusters. In view of these observations, it 

appears that the pathogenic effect of autoAb rely on CASPR2 redistribution at the cell 

membrane rather than internalization. These results are consistent with the fact that anti-

CASPR2 patient autoAb are often IgG4 [6,7,12], a subclass presenting several unique 

biophysical properties. In particular, IgG4 can undergo half-molecule exchange rendering 

them bispecific and thereby functionally monovalent. This implies that IgG4 are unable to 

crosslink their targets which is often a prerequisite for the process of internalization [30]. 

Anti-CASPR2 patient autoAb impede CASPR2/TAG-1 interaction.
It was suggested that patient autoAb could directly perturb CASPR2 function by 

preventing CASPR2/TAG-1 interaction. For instance, using an acellular solid phase binding 

assay, Patterson et al. [20] showed that patient Ab decrease CASPR2/TAG-1 binding by 

30% to 90% depending on the patient serum tested. In this paper, using purified serum IgG, 

we find that the decrease of CASPR2/TAG-1 binding upon anti-CASPR2 autoAb addition still 

occurs in a cellular environment, although to a lower extent (under 20% of decrease). 

Moreover, we identified regions taking part in CASPR2/TAG-1 cis-interactions, the Ig1-6 and 

Fn1-4 domains on TAG-1 side as well as the laminin G1 and the EGF2-laminin G4 domains 

on CASPR2 side. However, the removal of the laminin G1 domain of CASPR2 did not 

significantly hamper CASPR2/TAG-1 interaction, whereas removal of the EGF2-laminin G4 

domains drastically impeded CASPR2/TAG-1 interaction, pointing the EGF2-laminin G4 

domains as key domains of interaction. EGF-like domains consist of molecular hinges (small 

linear solenoid domain) permitting the lobes of the protein to flex with respect to each other 

[31,32]. In contrast, laminin G-like domains are large globular domains involved in 

interactions with other proteins (neuroligin, cerebellin, GABAa receptor) [33,34]. It is 

therefore likely that the laminin G4 domain of CASPR2, rather than the EGF2 domain, 

mediates CASPR2/TAG-1 interactions. Considering the molecular shape and dimension of 

these two molecules a model can be proposed for which the laminin G4 domain of CASPR2 

interacts with the fibronectin domains of TAG-1 and the laminin G1 domain of CASPR2 

interacts with the immunoglobulin domains of TAG-1 (Fig. 7A). Essentially obtained with 

deletion mutants, this model has nevertheless to be taken with caution since we find here 
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that as depicted by others [32], CASPR2/TAG-1 interactions are constrained by 

conformational hindrances. 

Regarding the impact of anti-CASPR2 autoAb on this model of interaction, we know 

that patient Ab are polyclonal and mostly target the N-terminal half of CASPR2 ectodomain 

(D-L1-L2-E1), all recognizing at least the discoidin and laminin G1 domains [6,11,12]. 

Moreover, patient Ab rarely target the C-terminal half of the protein (F-L3-E2-L4), where the 

main interaction domain of CASPR2, the laminin G4 domain, is located [11]. Thus, anti-

CASPR2 autoAb would mainly perturb CASPR2/TAG-1 interaction trough the laminin G1 

domain, which may explain their low propensity to impede CASPR2/TAG-1 interaction (Fig 
7B). In addition, in our cellular model, CASPR2/TAG-1 interactions are mainly occurring in 

cis with high constraints due to a complex environment, whereas in the solid phase binding 

assay, CASPR2 and TAG-1 can freely adopt several orientations. Such differences may 

explain the higher blocking propensity of patient Ab in the solid phase binding assay [20].

Besides, as for the solid phase binding assay, the extent of inhibition varied between 

patients although the 4 sera tested in this study presented similar anti-CASPR2 Ab titers. 

Differences in the localization of targeted epitopes or the Ab affinity/avidity for their targets as 

well as the Ab titer for each subclass of IgG (IgG1 or IgG4) may account for the variations in 

the degree of inhibition. Additional studies with higher number of patients are needed to 

determine factors responsible for the difference observed between patients. 

CASPR2 and Kv1 expression are linked. 

We showed herein that the introduction of CASPR2 into HEK cells induces a marked 

increase of the level of Kv1.2 surface expression. Moreover, it appears that Caspr2-positive 

inhibitory neurons also express high level of Kv1.2. These results are in line with previous 

findings showing a decreased membrane expression of Kv1.2 in Cntnap2 KO DRG neurons 

in culture. Notably, in these cells the KO of Caspr2 resulted in enhanced excitability with a 

large reduction in the DTX-sensitive outward current, indicating a reduction in the function of 

Kv1 channels [19]. Moreover, in wild-type DRG neurons cultured in vitro for 5 days, a 

spontaneous reduction in Kv1 (membrane) and Caspr2 (mRNA) expression coincided with 

hyperexcitabilty. Importantly, enhanced excitability was reversed by Caspr2-forced 

expression in a Kv1 channel-dependent manner [19]. Therefore, one can speculate that 

CASPR2, by interfering with surface expression of Kv1 channels is an important modulator of 

neuronal excitability. 

Anti-CASPR2 patient autoAb increase Kv1.2 expression.
In HEK cells, patient autoAb increase Kv1.2 surface expression. Importantly, such an 

increase is also observed in hippocampal neurons although we could not determine if this 
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occurs at the cells surface. These results are in contrast with a previous study showing that 

in cultured DRG neurons treated with anti-CASPR2 patient Ab the number of cells 

expressing Kv1.2 at the surface was decreased [19]. Since Kv1 expression may vary with 

CASPR2 expression levels, it would be interesting to assess the impact of anti-CASPR2 

autoAb on the level of CASPR2 surface expression in these neurons. Nevertheless, diverse 

mechanisms might regulate Kv1 surface expression depending on the cell type, in the same 

way as different mechanisms are responsible for Kv1 enrichment at the AIS and JXP. Of 

particular interest, a decrease of CASPR2 and Kv1.1 expression was observed at JXP 

following systemic injection of anti-CASPR2 patient Ab despite the fact that no patient Ab 

binding was detected in this region. On the other hand, a clear patient Ab binding was 

observed on DRG cell soma [19]. It is therefore tempting to speculate that decreased JXP 

expression of CASPR2 and Kv1.1 might be due to patient Ab-induced retention of these 

molecules at the soma, thereby impairing their axonal membrane lateral diffusion. 

Since CASPR2 interacts with Kv1 channels indirectly through their intracellular 

cytoplasmic domains [1], the mechanism by which CASPR2 promotes Kv1.2 surface 

expression likely relies on intracellular motifs. Both proteins present a cytoskeleton-binding 

motif as well as a PDZ-binding motif, which could lead to restricted diffusion and co-

clustering of CASPR2 and Kv1.2 at the membrane. For instance, the 4.1B-cytoskeleton-

binding motif of CASPR2 was depicted as required for the enrichment of Kv1 channels at the 

NOR [35]. Kv1.2 surface expression relies on tyrosine residues present in its intracellular 

domain. Their phosphorylation leads to Kv1.2 reduced binding to the cytoskeleton and 

endocytosis [36,37]. Of particular interest, TAG-1-induced clustering of Kv1.2 along axons 

was shown to depend on Kv1.2 phosphorylation [29]. Whether CASPR2 could modulate Kv1 

surface expression by impinging Kv1 phosphorylation directly or indirectly, by altering TAG-1 

membrane distribution, [15,29] remains to be established. Regarding the possible 

mechanism(s) by which anti-CASPR2 autoAb may lead to increased Kv1.2 expression, 

patient Ab binding may restrict CASPR2 diffusion thereby promoting cluster formation. This 

may in turn retain Kv1.2 at the membrane possibly by stabilizing CASPR2/Kv1.2 interactions, 

thus limiting Kv1 endocytosis.

Kv1 channels play a major role in membrane repolarization following action potential. 

A decrease in Kv1 expression leads to higher neuronal excitability characterized by an 

increase of action potential frequency and repolarization latency [38]. This results in 

increased neurotransmitter release at the synapse [39]. On the contrary, an increase of Kv1 

expression could lead to a decrease of action potential frequency and neurotransmitter 

release [40]. Since CASPR2 is mainly expressed in inhibitory neurons, anti-CASPR2 autoAb, 

by increasing Kv1 expression, could specifically result in decreased inhibition, a defect 

consistent with the seizure disorders observed in patients.
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In conclusion, we bring further evidences of two potential pathogenic mechanisms of 

anti-CASPR2 autoAb in patients with AE namely disturbing CASPR2/TAG-1 interaction and 

Kv1.2 expression. By impacting on neuronal excitability, these pathogenic mechanisms could 

contribute to the clinical features of patients with AE. Furthermore, our data provide new 

insights into the interaction constraints between CASPR2 and TAG-1, which might prove 

useful to study the relevance of this interaction in the formation and localization of the 

CASPR2/TAG-1/Kv1 complex. 
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Antibodies Species Reference Dilution
Anti-TAG-1 intra rabbit Millipore ABN1379 1/5000 (WB)

Anti-CASPR2 intra rabbit Abcam ab33994 1/5000 (WB)

Anti-CASPR2 intra rabbit Genscript A01426 1μg (IP)

Anti-GFP rabbit ThermoFisher A-11122 1/5000 (WB), 1/1000 (IF)

Anti-HA mouse Sigma-Aldrich H3663 1/5000 (WB) 1/1000 (IF)

Anti-myc mouse Abcam ab9106 1μg (IP)

Anti-Kv1.2 intra mouse NeuroMab K14/16 1/5000 (WB), 1/100 (IF)

Anti-Kv1.2 extra rabbit Alomone APC 162 1/100 (IF)

Anti-GAD65 mouse Milipore MAB351 1/400 (IF)

Alexa 647 anti-rabbit goat Molecular Probes A21244 1/2000 (IF)

Alexa 405 anti-mouse goat Abcam ab175660 1/2000 (IF)

Alexa 555 anti-mouse IgG2b goat Molecular Probes A21147 1/1000 (IF)

Alexa 647 anti-mouse IgG2a goat Molecular Probes A21241 1/1000 (IF)

Alexa 488 anti-human goat Molecular Probes A11013 1/1000 (IF)

Alexa 488 anti-rabbit goat Molecular Probes A11034 1/1000 (IF)

Table 1: Primary and secondary antibodies. IF: Immunofluorescence; WB: Western blot ; IP: 
Immunoprecipitation.



Figure legends

Figure 1: Patient autoAb impede CASPR2/TAG-1 interaction A) HEK cells co-transfected 

with CASPR2-HA and TAG-1-GFP were incubated for 24 hours with serum-purified control 

IgG (Ctl) or patient IgG (Pat). CASPR2 present at the cell surface was IP (surface IP) and the 

level of CASPR2 IP or TAG-1 co-IP, was analyzed by Western Blot. As control, co-

transfected HEK cells were incubated with PBS and IP with a control Ab. The ratios of TAG-1 

co-IP over CASPR2 IP signal intensities are depicted. Each color represents a different 

patient. n=12, **p<0.01 Mann-Whitney test. B) Ratios of TAG-1 Co-IP over CASPR2 IP are 

represented separately for each patient.

Figure 2: The EGF2 and laminin G4 domains of CASPR2 are critical for TAG-1 
interaction. A) HEK cells were co-transfected with CASPR2-HA and TAG-1-GFP (C2T1) or 

separately transfected with either one and subsequently put together (C2+T1). CASPR2 was 

IP and the level of CASPR2 IP or TAG-1 co-IP was analyzed by Western Blot. n=3. B-D) 
HEK cells were co-transfected with TAG-1-GFP and CASPR2-HA full-length (C2) or the 

indicated mutants. CASPR2 was IP and the level of CASPR2 IP and TAG-1 co-IP was 

analyzed by Western Blot. (B) CASPR2 discoidin (D) and laminin G1 (L1) mutants. n=3. (C) 
CASPR2 Δ1 to Δ4 deletion mutants. The ratios of TAG-1 co-IP over CASPR2 IP signal 

intensities are depicted in a dot plot. n=6, *p<0.05, **p<0.01 Mann-Whitney test. (D) 
CASPR2 EGF2-laminin G4 mutant (E2L4). n=3. D: discoidin-like domain, L: laminin G-like 

domain, E: EGF-like domain, F: fibrinogen-like domain, 4.1B: 4.1B-binding motif, PDZ: PDZ-

binding motifs.

Figure 3: Both the Ig and Fn domains of TAG-1 are involved in CASPR2/TAG-1 
interaction. A) Models of CASPR2 and TAG-1 domain assignment in three dimensions. B-
C) HEK cells were co-transfected with CASPR2-HA and TAG-1-GFP full-length (T1) or 

deletion mutants. (B) TAG-1 ΔFn and TAG-1 ΔIg. (C) TAG-1 ΔIg5. CASPR2 was IP and the 

level of CASPR2 IP and TAG-1 co-IP was analyzed by Western Blot. The ratios of TAG-1 co-

IP over CASPR2 IP signal intensities are depicted in a dot plot. n=3. 

Figure 4: Patient autoAb do not alter CASPR2 surface expression but increase Kv1.2 
surface expression. HEK cells stably expressing Kv1.2 (HEK-Kv) were either non-

transfected (NT) or transfected with CASPR2-HA or TAG-1-GFP. The level of Kv1.2 surface 

expression was quantified by flow cytometry. A) Dot plot representation of TAG-1 and 

CASPR2 fluorescence intensity in the whole population of cells. Non-transfected, TAG-1-

positive and CASPR2-positive gated populations are shown in color boxes. B) Histogram 



representation of surface Kv1.2 fluorescence intensity measured in the gated populations 

shown in A). Results are depicted in a dot plot as mean Kv1.2 fluorescence intensity ratio. 

n=5, p<0.0001 Mann-Whitney test. C) HEK-Kv cells co-transfected with CASPR2-HA and 

TAG-1-GFP were incubated for 24 hours with pooled control (pCtl) or Patient (Pats) IgG. 

CASPR2 and Kv1.2 surface fluorescence intensity was measured. Results are depicted as a 

fraction of the summed median fluorescence intensities. Each color represents a different 

patient. n=11, ****p<0.0001 Mann-Whitney test. D) Surface Kv1.2 fluorescence intensity for 

each patient.

Figure 5: Patient autoAb changed CASPR2 surface distribution in hippocampal 
neurons. A) hippocampal neurons (21 DIV) treated for 24h with control (Ctl) or patient (Pat) 

IgG were stained for surface Caspr2 and signal intensities were quantified. n=17-24 image 

fields per condition, **** p<0.0001 Kruskal-Wallis test. B) Hippocampal neurons (21 DIV) 

treated with pooled patient (pPat) or control (pCtl) IgG were subjected to cell surface 

biotinylation or left non-biotinylated as control (NB). Caspr2 surface and Caspr2 total proteins 

were quantified by Western-Blot and results expressed as ratios over total protein loaded. 

Each color represents a different experiment. n=3 , Wilcoxon signed-rank test. C) 
Hippocampal neurons transfected with CASPR2-GFP were treated (14 DIV) with patient IgG 

(Pat 1) or control IgG (Ctl 1). The size, intensity and number of surface CASPR2-GFP 

clusters was analyzed on live cells using anti-GFP primary Ab/Alexa555 secondary Ab. 

Results are depicted as a dot plot. n=16-17 neurons per condition, * p<0.05, ****p<0.0001 

Mann-Whitney test. Scale bar 10μm. 

Figure 6: Patient autoAb increase Kv1.2 expression in hippocampal neurons. A) 
hippocampal neurons (21 DIV) stained on live cells for surface Caspr2 and on permeabilized 

cells for Kv1.2 and GAD65. B) hippocampal neurons (21 DIV) treated for 24h with pooled 

patient (pPat) or control (pCtl) IgG were stained as in A) and Kv1.2 fluorescence signal 

intensities were quantified. n=26 neurons per condition, **p<0.01 Mann-Whitney test. Scale 

bar 10μm.

Figure 7: Model of CASPR2/TAG-1 interaction and impact of anti-CASPR2 autoAb. A) 
Based on the molecular shape and dimension of these two molecules we propose a model 

for which laminin G4 (L4), the main interaction domain of CASPR2, interacts with the 

fibronectin (Fn) domains of TAG-1 and the laminin G1 (L1) domain of CASPR2 interacts with 

the immunoglobulin (Ig) domains of TAG-1. B) Since patient Ab rarely target the laminin G4 

domain of the protein, anti-CASPR2 autoAb would mainly perturb CASPR2/TAG-1 

interaction trough the laminin G1 domain. 





















 
 Etude de l’impact de TAG-1 sur les interactions CASPR2/Kv1.2, 

travaux complémentaires non publiés en lien avec l’article 3 
 

Aux JXP, CASPR2 et TAG-1 sont toutes deux essentielles pour la localisation des 

canaux potassiques Kv1, suggérant une interdépendance entre CASPR2, TAG-1 et Kv1. Il a 

donc été proposé que TAG-1 interagirait en trans avec elle-même et en cis avec CASPR2, qui 

interagirait avec Kv1.  

Afin de connaitre le rôle joué par TAG-1 au sein de ce complexe, nous avons utilisé 

des cellules HEK co-transfectées avec les canaux Kv1.2 et CASPR2 avec ou sans TAG-1. 

CASPR2 et les Kv1.2 associés sont ensuite immunoprécipités et révélés par Western Blot 

(Figure 33A). Les résultats sont présentés sous forme de ratio de la quantité de Kv1.2 co-

immunoprécipitée par rapport à la quantité de CASPR2 immunoprécipitée. De façon 

surprenante, nous avons observé que la co-expression de TAG-1 diminue fortement 

l’interaction CASPR2/Kv1.2 (Figure 33A). Cette diminution pourrait être due à : (1) une 

diminution du ratio de Kv1.2/CASPR2 total ; (2) une diminution du pourcentage de cellules 

co-exprimant CASPR2 et Kv1.2 ; ou (3) une perturbation des interactions CASPR2/Kv1.2 par 

la transfection du plasmide TAG-1.  

Afin de tester la première hypothèse nous avons quantifié la quantité de protéines 

CASPR2 et Kv1.2 dans les lysats totaux de cellules HEK. Nous avons observé que la co-

transfection de TAG-1 diminue l’expression totale de CASPR2 et Kv1.2 sans toutefois 

modifier le ratio Kv1.2/CASPR2 (Figure 33B). Nous avons testé la seconde hypothèse en 

utilisant les même cellules transfectées. Nous avons mesuré au FACS le pourcentage de 

cellules Kv1.2 positives dans la population de cellules CASPR2 positives, et trouvé des 

pourcentages similaires avec ou sans TAG-1. Enfin, pour tester la troisième hypothèse, nous 

avons comparé l’impact de la transfection de TAG-1 avec celui de la transfection du plasmide 

GFP sur l’interaction CASPR2/Kv1.2. Nous avons observé que la co-expression de la GFP 

induisait également une diminution de l’expression totale de CASPR2 et Kv1.2. Toutefois, 

contrairement à TAG-1, la co-transfection de la GFP ne perturbe pas les interactions 

CASPR2/Kv1.2.  



 
Figure 33 : Impact de TAG-1 sur l’interaction CASPR2/Kv1.2. A) Kv1.2 est transfecté dans les 
cellules HEK avec CASPR2 (Kv1.2 KvB2 C2) ou CASPR2 et TAG-1 (Kv1.2 KvB2 C2T1). CASPR2 
est immunoprécipitée et la quantité de Kv1.2 co-IP est révélée en Western Blot. Le ratio de 
la quantité de Kv1.2 co-immunoprécipitée sur la quantité de CASPR2 immunoprécipitée est 
calculé. On observe une diminution significative (p<0.01) de la quantité de Kv1.2 co-
immunoprécipitée en présence de TAG-1. B) La mesure du ratio Kv1.2/CASPR2 dans les 
lysats totaux ne montre aucune différence en présence de TAG-1. C) La mesure en FACS du 
pourcentage de cellules Kv1.2 positives dans la population de cellules CASPR2 positives ne 
montre aucune différence en présence de TAG-1. D) Afin de tester un impact potentiel de la 
transfection, Kv1.2 est co-immunoprécipitée avec CASPR2 à partir de cellules co-transfectées 
avec un plasmide GFP ou un plasmide TAG-1 GFP. Seul le plasmide TAG-1 GFP induit une 
diminution de la quantité de Kv1.2 co-immunoprécipitée. 

  

Afin de connaitre les mécanismes associés à cette diminution, nous avons utilisé le 

mutant Δ4 de CASPR2 qui n’interagit que faiblement avec TAG-1. Nous montrons que le 

mutant Δ4 interagit avec les Kv1.2 et ce, aussi bien que la forme WT de CASPR2. De plus, que 

ce soit dans les cellules transfectées CASPR2 WT ou CASPR2 Δ4, la co-expression de TAG-1 

perturbe l’interaction CASPR2/Kv1.2 (Figure 34). Ainsi, ce n’est vraisemblablement pas en 

interagissant avec CASPR2 que TAG-1 perturbe l’interaction CASPR2/Kv1.2.  



 
Figure 34 : Capacité du mutant CASPR2 Δ4 à interagir avec Kv1.2. Kv1.2 est transfecté dans 
les cellules HEK avec CASPR2 (C2) ou CASPR2 Δ4 (Δ4) avec ou sans TAG-1 (C2T1 et Δ4T1). 
CASPR2 est immunoprécipitée et la quantité de Kv1.2 co-IP est révélée en Western Blot. Le 
ratio de la quantité de Kv1.2 co-immunoprécipitée sur la quantité de CASPR2 
immunoprécipitée est calculé.  
 
Nos résultats sont étonnants puisque les données de la littérature suggèrent que les trois 

protéines CASPR2/TAG-1/Kv1 forment un complexe (Figure 35A) (Poliak et al., 2003 ; Traka 

et al., 2003). Nous savons que Kv1.2 exprimé seul dans les neurones en culture est réparti 

uniformément le long de l’axone (Gu & Gu, 2011) et que la co-expression de TAG-1 induit la 

formation de clusters Kv1.2 (Gu & Gu, 2011). Ces clusters seraient retenus dans les radeaux 

lipidiques avec TAG-1 (Gu & Gu, 2011). La perte de l’interaction CASPR2/TAG-1 ne 

rétablissant pas l’interaction CASPR2/Kv1.2, TAG-1 agirait par d’autres mécanismes, par 

exemple, en piégeant les canaux Kv1.2 dans les radeaux lipidiques (Figure 35B). D’autres 

études seront nécessaires afin de mieux comprendre les interactions au sein du complexe 

CASPR2/TAG-1/Kv1.2. 



 
Figure 35 : Modèles d’interactions entre CASPR2, TAG-1, Kv1.1 et Kv1.2. A) Il a été suggéré 
que TAG-1 interagirait en trans avec elle-même et en cis avec CASPR2. De plus, CASPR2 
interagit avec ses domaines intracellulaires avec les Kv1.1 et 1.2. B) Nos résultats suggèrent 
un autre modèle dans lequel TAG-1 empêcherait l’interaction de CASPR2 avec les Kv1.2 en 
les piégeant dans les radeaux lipidiques.  
  



  



  



DISCUSSION 
 
Dans cette partie, j’ai souhaité traiter certains points qui n’apparaissent pas dans les articles 

mais qui me semblent importants de discuter en prenant en considération l’intégralité des 

données recueillies pendant ma thèse.  

 

1) Les maladies auto-immunes associées aux anti-CASPR2, des pathologies à part entière ? 

 Les anticorps anti-CASPR2 ont été identifiés chez des patients présentant une 

diversité de symptômes : NMT, MoS et EL (Van Sonderen et al., 2016 ; Article 1). Jusqu’à 

présent, toutes ces pathologies ont été étudiées sous l’intitulé général de maladies auto-

immunes à auto-anticorps anti-CASPR2 (Van Sonderen et al., 2016). Notre étude montre que 

la présence d’anticorps anti-CASPR2 dans le LCR des patients est associée à des atteintes du 

système limbique mais rarement liée à un cancer. Par opposition, en l’absence d’anticorps 

dans le LCR, les patients présentent majoritairement des atteintes périphériques souvent 

associées à un cancer (Article 1). De plus, nous observons que malgré la présence constante 

d’anticorps anti-CASPR2 dans le sérum, tous les patients ne développent pas de symptômes 

périphériques. Trois hypothèses sont possibles pour expliquer cette divergence : (1) Un 

mécanisme lié aux processus d’immunisation. Il a été montré que les tumeurs peuvent être 

à l’origine de la rupture de tolérance (production d’un anticorps contre un antigène du soi) 

dans le cas des encéphalites anti-Yo (Small et al., 2018). De la même façon, il serait possible 

d’envisager que la présence d’une tumeur chez les patients présentant une NMT ou MoS 

soit à l’origine de la production d’anticorps anti-CASPR2 dans le sérum, contrairement aux 

EL. (2) La présence ou pas d’un processus inflammatoire. En effet, il a été décrit qu’une 

inflammation des nerfs périphériques serait nécessaire pour permettre l’accès et l’action des 

anticorps aux NOR dans le cas des anticorps anti-TAG-1 (Derfuss et al., 2009 ; Howell et al., 

2015). Chez les patients ne présentant pas de troubles périphérique, cette dernière ne serait 

pas présente. (3) Les caractéristiques biologiques des anticorps de patients (titre, sous-classe 

d’IgG, épitope). Par exemple, il a été montré que seuls les anticorps anti-contactine 1 de la 

sous-classe IgG4, et non ceux de la sous-classe IgG1, sont capables de pénétrer les 

paranodes, perturbant ainsi la fonction de leur cible (Manso et al., 2016). Dans le cas des 

pathologies associées aux anticorps anti-CASPR2, nous avons observé un fort pourcentage 

de patients présentant des IgG4 chez ceux atteints d’EL comparé à ceux atteints de 

NMT/MoS. De plus, les titres en anticorps sont bien plus élevés chez les patients présentant 



une EL (1/1280 dans le LCR et 1/15360 dans le sérum) que chez les patients NMT/MoS 

(1/800 dans le sérum). Par ailleurs, les patients présentant un MoS se différencient des 

patients NMT par la présence de troubles du système nerveux central tels que l’insomnie et 

des troubles du comportement dont l’origine reste inconnue, compte tenu de l’absence 

d’anticorps dans le LCR. Il est cependant possible que ces anticorps soient présents mais en 

faible quantité dans le LCR les rendant indétectables par les méthodes actuelles.  

 

 Ces résultats montrent donc l’importance de catégoriser les patients présentant des 

anti-CASPR2 pour l’étude de leur pathologie.  

 

2) Fonctions des domaines discoidine et laminine G1 ciblés par les anticorps anti-CASPR2 

de patient ? 

 Le fait que les anticorps anti-CASPR2 de patients ciblent systématiquement les 

domaines discoidine et laminine G1 de CASPR2 (Article 1) suggère que ces domaines sont 

importants pour la fonction de CASPR2. Par ailleurs, ayant montré que les anticorps anti-

CASPR2 de patients perturbent l’interaction CASPR2/TAG-1 (Article 3), les domaines disc-

lamG1 pourraient jouer un rôle prépondérant dans ces interactions. Pour ces raisons, nous 

avons décidé d’étudier l’implication des domaines discoidine et laminine dans les 

interactions CASPR2/TAG-1. 

 

Le domaine discoidine 

 Le domaine discoidine est un domaine particulièrement intéressant puisqu’il est la 

cible de nombreuses mutations identifiées chez des patients présentant des déficiences 

intellectuelles ou souffrant d’épilepsie (Saint-Martin et al., 2018). De plus, l’étude de sa 

structure nous a permis d’identifier quatre boucles accessibles ciblées par les anticorps de 

patient (Article 2). Ces boucles forment une surface relativement plane et particulièrement 

polarisée sur sa périphérie. De telles caractéristiques pourraient conférer à ce domaine 

discoidine la capacité d’interagir avec d’autres protéines (Carafoli et al., 2009). Le domaine 

discoidine n’étant pas impliqué dans les interactions CASPR2/TAG-1 (Article 3), il pourrait 

interagir avec d’autres protéines extracellulaires. En particulier, les protéines ADAM22 et 

ADAM23 seraient de bons candidats. Ces dernières font également partie des complexe 

VGKC et sont connues pour leur rôle dans le rassemblement des récepteurs AMPA à la 

synapse à l’aide de LGI1. De plus, leur interaction avec CASPR2 par les domaines 



extracellulaires a été récemment montrée (Hivert et al., 2018). Il serait donc intéressant 

d’analyser plus en détail le rôle du domaine discoidine dans cette interaction ainsi que 

l’impact des anticorps anti-CASPR2. 

 

Les domaines laminine  

 Nous avons montré que le domaine laminine G1, est capable d’interagir avec TAG-1 

contrairement au domaine discoidine. Néanmoins, la délétion des domaines disc-lamG1 

n’impacte pas l’interaction de CASPR2 avec TAG-1, suggérant qu’ils ne sont pas nécessaires 

pour assurer cette fonction (Article 3). En utilisant divers mutants de délétion pour les 

domaines extracellulaires de CASPR2, nous avons observé que la délétion des domaines 

EGF2 et laminine G4 induit une forte diminution de l’interaction CASPR2/TAG-1. 

Inversement, les domaines EGF2 et laminine G4 sont suffisants pour co-immunoprécipiter 

TAG-1, confirmant ainsi leur rôle majeur dans cette interaction (Article 3). Si on considère les 

caractéristiques de ces deux domaines chez les neurexines, les domaines EGF sont des 

domaines de petite taille impactant l’arrangement structural de la protéine (Figure 36A) 

tandis que les domaines laminine G, volumineux, jouent un rôle dans les interactions des 

neurexines avec divers partenaires (Figure 36A) (Chen et al., 2011). Il est, par conséquent, 

plus probable que les interactions de CASPR2 avec TAG-1 soient médiées par le domaine 

laminine G4. Ainsi, CASPR2 interagirait avec TAG-1 principalement par le domaine laminine 

G4 tandis que le domaine laminine G1 permettrait de stabiliser cette interaction. Un point 

intéressant, est que ces deux domaines d’interaction, laminines G1 et G4 de CASPR2, 

correspondent aux positions des domaines d’interactions, laminines G2 et G6, de la 

neurexine 1α (Figure 36B) (Revue Reissner et al., 2013).  Ces derniers, sont connus pour 

médier les interactions de la neurexine 1α avec différents partenaires en fonction de son 

orientation (neuroligine, neurexophiline, cérébelline) (Figure 36A) (Revue Reissner et al., 

2013). De la même façon, les domaines laminines G1 et G4 de CASPR2 pourraient interagir 

avec différents partenaires en fonction de l’orientation de CASPR2. 



 
Figure 36 : Structure de la neurexine 1α et domaines d’interaction. A) La neurexine 1α se 
compose de domaines laminine G (L1-L6) permettant son interaction avec d’autres 
protéines. Celle-ci est également composée de domaines EGF permettant le maintien de la 
protéine dans une certaine conformation. B) Les domaines d’interaction de CASPR2 avec 
TAG-1 (L1 et L4) correspondent aux positions des domaines d’interaction de la neurexine 1α 
(L2 et L6). 
 

Modèles d’interaction CASPR2/TAG-1 

 Nos résultats montrent que le domaine laminine G4 de CASPR2, est le principal 

domaine d’interaction avec TAG-1 (Article 3). Par ailleurs, une étude précédente a montré la 

capacité de TAG-1 à interagir avec CASPR2 par ses domaines Ig mais pas ses domaines Fn 

(Tzimourakas et al., 2007). Le domaine laminine G4 étant proche de la membrane, 

l’interaction CASPR2/TAG-1 n’est possible en cis que si les domaines Ig de TAG-1 sont à 

proximité de la membrane, autrement dit que TAG-1 soit en conformation fermée (Figure 

20B). N’ayant pas accès au mutant mimant une conformation fermée, nous avons créé le 

mutant ΔIg5, qui à l’inverse, est présumé favoriser la conformation ouverte de TAG-1 (Kunz 

et al., 2002). Dans une telle conformation, nous avons supposé que les domaines Ig de TAG-

1 seraient trop éloignés du domaine laminine G4 de CASPR2 pour permettre l’interaction 

CASPR2/TAG-1 en cis. De façon surprenante, nous avons observé une forte interaction entre 

CASPR2 et TAG-1 ΔIg5 (Article 3). En testant le mutant TAG-1 ne contenant que les domaines 



Ig, nous avons bien retrouvé une interaction avec CASPR2. Cependant, en analysant le 

mutant TAG-1 ne possédant que les domaines Fn, nous avons également trouvé une forte 

interaction avec CASPR2 (Article 3). L’augmentation de cette interaction en l’absence des 

domaines Ig de TAG-1 suggère l’existence de contraintes conformationnelles sur la protéine 

TAG-1 limitant l’interaction CASPR2/TAG-1. L’augmentation de l’interaction entre CASPR2 et 

la forme ouverte de TAG-1 permet de supposer que le dépliement de TAG-1 lève cette 

contrainte conformationnelle, en rendant les domaines Fn potentiellement plus accessibles. 

Par conséquent, nous proposons un modèle où le domaine laminine G4 de CASPR2 

interagirait en cis avec les domaines Fn de TAG-1. Cette interaction serait renforcée par des 

interactions entre le domaine laminine G1 de CASPR2 et les domaines Ig de TAG-1 (Figure 

37A). 

 En ce qui concerne les interactions CASPR2/TAG-1 en trans, si on considère le 

positionnement des domaines d’interactions identifiés, les contraintes d’orientation à la 

membrane et les contraintes conformationnelles, une interaction en trans entre les 

domaines laminine G4 de CASPR2 et les domaines Fn de TAG-1 semble peu probable. Au 

contraire, les interactions des domaines Ig de TAG-1 avec les domaines laminine G4 (Figure 

37B) ou laminine G1 (Figure 37C) de CASPR2 seraient possibles. 

 

Impact des anti-CASPR2 dans les modèles d’interaction CASPR2/TAG-1 

 En nous basant sur l’ensemble de ces données, nous pouvons concevoir l’impact des 

anticorps anti-CASPR2 de patients sur ces modèles d’interactions. Sur les interactions en cis, 

les anticorps, en ciblant les domaines disc-lamG1, perturberaient l’interaction CASPR2/TAG-

1 sans pour autant l’empêcher totalement (Figure 37D). Comme nous avons montré que les 

anticorps anti-CASPR2 sont capables de diminuer faiblement les interactions CASPR2/TAG-1, 

cela reste cohérent avec le modèle proposé. Sur les interactions en trans, les anticorps anti-

CASPR2 ne perturberaient que faiblement l’interaction CASPR2/TAG-1 par le domaine 

laminine G4 (Figure 37E) alors que l’interaction par le domaine laminine G1 serait fortement 

diminuée (Figure 37F).  



 
Figure 37 : Modèles d’interaction CASPR2/TAG-1 et impact des anticorps. A) En cis, le 
domaine laminine G4 de CASPR2 (L4) interagirait avec les domaines fibronectine de TAG-1 
(Fn). Cette interaction serait renforcée par une interaction entre le domaine laminine G1 de 
CASPR2 (L1) et les domaines immunoglobuline de TAG-1 (Ig). En trans, les interactions 
CASPR2/TAG-1 impliqueraient les domaines Ig de TAG-1 et le domaine L4 (B) ou L1 (C) de 
CASPR2. D) En cis, les anticorps anti-CASPR2 ciblant les domaines D-L1 de CASPR2 
perturberaient faiblement les interactions CASPR2/TAG-1 (les flêches en pointillé indiquent 
une liaison faible). E) En trans, les anticorps anti-CASPR2 pertuberaient faiblement 
l’interaction de TAG-1 avec le domaine L4 de CASPR2 (les flêches en pointillé indiquent une 
liaison faible). F) En trans, les anticorps anti-CASPR2 perturberaient fortement l’interaction 
de TAG-1 avec le domaine L1 de CASPR2. 
 

3) CASPR2 régule l’expression de surface des Kv1.2 ? 

 Nous avons montré que CASPR2 régule de manière dose-dépendante l’expression de 

surface des canaux Kv1.2 (Article 3). L’interaction entre CASPR2 et Kv1.2 dépendant de leurs 

domaines cytosoliques (Poliak et al., 1999), il est probable que l’action de CASPR2 sur 



l’expression des Kv1.2 passe par des mécanismes de signalisation intracellulaire. Par 

exemple, il a été montré que la phosphorylation de la tyrosine 458 dans la partie 

intracellulaire de Kv1.2 perturbe son interaction avec la cortactine et induit son 

internalisation. Il est donc possible que CASPR2, en empêchant cette phosphorylation, 

prévienne son endocytose (Figure 38A). De plus, nous avons observé qu’en présence des 

anticorps anti-CASPR2 de patients, l’expression de surface des Kv1.2 est augmentée dans les 

cellules HEK et que cette expression ne semble pas dépendre de TAG-1 (Article 3). 

L’expression de CASPR2 en surface n’étant pas impactée par les anti-CASPR2, il est possible 

que les anticorps limitent la diffusion de CASPR2 à la surface augmentant les probabilités 

d’interaction avec les Kv1.2 et favorisant ainsi sa rétention à la surface des cellules (Figure 

38B).  

 
Figure 38 : Modèles de l’effet de CASPR2 et des anti-CASPR2 sur l’expression de surface 
des Kv1. A) l’interaction de CASPR2 avec les Kv1 pourrait limiter leur endocytose et favoriser 
leur expression à la surface. B) Les anticorps anti-CASPR2 pourraient augmenter les 
probabilités d’interaction entre CASPR2 et Kv1 et favoriser ainsi leur expression de surface. 
 

 

  



CONCLUSION ET PERSPECTIVES 
 
 En conclusion, ces travaux ont permis de montrer l’importance d’étudier séparément 

les patients atteints d’EL ou de NMT et MoS pour comprendre la physiopathologie de ces 

maladies. La poursuite de ce travail de caractérisation des patients présentant des anticorps 

anti-CASPR2 permettra d’évaluer les différences cliniques et biologiques entre les patients 

atteints de NMT et de MoS.  

 Chez les patients atteints d’EL, nous avons mis en évidence deux mécanismes 

pathogéniques potentiels des anticorps anti-CASPR2 : (1) la perturbation des interactions 

CASPR2/TAG-1 et (2) la modulation de l’expression des Kv1.2 en surface. Les anticorps anti-

CASPR2 pourront ainsi servir d’outils pour étudier l’impact fonctionnel de ces perturbations 

sur des cultures de neurones hippocampiques.  

 En ce qui concerne TAG-1, nos travaux ont permis l’identification de mutants 

capables d’augmenter (CASPR2 Δ2) ou de diminuer (CASPR2 Δ4) l’interaction CASPR2/TAG-1. 

Ces mutants constituent également d’excellents outils afin de déterminer l’importance de 

l’interaction CASPR2/TAG-1 dans la formation et la localisation du complexe CASPR2/TAG-

1/Kv1.2. Par ailleurs, nos travaux suggèrent un rôle du domaine laminine G1 ou laminine G4 

de CASPR2 dans les interactions CASPR2/TAG-1 en trans. Il serait intéressant de vérifier cette 

hypothèse en étudiant l’impact du mutant Δ1 (délété des domaines discoidine et laminine 

G1) ou Δ4 (délété des domaines EGF2 et laminine G4) sur les interactions en trans. Pour ce 

faire, nous pourrions utiliser un modèle de cellules HEK transfectées séparément avec TAG-1 

ou CASPR2 puis mises en contact. L’immunoprécipitation de CASPR2 permettra ensuite 

d’évaluer la quantité de TAG-1 lui étant associée en trans. En utilisant ce modèle, l’impact 

des anticorps anti-CASPR2 sur les interactions en trans pourrait également être confirmé. 

 En ce qui concerne les Kv1.2, nos résultats suggèrent que CASPR2 pourrait limiter 

l’internalisation des Kv1 par des mécanismes intracellulaires. Il serait intéressant de 

confirmer cette fonction en utilisant des conditions induisant l’endocytose des Kv1.2 dans 

les cellules HEK. Dans notre modèle, l’internalisation des Kv1.2 pourrait être induite par 

l’application de carbachol puis mesurée en FACS. De plus, nous avons montré un impact de 

TAG-1 sur l’interaction entre CASPR2 et Kv1.2 qui pourrait reposer sur sa capacité à 

clustériser les Kv1.2 dans les radeaux lipidiques. Il serait donc intéressant de regarder 

l’impact de la perte des radeaux lipidiques sur l’interaction CASPR2/Kv1.2 en présence de 

TAG-1. 



 

 Nos travaux sur les interactions CASPR2/TAG-1/Kv1.2 et sur les mécanismes d’action 

des anticorps anti-CASPR2 sont actuellement complétés au sein de l’équipe par des travaux 

sur des cultures de neurones hippocampiques. Nous étudions la localisation de CASPR2 dans 

les compartiments neuronaux en microscopie haute résolution ainsi que l’impact des 

anticorps anti-CASPR2 sur la localisation et l’expression de CASPR2 et Kv1.2. Par ailleurs, 

nous analysons l’impact des anticorps anti-CASPR2 sur la maturation des synapses 

excitatrices et inhibitrices ainsi que sur l’excitabilité du réseau en lien avec la fonction des 

canaux Kv1. Ces travaux permettront à terme, de clarifier le(s) rôle(s) pathogénique(s) des 

anticorps anti-CASPR2 chez les patients atteints d’EL. 
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Abstract
Contactin- associated protein- like 2 (CASPR2) is a cell adhesion protein of the neurexin 

family. Proteins of this family have been shown to play a role in the development of the 

nervous system, in synaptic functions, and in neurological diseases. Over recent years, 

CASPR2 function has gained an increasing interest as demonstrated by the growing num-

ber of publications. Here, we gather published data to comprehensively review CASPR2 

functions within the nervous system in relation to CASPR2- related diseases in humans. 

On the one hand, studies on Cntnap2 (coding for CASPR2) knockout mice revealed its 

role during development, especially, in setting- up the inhibitory network. Consistent with 

this result, mutations in the CNTNAP2 gene coding for CASPR2 in human have been 

identified in neurodevelopmental disorders such as autism, intellectual disability, and epi-

lepsy. On the other hand, CASPR2 was shown to play a role beyond development, in the 

localization of voltage- gated potassium channel (VGKC) complex that is composed of 

TAG- 1, Kv1.1, and Kv1.2. This complex was found in several subcellular compartments 

essential for action potential propagation: the node of Ranvier, the axon initial segment, 

and the synapse. In line with a role of CASPR2 in the mature nervous system, neurological 

autoimmune diseases have been described in patients without neurodevelopmental disor-

ders but with antibodies directed against CASPR2. These autoimmune diseases were of 

two types: central with memory disorders and temporal lobe seizures, or peripheral with 

muscular hyperactivity. Overall, we review the up- to- date knowledge on CASPR2 func-

tion and pinpoint confused or lacking information that will need further investigation.
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1 |  INTRODUCTION

Contactin- associated protein- like 2 belongs to a distinct sub-
group of the neurexin superfamily along with four different pro-
teins in human CASPR1 and CASPR3–CASPR5 (for review see 
Zou et al., 2017). Neurexins are cell adhesion proteins known for 
their role in synapse formation and in the regulation of synapse 
properties (Gokce & Südhof, 2013; Graf, Zhang, Jin, Linhoff, 
& Craig, 2004; Missler et al., 2003). Located at the presynap-
tic compartment, neurexins are able to induce the formation of 
excitatory or inhibitory synapses through interaction with a di-
versity of neuroligin postsynaptic partners (Graf et al., 2004). 
In mice, triple or single knockouts (KO) of neurexin (neurex-
in- 1α, 2α, and 3α) impaired survival or induced severe synapse 
dysfunction (Chen, Jiang, Zhang, Gokce, & Südhof, 2017; for 
review see Südhof, 2017). In humans, mutation of genes coding 
for neurexins or their partners have been associated with autism 
(Reichelt, Rodgers, & Clapcote, 2012; Schaaf et al., 2012), ep-
ilepsy (Møller et al., 2013), intellectual disability (ID) (Schaaf 
et al., 2012), schizophrenia (Kirov et al., 2009; Reichelt et al., 
2012), and Gilles de la Tourette syndrome (Huang et al., 2017). 
Furthermore, autoantibodies directed against neurexin- 3α have 
been described in patients with encephalitis and were shown to 

alter synapse development in vitro (Gresa- Arribas et al., 2016). 
Like other members of the neurexin superfamily, CASPR2 is 
involved in genetic and autoimmune neurological diseases, al-
though its role in the nervous system remains less understood.

Herein, we aim to comprehensively review all available 
data on CASPR2 functions within the nervous system in re-
lation with the developing field of CASPR2- related diseases 
in humans.

2 |  STRUCTURE, EXPRESSION, 
AND FUNCTION OF CASPR2

2.1 | CASPR2 structure
Contactin- associated protein- like 2 is a transmembrane 
protein with a C- terminal intracellular region that contains 
a 4.1B- binding motif (4.1Bb), also called Glycophorin- 
NeurexinIV- Paranodin (GNP) motif and a type II PDZ- 
binding motif (PDZb) (Figure 1a) allowing, respectively, its 
interaction with cytoskeleton- associated proteins containing 
a Four- point- one, Ezrin, Radixin, Moesin (FERM) domain, 
and scaffolding proteins (Denisenko- Nehrbass et al., 2003; 

F I G U R E  1  Domain organization and 3D structure of CASPR2 and neurexin- 1α. (a) CASPR2 and neurexin- 1α both contain extracellular 
laminin G- like domains (L) and EGF- like domains (E), a transmembrane domain (TM) and intracellular 4.1B-  and PDZ- binding motifs. In contrast, 
CASPR2 contains two supplemental extracellular domains: a discoidin- like domain (F58C) and a fibrinogen- like domain (F). (b) Structure of 
CASPR2 proposed by Lu et al. (2016). CASPR2 is a ~145 Å- long, ~90 Å- wide, and ~50 Å- thick protein composed of three lobes (1, 2, and 3) 
flexible between each other allowing vertical or horizontal presentations. Such flexibility could reveal different domains of the protein and thus 
modulate its binding capability with multiple partners (P1 and P2). Furthermore, the localization of the protein at multiple neuronal subcellular 
regions could vary depending on its orientation. For example only horizontal CASPR2 could fit in the narrow inhibitory synaptic cleft (Lu et al., 
2016)
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Horresh, Bar, Kissil, & Peles, 2010; and Horresh et al., 
2008). The extracellular part of CASPR2 is composed of 
an N- terminal discoidin- like domain (F58C), four laminin 
G- like domains (L1–L4), two epidermal growth factor- like 
(EGF) domains (E1-E2), and a fibrinogen- like domain (F; 
Figure 1a) (Poliak et al., 1999).

The amino acid sequence of CASPR2 is close to that of 
neurexin- 1α; these two proteins present homologous intracel-
lular 4.1B-  and PDZ- binding motifs as well as laminin G- 
like or EGF- like extracellular domains. On the other hand, 
the N- terminal discoidin- like domain and the fibrinogen- like 
domain are specific to CASPR2 (Figure 1a) (Poliak et al., 
1999). Differences between the two proteins were also evi-
denced by recent electron microscopy studies; CASPR2 ap-
peared as a compact protein while neurexin- 1α presents an 
elongated structure (Lu et al., 2016; Rubio- Marrero et al., 
2016). Notably, CASPR2 is organized into three lobes flexi-
ble between each other, which could harbor two main orien-
tations, vertical, or horizontal (Figure 1b) (Lu et al., 2016). 
Such flexibility could eventually modulate its binding capa-
bility with multiple partners and its localization at multiple 
neuronal subcellular regions (Figure 1b) (Lu et al., 2016).

2.2 | CASPR2 expression
In the adult mouse brain, CASPR2 is strongly expressed in the 
cortex, in areas related to motor activities, such as the basal 
ganglia, the substantia nigra, and the pontine nucleus as well 
as in areas of the limbic circuitry including the hippocampus, 
the amygdala, the interpeduncle nucleus, and the mammil-
lary bodies (Gordon et al., 2016). CASPR2 expression is also 
found in nervous structures involved in sensory pathways in-
cluding the visual, olfactory, auditory, gustatory, and soma-
tosensory systems. For all these sensory modalities, CASPR2 
was first detected in primary sensory organs then in specific 
brainstem and thalamic nuclei and finally in the correspond-
ing cortical areas (Gordon et al., 2016). In the developing 
rodent nervous system CASPR2 is detected prenatally from 
embryonic day 14 (E14) and gradually increases through to 
adulthood following a posterior to anterior progression pattern 
(Gordon et al., 2016; Peñagarikano et al., 2011; Poliak et al., 
1999). In the hippocampus, CASPR2 is detected initially in 
the dentate gyrus (DG) at E18. From postnatal day 7 (P7) to 
adult, CASPR2 expression decreases in the DG and increases 
gradually in the CA1 and CA2 regions (Gordon et al., 2016). 
In the developing cortex, CASPR2 is first detected in the mar-
ginal zone at E14 (Peñagarikano et al., 2011). At later postna-
tal stages, its expression gradually migrates into deeper layers 
in such a way that in adults CASPR2 is found in all layers of 
the cortex (Bakkaloglu et al., 2008; Gordon et al., 2016).

In humans, CNTNAP2 mRNA is found at low levels in the 
ovary and prostate, and predominantly in the adult nervous 
system including the spinal cord and the brain (Poliak et al., 

1999). In the latter, it is found in nervous structures similar 
to those described in rodents (Poliak et al., 1999). However, 
the pattern of CNTNAP2 mRNA expression in cortical re-
gions markedly differs between these two species during the 
early stages of development (Abrahams et al., 2007). Thus, 
CASPR2 appears specifically enriched in the developing 
human anterior temporal and prefrontal cortex in contrast 
to rodents (Abrahams et al., 2007). This may reflect a role 
of CASPR2 in higher cognitive functions such as language 
learning (Abrahams et al., 2007).

In conclusion, the spatiotemporal pattern of CASPR2 ex-
pression in different structures of the developing and adult 
brain points to a role of this protein in the establishment of 
the neuronal network and its involvement in sensory and 
higher cognitive functions in the mature nervous system.

At the cellular level, CASPR2 is detected in a large variety 
of neurons in adult rat brain (Poliak et al., 1999). In the pyra-
midal neurons of the CA3 region of the hippocampus and of 
the cortex, it is expressed at both soma and dendrites (Poliak 
et al., 1999). CASPR2 is also enriched at the distal part of the 
axon initial segment (AIS) and in the juxtaparanodal (JPX) re-
gion of nodes of Ranvier (NOR) present on myelinated axons 
of the peripheral and central nervous system (Figure 2a, b, 
and c) (Inda, DeFelipe, & Muñoz, 2006; Ogawa et al., 2008; 
Poliak et al., 1999; Scott et al., 2017).

In cultured hippocampal neurons at DIV4, 58% of the 
GAD65- positive inhibitory neurons expressed CASPR2 versus 
only 4% of the GAD65- negative excitatory neurons (Pinatel 
et al., 2015). This suggests that in vitro, CASPR2 expression 
is found in a subpopulation of neurons and preferentially in 
inhibitory neurons. At this stage of culture, CASPR2 was ex-
pressed at the surface of neurons both in the somato- dendritic 
and axonal compartments. At later stages (DIV7–DIV8) a 
decrease in CASPR2 surface expression was observed in the 
somato- dendritic compartment through endocytic retrieval 
(Bel, Oguievetskaia, Pitaval, Goutebroze, & Faivre- Sarrailh, 
2009; Pinatel et al., 2015). Thus, the maturation of cultured 
hippocampal neurons is associated with a redistribution of 
surface CASPR2 with a preferential localization along axons. 
CASPR2 is also found in the synaptic membrane fraction 
(Bakkaloglu et al., 2008) and in synaptosomes (Chen et al., 
2015). CASPR2 partially colocalized with presynaptic mark-
ers such as VGLUT1 and VGAT, which identify excitatory 
and inhibitory synapses, respectively, (Pinatel et al., 2015) and 
with excitatory postsynaptic AMPA receptor GluA1 subunit 
(Figure 2d) (Varea et al., 2015). In agreement with the pref-
erential expression of CASPR2 in GAD65- positive inhibitory 
neurons, a strong colocalization was observed with presynap-
tic terminals positive for GAD65 apposed to Gephyrin clus-
ters, characterizing the inhibitory postsynaptic compartment 
(Pinatel et al., 2015). Together, these data suggest that in cul-
tured hippocampal neurons, CASPR2 is preferentially associ-
ated with inhibitory axonal presynaptic sites (Figure 2d).
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In summary, it appears difficult to restrain CASPR2 to a 
single type of synapse although its localization in inhibitory 
synapse seems more obvious. Even though CASPR2 appears 
preferentially expressed in the presynaptic axonal terminals, 
further studies are needed to determine without ambiguity its 
synaptic distribution.

2.3 | CASPR2 function

2.3.1 | CASPR2, organizer of axonal 
microdomains
A striking feature of CASPR2 enrichment at the AIS and 
NOR is its close vicinity with the voltage- gated potassium 
channels (VGKC) of the Kv1 subfamily, Kv1.1 and Kv1.2 
(Figure 2b and c) (Poliak et al., 1999), that are essential for 
the repolarization of the neuronal membrane following an ac-
tion potential (Lai & Jan, 2006).

Nodes of Ranvier are small axonal sections devoid of 
myelin, separating two myelinated segments also known as 
internodes (Figure 2a). The node is characterized by a high 
density of voltage- dependent sodium channels and flanked 
by two distinct regions of the axolemma, the paranodal (PN) 
junction, and the juxtaparanodal (JXP) region, both charac-
terized by the organization of macromolecular complexes 
(Figure 2b) (Rasband & Peles, 2015). The JXP are charac-
terized by a molecular complex consisting of Kv1, CASPR2, 
and TAG- 1 (Transient Axonal Glycoprotein- 1), a glycosyl-
phosphatidylinositol (GPI)- anchored adhesion molecule of 
the Ig superfamily also referred to as Axonin- 1 or Contactin- 2 
(Figure 2b) (Poliak et al., 2003; Rasband et al., 2002; Traka 
et al., 2003).

In CASPR2 KO mice, Kv1 and TAG- 1 were no longer 
enriched at the JXP (Poliak et al., 2003; Scott et al., 2017). In 
the same way, in TAG- 1 KO mice, Kv1 and CASPR2 were 
both mislocalized (Traka et al., 2003). The interdependent 

F I G U R E  2  CASPR2 localization and partners. (a) CASPR2 can be found in a diversity of subcellular compartments: the node of Ranvier (1), 
the axon initial segment (2), and the synapse (3). (b) At the node of Ranvier (1), CASPR2 is located in the juxtaparanodal region, under the myelin 
sheaths. In this region, CASPR2 is essential for the clustering and localization of Kv1, TAG- 1, PSD- 93, and PSD- 95. CASPR2 interacts with the 
Kv1.1 and Kv1.2 channels through its binding to the 4.1B protein. CASPR2 also interacts with axonal TAG- 1 in cis which interacts with glial TAG- 
1 in trans. N: Node, PN: Paranode, JXP: Juxtaparanode. (c) At the axon initial segment (2), CASPR2 is mainly found in the distal region. It is also 
found in complex with Kv1.1, Kv1.2, and TAG- 1 but does not seem essential for their correct localization. (d) At the synapse (3), CASPR2 seems 
mainly found in inhibitory presynaptic compartment and to a lower extent in excitatory postsynaptic compartment
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relationship between these three proteins put into light the 
requirement of a CASPR2/TAG- 1 cell adhesion complex for 
Kv1 positioning at the JXP. While CASPR2 and Kv1 were 
shown to be expressed at the axonal membrane, TAG- 1 was 
present on both the axonal and the glial membrane (Poliak 
et al., 1999; Traka, Dupree, Popko, & Karagogeos, 2002) 
(Figure 2b). Based on the well- described TAG- 1/TAG- 1 
trans- homophilic- binding propensity (Kunz et al., 2002) and 
the well- documented direct interaction between CASPR2 
and TAG- 1 through their extracellular domains (Lu et al., 
2016; Pinatel et al., 2015; Poliak et al., 2003; Savvaki et al., 
2010; Traka et al., 2003; Tzimourakas, Giasemi, Mouratidou, 
& Karagogeos, 2007), it was postulated that axonal TAG- 1 
interacts in trans with glial TAG- 1 and in cis with CASPR2 
allowing Kv1 clustering (Figure 2b).

These results were later on questioned by a transgenic 
mice model expressing TAG- 1 exclusively in glial cells (Tag- 
1- /- ; plp Tg(rTag- 1)) in which, at least in the CNS, the JXP 
complex formed normally. In this model, TAG- 1, CASPR2, 
and Kv1.2 were also found in the same immunoprecipitated 
complex (Savvaki et al., 2010). It was, therefore, postulated 
that glial TAG- 1 was sufficient to form a trans- complex with 
axonal CASPR2. Indeed, using different experimental set-
tings, both cis-  and trans- TAG- 1/CASPR2 interactions have 
been reported (Poliak et al., 2003; Savvaki et al., 2010; Traka 
et al., 2003). However, using a neuron/HEK293 coculture 
assay, other authors showed that TAG- 1/TAG- 1 but not TAG- 
1/ CASPR2 transinteractions allowed Kv1.2 cluster forma-
tion on axonal membranes (Gu & Gu, 2011). Therefore, there 
is an apparent confusion regarding the mechanisms involved 
in CASPR2/TAG- 1/Kv1 association. This may arise from the 
contribution of a soluble form of TAG- 1 released by neuro-
nal and glial cells which could modulate the binding of glial 
TAG- 1 with axonal CASPR2 (Savvaki et al., 2010; Stoeckli, 
Kuhn, Duc, Ruegg, & Sonderegger, 1991).

In addition, the cytoplasmic domain of CASPR2 has been 
shown to be sufficient to coprecipitate Kv1.2 and its Kvbeta 
subunit from rat brain membrane lysate (Horresh et al., 2010; 
Poliak et al., 1999) and to be required for the JXP complex 
formation (Horresh et al., 2010). As both CASPR2 and 
Kv1.2 contain a PDZ- binding domain (Poliak et al., 1999) 
it was initially proposed that their association was mediated 
through a common PDZ domain- containing protein such as 
PSD- 93 or PSD- 95, and that these scaffold proteins could 
participate in the assembly of the JXP complex (Poliak et al., 
1999). However, in mice knocked out for PSD- 95 (Rasband 
et al., 2002), PSD- 93 or both PSD- 95 and PSD- 93 (Horresh 
et al., 2008), or in mice in which the PDZ- binding motif of 
CASPR2 was deleted (Horresh et al., 2008), the JXP com-
plex assembled normally indicating that this process does not 
rely on PDZ- binding motif. Conversely, CASPR2 and TAG- 1 
were necessary for PSD- 93 and PSD- 95 accumulation at 
JXP (Horresh et al., 2008). In contrast, CASPR2 was shown 

to interact with the 4.1B cytoskeletal protein (Denisenko- 
Nehrbass et al., 2003) and this interaction appeared neces-
sary for JXP complex formation. Indeed, in 4.1B- /-  mice or 
in mice in which the 4.1B- binding motif of CASPR2 was de-
leted not only CASPR2 but also Kv1, TAG- 1, and PSD- 93 
were no longer accumulated at the JXP (Buttermore et al., 
2011; Cifuentes- Diaz et al., 2011; Einheber et al., 2013; 
Horresh et al., 2010).

Although the NOR is critical for AP propagation, it has 
been commonly assumed that the AIS is the site at which 
the AP is generated (Nelson & Jenkins, 2017). Another or-
ganization that likely contributes to the control of AP gen-
eration was referred to as heminode. Identified in motor 
neurons, this region is adjacent to the AIS, where the 
myelin sheath begins, and composed of a paranode- type 
(para- AIS) as well as a juxtaparanode- type (JXP- AIS) 
compartment (Duflocq, Chareyre, Giovannini, Couraud, 
& Davenne, 2011). CASPR2 colocalize with TAG- 1 and 
Kv1 in the distal region of the AIS (Figure 2c), and at the 
JXP- AIS (Duflocq et al., 2011; Inda et al., 2006; Ogawa 
et al., 2008, 2010). For unknown reasons, CASPR2 en-
richment at this site was not always observed in neurons 
cultured in vitro (Pinatel et al., 2017). Distinctly from the 
JXP, Kv1 proper positioning at the AIS and JXP- AIS does 
not rely on CASPR2 or TAG- 1 expression (Duflocq et al., 
2011; Ogawa et al., 2010). Nevertheless, a positive cor-
relation between the amount of Kv found at the AIS and 
CASPR2 or TAG- 1 expression has been reported (Pinatel 
et al., 2017). With respect to the involvement of PSD- 93 
in Kv1 positioning at the AIS, a decrease in Kv expres-
sion was observed in cultured hippocampal neurons treated 
with PSD- 93 shRNA (Ogawa et al., 2008), whereas no al-
terations were detected in PSD- 93 or PSD- 93/PSD- 95 KO 
mice (Ogawa et al., 2010). Therefore, despite similar pro-
tein components, distinct mechanisms are responsible for 
the molecular assembly of the JXP and the AIS.

In addition, there is increasing evidence that Kv1 asso-
ciate into large complex with proteins other than CASPR2 
and TAG- 1, controlling their localization and activity. These 
include Kvbeta2, cytoplasmic LGI1, scaffold and adaptor 
proteins as well as adhesion molecules such as ADAM- 22, 
ADAM- 23, and secreted LGI1 (Fukata et al., 2010). This com-
plex was further put into light through neuropathy- associated 
autoantibodies (see below) and referred to as the VGKC com-
plex (Irani et al., 2010; Lai et al., 2010). Moreover, the exis-
tence of this complex was recently confirmed by CASPR2 
immunoprecipitation from a hippocampal synaptosomal 
fraction followed by quantitative mass spectrometry (Chen 
et al., 2015). Interestingly, by performing the same exper-
iments in CASPR2 KO mice the authors found that LGI1, 
Kvbeta2, and ADAM22 coprecipitated with a small isoform 
of CASPR2 present in both WT and KO mice at a level 10 
times lower than full- length CASPR2 (Chen et al., 2015). As 



6 |   SAINT- MARTIN ET AL.

this isoform is truncated for almost all the extracellular parts, 
interactions with these partners are likely to rely on CASPR2 
intracellular domains.

Other proteins interacting with CASPR2 cytoplasmic do-
mains have been reported, for which function may lie out-
side of the JXP or AIS complex assembly. Among these, are 
several scaffolding proteins interacting directly (i.e., MPPs 
and CASK), or indirectly (i.e., SAP97), with CASPR2 (Chen 
et al., 2015; Horresh et al., 2008; Tanabe, Fujita- Jimbo, 
Momoi, & Momoi, 2015). CASPR2 was also shown to in-
teract intracellularly with carboxypeptidase E that may allow 
CASPR2 trafficking to the dendritic membrane through a 
Golgi- dependent pathway (Oiso et al., 2009).

2.3.2 | CASPR2- associated microdomains in 
action potential propagation
Although the role of CASPR2 in Kv1 and TAG- 1 clustering 
at the juxtaparanodal region of the NOR is well documented, 
the function of this complex in neuronal activity remains un-
clear. Given that in adulthood, once the myelination process 
is completed, JXP Kv1 channels are electrically isolated from 
the node of Ranvier by compact myelin, their functional im-
plication in AP propagation is still a matter of debate (for 
review see Rosenbluth, Mierzwa, & Shroff, 2013). Notably, 
they were shown to play a role in small but not large myeli-
nated axon (Devaux & Gow, 2008). In line with this issue, 
despite JXP complex mislocalization in Cntnap2 KO mice, 
the myelination process as well as the AP conduction ve-
locity and refractory period appeared normal in sciatic and 
optic nerves (Poliak et al., 2003). In contrast, by recording 
the global axonal electrical activity in acute cortical slice of 
8- week- old Cntnap2 KO animals, a decrease in fiber volleys 
amplitudes was observed with a slowdown of the AP repolar-
ization phase that could be attributed to improper Kv1 distri-
bution. This led to an increase in neurotransmitter release and 
a consecutive increase in postsynaptic excitatory responses 
(Scott et al., 2017). According to these findings, Kv1 surface 
expression was decreased at the soma of a subpopulation of 
DRG neurons in Cntnap2 KO mice, rendering them hyperex-
citable (Dawes et al., 2018). These results strengthened the 
idea that CASPR2 affects intrinsic neuronal excitability by 
impacting Kv1 distribution at the neuronal membrane. Of 
note, such neuronal electrophysiological properties changes 
could account for the alterations of the neuromuscular junc-
tion found in Cntnap2 KO mice at P180 (Saifetiarova, Liu, 
Taylor, Li, & Bhat, 2017).

Although the role of VGKC complexes at the JXP re-
mains unclear in fully myelinated axons, they were found to 
play a role in axonal excitability before or during axonal my-
elination (Vabnick et al., 1999). Interestingly, at the age of 
3 weeks, a time at which the myelination process is ongoing, 
myelination was delayed in Cntnap2 KO mice and this defect 

coincided with impaired conduction that was manifested by 
a lower average speed of AP propagation (Scott et al., 2017). 
Importantly, those defects in a phase critical for neuronal net-
work development may affect its dynamics and perturb the 
consolidation of long- range functional connectivity (Liska 
et al., 2018; Scott- Van Zeeland et al., 2010).

2.3.3 | CASPR2 in network formation
The function of CASPR2 has thus been extended beyond its 
role as an organizer of axonal microdomains and was proposed 
to play a role in the formation of the neuronal network during 
development. Indeed, Cntnap2 KO mice displayed cortical neu-
ronal migration abnormalities manifested by ectopic neurons 
in the corpus callosum and abnormal distribution of cortical 
projections in the somato- sensory cortex (Peñagarikano et al., 
2011). Accordingly, asynchronous neuronal firing was found in 
these mice, likely due to network dysfunction rather than abnor-
mal neuronal activity per se (Peñagarikano et al., 2011).

Another important feature of Cntnap2 KO mice at postnatal 
day 14 or 30 is the deficit of some subpopulations of inhibitory 
GABAergic interneurons (i.e., no defect in the production/mi-
gration or survival but defect in their differentiation/activity), 
in the striatum, the hippocampus, and the somato- sensory cor-
tex (Peñagarikano et al., 2011; Vogt et al., 2017). Accordingly, 
CASPR2 was proposed to cell autonomously regulate the 
electrophysiological properties of the cortical parvalbumin- 
positive (PV+) interneurons (Vogt et al., 2017). Consistent 
with the notion of a disrupted inhibition, CA1 pyramidal 
cells recordings in acute hippocampal slices from Cntnap2 
KO mice showed an alteration of inhibitory but not excitatory 
transmission (Jurgensen & Castillo, 2015). More precisely, the 
alteration of inhibition was only found on the perisomatic but 
not dendritic compartment. This alteration was not due to a 
reduction in neurotransmitter release but most likely to the loss 
of PV+ interneurons, that normally highly innervate the peri-
somatic regions of the recorded neurons (Jurgensen & Castillo, 
2015). Similar results were found in pyramidal cells of the vi-
sual cortex 2/3 layers in cortical slices from 6 to 8- week- old 
(but not 3 to 4 week old) Cntnap2 KO mice, with reduced 
phasic and tonic inhibitions (Bridi, Park, & Huang, 2017). 
The fact that in the visual cortex neither intrinsic excitability 
nor the spike features were altered in these mice supports a 
developmental role for CASPR2 in the maturation and stabil-
ity of GABAergic synapses (Bridi et al., 2017). In contrast to 
these findings, Scott et al. (2017) did not find any deficit of 
inhibitory GABAergic interneurons in the somatosensory cor-
tex or any deficits in inhibitory postsynaptic currents in adult 
Cntnap2 KO mice (Scott et al., 2017). Further investigations 
are needed to explain these discrepancies.

In addition, CASPR2 was shown to play a role in neurite out-
growth. A decrease in neurite outgrowth was observed at DIV 
3 in culture of cortical neurons established from  Cntnap2 KO 
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mice embryos (E14) (Canali et al., 2018) but not from newborn 
mice (P0) (Varea et al., 2015). In addition,  Cntnap2 knock-
down at DIV4 (using shRNA) in cortical neuronal cultures from 
newborn mice (P0) induced a decrease in neurite outgrowth and 
dendritic arborization at DIV14- 18 (Anderson et al., 2012).

Contactin- associated protein- like 2 was also involved in 
synapse formation, as a lower number of spines was found in  
Cntnap2 KO cortical neurons in vitro and in vivo (Gdalyahu 
et al., 2015; Varea et al., 2015). Furthermore, smaller spine 
heads were found in DIV14- 18 cortical cultures knocked 
down for  Cntnap2 (Anderson et al., 2012). In line with these 
findings, a comparative study of synapse formation dynam-
ics in vivo on  Cntnap2 KO and WT live animals found that 
CASPR2 is involved in synapse stabilization (Gdalyahu 
et al., 2015). Of particular interest, the CASPR2- associated 
synapse stabilization defect could be explained by impaired 
AMPA receptor trafficking to the synapse (Varea et al., 
2015). Overall, these data support a role of CASPR2 in the 
establishment of neuronal connectivity.

3 |  CASPR2 AND 
NEURODEVELOPMENTAL 
DISEASES

3.1 | CNTNAP2 mutations
Contactin- associated protein- like 2 is encoded by the 
CNTNAP2 gene located in the chromosomal region 7q35 
and is one of the genome’s largest genes (2.3Mb and 24 
exons; NCBI Genebank). The first report of a disorder as-
sociated with a CNTNAP2 mutation dates from 2003; it was 
found in a father and his two children who all presented 
with obsessive- compulsive disorder (Verkerk et al., 2003). 
This disorder was accompanied, for the children, with Gilles 
de la Tourette syndrome (GTS), which remains to date the 
only reported case of CNTNAP2 mutation associated with 
GTS (Belloso et al., 2007). All three of them harbored a het-
erozygous chromosomal translocation implying a complex 
genomic rearrangements thus questioning the clinical sig-
nificance of this variant. After this first case, an increasing 
number of CNTNAP2 alterations have been reported in pa-
tients with various neurodevelopmental disorders involving 
essentially the central nervous system such as autism spec-
trum disorder (ASD), epilepsy, intellectual disability, speech 
disorders, schizophrenia, CDFE, and ADHD (reviewed by 
Rodenas- Cuadrado, Ho, & Vernes, 2014; Poot et al., 2015; 
and Poot, 2017). Solely one peripheral neuropathy, Charcot–
Marie–Tooth disease, has been reported in two sisters with a 
duplication of the exon 4 of CNTNAP2 (Høyer et al., 2015).

In this review, we published up- to- date exonic (pro-
tein coding) CNTNAP2 mutations (reported in Figure 3a). 
Although most of the cases displayed a combination of 
several of the disorders described above, only the primary 

clinical feature was depicted (Figure 3a). Neuropathies as-
sociated with CNTNAP2 mutations reported here were often 
with a childhood onset and in male patients in around 60.9% 
of the cases. Although CNTNAP2 mutations were mostly het-
erozygous, implying that the loss of a single allele might be 
sufficient to disrupt the function of the protein, some mu-
tations seemed to affect neurodevelopment only in a homo-
zygous state. For example, a homozygous CNTNAP2 point 
mutation (3709delG) in exon 22 was reported in 13 Old 
Ordrer Amish children with cortical dysplasia- focal epilepsy 
(CDFE) as primary clinical feature. The same mutation was 
found heterozygous in their parents and four healthy individ-
uals (Strauss et al., 2006). Three other cases with homozy-
gous CNTNAP2 deletions in the proximal region of the gene 
were reported (Rodenas- Cuadrado et al., 2016; Watson et al., 
2014; Zweier et al., 2009). Patients presented severe ID, early 
onset drug- resistant epilepsy with concomitant regression of 
language, communicative impairments, and autistic features.

Importantly, the large spectrum of clinical presentations, 
the highly complex genetic alterations, and the presence of 
some CNTNAP2 variants in healthy individuals indicate 
the involvement of a combination of factors in CNTNAP2- 
associated diseases (Bakkaloglu et al., 2008; Murdoch et al., 
2015). However, in order to determine if specific exons of 
CNTNAP2 are affected by disease- associated mutations, we 
compared the distribution of mutations over the 24 exons be-
tween the patients reported here and individuals of the global 
population reported in the Exome Aggregation Consortium 
(ExAC) database (Lek et al., 2016). Of note, individuals in 
this database should not present any severe pediatric disease. 
We counted the number of mutations identified in patients 
(patient group: a total of 49 mutations including 24 point 
mutations and 25 deletions/duplications (Copy Number 
Variation, CNVs)) and in individuals of the ExAC database 
(ExAC group: a total of 539 natural mutations, including 528 
point mutations and 11 CNVs). When taking all types of mu-
tations into account we did not see any tendency towards a 
particular exon. However, when looking at point mutations 
and CNVs separately, although no marked difference was ob-
served between the patients and ExAC groups for the point 
mutations, we found a high number of CNVs impacting the 
F58C coding exons in the patient group (10.8%, 12.8%, and 
6.9% of total mutations on exons 1–3, respectively) but a very 
low number in the ExAC group (1.7%, 1.7%, and 5.2% of 
total mutations are on exons 1–3, respectively) (Figure 3a and 
Figure S1). We find this finding rather striking with regard to 
the fact that this same domain (F58C) is targeted by autoanti-
bodies in CASPR2- associated autoimmune diseases.

3.2 | Pathological models
Regarding the impact of CNTNAP2 mutations on CASPR2 
expression, folding, or function, some mutations could 
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be considered as close to KO mutations (i.e., no protein 
expressed) like the deletion of exons 2–3 introducing a 
frameshift that is predicted to cause an early stop codon L39X 
severely truncating the CASPR2 protein (Rodenas- Cuadrado 
et al., 2016). Other mutations were studied in HEK cells, 

for example, the I1253X mutation was shown to produce a 
truncated and secreted protein (Falivelli et al., 2012), while 
the D1129H was shown to impact the folding of CASPR2, 
which is then largely retained in the endoplasmic reticulum 
(Falivelli et al., 2012). However, this is not enough to fully 
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apprehend the impact of a mutation, especially in the case of 
heterozygous mutations, when the wild- type protein is also 
expressed. Indeed, in this case, several scenarios are possible 
including dominant negative mutations and reduced or in-
creased gene dosage, expression or activity (Veitia, Caburet, 
& Birchler, 2018). A recent study focused on the impact of 
these heterozygous CNTNAP2 mutations on axonal growth 
in vitro (Canali et al., 2018). They found that CASPR2 plays 
a dose- dependent role in cortical neuron axonal growth and 
that the R1119H and the N407S mutations had a dominant 
negative effect on this function. Of particular interest, in COS 
cells, the R1119H mutant protein oligomerized with wild- type 
CASPR2 in the endoplasmic reticulum inducing its intracel-
lular retention. Authors also found two mutations, I869T and 
G731S, which impaired CASPR2/TAG- 1 interaction and 
were unable to rescue axonal growth defects in Cntnap2 KO 
cortical neurons (Canali et al., 2018). Thus, heterozygous 
CNTNAP2 missense variants may contribute through selec-
tive mechanisms to pathogenicity.

Notably, CASPR2 amino acid composition is highly con-
served between species; 98.6% homology between human 
and rhesus macaque and 93.8% between human and mouse 
(UNIPROT), making animal models very useful for study-
ing its function and related diseases. Indeed, Cntnap2 ho-
mozygous but not heterozygous KO mice presented an 
ASD- like phenotype associated with hyperactivity and epi-
leptic seizures as well as delayed learning resembling clini-
cal descriptions of patients (Figure 3b) (Peñagarikano et al., 
2011; Rendall, Truong, & Fitch, 2016). Furthermore, as doc-
umented previously, brain analysis before the onset of epi-
leptic seizures in these mice found no gross morphological 
changes but neuronal migration abnormalities, reduced num-
ber of GABAergic interneurons, and abnormal network ac-
tivity (Figure 3b) which may contribute to the developmental 
disorders (ASD, epilepsy, and hyperactivity) found in those 
mice. Indeed, the ASD- like behavior observed in Cntnap2 
KO mice correlated with an abnormal PV+ interneuron ac-
tivity (Selimbeyoglu et al., 2017). Of note, alterations in in-
hibitory network activity can lead to an imbalance between 
excitatory and inhibitory currents (E/I balance), a mechanism 
that likely underlies ASD (Nelson & Valakh, 2015). In this 

regard, the reduction of the E/I balance in Cntnap2 KO mice 
was able to acutely rescue their hyperactivity and deficits in 
social behavior (Selimbeyoglu et al., 2017).

Notably, as reported previously, WT mice transplanted 
with medial ganglionic eminence (MGE)- derived interneu-
rons isolated from Cntnap2 KO mice, presented a reduced 
number of PV+ interneurons (Vogt et al., 2017). This pheno-
type was rescued by Cntnap2 gene transduction into KO MGE 
interneurons but not by 4 Cntnap2 missense mutants (N407S, 
N418D, G731S, and T1278I), which could act as null/hypo-
morphic alleles. Furthermore, a recent study using fibroblasts 
from patients with heterozygous intragenic deletion of the 
CNTNAP2 gene (Lee et al., 2015) reprogrammed them into 
human- induced pluripotent stem cells (hiPSCs). These cells 
once differentiated in neurons presented increased CNTNAP2 
expression and increased spontaneous network activity 
(Flaherty et al., 2017). Together, these findings provide a first 
link between mutations and their functional implications rein-
forcing the relationship between mutations and diseases.

4 |  CASPR2 AND AUTOIMMUNE 
DISEASES

The description of anti- CASPR2 antibodies (CASPR2- Abs) 
derives from the characterization of autoantibodies that ini-
tially were thought to target voltage- gated potassium chan-
nels (VGKC) (Shillito et al., 1995). First identified in patients 
with a peripheral nerve hyperexcitability syndrome known as 
acquired neuromyotonia (NMT) (Shillito et al., 1995), anti- 
VGKC antibodies (VGKC- Abs) were later reported in pa-
tients with Morvan’s syndrome (MoS), which mixes NMT 
and encephalopathy (Liguori et al., 2001), and in patients with 
autoimmune encephalitis (AE), a pure CNS syndrome char-
acterized by memory disorders and temporal lobe seizures 
(Buckley et al., 2001; review Newsom- Davis et al., 2003). 
VGKC- Abs were detected using immunoprecipitation assays, 
in which VGKC subtypes Kv1.1, 1.2, and 1.6 precipitated from 
brain lysates with patients’ sera immunoglobulins are labeled 
with 25I- labeled dendrotoxin (Shillito et al., 1995). Recently, 
it was shown that most of VGKC- Abs do not actually target 

F I G U R E  3  CASPR2 and genetic diseases. (a) CNTNAP2 mutation map. The CNTNAP2 gene and its 24 exons coding for different domains 
of CASPR2 is presented. Large DNA deletions or duplications (Copy Number Variations, CNVs) are shown by lines above the CNTNAP2 gene. 
Point mutations are shown with arrows under the CNTNAP2 gene and stop mutations are underlined. References (authors’ name) are specified 
for each mutation. The beige quadrant highlights CNVs identified in the F58C coding exons. Some patients present a combination of CNTNAP2 
gene mutations indicated with p1 (patient 1) to p4 (patient 4). Primary or main clinical presentations associated with the mutation(s) are presented 
in different colors (legend box). For each category, the number of distinct mutations and the number of patients are indicated in brackets. Fs: 
Frameshift. (b) Pathological models of CNTNAP2 mutations. A Cntnap2 KO mouse model was developed presenting clinical and biological 
disorders sometimes close to those found in patients with CNTNAP2 mutations. The function of Cntnap2 was also assessed in vitro, using Cntnap2 
knockout and knockdown cultured neurons or reprogrammed fibroblasts from patients with CNTNAP2 mutations. SP: Signal peptide; F58C: 
Discoidin- like domain; L: Laminin G- like domain; E: Epidermal growth factor- like domain; TM: Transmembrane domain; 4.1Bb: 4.1B- binding 
domain; PDZb: PDZ- binding domain
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potassium channels, but CASPR2 and LGI1, that coprecipi-
tate with VGKC subunits in dendrotoxin immunoassays (Irani 
et al., 2010; Lai et al., 2010; Vincent & Irani, 2010). Clinically, 

CASPR2- Abs and LGI1- Abs delineate two different groups 
of syndromes: LGI1- Abs determine a subtype of autoimmune 
encephalitis with frequent paroxystic facio- brachial dystonia 

F I G U R E  4  CASPR2 and autoimmune diseases. (a) CASPR2 is associated with central and peripheral autoimmune diseases. Patients with 
central disorders present autoimmune encephalitis (AE) with memory disorders, temporal lobe epilepsy, frontal lobe dysfunction, and extralimbic 
signs. Association with other autoimmune disturbances or cancer is rare. The disease is mainly found in men around 64.5 years with CASPR2- 
Abs in the serum and CSF. Patients all present IgG4 subtype CASPR2- Abs in their CSF and the main epitopes are within the discoidin and 
laminin G1 domains. Patients with peripheral disorders present neuromyotonia with spontaneous muscular activity, muscle cramps, stiffness, and 
myokimia. Patients with Morvan syndrome present a combination of peripheral and central disorders with neuromyotonia, insomnia, confusion, 
and hallucinations. Association with other autoimmune disturbances or malignant thymoma is common. The disease is mainly found in men around 
51.0 years with CASPR2- Abs in the serum only. Patients mainly have IgG1 subtype CASPR2- Abs and the main epitopes are within the discoidin 
and laminin G1 domains. F58C: Discoidin- like domain; L1: Laminin G- like domain 1. (b) Effect of CASPR2- Abs. An effect of CASPR2- Abs was 
found in vivo in a maternal- to- fetal transfer model and in vitro in neuronal cell cultures or ELISA



   | 11SAINT- MARTIN ET AL.

(Navarro et al., 2016), while CASPR2- Abs associate indiffer-
ently with AE, MoS, and NMT (van Sonderen et al., 2016) 
(Figure 4a). Notably, the late occurrence of these pathologies 
in patients without any neurological antecedents puts forward 
a role of CASPR2 in the mature nervous system while neu-
ronal connectivity developed normally.

4.1 | Clinical features
Despite an increasing number of patients reported with 
CASPR2- Abs over recent years, such cases remain rare (Bien 
et al., 2017; Joubert et al., 2016; van Sonderen et al., 2016). 
This rarity, and the clinical overlap that exists between NMT, 
MoS, and AE, has made systematic clinical analysis difficult. 
Illustrative of this complexity, most studies failed to clearly 
delineate clinical subgroups within cohorts of CASPR2- Abs 
patients (Lancaster et al., 2011; van Sonderen et al., 2016; 
Vincent & Irani, 2010). However, even if these three syn-
dromes can overlap, NMT, MoS, and AE each have their 
clinical and immunological specificities (Figure 4a).

Neuromyotonia, or Isaacs’ syndrome, is a strictly peripheral 
syndrome and manifests with stiffness, muscle cramps, fascicu-
lations, myokimia, and mild dysautonomia (Song et al., 2017). 
Most patients are elderly and male. Electromyography displays 
spontaneous motor unit activities including fasciculations as well 
as neuromyotonic and myokimic discharges. These electrophysi-
ological features are not blocked by general anesthesia but disap-
pear after neuromuscular junction blockade, as expected with a 
peripheral nerve hyperexcitability syndrome (Isaacs, 1961).

Morvan syndrome, however, combines the features of 
NMT with signs of encephalopathy, such as insomnia, con-
fusion, and hallucinations. There is still a controversy in the 
current literature as to whether MoS should be considered 
as a distinct entity or merely as the combination of AE and 
NMT (van Sonderen et al., 2016). Nonetheless, MoS seems 
to have distinct features: patients lack the limbic signs char-
acteristic of AE, namely, temporal lobe seizures and antero-
grade amnesia (Irani et al., 2012). Signs of dysautonomia 
are particularly severe in MoS patients, who usually present 
with profuse sweating and tachycardia. Additionally, an un-
derlying malignant thymoma is frequent, as are other auto-
immune disorders such as connective tissue disorders and 
myasthenia gravis (Joubert et al., 2016; van Sonderen et al., 
2016).

Autoimmune encephalitis, in contrast, is a pure CNS syn-
drome that manifests with symptoms of limbic dysfunction, 
including memory disorders, temporal lobe seizures, and 
frontal lobe impairment. In addition, one- third of patients 
have cerebellar ataxia, and 18.0% report neuropathic pain 
(Joubert et al., 2016; van Sonderen et al., 2016). In the se-
ries that we have reported, in which we differentiate MoS 
encephalopathy from AE, NMT associated with AE in only 
10% of the cases (Joubert et al., 2016). Interestingly, various 

paroxysmal symptoms have been reported, such as orthostatic 
myoclonus (van Gerpen et al., 2016; Gövert et al., 2016), hy-
perkinetic movement disorders (Bien et al., 2017), and par-
oxysmal cerebellar ataxia (Joubert et al., 2017). Most AE 
patients are elderly and male. The disease is rarely associated 
with a cancer (16.7%) or with other autoimmune disorders 
(5.6%) (Joubert et al., 2016; van Sonderen et al., 2016).

4.2 | Immunological features
In the cohort that we have previously reported, patients with 
NMT or MoS had mainly IgG1 subtype in their sera (83.3%) 
in association with IgG4 in 41.7% of the cases. Patients 
with NMT or MoS had detectable CASPR2- Abs only in the 
serum, but not in the CSF, whereas AE patients had detect-
able CASPR2- Abs in both serum and CSF, and had higher 
serum titers (mean titer 1/15360 vs. 1/800) (Figure 4a) 
(Joubert et al., 2016). This finding is discrepant with previ-
ous case reports, possibly due to technical differences be-
tween labs, or because of the nonconsensual definition of 
MoS (Joubert et al., 2016; van Sonderen et al., 2016). The 
absence of CASPR2- Abs in the CSF of MoS patients is in-
triguing considering the encephalopathy they present with. 
As serum titers are much lower in MoS patients compared 
to LE patients, it is possible that a small number of antibod-
ies are present in their CSF but are not detectable with our 
current methods. The implication of other, yet unknown, 
antibodies targeting alternative antigens is another hypoth-
esis (Torres- Vega et al., 2017). In the cases of AE that we 
have reported, CASPR2- Abs titers were much higher in the 
serum than in the CSF (mean titer 1/15,360 in serum vs. 
1/1,280 in CSF) (Joubert et al., 2016). When present in the 
CSF, that is, in patients with AE, CASPR2- Abs are always of 
the IgG4 subtype, sometimes with IgG1 subtype antibodies 
in 58.8% of the cases (Joubert et al., 2016). In all patients, 
CASPR2- Abs are polyclonal and target multiple epitopes, 
which are distributed along the whole protein in around a 
half of the cases. However, the discoidin- like and the laminin 
G1- like N- terminal domains seem to be obligatory epitopes 
(Figure 4a) (Joubert et al., 2016; Olsen, Lai, Dalmau, Scherer, 
& Lancaster, 2015; Pinatel et al., 2015).

4.3 | Pathological model
The pathophysiology of CASPR2- Abs- related auto-
immune disorders remains unclear. In comparison, 
NMDAR- Abs encephalitis, another AE with autoantibod-
ies targeting NMDA receptors associated with manifesta-
tions of subacute limbic symptoms such as amnesia and 
seizures (Dalmau et al., 2008) has been well documented. 
NMDAR- Abs have been shown to impair NMDAR func-
tions in vitro (Dalmau et al., 2008; Hughes et al., 2010; 
Manto, Dalmau, Didelot, Rogemond, & Honnorat, 2010; 
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Mikasova et al., 2012), likely through cross- linking and 
internalization of the NMDAR, and to replicate several 
features of the disease when injected in mice (Planagumà 
et al., 2015, 2016). Furthermore, since NMDAR- Abs are 
mainly of the IgG1 subtype, their binding to the NMDAR 
is likely to have immunological consequences (activation 
of microglia and adaptative immunity through Fc- γ recep-
tors binding, antibody- mediated cytotoxicity) in addition 
to these functional effects. In contrast, IgG4 antibodies, 
which represent the main subtype of CASPR2- Abs, do not 
activate complement, and bind weakly to Fc- γ receptors 
(for review see Huijbers et al., 2015). Furthermore, IgG4 
antibodies can exchange Fab arms due to the lack of cova-
lent bonds between their heavy chains, leading to bispeci-
ficity of a fraction of IgG4 in healthy humans (van der Neut 
Kolfschoten et al., 2007; Schuurman et al., 1999). IgG4 an-
tibodies induced by immunization with an alloantigen are 
therefore functionally monovalent and are unable to cross- 
link antigens and to form immune complexes (van der Zee, 
van Swieten, & Aalberse, 1986). This unique feature might 
play a role in IgG4- related autoimmune disorders. In other 
IgG4- related autoimmune neurological disorders, such as 
myasthenia gravis with anti- MUSK antibodies, and AE 
with anti- LGI1 antibodies, experimental data suggest a 
functional effect of IgG4 autoantibodies without inter-
nalization of the targeted antigen (Huijbers et al., 2013; 
Ohkawa et al., 2013). In agreement, CASPR2- Abs did not 
induce internalization of their target after a 24- hr incuba-
tion period on rat hippocampal neuronal cultures or trans-
fected HEK cells (Patterson, Dalmau, & Lancaster, 2018). 
Interestingly, in a similar experimental model, CASPR2- 
Abs from AE patients decreased the number of inhibitory 
synapses after 1 hr of incubation (Pinatel et al., 2015) 
which could lead to neuronal hyperexcitability, consistent 
with the seizures observed in patients (Joubert et al., 2016; 
van Sonderen et al., 2016). Furthermore, CASPR2- Abs 
were shown to prevent CASPR2/TAG- 1 binding in ELISA 
assays (Figure 4b) (Patterson et al., 2018). Consequently, 
a working hypothesis could be that CASPR2- Abs impair 
CASPR2/TAG- 1- dependent Kv1 clustering at the NOR 
thus altering action potential propagation. However, in 
two recent studies in which mice were given systemic in-
jections of patient CASPR2- Abs, antibodies did not reach 
the JXP (Dawes et al., 2018; Manso, Querol, Mekaouche, 
Illa, & Devaux, 2016). Nevertheless, CASPR2- Abs depo-
sition was observed on the soma of DRG neurons asso-
ciated with a decrease in Kv1 expression. This decrease 
was also found at the JXP indicating that CASPR2- Abs 
could impinge Kv1 longitudinal movement towards this 
region. This was associated with an increased neuronal 
excitability, which could account for the pain hypersen-
sitivity found in the CASPR2- Abs- injected mice (Dawes 
et al., 2018).

Overall, although the mechanism by which CASPR2- Abs 
lead to AE, NMT, and MoS remains far from clear, a growing 
body of evidence supports their pathological implication.

4.4 | Antibodies and neurodevelopmental  
disorders
Several studies suggested that neurodevelopmental disor-
ders such as ASD and ID could be more frequent in chil-
dren from CASPR2- Abs- positive mothers. Notably, the 
presence of CASPR2- Abs in the sera of these mothers was 
not associated with any neurological disorders (Brimberg 
et al., 2016; Coutinho et al., 2017). More generally, moth-
ers of ASD children tend to more frequently have brain re-
active autoantibodies in their sera than controls (Brimberg, 
Sadiq, Gregersen, & Diamond, 2013; Singer et al., 2008). 
Furthermore, antibodies injected into pregnant mice were 
able to access the fetal brain and to affect its develop-
ment (Dalton et al., 2003; Singer et al., 2009). In a recent 
study, a maternal- to- fetal transfer experiment in mice was 
performed using monoclonal CASPR2- Abs cloned from 
a mother of an ASD child (Brimberg et al., 2016). This 
resulted in ASD- like behavior and brain morphology de-
fects (abnormal cortical development, decreased dendritic 
complexity of excitatory neurons, and reduced number of 
inhibitory neurons in the hippocampus) in the offspring 
(Brimberg et al., 2016). Similar results were obtained in 
another study in which pregnant mice were injected with 
CASPR2- Abs from patients with AE. Offspring presented 
ASD- like behavior and cellular defects such as glutamater-
gic neurons mislocalization, microglial cell activation, 
decreased glutamatergic synapses (Figure 4b) (Coutinho 
et al., 2017).

These results further implicate CASPR2 in brain develop-
ment while arguing for a pathogenic effect of CASPR2- Abs.

5 |  GENDER

Interestingly, CASPR2- associated diseases seem to tar-
get more specifically men; patients with CASPR2 muta-
tion or CASPR2- Abs are mainly male, respectively, 60.9% 
and 89.5%. Notably, a sex- dependent effect was found on 
the activity of visual cortex areas in the CASPR2 KO mice 
(Townsend & Smith, 2017). Furthermore, in the maternal- 
to- fetal transfer model, CASPR2- Abs from the mother of 
a child with ASD had an impact on male offspring only 
(Brimberg et al., 2016). Of note, a similar experiment with 
CASPR2- Abs from patients with AE did not show any gen-
der effect (Coutinho et al., 2017). Finally, Hoffman et al. 
(2016) screened pharmacological molecules to find a sup-
pressor for the autism- like behavior in a Cntnap2 KO ze-
brafish model. They found that phytoestrogen biochanin A, 
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an agonist of estrogen receptors, reverses the autism- like be-
havior (Hoffman et al., 2016) raising the question of gender 
involvement in CASPR2- associated disease.

6 |  CONCLUSION

To conclude, knockout models of CASPR2 revealed its 
role during development in setting the inhibitory network 
while studies on CASPR2 mutants provided a first link 
between mutations and their functional implications in 
CASPR2-associated genetic diseases. The growing body of 
evidence supporting a pathological role of CASPR2- Abs in 
CASPR2- associated autoimmune diseases pinpointed a role 
of the protein in the mature nervous system. Interestingly, 
CASPR2- Abs could be used as a tool to study the role of 
CASPR2 beyond development and to determine the mecha-
nisms underlying CASPR2 function in the nervous system.
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Abstract
The CNTNAP2 gene, coding for the cell adhesion glycoprotein Caspr2, is thought to be one of the major susceptibility genes
for autism spectrum disorder (ASD). A large number of rare heterozygous missense CNTNAP2 variants have been identified in
ASD patients. However, most of them are inherited from an unaffected parent, questioning their clinical significance. In the
present study, we evaluate their impact on neurodevelopmental functions of Caspr2 in a heterozygous genetic background.
Performing cortical neuron cultures frommouse embryos, we demonstrate that Caspr2 plays a dose-dependent role in axon
growth in vitro. Loss of one Cntnap2 allele is sufficient to elicit axonal growth alteration, revealing a situation that may be rele-
vant for CNTNAP2 heterozygosity in ASD patients. Then, we show that the two ASD variants I869T and G731S, which present
impaired binding to Contactin2/TAG-1, do not rescue axonal growth deficits. We find that the variant R1119H leading to pro-
tein trafficking defects and retention in the endoplasmic reticulum has a dominant-negative effect on heterozygous Cntnap2
cortical neuron axon growth, through oligomerization with wild-type Caspr2. Finally, we identify an additional variant
(N407S) with a dominant-negative effect on axon growth although it is well-localized at the membrane and properly binds to
Contactin2. Thus, our data identify a new neurodevelopmental function for Caspr2, the dysregulation of which may contrib-
ute to clinical manifestations of ASD, and provide evidence that CNTNAP2 heterozygous missense variants may contribute to
pathogenicity in ASD, through selective mechanisms.

Introduction

Autism spectrum disorder (ASD) represents a heterogeneous
group of early neurodevelopmental diseases, which are

characterized by the presence of repetitive/restricted behav-
iours and deficits in social interaction and communication
(DMS-V). It affects �1% of the population, and presents an
extremely complex genetic architecture, probably shaped by a
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combination of rare deleterious variants and a myriad of low-
risk alleles (1). Rather than implicating dysfunction in a particu-
lar brain structure, ASD is considered to result from abnormal
development and functioning of brain connectivity between
cortical areas (2–4). Current genetic and neurobiological data
indicate that affected stages of development could include pre-
natal events such as neuronal migration and axon pathfinding,
which establish proper positioning and patterning of basal con-
nectivity, and postnatally events of dendritic development and
synaptogenesis (5–7).

The CNTNAP2 gene is described as one of the major suscepti-
bility genes for neurodevelopmental disorders, including ASD
as well as Gilles de la Tourette syndrome, intellectual disability,
obsessive compulsive disorder, cortical dysplasia-focal epilepsy
syndrome, schizophrenia, Pitt-Hopkins syndrome and attention
deficit hyperactivity disorder (8–10). It encodes the neuronal
neurexin-like cell adhesion transmembrane glycoprotein
Contactin-associated protein-2 (Caspr2), which is well-known
for its role in axo-glial contacts of matured myelinated axons,
forming a complex in cis and in trans with the glycosylphospha-
tidylinositol (GPI)-anchored immunoglobulin cell-adhesion
molecule CNTN2/Contactin2/TAG-1 at the juxtaparanodal
regions of the nodes of Ranvier (11–13). Caspr2 is required for
the clustering of Shaker-type voltage-gated potassium channels
(Kv1.1 and Kv1.2) in these regions (11,14). Mislocalization of Kv1
channels in Cntnap2�/� mice is associated with modifications of
axonal action potential wave form and increases in postsynap-
tic excitatory responses (14), suggesting that Caspr2 is impor-
tant for proper conductivity of central myelinated fibers. Recent
data provided evidence that Caspr2 may play several other roles
during early post-natal neurodevelopment and contribute to
normal neuronal network assembly and activity. Caspr2 was
found to be important for the maturation of the parvalbumin-
positive (PVþ) GABAergic cortical interneurons and the physiol-
ogy of fast-spiking PVþ neurons (15,16). Knockout and knock-
down studies showed that it is required for the normal develop-
ment of cortical neuron dendritic arborization and spines, syn-
aptic strength and AMPA receptors trafficking (17–19). In
addition, a delay in myelination was recently described in juve-
nile Cntnap2�/� mice (14), the mechanisms of which are not
clear, but suggesting that Caspr2 may influence network
dynamics of cortical neurons.

CNTNAP2 genetic alterations identified in ASD patients
include complex genomic rearrangements, heterozygous intra-
genic deletions and especially a large number of rare heterozy-
gous missense variants distributed over the entire extracellular
domain of Caspr2 (8,10,20,21). It has been proposed that
CNTNAP2 intragenic deletions may exert a dominant-negative
effect, leading to expression of Caspr2 proteins deleted of part
of their extracellular domains, which may perturb the normal
functions of Caspr2 (22). Most of the heterozygous missense
variants are inherited from an unaffected parent of the ASD
patients (21). Also, heterozygous missense CNTNAP2 variants
have been found in control individuals (20), thus questioning
the clinical significance of the variants identified in ASD
patients, and therefore their contribution to the development of
the pathology. So far, the impact of the variants on the func-
tions of Caspr2 has been poorly evaluated because of lack of
reliable assay. The extracellular domain of Caspr2 is composed
of different structural subdomains and is likely to present an
overall compact architecture, suggesting complex structure-
function relationships (23,24). Studies in HEK-293 transfected
cells showed that some variants are misfolded and present
severe trafficking abnormalities, being largely retained in the

endoplasmic reticulum (ER), while others are well localized at
the plasma membrane (25). However, the functional consequen-
ces of the misfolded variants have not been further evaluated.
In addition, four variants localized at the plasma membrane
were shown to act like null/hypomorphic alleles based on their
inability to rescue the maturation of Cntnap2�/� PVþ cortical
interneurons in a transplantation assay (15), but the causes of
the phenotype are not clear.

Here, we aimed at developing biochemical approaches and a
sensitive developmental in vitro cell assay to clarify the poten-
tial functional impact of various CNTNAP2 missense variants in
a heterozygous Cntnap2 background relevant for CNTNAP2 het-
erozygosity in ASD patients. The expression pattern of Cntnap2
in mouse suggested a role for Caspr2 in cortical neurons as early
as embryonic day 14 (E14) (16). We performed neuronal cultures
from wild-type, Cntnap2þ/� and Cntnap2�/� embryos at E14.5,
and showed that Caspr2 regulates axonal outgrowth in a dose-
dependent manner. Testing variants in Cntnap2þ/� neurons, we
found that they have different effects on axon elongation, likely
through different mechanisms, thus providing a proof of princi-
ple that certain CNTNAP2 heterozygous missense variants may
contribute to ASD pathogenicity.

Results
Caspr2 modulates axonal outgrowth of primary E14.5
cortical neurons in a dose-dependent manner

Dissociated E14.5 cortical neurons were first cultured from wild-
type (WT) embryos. RT-PCR and immunoblotting experiments
showed that these neurons expressed Cntnap2/Caspr2 at 3 and 7
days in culture (DIV3 and DIV7) (Fig. 1A and B). Cell surface
immunolabelling with purified anti-Caspr2 antibodies from a
patient affected by an autoimmune limbic encephalitis (26)
demonstrated a faint staining on the soma and along the neu-
rites, including the axon, and at the level of the growth cones
(Fig. 1C, left panels). This staining, which was not detectable in
neuronal cultures from Cntnap2�/� mutant (KO) neurons
(Fig. 1C, right panels), suggested that Caspr2 could contribute to
neuronal neuritogenesis. We thus analyzed neuronal morphol-
ogy in cultures generated from WT, Cntnap2þ/� (HET), and KO
embryos. Cultures were fixed at DIV2 and DIV3, and measure-
ments were performed on neurons that exhibited one longer
Tuj-1 immunopositive process (axon) and several shorter neu-
rites (not shown). A significantly decreased axon length was
observed in mutant neurons both at DIV2 and DIV3 (Fig. 1D).
Interestingly, HET neurons displayed an intermediate axon
length as compared to those of WT and KO neurons. Axonal
defects were rescued by electroporating the neurons before
plating with a pCAGGS-IRES construct encoding HA-tagged
Caspr2 and the fluorescent protein Tomato to detect transfected
cells (Fig. 1E). Axon length of HA-Caspr2-expressing neurons
was not significantly different between the three genotypes and
also remarkably similar to that fromWT neurons electroporated
with the control vector. These data indicate a role for Caspr2 in
axon elongation, which is tightly regulated and dependent on
the expression level of the protein.

Caspr2 oligomerizes during its maturation

The dose-dependent role of Caspr2 in axon growth offered a
reliable and sensitive assay to test the impact of ASD-related
missense CNTNAP2 variations, and further suggested diverse
scenarios by which they could interfere with the normal cellular
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functions of Caspr2 on a heterozygous CNTNAP2 background.
One scenario was that Caspr2 variants could interact with WT
Caspr2, impair its trafficking, subcellular localization and/or
function at the membrane, leading to a homozygous cellular
phenotype. This was suggested by the fact that oligomerization
in ER is a quite general mechanism used by biosynthetic
quality-control checkpoints to make sure that only properly
folded membrane glycoproteins reach their site of action. Thus,
in preliminary variant studies, we evaluated this possibility and
asked whether WT Caspr2 could oligomerize by performing co-
immunoprecipitation from lysates of heterologous cells co-

expressing HA-Caspr2 and Myc-tagged Caspr2 (Myc-Caspr2)
(Fig. 2A). When expressed in COS7 cells, Caspr2 appeared in
immunoblotting as a doublet of two protein bands (Fig. 2B, left
panel). Surface biotinylation (Fig. 2B) and digestions with endo-
glycosidases H and F (Fig. 2C) indicated that the upper band cor-
responds to a mature, glycosylated, transport-competent form
that is present at the plasma membrane, while the lower band
is an immature glycosylated intracellular form. The mature
form of Caspr2 at the cell surface contains complex N-glycans,
which are resistant to endoglycosidase H, whereas the imma-
ture form of Caspr2 in the ER bears high-mannose N-glycans,

Figure 1. Caspr2 modulates axonal outgrowth of primary E14.5 cortical neuron in a dose-dependent manner. (A) Cntnap2 mRNA levels analysis by RT/PCR on total

mRNAs from E14.5 cortical neurons at DIV3 and DIV7, and WT and KO adult mouse brains. Cyp, Cyclophilin B as control. Molecular markers are shown in base pairs

(bp) on the left of the panels. Expected size of DNA fragments: Cntnap2, 476 bp; Cyp, 215 bp. (B) Caspr2 protein levels analysis by immunoblotting (IB) on lysates from

E14.5 cortical neurons at DIV3 and DIV7, WT and KO newborn (P0) mouse brains, and WT E14.5 brains. Actin was used to normalize protein expression. Molecular mass

markers positions are shown in kDa on the left of the panels. The arrow indicates the band for Caspr2. (C) Representative images of Caspr2 cell surface immunostaining

on WT and KO cortical neurons at DIV3 (green). Co-staining of actin with phalloidin (red). (D) Quantification of axon length in WT, HET and KO cortical neurons at DIV2

and DIV3. (E) Rescue of axon growth by expression of HA-Caspr2 in cortical neurons. Quantification of axon lengths at DIV3 in WT, HET and KO neurons electroporated

with the control vector or the HA-Caspr2-expressing vector. (D, E) Data are means þ SEM. (D) n ¼ 7–9 embryos/genotype, n ¼ 33–36 neurons/embryo. (E) n ¼ 8–10

embryos/genotype, n ¼ 40–43 neurons/embryo. Statistical analyses: Kruskal–Wallis one-way ANOVA test, (D, E) P < 0.0001; Dunn’s Multiple Comparison post-test,

*P < 0.05, **P < 0.01, ***P < 0.001; ns, not significant. (C) Scale bar, 25 lm.
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which are sensitive to endoglycosidase H. In cells co-expressing
HA-Caspr2 and Myc-Caspr2, HA antibodies pulled down the
immature form of Myc-Caspr2 (Fig. 2D, arrows). When cells
were treated for 18 h before co-immunoprecipitation with tuni-
camycin, which blocks the first enzyme of the glycosylation
pathway and thus inhibits the synthesis of all N-linked oligo-
saccharides in cells, HA antibodies also pulled down the non-
glycosylated form of Myc-Caspr2 (Fig. 2E, arrowheads). These
observations demonstrate the ability of Caspr2 to self-associate
during its processing in the ER but likely not at the plasma
membrane. Further experiments with HA-Caspr2 proteins
encompassing sequential deletions of the extracellular domain
(Fig. 2A) showed that co-immunoprecipitation of Myc-Caspr2
was dramatically altered by the deletion of the fibrinogen
domain and the third laminin G domain (HA-Caspr2D3, Fig. 2F),
indicating that Caspr2 oligomerization requires at least one of
these two domains.

The variants I869T, R1119H and D1129H oligomerize
withWT Caspr2 and have a dominant-negative effect on
its subcellular localization in transfected COS7 cells

Since some Caspr2 variants were previously shown to be mis-
folded and retained in the ER (25), we next asked whether they
could form heteromers with WT Caspr2, and therefore impact
its trafficking and subcellular localization. We first screened for
variants that present trafficking abnormalities among variants
previously reported by Bakkaloglu et al. (21) (Supplementary
Material, Fig. S1A). For this, HA-tagged Caspr2 variants were
expressed in COS-7 cells and immunoblotting was performed to
evaluate the proportion of the immature glycosylated form for
each of them (Supplementary Material, Fig. S1B and C). Two var-
iants, HA-R1119H and HA-D1129H, appeared to be mainly
expressed as the immature form when compared to WT Caspr2
(Supplementary Material, Fig. S1B and C). ER retention of these
variants was further monitored by quantifying the proportion of
protein co-localizing with an ER marker (KDEL) in transfected
cells (Supplementary Material, Fig. S2A–C). Consistent with pre-
vious observations (25), a large proportion of HA-R1119H and
HA-D1129H was significantly retained in the ER as compared to
WT Caspr2 (Fig. 3B), the retention being higher for HA-D1129H.
A third variant, HA-I869T, also appeared largely as an immature
form on immunoblotting (Supplementary Material, Fig. S1B
and C). Immunostaining showed that its retention in the ER was
higher but not significantly different from that of WT Caspr2
(Fig. 3B; Supplementary Material, Fig. S2A and D). We neverthe-
less considered pursuing its characterization because it had
been found in four different ASD families (20,21).

Co-immunoprecipitation experiments on lysates of COS-7
cells co-expressing Myc-Caspr2 demonstrated that the three
variants I869T, R1129H and D1129H, were able to form hetero-
mers with WT Caspr2 (Fig. 3C). The proportion of immature
form of Myc-Caspr2 co-immunoprecipitated with the variants
was remarkably higher than that pulled down by HA-Caspr2,
suggesting a stronger association of WT Caspr2 with the var-
iants than with the WT molecules. Immunostaining confirmed
that the three variants were retained in the ER in co-transfected
cells similarly as when they were expressed alone, although in
this case ER retention of I869T appeared significantly different
from that of WT Caspr2 (Fig. 3D). The ability of the variants to
induce ER retention of WT Caspr2 was monitored by quantify-
ing the proportion of Myc-Caspr2 co-localizing with the ER
marker (Supplementary Material, Fig. S3A–D). The retention of

Myc-Caspr2 in the ER was increased in cells co-expressing any
of the three variants as compared to cells expressing HA-Caspr2
(Fig. 3E), indicating that these variants have a dominant effect
on the subcellular localization of WT Caspr2 in heterologous
cells.

The variant R1119H has a dominant-negative effect on
axon growth while the variant I869T does not fully res-
cue axon growth defects of HET neurons

To evaluate the impact of the variants on axonal growth, corti-
cal neurons were electroporated before plating with pCAGGS-
IRES-Tomato constructs encoding the HA-tagged proteins and
fixed at DIV3. Consistent with observations in COS-7 cells, cell
surface immunostaining showed that HA-R1119H and HA-
D1129H were poorly expressed at the surface of HET neurons as
compared to WT Caspr2 (Fig. 4A–C). Axon length was measured
for R1119H, assumed to be representative of these two variants
with similar properties, in neurons of the three genotypes (WT,
HET and KO) to make sure to detect any minor effect. A signifi-
cant decrease in axon growth was observed in both WT and
HET neurons expressing HA-R1119H as compared to WT and
HET neurons electroporated with the control pCAGGS-IRES-
Tomato vector or expressing HA-Caspr2 (Fig. 4E). In addition,
axon growth of HA-R1119H-expressing WT and HET neurons
were comparable and not significantly different from that of KO
neurons electroporated with the control vector, demonstrating
that HA-R1119H has a dominant-negative effect on the role of
WT Caspr2 in axonal outgrowth, likely through oligomerization
and retention in the ER. In contrast, HA-I869T was detectable at
the surface of the neurons as well as WT Caspr2 (Fig. 4A and D).
In addition, axon growth of HA-I869T-expressing HET neurons
was not decreased but showed an intermediate phenotype
between neurons electroporated with the control vector and
neurons expressing exogenous WT Caspr2 (Fig. 4F). This indi-
cates that this variant does not play a dominant effect on WT
Caspr2 but does not either fully rescue axon growth defects of
HET neurons as compared to wild-type Caspr2, and therefore
suggests that its structural changes can be overcome in cortical
neurons to allow its trafficking, but nevertheless impair its func-
tions at the plasma membrane.

The cell adhesion-defective variant HA-G731S displays
loss of function in axonal outgrowth

One of the most likely causes for the loss of function of the var-
iant I869T could be that its structural changes affect the cell adhe-
sion properties of the protein. To test this hypothesis, as well as
to evaluate whether other CNTNAP2 variations could lead to simi-
lar functional impairments, we took advantage that Caspr2 was
previously shown to interact in transwith the cell-adhesion mole-
cule CNTN2/Contactin2/TAG-1 (26) and asked whether CNTNAP2
variants could impair this interaction by testing the ability of
Caspr2-Fc chimera to bind to N2a cells expressing GFP-tagged
TAG-1. Besides I869T, we focused on the five variants N407S,
N418D, Y716C, G731S and R906H, which did not appear to present
major trafficking defects evaluated by immunoblotting
(Supplementary Material, Fig. S1A–C). WT or variant Caspr2-Fc
plasmids were transfected in HEK cells and the recombinant pro-
teins were purified from the culture supernatant using Protein
A-affinity chromatography. Same amounts of WT or variant chi-
mera were pre-clustered with fluorescent anti-Fc IgGs and incu-
bated on transfected N2a cells. As previously observed (26),
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Figure 2. Caspr2 oligomerizes during its maturation. (A) Schematic domain organization of HA-Caspr2, HA-tagged deleted Caspr2 and Myc-Caspr2. Disc., discoidin;

LamG, laminin G; Fibr., fibrinogen; EGF-like, EGF-like; GNP, Glycophorin C-Neurexin IV-Paranodin; PDZ-binding, PDZ binding domain. Dashed lines substitute for

deleted domains. Black dots indicate the positions of the N-glycosylation sites. (B) Cell surface biotinylation experiment in COS-7 expressing HA-Caspr2 revealed by

blotting with HA antibodies (IB aHA) and streptavidin. The asterisk indicates the mature biotinylated form of HA-Caspr2 and the arrow the immature intracellular

form. (C) Deglycosylation profiles of HA-Caspr2 digested by endoglycosidase H (Endo H) and endoglycosidase F (Endo F). (D, E) Immunoprecipitations (IP) with HA anti-

bodies on lysates from transfected COS-7 cells co-expressing Myc-Caspr2 and HA-Caspr2, non-treated (D) or treated for 18 h with tunicamycin or DMSO as control (E),

and revealed by immunoblotting (IB) with Myc or HA antibodies. Crude protein extracts (Lysates) were immunoblotted to verify protein expression. HA antibodies

immunoprecipitate the immature form of Myc-Caspr2 in non-treated cells (D), and the non-glycosylated form of Myc-Caspr2 in lysates from tunicamycin-treated cells

(E). (D, E) The asterisks indicate the mature forms of Caspr2, the arrows the immature forms, and the arrowheads the non-glycosylated forms Caspr2. (F) IP with HA

antibodies from lysates of transfected COS-7 cells co-expressing Myc-Caspr2 and HA-Caspr2 or HA-tagged Caspr2 deleted of different subdomains of the extracellular

domain (HA-Caspr2D1-D4) revealed with Myc or HA antibodies. Deletion of the fibrinogen domain and the third laminin G domain (HA-Caspr2D3) dramatically altered

co-immunoprecipitation of the immature form of Myc-Caspr2. The asterisks indicate the mature forms of Caspr2 and the arrows the immature forms. Molecular mass

markers positions are shown in kDa on the left of the panels.
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Caspr2-Fc chimera bound specifically the surface of TAG-1-
expressing cells after incubation at 37�C for 30 min (Fig. 5B), with-
out any detectable endocytosis at this time point (Supplementary
Material, Fig. S4). Similar binding was observed for the variants
N407S, N418D, Y716C and R906H (Fig. 5C–F). In contrast, binding
was dramatically decreased for the variant I869T (Fig. 5G), thus
supporting the fact that its phenotype in axon growth may be
caused by cell adhesion defects. Interestingly, binding was also
strongly impaired for the variant G731S (Fig. 5H). Since this var-
iant is localized in the fibrinogen domain, we further tested its
ability to form oligomers with WT Caspr2 in COS-7 cells. In con-
trast to HA-I869T (Fig. 3C), the proportion of the immature form

of Myc-Caspr2 co-immunoprecipitated with HA-G731S was simi-
lar to that pulled down with HA-Caspr2 (Fig. 6A). In addition,
immunostaining confirmed that HA-G731S was not significantly
retained in the ER and did not induce ER retention of Myc-Caspr2
(Fig. 6B and C; Supplementary Material, Figs S2E and S3E). We
thus evaluated its impact on axonal growth of WT, HET and KO
cortical neurons. Consistent with the observations in COS-7 cells,
HA-G731S was expressed at the surface of the neurons similarly
to WT Caspr2 (Fig. 7A and B). Measurements showed that HA-
G731S did not rescue axon growth defects of HET and KO neurons
(Fig. 7D). In addition, whatever the genotype of the neurons, axon
growth was not significantly different from that of neurons

HA

A I869T

R1119H

D1129H
C

HA
-I8

69
T

Myc-Caspr2

pc
DN

A3

HA
-C

as
pr

2

IB αHA

IB αMyc

kDa

140

260

140

260

HA
-R

11
19

H
HA

-D
11

29
H

HA
-I8

69
T

HA
-C

as
pr

2

HA
-R

11
19

H
HA

-D
11

29
H

pcDNA3

Lysates

IP αHA

IB αMyc
140

260

IB αHA
140

260

B

%
 H

A-
C

as
pr

2 
in

 E
R

 

50

0

20

40

30

10

HA-C
as

pr2

HA-I8
69

T

HA-R
111

9H

HA-D
11

29
H

****

****
ns

%
 H

A-
C

as
pr

2 
in

 E
R

 

50

0

20

40

30

10

****
**

HA-C
as

pr2

HA-I8
69

T

HA-R
111

9H

HA-D
11

29
H

Myc-Caspr2

*

D E
***

*

HA-C
as

pr2

HA-I8
69

T

HA-R
111

9H

HA-D
11

29
H

Myc-Caspr2

pc
DNA3

*
ns

%
 M

yc
-C

as
pr

2 
in

 E
R

 
50

0

20

40

30

10

Figure 3. The variants I869T, R1119H and D1129H oligomerize with WT Caspr2 and have a dominant-negative effect on its subcellular localization in transfected COS-7

cells. (A) Schematic domain organization of HA-Caspr2 and positions of the variants. (B) Percentage of co-localization with the ER marker of WT or variant HA-Caspr2

expressed in transfected COS-7 cells. (C) Immunoprecipitation (IP) from lysates of transfected COS-7 cells co-expressing Myc-Caspr2 and WT or variant HA-Caspr2 with

HA antibodies and revealed by immunoblotting (IB) with Myc or HA antibodies. Crude protein extracts (Lysates) were immunoblotted to verify protein expression. The

proportion of Myc-Caspr2 co-immunoprecipitated with the variants is higher than that pulled down with HA-Caspr2. Molecular mass markers positions are shown in

kDa on the left of the panels. (D, E) Percentage of co-localization with the ER marker of WT or variant HA-Caspr2 co-expressed with Myc-Caspr2 (D), and of Myc-Caspr2

expressed alone (pcDNA3) or co-expressed with WT or variant HA-Caspr2 (E). (B, D, E) Data are means þ SEM of two experiments, 10 cells/condition/experiment.

Statistical analyses: (B, D) Mann–Whitney test to compare each variant to HA-Caspr2; (E) Kruskal–Wallis one-way ANOVA test to compare pcDNA3, HA-Caspr2 and

each variant condition, Dunn’s Multiple Comparison post-test, *P < 0.05, **P < 0.01, ***P < 0.0001, ****P < 0.0001; ns, not significant.
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electroporated with the control vector. This indicates that, simi-
larly to I869T, the variant G731S presents a loss-of-function in
axonal outgrowth, likely because of cell adhesion defects
although with probably minor structural changes as compared to
I869T.

The cell-membrane variant HA-N407S has a
dominant-negative effect in axonal outgrowth

Our approach using Caspr2-Fc chimera was designed to screen
for protein structural changes in variants expressed at the

plasma membrane but faced limits to reveal subtle physiologi-
cally relevant cell-adhesion defects or any other impairments.
Thus, in a last step, we decided to evaluate directly whether one
of the four variants which interacted in trans with TAG-1
(N407S, N418D, Y716C and R906H) may affect cortical neuron
axon growth. We arbitrarily choose the variant N407S, which
appeared to present minor trafficking defects (Supplementary
Material, Fig. S1A–C). COS-7 cell studies confirmed that HA-
N407S was not significantly retained in the ER and did not
induce ER retention of Myc-Caspr2 (Fig. 6D and E;
Supplementary Material, Figs S2F and S3F). In addition, the

Figure 4. The variant R1119H has a dominant negative effect on axon growth while the variant I869T does not fully rescue axon growth defects of HET neurons.

(A–D) Representative images of cell surface immunostaining of electroporated HET neurons co-expressing Tomato and HA-Caspr2 (A) or the variants HA-R1119H

(B), HA-D1129H (C) and HA-I869T (D). HA-I869T is expressed at the plasma membrane as well as HA-Caspr2 whereas HA-R1119H and HA-D1129H are poorly detectable

at the plasma membrane. E. Quantification of axon length at DIV3 of WT, HET and KO neurons electroporated with the control vector or vectors expressing HA-Caspr2

or the variant HA-R1119H. F. Quantification of axon length at DIV3 of HET neurons electroporated with the control vector or vectors expressing HA-Caspr2 or the var-

iant HA-I869T. (E, F) Data are means þ SEM. (E) n ¼ 4–6 embryos/genotype, n ¼ 42–46 neurons/embryo. (F) n ¼ 6 embryos/genotype, n ¼ 31–36 neurons/embryo.

Statistical analyses: Kruskal–Wallis one-way ANOVA test, (E) P < 0.001, (F) P < 0.05; Dunn’s Multiple Comparison post-test, *P < 0.05, **P < 0.01, ***P < 0.001; ns, not

significant. (A–D) Scale bar, 25 lm.
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proportion of the immature form of Myc-Caspr2 co-immunopre-
cipitated with this variant was similar to that pulled down with
HA-Caspr2 (Fig. 6A). Cell surface immunostaining showed that
HA-N407S was expressed at the surface of HET neurons simi-
larly to WT Caspr2 (Fig. 7A and C). However and unexpectedly,
axon growth of HA-N407S-expressing HET neurons was signifi-
cantly decreased as compared to neurons electroporated with
the control vector or expressing exogenous WT Caspr2 (Fig. 7E),
suggesting that this variant has a dominant-negative effect in
axonal outgrowth, in spite of its normal surface expression and
probably mild or no structural changes.

Discussion
Previous studies indicated that Caspr2 may play several roles
during post-natal development of cortical neurons and contrib-
ute to normal neuronal network assembly and activity (14–19).
In this study, we demonstrate a new role for Caspr2, earlier dur-
ing embryonic cortical neuron differentiation, showing that

Caspr2 regulates axon growth. Importantly, we find that a
haplo-insufficiency reducing the expression of Caspr2 to about
half is sufficient to elicit axon growth defects. This offered a reli-
able assay to identify the effects of ASD-related heterozygous
CNTNAP2 missense variants. These mutants displayed either a
dominant-negative effect or a loss-of-function during axon
growth in a Cntnap2 heterozygous genetic background. Thus,
our results provide evidence that CNTNAP2 variants could be
clinically relevant in the pathogenicity in ASD.

During embryonic development, axon growth and guidance
are early events essential for establishing the basal brain connec-
tivity. They control the development of projections between the
cortex and other brain regions, as well as cortico-cortical projec-
tions forming the corpus callosum, which is a major myelinated
interhemispheric tract allowing bilateral integration of lateral-
ized sensory inputs and regulation of higher-order cognitive,
social and emotional processing (27). The cell-autonomous func-
tion of Caspr2 in axon growth that we describe was observed in
cortical neurons from embryos at E14.5, a stage of active axon

Figure 5. The variant fusion proteins G731S-Fc and I869T-Fc do not bind in trans GFP-tagged TAG-1 expressed in N2a cells. (A) Schematic domain organization of

Caspr2-Fc and position of the variant missense mutations. (B–H) Binding of Caspr2-Fc (B) or the variants N407S-Fc (C), N418D-Fc (D), Y716C-FC (E), R906H-Fc (F), I869T-

Fc (G) and G731S-Fc (H) (red) on N2a cells expressing GFP-TAG-1 (green). Single optical sections of confocal images. Blue, Hoechst staining, nuclei. (B, H) Scale

bar, 20 lm.
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growth in the mouse, strongly supporting the hypothesis that
Caspr2 could contribute to the normal development and pattern-
ing of cortical projections in vivo. Consistent with this hypothe-
sis, Scott et al. recently showed that 3-week old Cntnap2�/� mice
do not present obvious morphological abnormalities of the cor-
pus callosum, but a decrease in the density of myelinated axons
in the superficial layers of the cortex, which is compensated at
adulthood (14). This phenotype, reflecting a delay inmyelination,
may be a direct consequence of a delay in the development of
the axons, which not only support myelination but also stimu-
late the proliferation of oligodendrocyte precursor cells through
their electrical activity (28). During development, axon growth
delay may influence networks dynamics of cortical neurons and
perturb long-distance functional connectivity, as previously
described in adult ASD patients in whom long-range cortico-
cortical functional and structural connectivity appears to be
weaker than in controls (3,4). It might also contribute to transient
defects in the corpus callosum observed in young toddlers later
diagnosed with ASD (29,30). These observations argue that
CNTNAP2-associated axon growth anomalies may contribute to
the manifestations of ASD.

Axon elongation is mainly triggered by the navigation of
growth cones, which sense a variety of surrounding environ-
mental signals. It is controlled by a combination of complex
mechanisms working in concert, including integration of
extracellular signals into intracellular second messenger net-
works and downstream remodelling of cytoskeletal

components driving growth cone mobility (31). Our data show-
ing that Cntnap2þ/� cortical neurons exhibit an intermediate
axon growth phenotype between WT and Cntnap2�/� neurons
indicate that Caspr2 may act as a modulator in these processes.
Adhesive contacts during axon growth are mainly triggered by
cadherins, integrins and members of the immunoglobulin
superfamily (IgSF-CAMs) (32–35). Caspr2 is known to interact in
mature myelinated axons with the IgSF-CAM CNTN2/
Contactin2/TAG-1 through its ectodomain and with protein 4.1B
that associates with the spectrin/actin cytoskeleton through its
cytoplasmic tail (11,12,36). It is therefore possible that Caspr2
modulates axon growth by interacting with IgSF-CAMs and reg-
ulating cell adhesion and cytoskeleton remodelling at growth
cones and along the axon. Remarkably, TAG-1 promotes neurite
outgrowth but only when presented as substrates or as soluble
molecules (37), suggesting that it might not cooperate in cis with
Caspr2 in axon growth. Beside IgSF-CAMs, we showed that b1-
integrin is able to interact with another member of the Caspr
family, Caspr1/paranodin (38), raising the intriguing possibility
that Caspr2 could also regulate integrin-based adhesions, cytos-
keleton dynamics and signalling upon binding to molecules of
the extracellular matrix (32). Other studies indicate that axon
growth and guidance could be modulated by voltage-gated
potassium channel activity (39,40). Since Caspr2 is required for
Kv1 clustering in myelinated axons (11,14), it could be possible
that, in addition or alternatively, it regulates Kv1 surface
expression, localization and/or activity during axon elongation.
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Figure 6. The variants G731S and N407S oligomerize with WT Caspr2 but do not induce ER retention of Myc-Caspr2 in transfected COS7 cells. (A) Immunoprecipitation

(IP) from lysates of transfected COS-7 cells co-expressing Myc-Caspr2 and WT or the variants HA-N407S and HA-G731S with HA antibodies and revealed by immuno-

blotting (IB) with Myc or HA antibodies. Crude protein extracts (Lysates) were immunoblotted to verify protein expression. The proportion of the immature form of

Myc-Caspr2 co-immunoprecipitated with the variants is similar to that pulled down with HA-Caspr2. Molecular mass markers positions are shown in kDa on the left

of the panels. (B, C) Percentage of co-localization with the ER marker of HA-Caspr2 or HA-G731S co-expressed with Myc-Caspr2 (B), and of Myc-Caspr2 expressed alone

(pcDNA3) or co-expressed with HA-Caspr2 or HA-G731S (C). (D, E) Percentage of co-localization with the ER marker of HA-Caspr2 or HA-N407S co-expressed with Myc-

Caspr2 (D), and of Myc-Caspr2 expressed alone (pcDNA3) or co-expressed with HA-Caspr2 or HA-N407S (E). (B–E) Data are means þ SEM of two experiments, 10 cells/

condition/experiment. Statistical analyses: (B, D) Mann–Whitney test to compare each variant to HA-Caspr2; (C, E) Kruskal–Wallis one-way ANOVA test to compare

pcDNA3, HA-Caspr2 and variant conditions, Dunn’s Multiple Comparison post-test, ns, not significant.
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While genetic data question the clinical significance of
CNTNAP2 variants in ASD, our study using axon growth as read-
out demonstrates for the first time that some mutations have
functional consequences in a genetic background relevant for
CNTNAP2 heterozygosity in ASD. The variants G731S and I869T,
which likely present structural changes preventing their inter-
actions with cell adhesion partners, do not rescue the heterozy-
gous axon growth phenotype, indicating that phenotypes
related to CNTNAP2 heterozygosity may exist in human. The
misfolded ER-retained variant R1119H plays a dominant-
negative effect in axon growth, arguing that phenotypes mim-
icking homozygous CNTNAP2 null mutation may also exist in
human. Falliveli et al. previously demonstrated that variants of
this category could associate with chaperones in the ER, leading
to stimulation of the unfolded protein response and subsequent
proteasomal degradation (25). We found that they are able to

oligomerize with WT Caspr2 and induce its ER retention, thus
leading to a lack or decrease of functional protein at the plasma
membrane. We identified a third type of variants, N407S, which
is well-localized at the membrane but also appears to play a
dominant-negative effect on axon growth. This variant is not
expected to exert a direct effect on WT Caspr2 since it does not
interact with the plasma membrane form (Fig. 6A), indicating
that it impairs WT Caspr2 functions through a mechanism that
remains to be identified. Altogether these data show that
CNTNAP2 variants can impact axon growth in a heterozygous
background through at least three different mechanisms, and
may therefore be responsible for a variety of phenotypes in
human. Of note, experiments in COS-7 cells further suggest that
the variants likely display a gradient of intracellular retention
rather than being either strictly retained in the ER or strictly
addressed at the plasma membrane, raising the possibility that

Figure 7. The variant G731S is defective in axon growth while the variant N407S has a dominant-negative effect on axon growth. (A–C) Representative images of cell

surface immunostaining of HET electroporated neurons co-expressing Tomato and HA-Caspr2 (A) or the variants HA-G731S (B) and HA-N407S (C). HA-G731S and HA-

N407S are expressed at the plasma membrane as well as HA-Caspr2. (D) Quantification of axon lengths at DIV3 of WT, HET and KO neurons electroporated with the

control vector or vectors expressing HA-Caspr2 or the variant HA-G731S. (E) Quantification of axon length at DIV3 of HET neurons electroporated with the control vector

or vectors expressing HA-Caspr2 or the variant HA-N407S. (D, E) Data are means þ SEM. (D) n ¼ 3–5 embryos/genotype, n ¼ 35–40 neurons/embryo. (E) n ¼ 6 embryos/

genotype, n ¼ 31–36 neurons/embryo. Statistical analyses: Kruskal–Wallis one-way ANOVA test, (D) P < 0.001, (E) P < 0.001; Dunn’s Multiple Comparison post-test,

*P < 0.05, **P < 0.01, ***P < 0.001; ns, not significant. (A–C) Scale bar, 25 lm.
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all CNTNAP2 variants identified so far could induce a continuum
of phenotypes rather than discrete phenotypes strictly mimick-
ing CNTNAP2 heterozygous or homozygous null mutation.

Our observations further predict that CNTNAP2 variants may
lead to a high heterogeneity of phenotypes at the scale of the
whole brain. In line with the dose-dependent function of Caspr2
in axon growth, Cntnap2þ/� fast-spiking PVþ cortical interneur-
ons exhibit an intermediate electrophysiological phenotype
between WT and Cntnap2�/� interneurons (15), suggesting that
several functions of Caspr2 may be dose-sensitive. In contrast,
the maturation of PVþ GABAergic cortical interneurons is only
altered in Cntnap2�/� mice, indicating that other functions may
not be affected by a partial deficit in Caspr2 (15). This implies
that Caspr2 functions may be differentially affected in each
individual variant, depending both on their sensitivity to Caspr2
level and the direct impact of the variants on the structure, traf-
ficking and/or interactions of the protein. Consistently, the var-
iants N407S and G731S do not impair interneuron maturation in
a Cntnap2þ/� genetic background although they demonstrate a
decrease/loss-of-function in a Cntnap2�/� genetic background
(15).

The potential impact of CNTNAP2 variants was until now
evaluated by bioinformatics analyses using SIFT and Polyphen-
2 software, which predict whether an amino acid substitution
may affect protein structure. Consistent with our experimental
results, these programs predicted that the variants R1119H and
G731S may be ‘damaging’ and/or ‘probably damaging’, respec-
tively (20). In contrast, the variants N407S and I869T were pre-
dicted to be ‘tolerated’ and ‘benign’ (20) and therefore not
expected to induce major functional impairments such as we
observed. This discrepancy may find an explanation in the fact
that the extracellular domain of Caspr2 presents a very compact
subdomain organization, probably flexible upon protein partner
binding, and therefore complex structure-function relationships
(23,24). The variant I869T, which is localized in a laminin G
domain, may not induce a predictable structural disorganiza-
tion of this domain but a disorganization of the overall structure
of the protein by disrupting inter-domain interactions. The var-
iant N407S, which seems to have a mild effect on the structure,
may be in an exposed region essential for partner interactions
other than CNTN2/Contactin2/TAG-1. Without available high
resolution structural information for Caspr2, these observations
raise the important question of the limits of bioinformatics pre-
dictions, especially for the variants which have been predicted
to be non-deleterious and which represent a large proportion of
all CNTNAP2 variants identified so far. Furthermore, they
strongly support the hypothesis that more variants than origi-
nally predicted may be functionally deleterious, and thus high-
light the possibility that CNTNAP2 variants may define an
overall endophenotype shaping a risk for ASD.

Recent genetic studies did not find evidence for statistical
differences for CNTNAP2 variants between ASD and control sub-
jects (20). Similarly to the variants identified in ASD patients,
the variants found in controls are distributed over the entire
extracellular domain of Caspr2, and some of them are predicted
to be ‘deleterious’ and/or ‘probably damaging’ by SIFT and
Polyphen-2 software, respectively. However, none of the var-
iants we examined here, including the variant I869T identified
in several ASD families (20,21), were found in controls. It is
therefore possible that only some point mutations in CNTNAP2
have biological consequences and clinical relevance.
Alternatively, it is also possible that the variants found in con-
trols have biological consequences similar to that of ASD var-
iants but in genetic backgrounds which do not favour to the

manifestations the pathology, as it is likely the case for unaf-
fected parents of ASD patients. Systematic investigation of
many CNTNAP2 variants in in vitro assays such as those we have
used will help clarifying this issue.

In conclusion, our data provide a proof of principle that
CNTNAP2 heterozygous variants may contribute to the patho-
physiology of ASD. They further underline the importance to
pursue the characterization of the functional and behavioural
consequences of missense variants in a heterozygote back-
ground in vivo as well as to evaluate their interaction with addi-
tional genetic and/or environmental risk factors for the
development of ASD-related phenotypes. Moreover, considering
the large number of variants identified in ASD patients and in
the control population, they point at the necessity to resolve the
structure of Caspr2 to improve the predictions of the potential
impact of all variants.

Materials and Methods
Antibodies

The rabbit antibody directed against the intracellular domain of
Caspr2 (residues 1284–1331) and purified anti-Caspr2 IgGs from
a patient affected by an autoimmune limbic encephalitis were
previously described (26,36). Commercial primary antibodies
were from the following sources: Myc, rabbit #2272 or mouse
clone 9B11 #2276, Cell Signalling; HA, rat clone 3F10 #11 867 423
001, Roche; KDEL, mouse #SPA-827, Stressgen; Class III b3 tubu-
lin, mouse clone TUJ1 #MMS-435P, Covance; Actin, mouse clone
C4 #MAB1501, Merck-Millipore. Secondary antibodies for immu-
nohistochemistry and phalloidin (Alexa Fluor 488, 546, 568 or
633 conjugated) were from Thermo Fisher scientific.
IRDyeTM800CW- and IRDyeTM700CW-conjugated secondary
antibodies for immunoblotting and IRDyeTM800CW-conjugated
streptavidin were from Rockland Immunochemicals.

Plasmid constructs

The pCDNA-HA-Caspr2 and pCDNA-Myc-Caspr2 constructs
encode human Caspr2 (Accession number NM_014141,
KIAA0868) with the HA epitope and the Myc epitope, respec-
tively, inserted downstream of the signal peptide between the
residues Trp26 and Thr27, in pCDNA3 and pCDNA5/FRT vectors,
respectively. The Caspr2-Fc construct encodes the human
Caspr2 extracellular domain (amino acids 1–1242) inserted
upstream the human Fc sequence in the pIg-plus vector (26).
The pCDNA-HA-Caspr2 deleted constructs Caspr2D1 (D32–361),
Caspr2D2 (D362–600), Caspr2D3 (D600–950) and Caspr2D4
(D955–1169) were previously described (26). Mutated pCDNA-
HA-Caspr2 and Caspr2-Fc constructs expressing Caspr2 variant
proteins were generated by site-directed mutagenesis using
specific oligonucleotides (Supplementary Material, Table S1).
Constructs for expression of WT and variant Caspr2 in cortical
neurons were generated by subcloning the cDNAs coding for
the HA-tagged proteins in the vector pCAGGS-IRES-Tomato
(generous gift from Sophie Lebrand) upstream the IRES
sequence. The TAG-1-GFP vector encodes human TAG-1
(Accession number X67734) with the GFP tag inserted down-
stream the signal peptide (26).

Animals

Cntnap2 mutant mice, previously described (11), were obtained
from the Jackson Laboratory and maintained in a C57BL/6J

1951Human Molecular Genetics, 2018, Vol. 27, No. 11 |

D
ow

nloaded from
 https://academ

ic.oup.com
/hm

g/article-abstract/27/11/1941/4948677 by C
N

R
S user on 16 O

ctober 2018



background. They were group housed with ad libitum access to
food and water and a 12 h–12 h light–dark cycle (light phase
onset at 7 a.m.). For staging of embryos, the day of vaginal plug
was considered E0.5. All the experiments were approved by the
French Agriculture and Forestry Ministry (C75-05-22).

Primary cultures of dissociated cortical neurons

For cortical neuron cultures, the cortex from mouse E14.5
embryos was dissected in ice-cold 0.02 M HEPES in Ca2þ/Mg2þ-
free HBSS (Sigma), and mechanically dissociated after trypsin
(2.5 mg/ml) incubation. For axonal growth analysis, dissociated
cells were plated on 14 mm-diameter coverslips (0.3 � 105 cells/
coverslip) coated with poly-L-lysine (0.05 mg/ml, Sigma) and
natural mouse laminin (0.01 mg/ml, Invitrogen), and cultured in
Neurobasal medium supplemented with B27 serum-free sup-
plement (20 ml/ml, GibcoVR ), Glutamax (10 ml/ml, Invitrogen), pen-
icillin (100 units/ml) and streptomycin (100 mg/ml) at 37�C in
presence of 5% CO2. To express WT Caspr2 and variants,
pCAGGS-HACaspr2-IRES-Tomato constructs were electropo-
rated in neurons (1.25 � 105 cells/coverslip) before plating using
the Neon Transfection System (Invitrogen) according to the
manufacturer’s protocol (two 20-ms pulses, 1350 V). For Cntnap2
and Caspr2 expression analyses, dissociated neurons were
plated in in 6-well plates coated with poly-L-lysine and laminin
(5 � 105 cells/well).

Cell line cultures, transfections, tunicamycin treatment
and Caspr2-fc binding

For co-immunoprecipitation experiments and sub-cellular
localization analyses, COS-7 grown in DMEM containing 10%
foetal calf serum were transiently transfected using
Polyethylenimine (PEI), using 10 mg of plasmid/30 mg PEI/2 � 106

cells/100 mm-diameter dish and 1 mg of plasmid/3 mg PEI/5 � 104

cells/20 mm-diameter coverslip, respectively. After transfection,
cells were grown for 24 h before processing or before treatment
with 2 mg/ml tunicamycin (or DMSO as control) during an addi-
tional period of 18 h. Caspr2-Fc fusion protein binding experi-
ments were performed as previously described (26). Briefly, WT
and variant Caspr2-Fc fusion proteins were produced in the
supernatant of transfected HEK-293 cells, affinity purified using
Protein-A Sepharose, pre-clustered with Alexa Fluor conjugated
anti-human Fc IgGs and incubated with N2a cells expressing
GFP-tagged TAG-1 for 30 min at 37�C, before cell fixation with
paraformaldehyde. Using these conditions, Caspr2-Fc was only
detected at the surface of TAG-1-expressing cells without any
detectable endocytosis.

Biochemical experiments

To analyze endogenous expression of Caspr2 or expression of
WT and variant HA-Caspr2 in transfected COS-7, brains, cortical
neurons and cells were lysed in RIPA buffer (50 mM Tris, pH 8.0,
150 mM NaCl, 10 ml/ml NP-40, 5 mg/ml sodium deoxycholate,
1 mg/ml SDS) containing Complete protease inhibitors (Roche).
Equal amounts of proteins were load on NuPAGE 8–12% Bis-Tris
gels (Thermo Fisher scientific) and transferred to 0.45 mm
Nitrocellulose membrane in 25 mM Tris–HCl, pH 7.4, 192 mM

glycine and 200 ml/l ethanol. Membranes were blocked with 50
g/l non-fat dry milk in Tris-buffered saline (TBS; 0.25 M Tris/0.5
M NaCl, pH 7.5)-Tween 1 ml/l (TBST) for 1 h at room tempera-
ture, incubated with primary antibodies in the same buffer for

2 h and then 1 h with appropriate IRDye-conjugated secondary
antibodies, and imaged and quantified using Odyssey Imaging
System (LI-COR Biosciences). For endoglycosidase digestions,
transfected cells were lysed in a buffer containing 50 mm Tris,
pH 7.4, 30 mM NaCl, 1 mM EDTA, 10 ml/ml Triton X-100,
Complete protease inhibitors (Roche) and 1 mM phenylmetha-
nesulfonyl fluoride (PMSF). After centrifugation, protein extracts
were supplemented with SDS (final concentration 1 mg/ml), b-
mercaptoethanol (final concentration 10 ml/ml) and PMSF (final
concentration 1 mM), and equal amounts (50 ml) were digested
at 37�C for 3 h with endoglycosidase H (Roche; 1 mU) and endo-
glycosidase F (Roche; 43 mU), respectively, before loading on
gels. Co-immunoprecipitations were performed essentially as
previously described (12). The extraction buffer contained 85
mM Tris, pH 7.5, 30 mM NaCl, 1 mM EDTA, 120 mM glucose, 10
ml/ml Triton X-100 and Complete protease inhibitors (Roche).
The washing buffer contained 50 mM Tris, pH 7.5, 150 mM NaCl,
5 ml/ml Triton X-100 and Complete protease inhibitors. For cell
surface biotinylation experiments, transfected cells were
washed three times for 10 min with PBS at 4�C and then biotiny-
lated with 0.5 mg/ml sulfo-NHS-LC biotin (Pierce) in 10 mM trie-
thanolamine, pH 9, 140 mM NaCl for 20 min at 4�C. After two
washes in PBS at 4�C, cells were lysed and immunoprecipitation
was carried out as described above. After migration and trans-
fert, membranes were blotted with IRDyeTM800CW conjugated
streptavidin to detect biotinylated Caspr2.

Cntnap2 mRNA expression analysis

For mRNA expression analysis, total mRNA was extracted from
brains and cortical neurons in culture using the TRIzolVR Reagent
(Life Technologies) following the manufacturer’s recommenda-
tions. Reverse transcription (RT) was performed with the
SuperScript II reverse transcriptase (Invitrogen, #18064-022) and
random primers. Primers for Caspr2 cDNA amplification (PCR)
were designed to amplify a 476-bp DNA fragment overlapping the
50 non-coding region: primer sens (50-CAGCGAGCTTTTGGA
GTACCACTG), nucleotides 191 to 214 of mouse cDNA (accession
number NM_001004357); primer anti-sens (50-GACCACGCTGT
CAGAATTGACGTT), nucleotides 644 to 667. For expression analy-
sis of the housekeeping gene peptidylpropyl isomerase B
(Cyclophilin B, Cyp), RT/PCR was performed using the primers (50-
CCATCGTGTCATCAAGGACTT) and (50-TTGCCATCCAGCCAGGAG
GTC). The expected size of the amplified DNAwas 215 bp.

Immunofluorescence staining

For transfected COS-7 cell staining, cells were fixed with paraf-
ormaldehyde (PFA, 40 mg/ml) in PBS for 30 min at room temper-
ature (RT) and permeabilized in PBS-Triton X-100 2 ml/ml for
5 min at RT. Coverslips were incubated in a saturation solution
(50 mg/ml bovine serum albumin in PBS), and with primary
antibodies and Alexa Fluor conjugated-secondary antibodies
(diluted in the saturation solution) at RT for 2 and 1 h,
respectively.

To quantify axonal growth in non-electroporated neurons,
cells were fixed by adding in the medium 1/3 volume of pre-
heated PFA (80 mg/ml)/sucrose (200 mg/ml) in PBS for 20 min
and immunostaining was performed as previously described
(41). Briefly, coverslips were incubated in a permeabilization/
saturation solution (PS; 2.5 ml/ml Triton X-100, 50 mg/ml bovine
serum albumin, PBS) for 2 h at RT, with TUJ1 primary antibodies
diluted in PS overnight at 4�C, with Alexa Fluor conjugated-
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secondary antibodies diluted in PS for 2 h at RT, and finally with
Alexa Fluor 488/546/633 conjugated-phalloidin diluted in PBS for
30 min at RT. To quantify axonal growth in neurons expressing
WT or variant HA-Caspr2, coverslips were incubated with Alexa
Fluor conjugated-phalloidin only.

To reveal the endogenous expression of Caspr2 and the sub-
cellular localization of WT and variant HA-Caspr2 in cortical
neurons, live neurons were incubated in the culture medium
with the purified IgGs from the patient affected by an autoim-
mune limbic encephalitis (20 lg/ml) and HA antibodies, respec-
tively, for 20 min at RT and fixed with 40 mg/ml PFA in PBS for
15 min at RT. Coverslips were incubated in a saturation solution
(50 mg/ml bovine serum albumin in PBS) at RT for 30 min and
with Alexa Fluor conjugated-secondary antibodies at RT for
60 min (endogenous expression) or 30 min (WT or variant HA-
Caspr2). After three washes with PBS, neurons were fixed,
permeabilized and incubated with Alexa Fluor conjugated-
phalloidin as above.

Image acquisition and analysis

To monitor the subcellular localization of Myc-Caspr2 and WT
or variant HA-Caspr2 in transfected COS-7 cells, images were
acquired using a Leica SP5 confocal laser-scanning microscope
(Leica microsystems, Z stack 1 mm) with constant parameters
and colocalization analyses were performed using the software
Imaris (Bitplane). The volume of the cell (Surface tool) was
defined using Myc-Caspr2 or cortical actin staining to delimit
the plasma membrane. The volume of the cytoplasm was iso-
lated by subtracting the volume of the nucleus. The Mask tool
was applied to the cytoplasm volume to define ER staining as
Region Of Interest (ROI), which then served to determine the
percentage of co-localization of Myc-Caspr2 and WT or variant
HA-Caspr2 with ER using the Colocalization Tool.

For cortical neuronal morphological analyses, images were
randomly acquired using an epifluorescence microscope
(DM6000 or DM6002, Leica) equipped with a CCD camera and
axon lengths were measured manually using Image J.

Statistical analysis

Statistical analyses were performed with GraphPad Prism 5 soft-
ware. For variables that did not follow a normal distribution,
statistical analyses were carried out using the Mann–Whitney
rank sum test to compare 2 quantitative variables, or the
Kruskal–Wallis one-way ANOVA test to compare 3 or more vari-
ables. Significant main effects were further analyzed by post
hoc comparisons of means using t-tests. The significance was
established at a P-value< 0.05.

Supplementary Material
Supplementary Material is available at HMG online.
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Autoimmune episodic ataxia in patients
with anti-CASPR2 antibody-associated
encephalitis

ABSTRACT

Objective: To report paroxysmal episodes of cerebellar ataxia in a patient with anti–contactin-
associated protein-like 2 (CASPR2) antibody-related autoimmune encephalitis and to search for
similar paroxysmal ataxia in a cohort of patients with anti–CASPR2 antibody-associated autoim-
mune encephalitis.

Methods:We report a patient with paroxysmal episodes of cerebellar ataxia observed during auto-
immune encephalitis with anti-CASPR2 antibodies. In addition, clinical analysis was performed in
a retrospective cohort of 37 patients with anti-CASPR2 antibodies to search for transient epi-
sodes of ataxia. Paroxysmal symptomswere further specified from the referral physicians, the pa-
tients, or their relatives.

Results: A 61-year-old man with limbic encephalitis and anti-CASPR2 antibodies developed ste-
reotyped paroxysmal episodes of cerebellar ataxia, including gait imbalance, dysarthria, and dys-
metria, 1 month after the onset of the encephalitis. The ataxic episodes were specifically
triggered by orthostatism and emotions. Both limbic symptoms and transient ataxic episodes
resolved after treatment with steroids and IV cyclophosphamide. Among 37 other patients with
anti-CASPR2 antibodies, we identified 5 additional cases with similar paroxysmal ataxic episodes
that included gait imbalance (5 cases), slurred speech (3 cases), limb dysmetria (3 cases), and nys-
tagmus (1 case). All had concomitant limbic encephalitis. Paroxysmal ataxia was not observed in
patients with neuromyotonia orMorvan syndrome. Triggering factors (orthostatism or anger) were
reported in 4 patients. Episodes resolved with immunomodulatory treatments in 4 patients and
spontaneously in 1 case.

Conclusions: Paroxysmal cerebellar ataxia must be added to the spectrum of the anti-CASPR2
antibody syndrome. Neurol Neuroimmunol Neuroinflamm 2017;4:e371; doi: 10.1212/

NXI.0000000000000371

GLOSSARY
EA 5 episodic ataxia.

Episodic ataxias (EAs) are a group of hereditary channelopathies whose common feature is the
occurrence of paroxysmal episodes of cerebellar ataxia.1 Ataxic episodes usually last a few minutes
to a few days and can be triggered by emotions, abrupt movements, exercise, or fever. Depend-
ing on which ion channel gene is mutated, additional symptoms, such as neuromyotonia or
epilepsy, can occur.2 Conversely, paroxysmal symptoms are rare in patients with antineuronal
antibody-associated neurologic disorders, and EAs have not yet been reported in such cases. In
this study, we report a patient with paroxysmal episodes of ataxia developed during autoimmune
encephalitis with anti-CASPR2 antibodies. To assess the relevance of our case, we retrospectively

*These authors contributed equally to this work.

From the Centre National de Référence pour les Syndromes Neurologiques Paranéoplasiques (B.J., L.T., V.D., V.R., G.P., F.D., D.P., J.-C.A.,
J.-Y.D., J.H.), Service de Neuro-Réanimation (F.G.), Hôpital Neurologique, Hospices Civils de Lyon, Bron; Institut NeuroMyoGene INSERM
U1217/CNRS UMR 5310 (B.J., F.G., L.T., M.S.-M., V.D., V.R., G.P., F.D., J.H.), University of Lyon–Université Claude Bernard Lyon 1;
Service de Neurologie (P.C., J.-C.A.), Hôpital Bellevue, Centre Hospitalier Universitaire de Saint-Étienne; and Département de Neurologie (D.P.,
J.-Y.D.), Groupe Hospitalier Pitié-Salpêtrière, Assistance Publique–Hôpitaux de Paris, France.

Funding information and disclosures are provided at the end of the article. Go to Neurology.org/nn for full disclosure forms. The Article Processing
Charge was funded by INSERM ADR05.

This is an open access article distributed under the terms of the Creative Commons Attribution-NonCommercial-NoDerivatives License 4.0 (CC
BY-NC-ND), which permits downloading and sharing the work provided it is properly cited. The work cannot be changed in any way or used
commercially without permission from the journal.

Neurology.org/nn Copyright © 2017 The Author(s). Published by Wolters Kluwer Health, Inc. on behalf of the American Academy of Neurology 1



searched for similar episodes of transient ataxia
in a cohort of patients with anti-CASPR2 anti-
bodies. Anti–CASPR2 antibody-related disor-
ders encompass a wide range of neurologic
autoimmune syndromes, including autoim-
mune encephalitis, neuromyotonia, and Mor-
van syndrome. A recent publication by Van
Sonderen et al.3 showed that up to 77% of
the patients with such antibodies had at least
3 cumulated core neurologic symptoms,
including encephalic signs, cerebellar symp-
toms, peripheral nerve hyperexcitability, dys-
autonomia, neuropathic pain, insomnia, and
weight loss. Our study may contribute to fur-
ther delineate anti–CASPR2 antibody-related
clinical presentation.

METHODS We report a patient with autoimmune encephali-

tis, anti-CASPR2 antibodies, and paroxysmal cerebellar ataxia.

Anti-CASPR2 antibodies were screened in serum and CSF as

previously described.4 Positivity of both an immunohisto-

fluorescent assay on rat brain slices and a cell-based binding assay

with HEK-293–transfected cells were needed to confirm the

presence of anti-CASPR2 antibodies. A signed patient consent-

to-disclose form has been obtained from the patient for a video

recording of one of the episodes.

We also studied the clinical files of 37 patients with anti-

CASPR2 antibodies, detected in their CSF or sera at the Centre
de Référence National pour les Syndromes Neurologiques Paranéo-
plasiques (Lyon, France) between March 2009 and August 2016,

to search for similar transient cerebellar symptoms. Thirty-three

of those patients have been previously reported.4 Written

informed consent was obtained from all patients with approval

of the Institutional Review Board of the Hospices Civils de Lyon.

We selected all patients who had been reported by their referral

physicians to have symptoms that were both transient and sug-

gestive of cerebellar impairment, i.e., gait imbalance, slurred

speech, or limb dysmetria. Further information was collected

by telephone from the referral physicians, and, when possible,

from the patients themselves or their relatives.

RESULTS Index case. A 61-year-old man was hospi-
talized for evaluation after a tonic-clonic generalized
seizure. He was still active as a corporate executive,
and his medical history included high blood pressure,
diabetes, myocardial infarction, and a smoking habit.
No prodromal or postictal symptom was reported,
but the patient reported slight memory impairment,
difficulties to concentrate at work, unusual emotive-
ness, and anxiety over a few days before the seizure.
The patient was treated with levetiracetam and clo-
bazam. However, the cognitive symptoms persisted
and several partial temporal lobe seizures occurred.
One month after the first seizure, the patient began to
experience repeated episodes of slurred speech, gait
ataxia, and slight dysmetria of the limbs (see video
at Neurology.org/nn). These events occurred 3–4
times a day, were often triggered by emotions and

orthostatism, and lasted less than 1 minute. No cer-
ebellar symptom was observed between the episodes.
Levetiracetam was switched to lacosamide without
any improvement of the symptoms.

Brain MRI was normal. EEG found an asymmet-
ric temporal lobe slowing. CSF analysis found 16
white blood cells/mm3, a protein level of 65 mg/dL,
and no oligoclonal band. Anti-CASPR2 antibodies
were detected (end-point dilution using cell-
binding–based assay, 1/40,960, in serum and
1/5,120 in CSF). Brain single-photon emission CT
found bilateral frontotemporal hypoperfusion with
normal perfusion of basal ganglia and cerebellum.
Full-body CT was normal. Sequencing of the
genes involved in EA types 1 and 2, KCNA1 and
CACNA1A, found that the patient carried a rare
polymorphism in intron 39 of CACNA1A (c5843-
14G.A).5,6 KCNA1 was normal. The patient was
treated with 3 daily injections of 1 g methylprednis-
olone followed by 6 monthly pulses of 1 g cyclo-
phosphamide. The frequency of the ataxia episodes
decreased immediately; they had totally stopped 5
days after the end of the methylprednisolone pulses.
The patient recovered all his cognitive abilities 2
weeks after the initiation of the treatment and had
his last seizure 3 months after the first visit. At
month 7 of follow-up, the patient remained asymp-
tomatic and seizure free. At the peak of his disease,
the patient had presented with only 2 core symp-
toms as defined by Van Sonderen et al.3 (encephalic
signs and cerebellar ataxia).

Cohort study. Among the cohort of 37 other patients
with anti-CASPR2 antibodies (20 with encephalitis
and 17 with neuromyotonia or Morvan syndrome),
we retrospectively identified 5 patients with transient
symptoms suggestive of cerebellar impairment. All
the patients were men, with a median age of 60 years
(range 57–69). Median follow-up (range) was 45.6
months (19.3–113.6). One patient had a history of
surgically treated thyroid carcinoma. All these 5 pa-
tients had anti-CASPR2 antibodies in both serum
and CSF and had a presentation of autoimmune
encephalitis with prominent seizures and amnesia, as
we previously reported.4 Three patients also devel-
oped mild permanent cerebellar symptoms, con-
comitantly to (2 cases) or after (1 case) the onset of
paroxysmal ataxia.

None of them exhibited neuromyotonia or
Morvan syndrome. Two of the 5 patients had $3
core symptoms as defined in the study by Van
Sonderen et al.3 The transient episodes are
described in the table. They were stereotyped and
included, according to the cases, gait imbalance
(5/5, 100%), slurred speech (3/5, 60%), limb dys-
metria (3/5, 60%), and nystagmus (1/5, 20%).
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Two patients (40%) reported concomitant sensa-
tions of neck stiffness. Myoclonic jerks were not
observed in any of the patients. Of interest, the
ataxia episodes preceded by 7 months the full devel-
opment of the encephalitis in 1 patient. The appa-
rition of the ataxia was not subsequent to a change
of antiepileptic medication in any of the patients.
The attacks were reported to last from a few minutes
to 2 hours, according to the cases, with triggering
factors identified in 4 patients (80%; orthostatism
in 4 patients and anger in 1 patient). Ataxia epi-
sodes occurred during a mean period of 4 months
(range, 0.5–32.5) and stopped after the initiation
of an immunomodulatory treatment in 4 patients
(steroids alone, steroids and plasmapheresis, ste-
roids and IV immunoglobulin, or rituximab) and
spontaneously in 1 case. Interictal, milder cerebel-
lar symptoms were observed in 3/5 cases (60%).
Interictal brain MRI was unremarkable in all pa-
tients; magnetic resonance spectroscopy was not
performed during the episodes. We did not per-
form genetic studies in these 5 patients.

DISCUSSION In this study, we report stereotyped
episodes of paroxysmal cerebellar ataxia in a patient
with anti–CASPR2 antibody-related autoimmune
encephalitis. We also retrospectively identified similar
paroxysmal symptoms in 5 of 20 other patients with
autoimmune encephalitis and anti-CASPR2 anti-
bodies, suggesting that episodic cerebellar ataxia
could be observed in up to 25% of such patients.

As they developed during the course of enceph-
alitis and resolved after immunomodulating ther-
apy in most of the patients, we can speculate an
immune origin of these paroxysmal ataxias. More-
over, the association of gait imbalance, slurred
speech, and limb dysmetria during these episodes
was highly suggestive of cerebellar impairment;
although because of the retrospective collection
of the data, we cannot completely exclude that
the alleged cerebellar symptoms were actually of
another nature (e.g., orthostatic hypotension, seiz-
ures, or peri-ictal autonomic manifestations).

Paroxysmal neurologic symptoms have already
been reported in autoimmune encephalitis. For
instance, faciobrachial dystonic seizures are caused
by the activation of the motor cortex in patients with
anti–leucine-rich glioma1 (Lgi1) antibody-associated
encephalitis.7 Of interest, Lgi1 is a secreted protein
that complexes with CASPR2 and the potassium
channel KV1.1.5,8 More recently, orthostatic myoclo-
nus has been observed in a patient with anti-CASPR2
antibodies.9 Although permanent ataxia without re-
missions is a well-described feature of anti–CASPR2
antibody-associated encephalitis, to our knowledge,
EA has never been reported before in patients with
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autoimmune encephalitis, including for instance pa-
tients with anti-Lgi1 encephalitis.4,3,10,11

Anti-CASPR2 antibodies associate with various
neurologic disorders, including limbic encephalitis,
neuromyotonia, and Morvan syndrome.3,4,12–14 In
a recent published cohort of 38 anti–CASPR2
antibody-positive patients, 77% of the cases had
$3 core symptoms (encephalic signs, cerebellar
symptoms, peripheral nerve hyperexcitability, dysau-
tonomia, neuropathic pain, insomnia, and weight
loss).3 In our previously published cohort of 33 pa-
tients with anti-CASPR2 antibodies, only 16/33
(48%) of the patients presented with $3 of those
core symptoms.4 However, patients with limbic
encephalitis were overrepresented and we found
a greater number of patients with$3 core symptoms
in the group of patients diagnosed with neuromyoto-
nia or Morvan syndrome (13/15, 87%) than in the
group of patients diagnosed with limbic encephalitis
(3/18, 17%). Only 2/6 (33%) of our patients with
paroxysmal ataxia had $3 core symptoms, which
reflects that this paroxysmal syndrome is mostly asso-
ciated with limbic encephalitis rather than neuromyo-
tonia or Morvan syndrome.

The resemblance of the patients’ paroxysmal ataxia
with manifestations observed in hereditary channelo-
pathies such as EA is striking. Of interest, neuromyo-
tonia can be observed in patients with EA type 1 and
anti-CASPR2 antibodies, suggesting similar ion chan-
nel dysfunctions in both diseases. EA type 1 is due to
mutations of KCNA1, a gene coding for the voltage-
gated potassium channel KV1.1.5,13 The clustering of
KV1.1 at the nodes of Ranvier depends on CASPR2,
and electrophysiologic experiments have suggested an
impairment of voltage-gated potassium channels in
autoimmune neuromyotonia, implying that anti-
CASPR2 antibodies might indirectly alter the func-
tions of KV1.1 at the nodes of Ranvier.15,16 However,
previous studies have failed to demonstrate a role of
CASPR2 in KV1.1 clustering at the synaptic level,
and the exact role of anti-CASPR2 antibodies in the
CNS is unknown.16,17 Nevertheless, our observation
supports the hypothesis of immune-mediated ion
channel dysfunction in anti-CASPR2 antibody syn-
dromes. The polymorphism of CACNA1A in the
index patient is interesting because this gene codes
for the CaV2.1 subunit of the P/Q type voltage-
gated calcium channel that is mutated in patients
with EA type 2.6 We have no data about the signif-
icance of this polymorphism, whose overall frequency
in the general population is estimated at less than 1/
1,000. However, we can hypothesize that it may pro-
voke a partial impairment of CaV2.1.6 We can thus
speculate that in the case, this polymorphism of
CACNA1A may have led to the failure of compensa-
tory mechanisms dependent on CaV2.1 and necessary

to counterbalance the effects of anti-CASPR2 anti-
bodies. Therefore, this polymorphism may have
favored the development of episodic cerebellar symp-
toms in the patient.

Overall, our findings suggest that transient cere-
bellar ataxia should be added to the spectrum of
anti–CASPR2 antibody-related symptoms. Such par-
oxysmal symptoms are similar to the symptoms of
hereditary channelopathies, suggesting that ion chan-
nel dysfunction is involved in the pathogenesis of
anti-CASPR2 antibody syndromes.
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The Kv1-associated molecules TAG-1 and Caspr2 are selectively
targeted to the axon initial segment in hippocampal neurons
Delphine Pinatel1, Bruno Hivert1, Margaux Saint-Martin2, Nelly Noraz2, Maria Savvaki3, Domna Karagogeos3

and Catherine Faivre-Sarrailh1,*

ABSTRACT
Caspr2 and TAG-1 (also known as CNTNAP2 and CNTN2,
respectively) are cell adhesion molecules (CAMs) associated
with the voltage-gated potassium channels Kv1.1 and Kv1.2 (also
known as KCNA1 and KCNA2, respectively) at regions controlling
axonal excitability, namely, the axon initial segment (AIS) and
juxtaparanodes of myelinated axons. The distribution of Kv1 at
juxtaparanodes requires axo-glial contacts mediated by Caspr2 and
TAG-1. In the present study, we found that TAG-1 strongly colocalizes
with Kv1.2 at the AIS of cultured hippocampal neurons, whereas
Caspr2 is uniformly expressed along the axolemma. Live-cell imaging
revealed that Caspr2 and TAG-1 are sorted together in axonal
transport vesicles. Therefore, their differential distribution may
result from diffusion and trapping mechanisms induced by
selective partnerships. By using deletion constructs, we identified
two molecular determinants of Caspr2 that regulate its axonal
positioning. First, the LNG2-EGF1 modules in the ectodomain of
Caspr2, which are involved in its axonal distribution. Deletion of these
modules promotes AIS localization and association with TAG-1.
Second, the cytoplasmic PDZ-binding site of Caspr2, which could
elicit AIS enrichment and recruitment of the membrane-associated
guanylate kinase (MAGuK) protein MPP2. Hence, the selective
distribution of Caspr2 and TAG-1 may be regulated, allowing them to
modulate the strategic function of the Kv1 complex along axons.

KEY WORDS: Polarity, Axonal transport, Cell adhesion molecule,
Axon initial segment, Juxtaparanode

INTRODUCTION
The axon initial segment (AIS) is a specialized region of neurons
where action potentials are initiated. The high density of specific
voltage-gated Na+ and K+ channels gives the AIS unique electrical
properties. The voltage-gated Na+ channels Nav1.2 and Nav1.6
(also known as SCN2A and SCN8A, respectively) are anchored at
the AIS via the ankyrinG scaffold, which is the major organizer of
this axonal subdomain (Yoshimura and Rasband, 2014; Zhou et al.,
1998). A variety of voltage-gated K+ channels are localized at AIS,

including Kv7.2 and Kv7.3 (also known as KCNQ2 and
KCNQ3, respectively), Kv1.1 and Kv1.2 (KCNA1 and KCNA2,
respectively) and Kv2.1 (KCNB1), which function as modulators
of action potential initiation and frequency (Devaux et al., 2004;
King et al., 2014; Trimmer, 2015; VanWart et al., 2007). The Kv7.2
and Kv7.3 channels are tethered at the AIS through ankyrinG
binding (Pan et al., 2006), while the mechanisms responsible for
Kv2.1 and Kv1.1/Kv1.2 enrichment are poorly understood. The
distribution of Kv channels at the AIS and along axonmay influence
intrinsic excitability and transmitter release (Kole and Stuart, 2012;
Rama et al., 2015).

The Kv1 channels co-purify with several cell adhesion molecules
(CAMs) including Caspr2 (also known as CNTNAP2), TAG-1
(also known as CNTN2), LGI1 and ADAM22 proteins. These
CAMs are autoimmune targets in limbic encephalitis that is
associated with voltage-gated K+ channels (Irani et al., 2010;
Lancaster et al., 2011). The role of Caspr2 and TAG-1 has been well
established at the juxtaparanodes of myelinated axons where they
mediate axo-glial contacts and induce the clustering of Kv1.1 and
Kv1.2 to control the internodal resting potential (Poliak et al., 2003;
Traka et al., 2003). The intracellular protein 4.1B (also known as
EPB41L3), which binds Caspr2 is required for assembling the
juxtaparanodal scaffold (Buttermore et al., 2011; Cifuentes-Diaz
et al., 2011; Einheber et al., 2013; Horresh et al., 2010). In contrast
to juxtaparanodes, Caspr2, and TAG-1, although present at the AIS
are dispensable for the recruitment of Kv1 channels there (Duflocq
et al., 2011; Inda et al., 2006; Ogawa et al., 2008). In addition,
protein 4.1B is not enriched at the AIS while the membrane-
associated guanylate kinase (MAGuK) PSD-93 (also known as
DLG2) is present at that site (Duflocq et al., 2011; Ogawa et al.,
2008). Other membrane proteins interacting with Kv1 channels
could be localized at the AIS. In particular, ADAM22 is recruited at
the AIS of cultured hippocampal neurons with PSD-93, but is not
required for the clustering of Kv1 channels (Ogawa et al., 2010).

Whether CAMs can modulate Kv1 channel surface expression
and activity tuning at the AIS is still unclear. In this regard, it would
be important to analyze the molecular mechanisms that are
implicated in the recruitment of Caspr2 and TAG-1 at the AIS.
We have previously shown that Caspr2 is delivered both to the
somatodendritic and axonal compartments in hippocampal neurons,
and its polarized expression is achieved through selective
endocytosis from the somatodendritic plasma membrane. The cell
surface expression of Caspr2 is regulated through an endocytosis
motif that overlaps with the 4.1B-binding sequence (Bel et al.,
2009). Caspr2 does not interact with type I PDZ proteins, like PSD-
93, but may associate with MAGuK proteins of the MPP2 family
and MUPP1 (also known as MPDZ) (Horresh et al., 2008; Tanabe
et al., 2015). In the present study, we used deletion or chimeric
constructs to identify cytoplasmic and extracellular determinants
implicated in the AIS versus axonal distribution of Caspr2.Received 6 February 2017; Accepted 18 May 2017
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In addition, we examined the interdependence of the two CAMs,
Caspr2 and TAG-1 for their axonal transport and targeting.

RESULTS
TAG-1 is enriched at the AIS whereas Caspr2 is expressed
along the axon in cultured hippocampal neurons
Caspr2 and TAG-1 have been reported to colocalize with Kv1
channels at the AIS in several neuronal subtypes, such as motor
and cortical neurons (Duflocq et al., 2011; Inda et al., 2006). We
analyzed the surface expression of endogenous Caspr2 and
TAG-1 in hippocampal neurons in culture using live double-
immunostaining at 14 days in vitro (DIV14). We observed that
Caspr2 and TAG-1 were differentially distributed. As previously
reported (Pinatel et al., 2015), we used anti-Caspr2 auto-antibodies
from patients with limbic encephalitis to show that Caspr2
surface labeling was polarized to axons (Fig. 1A, red), but not

enriched at the AIS, which can be labeled for ankyrinG (Fig. 1A,
blue). In contrast, TAG-1 was enriched at the AIS, as shown using
mouse anti-TAG-1 monoclonal antibody (mAb) 1C12 (Fig. 1A,
green). As observed for endogenous molecules, transfected
Caspr2–HA was distributed all along the axonal membrane
(Fig. 1B, red), whereas TAG-1–GFP was enriched at the AIS
(Fig. 1B, green).

We asked whether the AIS versus axonal distribution of TAG-1–
GFP and Caspr2–HA might be correlated with the concentration of
Kv1 channels at the AIS. Hippocampal neurons were double-
transfected with both CAMs at DIV14, and their surface expression
was measured at the AIS and along the axon (Fig. 1C–F). TAG-1–
GFP, but not Caspr2–HA, was enriched at the AIS, as also observed
for Kv1.2 (Fig. 1C). Quantitative analysis was performed by
measuring the ratio of the mean fluorescence intensity at the AIS
versus at the axon. The mean AIS:axon ratios were 2.31±0.16 for

Fig. 1. TAG-1 is enriched at the AIS and Caspr2
is uniformly targeted along the axon in cultured
hippocampal neurons. (A,A′) Hippocampal neurons at
DIV14 were surface labeled using human anti-Caspr2
autoantibodies (red) and mouse anti-TAG-1 1C12 mAb
(green), and were then fixed and permeabilized before
staining for the AIS marker ankyrinG (blue). Endogenous
TAG-1 was enriched at the AIS whereas Caspr2 was
uniformly detected along the axon. (B,B′) Hippocampal
neurons at DIV14 were co-transfected with TAG-1–GFP and
Caspr2–HA and surface labeled for GFP (green) and HA
(red). The AIS is indicated with arrowheads. (C–F) DIV14
hippocampal neurons were co-transfected with TAG-1–GFP
and Caspr2–HA and surface labeled for GFP (green) and HA
(red). Neurons were fixed, permeabilized and immunostained
for Kv1.2 (blue). The AIS:axon ratio (denoted AIS/axon) of
fluorescence intensity was calculated and expressed as the
mean±s.e.m. (n=46) (D), or plotted for individual neurons
(E,F). *P<0.01 by comparison with TAG-1 (ANOVA). Note
that TAG-1–GFP enrichment at the AIS correlates with the
level of AIS enrichment of endogenous Kv1.2, whereas that
for Caspr2–HA does not. Scale bars: 20 μm (B); 10 μm (C).
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TAG-1–GFP, 1.16±0.09 for Caspr2-HA and 2.37±0.15 for Kv1.2
(mean±s.e.m.; Fig. 1D). The individual values (n=46) were plotted,
showing that the AIS:axon ratio for TAG-1 was correlated with the
AIS:axon ratio value for the Kv1.2 channel (Fig. 1E). In contrast,
Caspr2–HA was not enriched at the AIS of neurons, even in axons
where the Kv1.2 channels were highly enriched in the AIS (Fig. 1F).
This result indicates that TAG-1 and Kv1 may be anchored to the
AIS in a complex within the same scaffold.
Since TAG-1 is a glycophosphatidylinositol (GPI)-anchored

CAM, it does not directly interact with intracellular AIS
components. The Ig domains of TAG-1 interact with multiple
binding partners including NrCAM and the neurofascin isoform
186 (neurofascin-186) (Fig. S1). These two related CAMs are
trapped at the AIS via their ankyrin-binding motif (Davis et al.,
1996). Therefore, we analyzed the role of the Ig and fibronectin type
III (FnIII) domains of TAG-1 in its enrichment at the AIS (Fig. 2).
GFP-tagged full-length TAG-1, and GFP-tagged deletion mutants

TAG-1-Ig (containing only the Ig domain) and TAG-1-Fn
(containing only the FnIII domains) (schematized in Fig. 2D)
were transfected in hippocampal neurons at DIV14 (Fig. 2A–C).
The AIS:axon ratio was significantly reduced for the TAG-1-Ig
and TAG-1-Fn deletion mutants (1.38±0.08 and 1.14±0.09,
respectively) compared to that seen for full-length TAG-1
(2.53±0.14) (Fig. 2E). Next, we analyzed the Kv1.2 expression in
neurons transfected with TAG-1-Ig and TAG-1-Fn. Kv1.2 (red) was
enriched at the AIS labeled for ankyrinG (blue), whereas both TAG-
1 deletion mutants (green) were evenly distributed along the axon
(Fig. 2G,H). The AIS:axon ratio for Kv1.2 was 2.23±0.15 (n=26)
and 2.81±0.24 (n=15) in neurons transfected with TAG-1-Ig and
TAG-1-Fn, respectively. Plotting of individual values did not
indicate any correlation between the AIS:axon ratios of Kv1.2 and
TAG1 deletion mutants (Fig. 2I,J). Thus, the conformation of the
full-length TAG-1 molecule seems to be required for its proper
targeting at the AIS. These data also suggest that TAG-1 might be

Fig. 2. Deletion of the Ig or FnIII domains of TAG-1
prevents its enrichment at the AIS in cultured
hippocampal neurons. Neurons at DIV14 were transfected
with TAG-1–GFP (A,F), TAG-1-Ig (B,G) or TAG-1-Fn (C,H).
(A–C) Neurons were surface labeled for GFP (red), then
permeabilized and immunostained for ankyrinG (blue). Note
that only full-length TAG-1–GFP is highly recruited to the AIS.
(D) Schematic drawing of the TAG-1 deletion mutants.
(E) AIS:axon ratios of fluorescence intensity (mean±s.e.m.,
n=18). *P<0.01 by comparison with full-length TAG-1–GFP
(ANOVA). (F–H) Neurons were surface labeled for GFP
(green), then permeabilized and immunostained for ankyrinG
(blue) and Kv1.2 (red). Arrowheads in A–C and F–H indicate
the AIS. (I,J) The AIS:axon ratio (AIS/axon) of fluorescence
intensity for TAG-1-Ig or TAG-1-Fn versus Kv1.2 was plotted
for individual neurons. Scale bars: 20 μm (C); 5 μm (H).
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recruited to the Kv1 complex independently of the neurofascin–
NrCAM–ankyrinG complex.

The LNG2 and EGF1 modules in the ectodomain of Caspr2
determine its axonal distribution
Next, we addressed the role of the Caspr2 ectodomain in its
polarized expression to the axonal surface. We analyzed the
distribution of a series of HA-tagged Caspr2 constructs with
sequential deletions of modules in the ectodomain (Fig. 3A; Pinatel
et al., 2015). After transfection at DIV7, hippocampal neurons were
surface labeled for HA (green), and then fixed and permeabilized
before staining for ankyrinG as an AIS marker (blue). Strikingly,
Caspr2Δ2, which has a deletion of the laminin-G2 (LNG2) and
EGF-like1 (EGF1) modules, was strongly enriched at the AIS
(Fig. 3C,F) by contrast with full-length Caspr2 (Fig. 3B,D). All the

other deletion mutants (Caspr2Δ1, Caspr2Δ3 and Caspr2Δ4) were
distributed along the axon (Fig. 3E,G,H). Quantitative analysis
indicated that the mean AIS:axon ratio of Caspr2Δ2 (2.4±0.4) was
significantly increased in comparison with that for full-length
Caspr2 (0.95±0.1) (Fig. 3I). We observed that Caspr2Δ2 enrichment
at the AIS of transfected neurons correlated with the level of
endogenous Kv1.2 enrichment by plotting individual values for the
AIS:axon ratios (n=27) (Fig. S2A–C). Therefore, the LNG2 and
EGF1 modules in the ectodomain may exert a dominant effect,
promoting the distribution of Caspr2 all along the axon.
Alternatively, deletion of these modules may induce a
conformational change and influence the association between
Caspr2 and TAG-1.

To analyze the interaction between Caspr2 and TAG-1, co-
immunoprecipitation experiments were performed using extracts

Fig. 3. The expression of the Caspr2Δ2
deletion mutant is restricted to the AIS.
(A) Caspr2–HA constructs encompassing
sequential deletions: Δ1 has a deletion of the
N-terminal discoïdin and LNG1 domains,
Δ2 has a deletion of the LNG2 and EGF1
domains, Δ3 has a deletion of the central
fibrinogen and LNG3 domains, and Δ4 has
a deletion of the EGF2 and LNG4 domains.
(B–H) Rat hippocampal neurons were
transfected with the Caspr2 constructs and
surface labeled at DIV7 with anti-HA mAb
(green). The Caspr2Δ2 mutant (C) is highly
enriched at the AIS by comparison with full-
length Caspr2 (B). Cells were fixed with 4%
paraformaldehyde, permeabilized and
double-stained for ankyrinG (blue). The soma
is indicated with circles and AIS highlighted
with arrowheads. (D–H) Axonal profiles of
fluorescence intensity of Caspr2 constructs
(green) and ankyrinG (blue). Arrowheads
mark each end of the AIS. Scale bars: 20 μm
(C); 10 μm (H). (I) Ratio of fluorescence
intensity for Caspr2 constructs measured at
the AIS and along the axon (mean±s.e.m.,
n=10). *P<0.01 by comparison with full-
length Caspr2 (C2) (ANOVA). (J) Co-
immunoprecipitation experiments from HEK
cells transfected with TAG-1–GFP and HA-
tagged Caspr2, either full-length (C2) or
Caspr2Δ2 (Δ2). Immunoprecipitation was
performed using a rabbit antiserum directed
against the cytoplasmic tail of Caspr2 (IP
Caspr2) or with control rabbit IgGs (IP Ctl).
Western blotting (WB) was performed using
rabbit anti-Caspr2 or anti-TAG-1 antibody in
the lysates (input) and immunoprecipitates.
(K) Quantitative (mean±s.e.m.) analysis of
the level of co-immunoprecipitated proteins
was performed from five independent
experiments with the ImageJ software. The
ratio of co-immunoprecipitated TAG1 over
immunoprecipitated Caspr2 signal intensities
was calculated. Results were presented as
index values relative to the full-length Caspr2
condition. **P<0.01 (Mann–Whitney’s test).
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from HEK cells co-transfected with TAG-1–GFP and Caspr2–HA
constructs. As shown in Fig. 3J, both Caspr2 and Caspr2Δ2
constructs interacted with TAG-1. Quantitative analysis indicated
that the Δ2 deletion significantly increased co-immunoprecipitation
of TAG-1 (+78%, n=5) by comparison with full-length Caspr2
(Fig. 3K). Thus, Caspr2Δ2 might be enriched at the AIS because of
its tight binding with endogenous TAG-1. Deletion of the LNG2
and EGF1 domains in the Caspr2Δ2 mutant may induce a
conformational change favoring TAG-1 binding or association of
the Caspr2Δ2 cytoplasmic tail to scaffolding molecules.

Caspr2 and TAG-1 are colocalized in axonal transport
vesicles
Caspr2 and TAG-1 are known to interact in cis (Fig. 3J; Traka et al.,
2003). However, they are differentially distributed along the axon,
as TAG-1 is enriched at the AIS whereas Caspr2 evenly detected all
along the axon. We performed time-lapse recording of neurons
transfected at DIV7 with Caspr2–mCherry and TAG-1–GFP to get
some insight into their axonal-targeting mechanisms (Fig. 4). The

axon was clearly identified on the basis of its length, and was
strongly enriched in transport vesicles by comparison with
dendrites. In addition, live immunolabeling of neurofascin-186
was used to precisely localize the AIS after time-lapse recording
(Fig. 5, blue). We found that most of the axonal transport vesicles
were colabeled for Caspr2 and TAG-1 (Fig. 4E; Movie 1).
Kymograph analysis of transport events indicated that double-
labeled vesicles moved bi-directionally as illustrated in Fig. 4B–D.
In neurons that were transfected with TAG-1–GFP alone, we
observed that labeled vesicles were mostly axonally transported
in the retrograde direction with a maximal velocity (Vm) of
0.34–0.64 μm/s (Table S1; Fig. 5A). In neurons that were
transfected with Caspr2–mCherry alone, labeled vesicles were
transported in the anterograde and retrograde directions with a Vm of
0.66–1.46 and 0.75–0.95 μm/s, respectively (Table S1; Fig. 5B,C).
The vesicular transport of Caspr2–mCherry was similar to that
described previously for Caspr2–GFP (Bel et al., 2009). Of note,
mCherry was fused at the C-terminal of Caspr2 and did not perturb
its transport by comparison with GFP, which was inserted
downstream the signal peptide. Finally, when double-transfected
for Caspr2 and TAG-1, some neurons exhibited bidirectional
transport of colabeled vesicles (Fig. 5D; Table S1), whereas in most
neurons, the vesicular transport was mainly observed in the
retrograde direction with a velocity of 0.35–0.62 μm/s (Fig. 5E,F;
Movie 2, Table S1). Some vesicles were observed moving
retrogradely starting from the axonal growth cone (Movie 3) and
may result from endocytosis as previously described (Bel et al.,
2009). The retrograde axonal transport may indicate a very dynamic
renewal of Caspr2 and TAG-1 at the axonal membrane.

In conclusion, Caspr2 and TAG-1 are sorted within the same
axonal vesicles even if they are distributed to distinct locations along
the axon. Thus, we hypothesize that these proteins may be
differentially distributed to AIS or axon according to diffusion
and/or trapping mechanisms.

The cytoplasmic tail of Caspr2 promotes the recruitment of
the MAGuK protein MPP2 at the AIS
Next, we addressed the role of the cytoplasmic tail of Caspr2 and
whether it may contain a motif for its recruitment to the axon. We
generated a Nr–Caspr2cyt construct (Fig. 6A) with the cytoplasmic
tail of Caspr2 fused to the reporter NrCAM-Ig previously described
in Falk et al., (2004). Strikingly, we observed that this chimera
(green) was strongly enriched at the AIS surface of DIV8
hippocampal neurons double-stained for ankyrinG (blue)
(Fig. 6B,C), with an AIS:axon ratio of 4±0.6 (Fig. 6G). Deletion
of the C-terminal region or the PDZ-binding motif induced re-
localization all along the axonwith an AIS:axon ratio of 1.5±0.3 and
1.6±0.2, respectively (Fig. 6E–G).We also observed that deletion of
the 4.1B-binding site induced a significant decrease in the AIS
enrichment. The Δ4.1B mutant displayed an AIS:axon ratio of
2.1±0.3 (Fig. 6D,G). These results indicate that the cytoplasmic
region of Caspr2 contains determinants for its AIS enrichment,
namely, the 4.1B- and PDZ-binding domains. However, in the
context of full-length Caspr2, its ectodomain exerts a dominant
effect promoting axonal distribution.

The PDZ-binding domain of Caspr2 is a type II binding sequence
and does not interacting with type I PSD-93 or PSD-95 as reported
for Kv1 channels (Ogawa et al., 2008). It was reported to associate
with MAGuK proteins of the CASK and MPP2 family in GST
pulldown assays (Horresh et al., 2008). Hence, we generated
CASK–mCherry and MPP2–mCherry constructs and observed that
these MAGuK proteins were strongly recruited to the plasma

Fig. 4. Caspr2 and TAG-1 are colocalized within axonal transport
vesicles. (A) Axon of hippocampal neuron co-transfected at DIV7 with TAG-1–
GFP and Caspr2–mCherry. Time-lapse images of axonal transport vesicles
were acquired at 1 frame every 1.5 s for 220 s. (B–D) Corresponding
kymographs showing overlapping trajectories of vesicles labeled for TAG-1–
GFP (B) and Caspr2–mCherry (C). (D) Anterograde and retrograde events are
underlined with yellow and blue lines, respectively, and the velocity measured
for each transport event. (E) Time-lapse sequence showing a moving vesicle
that contains both TAG-1–GFP and Caspr2-–mCherry indicated with arrows.
Scale bars: 10 μm (A); 6 μm (E). See also the corresponding Movie 1.
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membrane when co-transfected with Nr–Caspr2cyt in HEK cells, as
shown for MPP2 (Fig. 7A). MPP2 was not recruited to the plasma
membrane by Nr–Caspr2cyt with a deletion of its PDZ-binding
domain (Fig. 7B). Next, we performed co-immunoprecipitation
experiments after transfection in HEK cells. Caspr2 was precipitated
with MPP2 (Fig. 7D–G, last lane) and with CASK (data not shown).
Nr–Caspr2cyt was even more strongly precipitated by MPP2
(Fig. 7D–G, first lane). As expected, co-immunoprecipitation of
Nr–Caspr2cyt with MPP2 was prevented by deletion of its C-
terminal region or PDZ-binding domain (Fig. 7D–G, ΔC and ΔZ).
Deletion of the 4.1B-binding site also significantly inhibited co-
immunoprecipitation with MPP2 (Fig. 7D–G, Δ4.1), indicating that

it may participate in stabilizing the interaction with the MAGuK
protein.

To examine whether MAGuK proteins could be recruited to
the AIS, hippocampal neurons were co-transfected with Caspr2,
Caspr2Δ2, or Nr–Caspr2cyt and MPP2–mCherry (Fig. 8). When
co-transfected with full-length Caspr2, MPP2–mCherry was
homogenously distributed in the cytoplasm of hippocampal
neurons and did not colocalize with Caspr2 along the axon
(Fig. 8A). Strikingly, MPP2–mCherry became recruited to the AIS
when co-transfected with Caspr2Δ2 (Fig. 8B,B′) or Nr–Caspr2cyt
(Fig. 8C,D,D′). In addition, MPP2–mCherry colocalized with
Nr–Caspr2cyt in intracellular vesicles (Fig. 8D″) in accordance

Fig. 5. Hippocampal neurons
showing different types of axonal
transport events for TAG-1–GFP
and Caspr2–mCherry vesicles.
Hippocampal neurons were transfected
at DIV7 with TAG-1–GFP (A), Caspr2–
mCherry (B,C) or double-transfected
with both CAMs (D–F). Time-lapse
images of axonal transport vesicles
were acquired at 1 frame every 1.5 s for
450 s. (B–F) Live immunostaining with
Alexa-Fluor-647-coupled anti-
neurofascin-186 was performed to
determine the AIS location (blue), as
indicated with arrowheads in B′–D′.
The insets in A′–F′ show the scanned
axonal regions. Underlined axonal
segments were used for kymograph
analysis (axonal length in x-axis, time in
y-axis) (A″–F″) and the maximal
velocity (Vm) was determined for
anterograde (ant) and retrograde (retro)
events. Note that in A″,E″ and F″,
transport events were mostly in the
retrograde direction for TAG-1–GFP
(A″), Caspr2–mCherry (C″) and
double-labeled vesicles (E″,F″). In
some neurons, bidirectional events
were detected for Caspr2–mCherry
and double-labeled vesicles (B″,D″).
See also Movie 2 showing retrograde
transport of double-labeled vesicles.
Scale bar: 20 μm (F); 10 μm (F′).
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with endocytosis mediated by the Caspr2 cytoplasmic tail
(Bel et al., 2009).
The fact that, upon transfection ofCaspr2,MPP2was not recruited

to the AIS or along the axon, indicated that an outside-in mechanism
might regulate this association. The C-terminal region of Caspr2
contains several consensus sites for phosphorylation by the casein
kinase 2 (CK2) (Thr1319, Thr1321 and Ser1325; NetPhos 3.1
prediction server) that might regulate the PDZ-binding site of
Caspr2. We generated several constructs of Nr–Caspr2cyt as shown
in Fig. 7C including mutating Thr1319 and Thr1321 into alanine
(TTAA) or glutamate (TTEE) residues and mutation of Ser1325 to a
glutamate residue (SE).When transfected into hippocampal neurons,
all these mutated constructs were recruited to the AIS (not shown).
In addition, co-immunoprecipitation experiments did not show any
effect of these mutations on MPP2 binding (Fig. 7D–G). Thus, we
could not identify a phosphorylation mechanism possibly regulating
the recruitment of Caspr2 at the AIS through its interaction with a
MAGuK protein. Alternatively, we showed that the 4.1B-binding
domain plays a modulating role on this interaction.
We examined whether the recruitment of Nr–Caspr2cyt and

MPP2 at the AIS may be correlated with the concentration of Kv1
channels at that site. Hippocampal neurons were co-transfected with
Nr–Caspr2cyt and MPP2. The mean AIS:axon ratio of fluorescence
intensity was 3.10±0.17 for Nr–Caspr2cyt, 3.09±0.56 for MPP2,
and 2.94±0.32 for Kv1.2 (Fig. S2). The individual values (n=18)
were plotted showing that the AIS:axon ratios for both Nr–
Caspr2cyt and MMP2 were correlated with that of the Kv1.2
channels. This result indicated that MPP2 can be recruited by the
scaffold associated with the Kv1.2 complex.
Taken together, these data indicate that MPP2 could be trapped at

the AIS through its association with the Caspr2 PDZ-binding
domain. This MPP2 interaction appears to be downregulated in full-
length Caspr2. An important point will be to determine which

endogenous MAGuK protein of the MPP2 family could be present
at the AIS.

DISCUSSION
The precise sub-compartmental profile of Kv1 channels at AIS and
along axons is critical for the shaping of neuronal signaling. In the
present study, we showed that two CAMs associated with Kv1,
TAG-1 and Caspr2, are distinctly targeted along the axon in
hippocampal neurons. TAG-1 strongly colocalizes with Kv1.2
channels at the AIS whereas Caspr2 is evenly distributed along the
axon, in contrast to their colocalization at juxtaparanodes. Live
imaging of Caspr2 and TAG-1 vesicular transport revealed that they
are sorted together in the same axonal transport vesicles. Thus, we
hypothesize that their differential distribution may result from
diffusion and/or trapping mechanisms induced by selective
partnerships. We identified two molecular determinants of Caspr2
that regulate its axonal positioning. First, we showed that deletion of
the LNG2-EGF1 extracellular modules in Caspr2Δ2 induces its
restricted localization at the AIS and strengthened its association
with TAG-1. Second, we demonstrated that the cytoplasmic tail of
Caspr2 contains a PDZ-binding site that elicits AIS enrichment and
recruitment of the MAGuK protein MPP2. Hence, the distribution
of Caspr2 and TAG-1 at the AIS versus all along the axon may be
regulated and participate in the strategic function of the Kv1
complex along axons.

We previously showed that Caspr2 is both inserted at the axonal
and somatodendritic membranes (Bel et al., 2009). The selective
endocytosis of Caspr2 in the somatodendritic compartment further
promotes its polarized expression at the axonal surface (Bel et al.,
2009). The distinct distribution of TAG-1 and Caspr2 at the AIS and
along the axon could have been due to their sorting in dedicated
vesicles that would then fuse to specific domains. However, in
live-cell imaging experiments, we observed that TAG-1 and Caspr2

Fig. 6. The Caspr2 cytoplasmic region promotes enrichment at the AIS. (A) The Nr–Caspr2cyt reporter construct contains the Caspr2 transmembrane and
cytoplasmic regions fused to theNrCAM signal peptide and Ig domains, taggedwith HA andGFP. The sequence of the cytoplasmic tail of Caspr2 contains a 4.1B-
binding region (purple), an endocytosis motif (red box) and a PDZ-binding motif (orange). Deletions in Δ4.1B, ΔCter and ΔPDZ mutants are indicated. (B–F)
Hippocampal neurons transfected at DIV7 with the reporter Nr–Caspr2cyt constructs and surface labeled with anti-HA mAb (green). Double-staining was
performed for the AIS marker ankyrinG (blue). The soma is indicated with circles and AIS highlighted with arrowheads. Note that only Nr–Caspr2cyt is highly
enriched at the AIS (B,C). Scale bars: 20 μm (B); 10 μm (F). (G) AIS:axon (AIS/axon) ratios of fluorescence intensity measured for Nr–Caspr2cyt (NrC2cyt) and
the deleted constructs Δ4.1B, ΔCter and ΔPDZ (means±s.e.m.; n=10). *P<0.05 by comparison with Nr–Caspr2cyt (ANOVA).
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are colocalized in axonal transport vesicles. We noticed that both
TAG-1 and Caspr2 are mostly transported in the retrograde
direction. Hence, these proteins are not packaged into separate
vesicles and their proper cell surface accumulation at different
axonal sites may depend on diffusion-trapping mechanisms. The
AIS is a zone of restricted diffusion for the lateral mobility of
transmembrane proteins that are anchored to the ankyrin–spectrin–
actin cytoskeleton, like neurofascin-186 and voltage-gated Na+

channels (Jenkins and Bennett, 2001; Leterrier, 2016). This zone
contains a high density of proteins that are anchored to cortical actin
and act as a picket fence that restrains the diffusion of unanchored
constituents (Winckler et al., 1999), such as GPI-anchored proteins
like TAG-1. The limited diffusion of GPI-anchored proteins at the
AIS may be also related to the periodic organization of the actin
cytoskeleton recently revealed by super-resolution microscopy
(Albrecht et al., 2016). In addition, the AIS is the site of a selective
barrier for vesicles carrying dendritic cargoes that only enter into the
base of the axon, before stopping and returning to the soma. In
contrast, axonal cargo vesicles pass through the AIS and proceed
to the distal axon (Al-Bassam et al., 2012; Petersen et al., 2014).

Here, we observed that both Caspr2 and TAG-1 vesicles are
axonally transported through the AIS without impediment both
in the anterograde and retrograde directions and we did not
observe any fusion of vesicles within the AIS. Retrogradely moving
vesicles were also observed starting from the axonal growth cone
and likely result from endocytosis. In a previous paper (Bel et al.,
2009), we reported that Caspr2 is strongly internalized in the
somato-dendritic compartment by comparison with the axon. Since
axons are highly ramified at DIV8, even if endocytosis occurred at a
low rate, the multiple axonal tips might produce a number of
retrogradely moving vesicles. The retrograde axonal transport
suggests a very dynamic renewal of Caspr2 and TAG-1 at the
axonal membrane.

TAG-1 is a GPI-anchored molecule, indicating that its
ectodomain may drive its distribution at the AIS. As an Ig-CAM,
TAG-1 displays a broad activity of binding and may associate with
NrCAM or neurofascin-186 (Lustig et al., 1999), which are trapped
at the AIS via an ankyrin-binding motif (Davis et al., 1996).
However, we showed that the TAG-1-Ig construct is poorly enriched
at the AIS when compared with full-length TAG-1, indicating

Fig. 7. The PDZ-protein MPP2 interacts with Caspr2 in transfected HEK cells. (A,B) HEK cells were co-transfected with MPP2–mCherry and Nr–Caspr2cyt
(A) or ΔPDZ (B) constructs. Cells were fixed with methanol and the fluorescencewas directly imaged in confocal sections. The cytoplasmic tail of Caspr2 induced
the recruitment of MPP2 at the cell membrane (arrowheads in A) and deletion of the PDZ-binding regions prevented its recruitment (arrowheads in B). Scale bar:
5 μm. (C) Nr–Caspr2cyt constructs were generated with mutations (indicated in red) of the Thr and Ser-phosphorylation sites in the C-terminal region upstream
the PDZ-binding sequence (orange). Thr1319 and Thr1321 were mutated to alanine residues (TTAA) or glutamate residues (TTEE), or the Ser1325 wasmutated
into a glutamate residue (SE). (D–F) HEK cells were co-transfected with MPP2–mCherry and HA-tagged full-length Caspr2 or Nr–Caspr2cyt mutants. Cells were
lysed and the supernatants analyzed for expression of Caspr2 and Nr–Caspr2cyt mutants by western blotting (WB) for HA (D, input). Immunoprecipitation (IP)
was performed using rabbit anti-mCherry antibody and the immunoprecipitates (IP) analyzed by western blotting for MPP2–mCherry (E) and HA-tagged
constructs (F). Caspr2 (C2) andNr–Caspr2cyt (NrC2cyt) constructs were co-immunoprecipitatedwithMPP2. Mutants with deletion of the C-terminal (ΔC) or PDZ-
binding (ΔZ) domain were not co-precipitated, and mutations of the Ser- or Thr-phosphorylation sites in the C-terminal region had no effect. Deletion of the 4.1B-
binding (Δ4.1) region strongly reduced the interaction with MPP2. The experiments were performed in triplicate. Quantitative analysis of co-immunoprecipitated
proteins was performed using the ImageJ software and expressed as a mean±s.e.m. percentage of the Nr–Caspr2cyt value. *P<0.05; ** P<0.01 by comparison
with Nr-Caspr2cyt (ANOVA).
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that the conformation of the intact molecule is essential for its
enrichment at the AIS, which may occur independently of NrCAM/
neurofascin-186 binding. The extracellular domain of Caspr2 is
implicated in its axonal versus AIS distribution. Deletion of the
LNG2-EGF1 region induces the concentration of Caspr2Δ2 at the
AIS. One hypothesis could be that these modules interact with a
cis-partner that drives the distribution of Caspr2 all along the axon.
Alternatively, given the overall organization of Caspr2, the LNG2-
EGF1 deletion may induce a structural change favoring TAG-1
binding. The architecture of Caspr2 is composed of three lobes with
the discoidin, LNG1 and LNG2 domains forming a large lobe, the
fibrinogen and LNG3 a middle lobe, and LNG4 a small lobe (Lu

et al., 2016; Rubio-Marrero et al., 2016). In support of this second
hypothesis, we showed that deletion of the LNG2-EGF1 modules of
Caspr2 increases its cis-association with TAG-1 as analyzed using
co-immunoprecipitation experiments from double-transfected
HEK cells.

The cytoplasmic tail of Caspr2 contains a juxtamembrane 4.1B-
binding sequence and a C-terminal PDZ type II-binding motif. We
showed that deletion of each of these motifs decreases the AIS
enrichment of the Caspr2 cytoplasmic tail reporter construct.
Proteomic analysis had revealed that Caspr2 may interact with a
set of scaffolding proteins including the MAGuKs MPP2 and
CASK, and the multiple PDZ domain protein MUPP1 (Horresh

Fig. 8. The PDZ-protein MPP2 is
recruited by the Caspr2 cytoplasmic
tail at the AIS of hippocampal
neurons. (A,B) Hippocampal neurons
were co-transfected at DIV7 with
MPP2–mCherry and full-length Caspr2
(A) or Caspr2Δ2 (B,B′). Neurons were
surface labeled at DIV8 with anti-HA
mAb (green) and fixed. The
fluorescence for MPP2–mCherry was
directly imaged (red). Note that MPP2
colocalized in clusters with Caspr2Δ2
at the AIS (arrowheads). (C,D)
Hippocampal neurons were transfected
with MPP2–mCherry and GFP-tagged
Nr–Caspr2cyt. Cells were surface
labeled for GFP (blue) and fixed. The
fluorescence for MPP2–mCherry (red)
and Nr–Caspr2cyt (green) was directly
imaged. Note, that MPP2 strongly
colocalized with Nr-Caspr2cyt at the
AIS (yellow arrowheads in C,D) and in
intracellular vesicles (white arrowheads
inD″). Scale bar: 20 μm (D), 10 μm (D″).
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et al., 2008; Tanabe et al., 2015). Horresh et al. also reported that the
association of Caspr2 with MPP2 requires its 4.1B- and PDZ-
binding regions (Horresh et al., 2008). We showed here that Caspr2
could be co-immunoprecipitated with MPP2 or CASK from the
lysate of co-transfected HEK cells. Deletion of the 4.1B-binding
domain significantly decreases co-immunoprecipitation and also
prevents the recruitment of MPP2 to the plasma membrane of HEK
cells. In contrast, we did not see any effect of mutating the consensus
sites for CK2 phosphorylation located in the C-terminal region.
Interestingly, the Caspr2 cytoplasmic tail in the reporter construct
and in the Caspr2Δ2 mutant strongly recruits MPP2–mCherry at the
AIS of transfected hippocampal neurons. We noticed that in the
context of Caspr2 full-length molecule, MPP2 was not recruited
by the Caspr2 cytoplasmic tail at the AIS or along the axon.
The ectodomain of Caspr2 contains the LNG2-EGF1 modules
implicated in its axonal targeting, likely by regulating cis-interaction
with CAMs. Hence, an outside-in mechanism might regulate the
recruitment of a MAGuK protein and 4.1B to stabilize Caspr2 at the
AIS depending on the neuronal cell type or cellular context. It would
be interesting to elucidate whether any endogenous proteins of the
MPP2 family may be present at the AIS. MPP2 is a MAGuK protein
that contains two L27 domains belonging to a subfamily which also
contains Varicose, a component ofDrosophila septate junctions that
binds neurexin IV, the homolog of Caspr and Caspr2 (Laval et al.,
2008; Wu et al., 2007). CASK, which contains a calmodulin
kinase domain and binds neurexin, is implicated in synaptic
protein targeting (Hsueh, 2006). Caspr2 has been also reported to
interact with MUPP1, which may play a role at the post-synapse
(Krapivinsky et al., 2004; Tanabe et al., 2015). To our knowledge,
none of these scaffolding proteins have been identified at theAIS and
we were not able to detect MPP2 or CASK at this axonal sub-region
using available commercial antibodies (data not shown).
The AIS diversity may reflect the physiological properties of the

different neuronal cell types. In addition, the AIS may be a dynamic
unit regulating intrinsic excitability of neurons during homeostatic
plasticity or in pathological conditions (Kuba et al., 2010). Indeed,
the position of AIS moves distally in hippocampal neurons after
depolarization, and this movement correlates with change in current
threshold for spike firing (Grubb and Burrone, 2010). We
hypothesize that the AIS distribution of the Kv1 complex may be
regulated depending on the neuronal cell type, differentiation stage
or activity to fine-tune neuronal excitability. During the maturation
of cultured hippocampal neurons, the Nav1.2 channels are recruited
to the AIS shortly after ankyrinG at around DIV3, while the Kv1
channels begin to concentrate at DIV10 at that site (Sanchez-Ponce
et al., 2012). TAG-1 is enriched at the AIS at DIV14, as observed for
Kv1 channels. Since several CAMs associated with the Kv1
channels, including Caspr2 and LGI1, are implicated in genetic or
autoimmune psychiatric diseases (Lai et al., 2010), it will be
important to study whether their distribution at the AIS may provide
clues on neuronal excitability in physiological and pathological
conditions.

MATERIALS AND METHODS
Constructs
The pCDNA3-Caspr2-HA construct encodes human Caspr2 with the HA
epitope inserted downstream of the signal peptide between the residues
Trp26 and Thr27 (Bel et al., 2009). The Caspr2–HA deletion constructs,
Caspr2Δ1 (Δ32-361), Caspr2Δ2 (Δ362-600), Caspr2Δ3 (Δ600-950),
Caspr2Δ4 (Δ955-1169) were as described previously (Pinatel et al.,
2015). The NrCAM–Caspr2cyt construct was generated by insertion of
the Caspr2 transmembrane and cytoplasmic regions downstream the signal

peptide and Ig domains of NrCAM, and is tagged with HA and GFP (Falk
et al., 2004). NrCAM–GFP, TAG-1-Fc, TAG-1-Ig-Fc and neurofascin-186–
HAwere as described previously (Falk et al., 2004; Labasque et al., 2011).
Nr-Caspr2cyt constructs with deletions of the binding site for 4.1B
(Δ1288-1305), the PDZ-binding domain (stop at residue 1330) or the
C-terminal region (stop codon at residue 1306) were generated. The human
TAG-1–GFP and Caspr2–GFP constructs with GFP downstream of the
signal peptide were as described previously (Bel et al., 2009; Pinatel et al.,
2015). The human TAG-1–GFP deletion constructs were generated by PCR
amplification from the previously described TAG-1-Ig and TAG-1-Fn
constructs (Tzimourakas et al., 2007), and were inserted in the XhoI/ HindIII
sites of a pEGFP-C1 plasmid vector modified to contain the signal peptide
of TAG-1 upstream of GFP. Caspr2–mCherry, with mCherry at the
C-terminus, was generated by insertion into the EcoRI-BamHI sites of
pmCherry-N1. The coding sequence of human CASK and MPP2 were
obtained from OriGene (Rockville, USA) and inserted into the EcoR1-
BamH1 sites of pmCherry-N1 vector. PCR amplified products were verified
by sequencing (Genewiz, Takeley, GB).

Antibodies and immunofluorescence staining
The rat anti-HA mAb (clone 3F10, ref. 11867423001) was purchased from
Roche (Meylan, France), the goat anti-GFP antibody (ab5450) from abcam
(Paris, France), the rabbit anti-GFP antibody (A11122) from Molecular
Probes (ThermoFisher, Courtaboeuf, France), the rabbit anti-RFP (anti-
mCherry) antibody from Rockland (Limerick, USA), the rabbit anti-TAG-1
antibody (ABN1379) fromMillipore (MerckMillipore, Fontenay sous Bois,
France). The mouse anti-ankyrinG (N106/36), anti-CASK (clone K56A/
50), and anti-neurofascin186 (clone A12/18) mAbs were obtained from the
UC Davis/NIH NeuroMab facility. The mouse anti-TAG-1 1C12 mAb and
the rabbit anti-Caspr2 antiserum were as previously described (Bel et al.,
2009; Traka et al., 2003). Anti-Caspr2 antibodies from limbic encephalitis
patients were characterized previously (Pinatel et al., 2015). Alexa Fluor
488-, 568- and 647-conjugated secondary antibodies were obtained from
Molecular Probes (ThermoFisher). Immunostaining for Caspr2–HA,
Caspr2–GFP and TAG-1–GFP was performed on live cells with
antibodies against HA or GFP, diluted 1:1000 in culture medium, for 30–
60 min. Cells were fixed with 4% paraformaldehyde in PBS for 10 min and
permeabilized with 0.1% Triton X-100 for 10 min. Immunofluorescence
staining was performed using mouse anti-ankyrinG (1:100) antibodies, and
with secondary antibodies diluted in PBS containing 3% bovine serum
albumin. After washing in PBS, cells were mounted in Mowiol
(Calbiochem, MerckMillipore). The dilution of primary antibodies used
for immunofluorescence staining is indicated in Table S2.

Cell culture
Cell culture media and reagents were fromGibco (ThermoFisher). HEK-293
cells (ATCC, Teddington, UK) were grown in Dulbecco’s modified Eagle’s
medium (DMEM) containing 10% fetal calf serum, and were transiently
transfected using jet PEI (Polyplus transfection, Ozyme, St Quentin en
Yvelines, France). Primary hippocampal cell cultures were from embryonic
day 18 Wistar rats. Hippocampi were collected in Hanks’ balanced salt
solution, dissociated with trypsin and plated at a density of 1.2 105 cells/cm2

on poly-L-lysine-coated coverslips. The hippocampal neurons were cultured
in Neurobasal supplemented with 2% B-27, 1% penicillin-streptomycin
and 0.3% glutamine in a humidified atmosphere containing 5% CO2 at 37°
C. Hippocampal neurons were transfected with Lipofectamine 2000
(Invitrogen, ThermoFisher) at DIV7 or DIV14. All animal experiments
were carried out according to the animal care and experimentation
committee rules approved by CNRS.

Confocal microscopy and image analysis
Image acquisition was performed on a Zeiss (Carl Zeiss France, Marly le
Roi) laser-scanning microscope equipped with 63×1.32 NA oil-immersion
objective. Images of GFP or mCherry or Alexa-Fluor-stained cells were
obtained using the 488 nm band of an Argon laser and the 568 nm and
647 nm bands of a solid-state laser for excitation. Fluorescence images were
collected automatically with an average of two-frame scans. Quantitative
image analysis was performed by using ImageJ on confocal sections (20
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neurons in each condition). The fluorescence intensity was measured in two
regions of interest (the ankyrinG-positive AIS and the axon) using identical
confocal parameters. The fluorescence intensity profiles were obtained
by using Zen software (Zeiss). Statistical analysis was performed with
ANOVA.

Imaging vesicle transport
Coverslips with neurons were loaded into a sealed heated chamber in
imaging medium (Hank’s balanced salt solution pH 7.2 with 10 mM
HEPES and 0.6% glucose). Recordings were made 18 h after transfection.
The axons were selected on the basis of their much greater length by
comparison with dendrites. Live immunostaining using Alexa-Fluor-647-
coupled anti-neurofascin-186 was performed after recordings to detect the
AIS. Vesicle transport was imaged using Zeiss laser-scanning microscope
equipped with 63×1.32 NA oil-immersion objective and 37°C heating
chamber. Dual-color recordings were acquired by using simultaneous
excitation with 488 (2–4%) and 561 lasers (1–2%), and a GaSP PMT1
detector for 499–551 nm and PMT2 detector for 569-735 nm (562×240
pixels, average 2, open pinhole, 1.5 s scanning time, streamed time-lapse
recording during 4–8 min). Kymographs were generated by using ImageJ
software and were contrast inverted so that the fluorescent vesicles
corresponded to dark lines. Overlapping transport events were analyzed
and the velocity measured for each transport event.

Western blot and immunoprecipitation
HEK cells were co-transfected with Caspr2–HA or NrCAM–Caspr2cyt
constructs and CASK–mCherry or MPP2–mCherry, or with Caspr2–HA
deletion constructs and TAG-1-GFP. Cells were lyzed for 30 min on icewith
50 mM Tris, pH 7.5, 1% NP-40, 10 mM MgCl2 and protease inhibitors,
centrifuged at 4°C for 15 min at 15,000 rpm. After preclearing for 1 h at 4°C
with protein A-Sepharose, supernatants were immunoprecipitated overnight
at 4°C with protein A–Sepharose coated with rabbit anti-mCherry antibody
(2 μg), or rabbit anti-Caspr2 antiserum (2 μl). The beads were washed twice
with 50 mM Tris-HCl pH 7.4, 150 mM NaCl and 1% NP-40, twice in
50 mM Tris-HCl, 150 mM NaCl and twice in 50 mM Tris-HCl. Immune
precipitates were analyzed by immunoblotting with rat anti-HA and rabbit
anti-mCherry, or rabbit anti-Caspr2 and rabbit anti-TAG-1 antibodies. Blots
were developed using the ECL chemiluminescent detection system (Roche).
Quantitative analysis of co-immunopecipitated proteins was performed by
using the ImageJ software.
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Table S1
Kymograph analysis of anterograde and retrograde axonal transport of Caspr2-
mcherry and TAG-1-GFP in DIV8 hippocampal neurons

Anterograde Retrograde Behaviour*  

Events Vm Events  Vm
(n) (μm) (%) (μm/s) (n)  (μm) (μm/s)

TAG-1-GFP
Neuron 1 0 - - 10 167 0.64 retro
Neuron 2 4 69 (30) 1.2 12 160 0.48 bidir 
Neuron 3 0 - - 8 92 0.36 retro
Neuron 4 1 8 (7) 0.33 9 102 0.34 retro

Caspr2-mcherry
Neuron 1 4 72 (34) 0.83 7 137 0.87 bidir 
Neuron 2 2 37 (8) 0.69 19 441 0.75 retro
Neuron 3 4 70 (32) 0.66 10 248 0.95 bidir 
Neuron 4 13 399 (77) 1.11 4 122 0.86 antero
Neuron 5 5 112 (37) 1.46 7 187 0.87 bidir 
Neuron 6 2 19 (10) 0.78 11 166 0.71 retro
Neuron 7 4 80 (40) 1.96 7 121 0.66 bidir 
Neuron 8 0 - - 8 169 0.58 retro
Neuron 9 4 144 (50) 0.98 5 141 0.67 bidir 

TAG-1-GFP +
Caspr2-mcherry
Neuron 1 0 - - 20 277 0.35  retro
Neuron 2 6 126 (63) 0.66 6 74 0.35 bidir 
Neuron 3 5 81 (22) 1.17 26 282 0.42 retro
Neuron 4 11 155 (69) 0.63 4 76 0.49 bidir 
Neuron 5 0 - - 16 227 0.35 retro
Neuron 6 2 24 (13) 0.7 10 162 0.62 retro

*The vesicular transport was considered as predominantly oriented when the sum of
displace
during the 7-10 min period of recording. The behaviour was classified as retrograde (retro), 
anterograde (antero), or bidirectional (bidir). 
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Primary antibodies 

Mouse anti-ankyrinG, clone N106/36, NeuroMab 
Human anti-Caspr2 IgG 
Rabbit anti-GFP, A1122, Molecular Probes 
Goat anti-GFP,  ab5450, abcam 
Rat anti-HA, clone 3F10, Roche 
Mouse anti-Kv1.2, clone K14/13, Neur oMab 
Mouse anti-neurofascin186, clone A12/18, NeuroMab 
Mouse anti-TAG-1, clone 1C12 

Dilution for 
immunofluorescence staining 

1:100 (0.2 g/ml) 
1:500 
1:1000 (2 g/ml) 
1:2000 (0.2 g/ml) 
1:1000  (0.1 g/ml) 
1:500 (2 g/ml) 
1:1000 (1 g/ml) 
1:2000 
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TAG1-Fc

NrCAM-GFP
TAG1Ig-Fc/

NrCAM-GFP

TAG1-Fc

NF186
TAG1Ig-Fc

NF186

A

C D

B

Figure S1: The Ig domains of TAG-1 are only required for binding to NrCAM and

Neurofascin-186.

HEK cells transfected with NrCAM-GFP (A, B) or Neurofascin-186 (C, D). Cells were

incubated for 30 min with 10 g/ml of TAG-1-Fc (A, C) or TAG-1Ig-Fc (B, D) preclustered

with Alexa568 anti-Fc IgGs. Note that both TAG-1-Fc and TAG1Ig-Fc strongly bound to

NrCAM or Neurofascin-186 transfected cells. Bar: 15 m.
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Figure S2: The AIS enrichment in Caspr2Δ2, Nr-Caspr2cyt and MPP2-mcherry correlated with 
endogenous Kv1.2 expression. 
(A) DIV14 hippocampal neurons were transfected with Caspr2Δ2 and surface labeled for HA (green). 
Neurons were fixed, permeabilized and immunostained for Kv1.2 (red) and ankyrinG (blue). (D) 
DIV14 hippocampal neurons were co-transfected with Nr-Caspr2cyt and MPP2-mcherry (red), surface 
labeled for HA (green), fixed, permeabilized and immunostained for Kv1.2 (blue). The AIS/axon ratios 
of fluorescence intensity were expressed as means ± SEM (B, E), or plotted for individual neurons (C, 
F, G). Note that the enrichment of Caspr2Δ2, Nr-Caspr2cyt and MPP2 at the AIS was correlated with 
the level of endogenous Kv1.2 enrichment. Bar: 20 μm in A, D.
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Movie 1: Bidirectional axonal transport vesicles containing TAG-1-GFP and Caspr2-

mcherry.

A neuron co-transfected at DIV7 with TAG-1-GFP and Caspr2-mcherry. Axonal transport

visualized 16 h after transfection using two-channel overlay recording. Streamed time-lapse

images were acquired with 40 frames per 60 s for 220 s. Movie is played at 5.3 frames per

second.
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Movie 2: Retrograde axonal transport vesicles containing TAG-1-GFP and Caspr2-

mcherry at the AIS region.

A neuron co-transfected at DIV7 with TAG-1-GFP and Caspr2-mcherry. Axonal transport

visualized 16 h after transfection using two-channel overlay recording. Streamed time-lapse

images were acquired with 40 frames per 60 s for 450 s. Movie is played at 5.3 frames per

second.
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Movie 3: Retrograde axonal transport of Caspr2-mcherry vesicles at the growth

cone.

Axonal transport visualized 16 h after Caspr2-mcherry transfection at DIV7. Streamed time-

lapse images were acquired with 40 frames per 60 s for 300 s. Movie is played at 5.3

frames per second.
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Inhibitory axons are targeted in
hippocampal cell culture by
anti-Caspr2 autoantibodies
associated with limbic encephalitis
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Véronique Rogemond3,4,5, Lida Zoupi6, Domna Karagogeos6, Jérôme Honnorat3,4,5 and
Catherine Faivre-Sarrailh1*
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Contactin-associated protein-like 2 (Caspr2), also known as CNTNAP2, is a cell

adhesion molecule that clusters voltage-gated potassium channels (Kv1.1/1.2) at

the juxtaparanodes of myelinated axons and may regulate axonal excitability. As a

component of the Kv1 complex, Caspr2 has been identified as a target in neuromyotonia

and Morvan syndrome, but also in some cases of autoimmune limbic encephalitis

(LE). How anti-Caspr2 autoimmunity is linked with the central neurological symptoms

is still elusive. In the present study, using anti-Caspr2 antibodies from seven patients

affected by pure LE, we determined that IgGs in the cerebrospinal fluid of four out

seven patients were selectively directed against the N-terminal Discoïdin and LamininG1

modules of Caspr2. Using live immunolabeling of cultured hippocampal neurons, we

determined that serum IgGs in all patients strongly targeted inhibitory interneurons.

Caspr2 was highly detected on GAD65-positive axons that are surrounding the cell

bodies and at the VGAT-positive inhibitory presynaptic contacts. Functional assays

indicated that LE autoantibodies may induce alteration of Gephyrin clusters at inhibitory

synaptic contacts. Next, we generated a Caspr2-Fc chimera to reveal Caspr2 receptors

on hippocampal neurons localized at the somato-dendritic compartment and post-

synapse. Caspr2-Fc binding was strongly increased on TAG-1-transfected neurons

and conversely, Caspr2-Fc did not bind hippocampal neurons from TAG-1-deficient

mice. Our data indicate that Caspr2 may participate as a cell recognition molecule in

the dynamics of inhibitory networks. This study provides new insight into the potential

pathogenic effect of anti-Caspr2 autoantibodies in central hyperexcitability that may be

related with perturbation of inhibitory interneuron activity.

Keywords: CNTNAP2, TAG-1, contactin 2, voltage-gated potassium channels, autoimmunity, interneurons, cell

adhesion

Abbreviations: CAM, cell adhesionmolecule; CIDP, chronic inflammatory demyelinating polyneuropathy; DIV, day in vitro;
DRG, dorsal root ganglia; EGF, epidermal growth factor-like; GPI, glycan phosphatidyl inositol; Ig, immunoglobulin; LE,
limbic encephalitis; PDZ, PSD95/Dlg1/Zo-1; VGKC, voltage-gated potassium channels.
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Introduction

Contactin-associated protein-like 2 Caspr2 (also known as
CNTNAP2) is a CAM that belongs to the Neurexin family and is
associated with both neuropsychiatric disorders and autoimmune
diseases. One function of Caspr2 has been well characterized as
a component of the juxtaparanodes of myelinated fibers in the
CNS and PNS (Poliak et al., 2003). Caspr2 extracellular domain
interacts with contactin 2/TAG-1, a glycosyl-phosphatidyl-
inositol anchored Ig-CAM expressed by both axonal and facing
glial membranes (Traka et al., 2003). Caspr2 cytoplasmic tail
contains a binding site for the cytoskeleton adaptor protein 4.1B
and a C-terminal PDZ binding sequence (Horresh et al., 2008).
The Caspr2 complex mediates the clustering of VGKCs, mainly
Kv1.1 and Kv1.2 at juxtaparanodes (Poliak et al., 2003; Traka
et al., 2003). The role attributed to these channels is to stabilize
conduction at the nodes of Ranvier, avoid repetitive firing and
help to maintain the internodal resting potential (Rasband, 1998;
Devaux and Gow, 2008). Knock-out mice for either Caspr2,
TAG-1, or protein 4.1B display diffused of Kv1.1/1.2 along
the internode, albeit, the mis-localization of Kv1 channels does
not affect nerve conduction (Poliak et al., 2003; Traka et al.,
2003; Cifuentes-Diaz et al., 2011). Caspr2 also co-localizes with
the Kv1.1/Kv1.2 channels at the axon initial segment and may
regulate axonal excitability at this site (Inda et al., 2006; Ogawa
et al., 2008).

Apart from its well-known function in Kv1 channel clustering
at juxtaparanodes, Caspr2 may also act as a cell recognition
molecule during development and synaptic network formation.
Caspr2-deficient mice show a defect in the migration of
cortical neurons and a reduction in the number of GABAergic
interneurons which are associated with an epileptic phenotype
and autism-related behaviors (Penagarikano et al., 2011). RNAi-
mediated knockdown of Caspr2 affects synaptic organization
and function in culture (Anderson et al., 2012). Mutations of
the Caspr2 gene (cntnap2) have been unambiguously associated
with neuropsychiatric disorders, such as developmental language
impairment and autistic spectrum disorders (Strauss et al., 2006;
Bakkaloglu et al., 2008; Penagarikano and Geschwind, 2012;
Rodenas-Cuadrado et al., 2013). However, the altered neuronal
functions underlying these disorders remain elusive.

Numerous studies have implicated the VGKC-complex as
an autoimmune target in generalized neuromyotonia, persistent
facial myokymia, Morvan’s syndrome, and in LE (Vincent et al.,
2004). Recent studies revealed that in most patients with anti-
VGKC-complex antibodies, the immune targets are in fact
Leucine-rich glioma inactivated 1 (LGI1), a secreted protein
associated with presynaptic Kv1 channels (Lai et al., 2010) or
the juxtaparanodal CAMs, Caspr2 and TAG-1 (Irani et al.,
2010; Lancaster et al., 2011). In the present study, we used
anti-Caspr2 IgGs of patients with pure LE to label cultured
hippocampal neurons and characterize targeted cell types and
subcellular compartments. In addition, we generated a Caspr2-
Fc chimera to analyze the distribution of Caspr2 binding sites
on hippocampal neurons. We showed that Caspr2 is mainly
expressed by inhibitory axons and may participate to trans-
synaptic adhesion complexes. This study provides new insight

into the potential pathogenic effect of anti-Caspr2 autoantibodies
in central hyperexcitability that may be related with perturbation
of inhibitory synaptic transmission.

Materials and Methods

Constructs

The pCDNA3-Caspr2-HA construct encodes human Caspr2
with the HA epitope inserted downstream the signal peptide
between the residues Trp26 and Thr27 (Bel et al., 2009). Caspr2-
mcherry was generated by PCR amplification and insertion into
the EcoR1-BamH1 sites of pmCherry-N1 vector. The Caspr2-
HA deleted constructs, Caspr2�1 (�32-361), Caspr2�2 (�362-
600), Caspr2�3 (�600-950), Caspr2�4 (�955–1169) were
generated by QuickChange mutagenesis (Agilent Technologies).
The Caspr2-Discoïdin-LamininG1, Caspr2-Discoïdin, Caspr2-
LamininG1 (Figure 2A) were obtained using reverse PCR
on HA-tagged full length Caspr2 plasmid and the fragment
fusion was performed using the In-Fusion kit (Clontech). The
Caspr2-Fc construct was generated by PCR amplification of
Caspr2 extracellular domain (amino acids 1–1242) and insertion
into the Kpn1-Not1 cloning sites of pIg-plus vector. The
human TAG-1-GFP construct was generated by inserting GFP
downstream the signal peptide. PCR amplified products were
verified by sequencing (Beckman Coulter Genomics). Plasmids
encoding human LGI1, ADAM22, ADAM23 were purchased
from Origene. Gephyrin-GFP is a kind gift of Dr. F. Ango.

Patient’s Serum and CSF

The presence of anti-Caspr2 autoantibodies was assessed using
the patient’s cerebrospinal fluid (CSF) as previously described
(Viaccoz et al., 2014). Patients were considered positive when
positive staining of a cell-based assay with human embryonic
kidney cells (HEK-293) cells overexpressing the Caspr2 protein
was observed. After the identification of anti-Caspr2 antibodies
by the French PNS Reference Center, serum and CSF samples
were frozen and conserved at −80◦C. A written consent was
obtained from all patients, and the use of samples for this study
was approved by the institutional review board of the University
Claude Bernard Lyon 1/Hospices Civils de Lyon. The patient’s
clinical data were prospectively collected at least twice a year by
phone or mail.

Antibodies and Immunofluorescence Staining

The IgGs from patients’ sera were purified using the Melon
gel kit (Pierce). Rabbit anti-Caspr and rat anti-Gliomedin
were described previously (Labasque et al., 2011), rabbit anti-
MAP2 was a gift from Dr. J. F. Leterrier, rabbit anti-AnkyrinG
from Dr. G. Alcaraz, and rabbit anti-vGLUT1 from Dr. S. El
Mestikawy. The mouse anti-GAD65 mAb was obtained from
Developmental Studies Hybridoma Bank, University of Iowa and
anti-Kv1.2 (clone K14/16) mAb from UC Davis/NIH NeuroMab
Facility, UCDavis, mouse anti-tau mAb was purchased from
Sigma, mouse anti-Synaptophysin mAb from Chemicon, guinea-
pig anti-VGAT from Synaptic Systems and rat anti-HA mAb
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was purchased from Roche. AlexaFluor488-, 568-, and 647-
conjugated secondary antibodies were obtained from Molecular
Probes. Immunostaining with IgGs from LE patients was
performed on live cells diluted 1:500 in culture medium
for 30–60 min. Cells were fixed with 4% paraformaldehyde
in PBS for 10 min and permeabilized with 0.1% Triton-
X100 for 10 min. Immunofluorescence staining was performed
using rabbit anti-MAP2 (1:2000), rabbit anti-vGLUT1 (1:100),
rabbit anti-AnkyrinG (1:500), or guinea-pig anti-VGAT (1:400)
antibodies, or mouse anti-tau (1:500), anti-Kv1.2 (1:500), anti-
GAD65 (1:200), or anti-Synaptophysin (1:200) mAbs, and with
secondary antibodies diluted in PBS containing 3% bovine serum
albumin. After washing in PBS, cells were mounted in Mowiol
(Calbiochem).

Flow Cytometry and Isotyping

HEK-293 cells were transfected with Caspr2-HA, harvested
and double-labeled using anti-HA mAb and IgGs from LE
patients and secondary antibodies conjugated with FITC or
Phycoerythrin (Beckman Coulter). FITC-conjugated anti-human
IgG1, IgG2, IgG3, and IgG4 were purchased from Bindingsite.
Cells were washed and fixed with 2% paraformaldehyde and
analyzed on FACSCanto with the CellQuest software (Becton
Dickinson).

Cell Culture

Cell culture media and reagents were from Invitrogen.
Neuroblastoma N2a cells and HEK-293 cells were grown in
DMEM containing 10% fetal calf serum and were transiently
transfected using jet PEI (Polyplus transfection, Ozyme).
Caspr2-Fc, control and deletion mutants were produced in
the supernatant of transfected HEK-293 cells and affinity
purified using Protein-A Sepharose. Transfected N2a cells and
hippocampal neurons were incubated with Caspr2-Fc (10μg/ml)
pre-clustered with Alexa488 or 568 conjugated anti-human Fc
(50 μg/ml) for 30 min at 37◦C. Primary hippocampal cell
cultures were performed from embryonic day 18-Wistar rats.
Hippocampi were collected in Hanks’ balanced salt solution,
dissociated with trypsin and plated at a density of 1.2.105
cells/cm2 on poly L-lysine coated coverslips. The hippocampal
neurons were cultured in Neurobasal supplemented with
2% B-27, 1% penicillin-streptomycin, and 0.3% glutamine
in a humidified atmosphere containing 5% CO2 at 37◦C.
Hippocampal neurons were transfected using Lipofectamine
2000 with Gephyrin-GFP or GFP at DIV 14, or with TAG-1-GFP,
LGI1-GFP, ADAM22, and ADAM23 at DIV8. Hippocampal cell
cultures were prepared from embryonic day 16 C57BL6wild-type
and Tag-1−/− mice (Traka et al., 2003) with the same protocol.
For functional perturbing assays, DIV17 neurons transfected
with Gephyrin-GFP were incubated for 1 h at 37◦c with culture
medium, control, LE5 or LE6 IgGs using 1/100 dilution in
100 μl volume before fixation and immunostaining for GAD65.
Experiments were performed in duplicate and four coverslips
analyzed under each condition. All animal experiments were
carried out according to the animal care and experimentation
committee rules approved by CNRS.

Confocal Microscopy and Image Analysis

Image acquisition was performed on a Zeiss laser-scanning
microscope equipped with 63× 1.32NA oil-immersion objective.
Images of GFP or AlexaFluor-stained cells were obtained using
the 488 nm band of an Argon laser and the 568 and 647 nm
bands of a solid state laser for excitation. Fluorescence images
were collected automatically with an average of two-frame
scans and collected as frame-by-frame sequential series for tiles.
To quantify the number of inhibitory pre-synaptic contacts
immunostained for Caspr2, we estimated the number of GAD65
clusters that were positive or negative for Caspr2 along 25 μm-
dendrite lengths (n = 14 neurons). To quantify the number
of post-synaptic contacts labeled for Caspr2-Fc, we estimated
the number of Synaptophysin clusters contacting the shaft and
spines that were positive or negative for Caspr2-Fc along 50 μm-
dendrite lengths (n = 21 dendrites, 7 neurons) using the
image-J software. To quantify the number of synaptic and total
Gephyrin-GFP clusters per neuron, we used Imaris as software
(BitplaneAG, Switzerland) with automatic detection of objects
in 3-dimensional space using six z-stack projections. The “spot”
tool of surpass function was used to detect the GAD65 pre-
synaptic clusters and post-synaptic Gephyrin-GFP clusters and
the same segmentation threshold was used for all the images
in each channel. The intracellular aggregates of Gephyrin-GFP
(spot diameter >0.6 μm) were removed. We selected the post-
synaptic spots opposed to pre-synaptic spots within a 0.6 μm
distance with the “co-localize spots” option. The ratio of synaptic
relative to total Gephyrin clusters and the number of synaptic
Gephyrin clusters per neuron were determined under each
condition. The total number GAD65 clusters contacting the
somato-dendritic compartment was determined using the “find
spots close to surface” tool. To analyze the effect of incubation with
control and LE IgGs, data were pooled from two independent
cultures (four coverslips, n= 23–36 neurons analyzed under each
condition) and significant differences were determined using
ANOVA followed by Fisher’s test.

Results

Autoantibodies to Caspr2 in LE Bind

Hippocampal Neurons in Culture

We identified Caspr2 as a target antigen in a series of seven
patients with LE. The clinical features in Table 1 indicate
that these patients showed pure LE characterized by confusion,
amnesia, and seizures, without neuromyotonia. All the sera
(named LE1-LE7) were reactive for dendrotoxin-precipitated
VGKC as analyzed using radio-immunoassays, negative for LGI1
and reacted against Caspr2 at high titer as assayed using cell
binding assays and flow cytometry (Table 1).

As shown for patients LE1-4, these autoantibodies strongly
labeled Caspr2-transfected N2a cells (Figure 1A). Since Caspr2
is a component of the juxtaparanodal VGKC complex, the serum
IgGs of patients with LE were tested on teased mouse sciatic
nerves. We determined that the serum IgGs of patients bound
juxtaparanodes after methanol fixation as shown for LE1, LE6,
and LE7 (Figure 1B). Next, we showed that the serum IgGs
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TABLE 1 | Basic epidemiological, immunological, and clinical features of LE patients with antibodies against Caspr2.

Patient Age (gender) Titers Clinical features Treatment with improvement

LEI 73 (M) 1/51,200 limbic encephalitis, confusion, seizures, prostate cancer IVIg

LE2 62 (M) 1/12,800 limbic encephalitis, confusion, temporal seizures, prostate cancer IVIg

LE3 60 (M) 1/6,400 memory disturbances, thyroid cancer with metastasis plasmapheresis

LE4 71 (M) 1/51,200 memory disturbances, temporal seizures corticosteroids, mycophenolate, mofetil

LE5 64 (M) 1/51,200 limbic encephalitis, confusion, ataxia, seizures corticosteroids

LE6 60 (M) 1/51,200 limbic encephalitis, confusion, amnesia, sub-clinical seizures corticosteroids

LE7 72 (M) 1/12,800 limbic encephalitis, confusion, amnesia, seizures corticosteroids, anti-convulsant

These patients did not present neuromyotonia. The titer of serum IgGs was determined using flow cytometry.

of all patients bound rat hippocampal neurons in culture using
live immunostaining (Figure 1; Supplementary Figure S1).
We showed that immunostaining with LE1–LE5 serum IgGs
was abolished by pre-adsorption on HEK cells transfected with
Caspr2 (Figure 1G and Supplementary Figures S1B,D,F,H).
These data indicate that the IgGs from these patients recognized
only Caspr2 in cultured hippocampal neurons.

Previous studies using rabbit anti-Caspr2 antibodies directed
against the cytoplasmic region of the molecule, showed
that Caspr2 is expressed at low level in axons of cultured
hippocampal neurons (Ogawa et al., 2008; Bel et al., 2009)
when compared with juxtaparanodes of myelinated axons (Traka
et al., 2003). Using anti-Caspr2 LE1 IgGs, we observed surface
labeling of the somato-dendritic and axonal compartments of
DIV4 neurons double-stained for MAP2 and tau, respectively,
(Figures 1C,D,D’). At DIV7, a punctate staining of neurites
was detected. Double-staining for MAP2 indicated that Caspr2
was faintly expressed at the surface of the somato-dendritic
compartment at that stage (Figures 1E,F,F’). In contrast,
Caspr2 strongly colocalized with the axonal marker tau. Only
a subpopulation of axons was immunostained (Figure 1F,
arrows) whereas some axons were unlabeled (Figures 1F,F’,
arrowheads). This preferential distribution of Caspr2 at the
axonal surface of hippocampal neurons was also observed
using live immunostaining with LE2–LE5 serum IgGs at DIV7
(Supplementary Figures S1A,C,E,G).

As Caspr2 is known to be associated with Kv1.1/1.2 channels at
juxtaparanodes of myelinated fibers and at axon initial segments
in various neuronal cell types such as motoneurons or cortical
pyramidal cells (Inda et al., 2006; Duflocq et al., 2011), we tested
for a possible co-localization in cultured hippocampal neurons.
As shown using LE1 serum IgGs in Figures 1H,H’ surface
staining for Caspr2 was observed along the axon but was not
enriched at the axon initial segment, which was strongly stained
for Kv1.2 and AnkyrinG at DIV14.

The N-Terminal Modules of Caspr2 Can be

Selectively Targeted by Autoantibodies in LE

Patients

Recent studies pointed to the importance of the IgG4 subtype in
autoimmune neurological diseases such as myasthenia gravis and
CIDP (Huijbers et al., 2013; Labasque et al., 2014; Querol et al.,
2014). Using flow cytometry, we studied the IgG specificities of
our samples and determined that anti-Caspr2 IgG4 were present

in all the LE patients. In addition, IgG4 was the predominant
isotype in four out of seven patient’s sera (Table 2). The IgG4
do not mediate complement activation, nor bind Fc receptors on
effector cells. This could be an indication that the IgG4 in the CSF
of LE patients may be pathogenic via functional blocking activity.

Next, to determine if IgGs of LE patients with anti-Caspr2
autoimmunity may recognize specific modules of Caspr2, we
generated Caspr2 constructs encompassing sequential deletions
�1, �2, �3, and �4 of the protein (Figure 2A). Flow
cytometry and cell based assays were performed on HEK
cells expressing Caspr2 constructs (Figure 2B). All patients’
sera recognized the Caspr2-�2, �3, and �4 constructs. On
the opposite, three sera and four CSF out of seven did not
recognize Caspr2-�1 (Figure 2C; Table 2). Thus, the N-terminal
Discoïdin and LamininG1 domains could be a major epitope in
patients with LE. To precisely map the epitopes, we generated
additional constructs, Caspr2-Discoïdin-LamininG1, Caspr2-
Discoïdin, and Caspr2-LamininG1 as depicted in Figure 2A and
showed that all the seven sera and CSF tested recognized both
the Discoïdin and LamininG1 modules, whereas the 30 amino-
acids linker between these two modules was not recognized. The
specific function of this N-terminal region is still unknown.

GABAergic Neurons are the Main Target of

Anti-Caspr2 Autoantibodies in Patients with LE

Since only a subpopulation of axons was labeled using anti-
Caspr2 LE1 serum IgGs, we further investigated whether
excitatory or inhibitory subpopulation of neurons may be
differentially targeted. DIV4 neurons were analyzed to study
the somato-dendritic expression of Caspr2 at early stage. We
first determined that 22% of MAP2-positive neurons were
GABAergic using glutamate decarboxylase GAD65 as a marker
(Figures 3A,B). Next using immunolabeling with LE1 serum
IgGs, we estimated that 58% of the inhibitory neurons in
contrast to only 4% of excitatory neurons (negative for GAD65,
arrows) expressed Caspr2 at DIV4 (Figures 3A,B; Table 3).
Thus, most of the Caspr2-positive neurons (81%) were inhibitory
neurons as illustrated in Figure 3C. In the same manner,
quantitative analyses were performed using LE2–LE5 serum IgGs
and indicated that 51–68% of GAD65-positive neurons and only
4–8% of GAD65-negative neurons were targeted by these patients
IgGs (Table 3).

We also examined how Caspr2 was distributed along axons
and pre-synaptic sites at DIV14 and DIV21 later stages. The
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FIGURE 1 | Limbic encephalitis autoantibodies directed against Caspr2

bind hippocampal neurons in culture. (A) Neuroblastoma N2a cells were

transfected with Caspr2-mcherry (red) and surface labeled with IgGs from

LE1–LE4 patients (green). (B) Teased sciatic nerve of adult mice were fixed with

methanol and immunostained for Contactin-associated protein Caspr (blue) and

AnkyrinG (AnkG) (green) as markers of the paranodal and nodal regions of the

nodes of Ranvier, respectively. Note that autoantibodies of patients LE1, LE6

and LE7 bound the juxtaparanodes (red). (C–H) Rat hippocampal neurons at

DIV4 (C,D,D’), DIV7 (E–G), and DIV14 (H,H’) were surface labeled with LE1

IgGs (red). Cells were fixed with 4% paraformaldehyde, permeabilized, and

double-stained for the somato-dendritic marker MAP2 (green in C,E,G; blue in

F’) or axonal tau (green in D,F). Caspr2 surface staining was detected on the

somato-dendritic and axonal compartments at DIV4 (C,D,D’) but was mainly

associated with axonal processes at DIV7 (E,F,F’). In (F), yellow arrows indicate

axons that were double-stained for Caspr2 and tau, whereas white arrowheads

indicate unlabeled tau-positive axons. (G) LE1 IgGs were pre-adsorbed using

incubation with Caspr2-transfected HEK cells and did not bind hippocampal

neurons. (H,H’) Hippocampal neurons at DIV14 were surface labeled for Caspr2

using LE1 IgGs (red) and fixed and permeabilized before immunostaining with

mouse-anti-Kv1.2 mAb (green) and rabbit anti-AnkyrinG antibodies (blue). The

Kv1.2 channels were enriched at the axonal initial segment stained for AnkyrinG,

whereas surface Caspr2 was distributed along the axon. Insets are twofold

magnification images. Fluorescence microscopy (A) and confocal images

(B–H). Bar is in (A), 20 μm; in (B), 5 μm; in C–G, 15 μm; in (H,H’), 30 μm.

vesicular glutamate transporter-1 vGLUT1 was used as a marker
for glutamatergic axons and synapses. As shown in Figure 4A,
some of the vGLUT1-positive axons at DIV14 were labeled
for Caspr2 using LE1 serum IgGs. High magnification images
show that Caspr2 co-localized with vGLUT1 at pre-synaptic
sites (Figure 4A’, arrowheads). Next we used GAD65, which
synthesizes GABA for neurotransmission as a marker for

inhibitory axons and synapses. Caspr2 strongly co-localized with
GAD65-positive axons as observed using serum IgGs of all
the patients analyzed (Supplementary Figure S2). In particular,
the GAD65-positive axons were surrounding the MAP2-labeled
large pyramidal neurons and were heavily stained for Caspr2
at DIV14 and DIV21 as shown using LE1 serum IgGs (arrows
in Figures 4B,C). The presynaptic sites labeled for GAD65
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TABLE 2 | Isotyping and domain mapping of serum and CSF IgGs from LE

patients using flow cytometry and cell binding assays.

Patient Serum CSF

Isotypes Domain

mapping

Isotypes Domain

mapping

LEI IgGl, IgG2 > IgG3,

IgG4

Multiple IgGl, IgG4 Multiple

LE2 IgGl > IgG4 Multiple IgGl > IgG4 Multiple

LE3 IgG4 Discoidin-

LNGl

IgG4 Discoidin-

LNGl

LE4 IgG2 > IgGl, IgG4 Multiple IgGl Discoidin-

LNGl

LE5 IgG4 > IgGl Multiple IgG4 > IgGl Multiple

LE6 IgG4 Discoidin-

LNGl

IgG4 Discoidin-

LNGl

LE7 IgG4 > IgGl Discoidin-

LNGl

IgGl, IgG4 Discoidin-

LNGl

HEK cells were transfected with full-length or �1-, �2-, �3-, and �4-deleted

Caspr2 constructs and were surface-labeled for the HA epitope. Sera at 1:500

dilution were analyzed for IgG1–IgG4 isotypes and CSF at 1:20 dilution for IgG1

and IgG4.

were intensely stained for Caspr2 at the contact with the
soma (arrowheads in Figure 4C”) or dendrites (arrowheads
in Figures 4B’,C”’). We estimated that 51% of the GABAergic
pre-synaptic contacts on dendrites were labeled for Caspr2
(5.9 ± 0.5 Caspr2-positive of 11.6 ± 0.5 total GABAergic
contacts/25 μmdendritic length; n= 14 dendrites). As illustrated
in Figure 4C’, Caspr2 was distributed along inhibitory axons
partially overlapping with GAD65 puncta. We estimated that
34 % of the Caspr2-positive clusters contacting dendrites were
GAD65-positive (13.7± 2 Caspr2-positive clusters among which
4.7 ± 0.8 were GABAergic/25 μm).

Hippocampal neurons were transfected at DIV14 with
Gephyrin-GFP to visualize the post-synaptic clusters facing pre-
synaptic inhibitory contacts at DIV21 (Figure 5A). Gephyrin is
the major post-synaptic scaffolding protein at inhibitory synapses
(Craig et al., 1996). As shown in Figure 5A’, pre-synaptic
terminals positive for both GAD65 and Caspr2 were apposed
to Gephyrin-GFP clusters (arrowheads). In addition, surface
Caspr2 colocalized with the inhibitory presynaptic terminals
that were labeled for VGAT (Figures 5E,E’). We asked whether
the LE patient’s autoantibodies directed against Caspr2 could
display functional blocking activity by destabilizing inhibitory
synaptic contacts. The LE5 and LE6 autoantibodies were tested
which are mainly of the IgG4 isotype. LE5 IgGs are directed
against multiple domains of Caspr2 and LE6 IgGs only target
the N-terminal modules. Hippocampal neurons were transfected
with Gephyrin-GFP at DIV14 and incubated at DIV17 with
the culture medium, control IgGs, LE5, or LE6 IgGs diluted
1:100 for 1 h at 37◦C. Using automatic spot detection of
the Imaris software, we determined under each condition the
number of total Gephyrin-GFP clusters and the number of
Gephyrin-GFP clusters apposed to GAD65-positive presynaptic
terminals (Figure 5B, white arrows). The ratio of synaptic versus
total Gephyrin-GFP clusters was not significantly affected by

incubation during 1 h with LE autoantibodies (Figure 5C).
However, a significant decrease in the number of synaptic
Gephyrin clusters per neuron was observed for LE5 and LE6
(24.5 and 30%, respectively, P < 0.05 using ANOVA and
Fisher’s test) but not for control IgGs (10%) by comparison with
culture medium incubation (Figure 5D). The number of GAD65-
positive clusters contacting the somato-dendritic compartment
per Gephyrin-GFP transfected neuron was not significantly
decreased (284 ± 41 with culture medium, 230 ± 18 with control
IgGs, 218 ± 21 with LE5, 210 ± 30 with LE6). Since Caspr2
was only expressed in 60% of GAD65-positive neurons, the
functional effect of LE autoantibodies may be underestimated. In
conclusion, we observed that Caspr2 is selectively localized along
GABAergic axons and at the inhibitory pre-synaptic terminals
in cultured hippocampal neurons. In addition, the perturbating
assays of post-synaptic Gephyrin clusters suggest that anti-
Caspr2 autoantibodies of LE patients may be pathogenic by
altering the inhibitory synaptic contacts.

The Caspr2-Fc Binding Sites are Localized on

the Somato-Dendritic Compartment

Caspr2 belongs to the family of neurexins, which are pre-
synaptic CAMs. Studies in culture indicate that neurexins are
implicated in synaptogenesis by inducing the clustering of
post-synaptic neuroligins (Dean et al., 2003; Craig and Kang,
2007). Neurexin/neuroligin association promotes the formation
of excitatory and inhibitory synapses by interacting with PSD95
or Gephyrin, respectively. We asked whether Caspr2 might
be also involved in trans-synaptic contacts. With this aim,
we generated a Caspr2-Fc chimera to detect Caspr2 binding
sites in hippocampal neuronal culture. Caspr2-Fc plasmid
was transfected in HEK cells and the recombinant protein
purified from the culture supernatant using Protein A-affinity
chromatography. The chimera pre-clustered with fluorescent
anti-Fc IgG was incubated with hippocampal neurons at DIV4
(Figure 6). We observed that Caspr2 binding sites were present
on both GAD65-negative (arrow in Figure 6A) and GAD65-
positive neurons (green arrow in Figure 6B). Quantitative
analysis indicated that Caspr2-Fc bound 36% of the total
neurons (Figure 6C). Caspr2-Fc bound to the somato-dendritic
compartment of DIV7 neurons as determined using double-
staining for MAP2 (Figures 6D,D’). In contrast, Caspr2-Fc was
not co-localized with axons immunostained with anti-tau mAb
(Figures 6E,E’). Caspr2-Fc binding sites were distributed on the
somato-dendritic compartment of both inhibitory (26± 6%) and
excitatory (38 ± 5%) neurons as analyzed at DIV4 (n = 504
neurons, three coverslips; Figure 6C).

Next, we analyzed whether the Caspr2 binding sites may be
distributed at the post-synaptic sites. Neurons were transfected
with GFP at DIV14 to clearly visualize dendrites and spines of
isolated neurons at DIV21 (Figure 7A). Synaptic contacts on
dendritic shafts (arrowheads) or spines (arrow) were detected
using Synaptophysin as a pre-synaptic marker. As shown in
high magnification pictures, Caspr2 binding sites (red) were
detected on shafts at the contact with the pre-synaptic marker
(blue; Figures 7A’,A”). Quantitative analysis indicated that 58%
of post-synapses on shafts and 48% on spines were labeled
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FIGURE 2 | Epitope mapping of anti-Caspr2 autoantibodies in LE

patients. (A) Caspr2-HA constructs encompassing sequential deletions:

�1 deleted of the N-terminal discoïdin and Laminin-G1 domains, �2

deleted of the Laminin-G2 and EGF-like1 domains, �3 deleted of the

central fibrinogen and Laminin-G3 domains, �4 deleted of the

EGF-like2, and Laminin-G4 domains, Caspr2-Disc-LNG1, Caspr2-Disc,

and Caspr2-LNG1 only including the Discoïdin and/or LamininG1

modules in the ectodomain. (B) Flow cytometry analysis of anti-Caspr2

IgG titer of LE1 serum. Untransfected and Caspr2-HA-transfected HEK

cells were incubated with serial dilutions of LE1 serum

(1/3,200–1/51,200) and phycoerythrin-conjugated anti-human IgG

(Anti-IgG-PE). (C) Flow cytometry analysis of anti-Caspr2 serum IgGs

of LE1 and LE6 on HEK cells transfected with full-length or �1

deleted Caspr2-HA construct.

with Caspr2-Fc chimera (n = 21 images; Figure 7B). Thus, the
receptors of Caspr2 were present both at inhibitory and excitatory
post-synaptic sites on shafts and spines, respectively. The Caspr2-
binding sites at the inhibitory post-synapses were complementary
to the distribution of Caspr2 at inhibitory pre-synaptic sites.

The Somato-Dendritic Binding Sites of Caspr2

Depends on TAG-1 but not on LGI1, ADAM22,

and ADAM23
Contactin 2/TAG-1 is an Ig-CAM that associates with Caspr2
and the VGKC complex at juxtaparanodes (Poliak et al., 2003;
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FIGURE 3 | GAD65-positive neurons are the main target of anti-Caspr2

LE1 autoantibodies. DIV4 hippocampal neurons were surface labeled with

LE1 IgGs (red), fixed and permeabilized before immunostaining for MAP2 (blue)

as a neuronal marker and GAD65 (green) to identify inhibitory neurons. (A) Low

magnification image showing neurons that were surface labeled for Caspr2

(red). Most of them were GAD65-positive (green, arrowheads) and few were

GAD65-negative (arrows). The box enlarged in C shows GAD65-positive

neurons in green that were surface labeled for Caspr2. The arrowhead points to

an isolated inhibitory neuron strongly labeled for Caspr2 on the soma

(B) Quantitative analysis of the percentage of total neurons, GAD65-positive and

GAD65-negative neurons that were surface labeled for Caspr2. Means ± SEM

of three independent experiments. (A) Tiling of 5 × 4 confocal images acquired

with the 63x objective, z-stack of 6 confocal sections with z-step of 0.5 μm. Bar

is in A, 80 μm; in (C), 35 μm.

TABLE 3 | The anti-Caspr2 autoantibodies in LE patients target inhibitory neurons.

% Caspr2-positive neurons

(n) % inhibitory neurons GAD65-positive Total MAP2-positive Inhibitory GAD65-positive Excitatory GAD65-negative

LEI 434 22 ± 1 16 ± 3 58 ± 5 4 ± 2

LE2 480 17.4 ± 4 15 ± 3.8 51.2 ± 3.7 7.2 ± 3.7

LE3 374 23.9 ± 1 18.9 ± 4.5 57.4 ± 8.9 6.7 ± 3.2

LE4 354 19.9 ± 3.5 19.1 ± 3.9 64.3 ± 4.8 8.3 ± 3.3

LE5 358 21.5 ± 1.2 19.9 ± 2.7 68.5 ± 8.2 6.5 ± 1.2

After four days in vitro hippocampal neurons were surface labeled with LE1–LE5 IgGs and double-stained for MAP2 as a neuronal marker and GAD65 to identify inhibitory

neurons. (n) indicates the total number of neurons analyzed on three different coverslips.

Traka et al., 2003). It was previously reported that TAG-
1 strongly associates in cis with Caspr2 whereas the trans-
interaction remains elusive, since TAG-1-Fc does not bind to
Caspr2 expressed at the cell membrane of HEK cells (Traka
et al., 2003). Conversely, we observed that the pre-clustered
Caspr2-Fc chimera bound N2a cells transfected with GPI-
anchored TAG-1 fused with GFP downstream the signal peptide
(Figure 8A). In addition, Caspr2-Fc binding was strongly
enhanced on neurons transfected with TAG-1 when compared
with untransfected neurons (Figures 8B,C), indicating that the
trans-interaction with TAG-1 strongly occurs in neuronal cells.
Next, we tested whether Caspr2-Fc bound on hippocampal
neurons from Tag-1−/− mice. Caspr2-Fc binding was faintly
detected on TAG-1-deficient neurons (Figure 8D). In contrast,
Caspr2-Fc strongly labeled hippocampal neurons from Tag-1−/−

mice that were transfected with TAG-1-GFP in contrast with
untransfected neurons (Figure 8E).

We also tested whether the binding of Caspr2-Fc may depend
on LGI1/ADAM22 that are members of the VGKC complex and
are recruited at the post-synapse (Fukata et al., 2006; Owuor
et al., 2009; Ogawa et al., 2010). We did not observe any binding
of Caspr2-Fc on N2a cells transfected with LGI1 alone or co-
transfected with LGI1 andADAM22 or ADAM23 (not shown). In
addition, Caspr2-Fc binding was not increased on hippocampal
neurons transfected with LGI1 and ADAM22 or ADAM23 by
comparison with untransfected neurons (Figures 8F,G).

To analyze the subcellular targeting of transfected TAG-1,
neurons were double-transfected with TAG-1-GFP and mCherry
to visualize the dendritic arborisation (Figures 8H,H’). Using
live immunostaining with anti-GFP antibodies, we observed that
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FIGURE 4 | Distribution of Caspr2 at pre-synaptic sites of excitatory and

inhibitory axons. Confocal images of hippocampal neurons at DIV14 (A,B) or

DIV21 (C) that were surface labeled for Caspr2 using LE1 IgGs (red). Cells were

fixed and permeabilized before double-staining for MAP2 (blue), vGLUT1

(A, green) or GAD65 (B,C, green). (A’) Enlarged areas shows glutamatergic

pre-synaptic sites stained for Caspr2. (B’,C’–C”’) Inhibitory pre-synaptic sites

labeled for GAD65 (arrowheads) were intensely stained for Caspr2 at the

contact with the soma (C”) or dendrites (B’,C”’). Note that GAD65-positive

axons surrounding the soma of pyramidal neurons were heavily stained for

Caspr2 (yellow arrows). (C’) This enlarged area shows Caspr2 punctate

immunostaining along a GAD65-positive axon apposed to a dendrite. Bar is in

(A–C), 9 μm; in insets, 1.5 μm.

TAG-1 was addressed to the surface of dendritic arborisation
including at the dendritic spines at DIV17. TAG-1-GFP clusters
were facing presynaptic sites labeled for synaptophysin both
on shafts and spines (Figures 8H,H’, respectively). These data
indicated that transfected TAG-1 was detected post-synaptically
as observed for Caspr2-Fc binding sites. We concluded that
TAG-1 may be critically required for Caspr2-Fc binding on the
post-synaptic compartment of hippocampal neurons.

Discussion

In the present study, we analyzed autoantibodies against Caspr2
in a series of patients with LE. First, we determined that
IgGs in the CSF of four out seven patients selectively react
against the Discoïdin and LamininG1 N-terminal modules of
Caspr2. Second, using live staining of hippocampal neurons
in culture, we showed that autoimmunity to Caspr2 mainly
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FIGURE 5 | (A) Neurons were transfected with Gephyrin-GFP (Geph-GFP,

green) at DIV14 and labeled at DIV21 for surface Caspr2 (red) and GAD65

(blue). (A’) The insets show the pre-synaptic sites double-labeled for

Caspr2 and GAD65 facing post-synaptic clusters of Gephyrin-GFP

(arrowheads). (B) Hippocampal neurons were transfected with

Gephyrin-GFP (green) at DIV14 and incubated at DIV17 with control, LE5

or LE6 IgGs (1/100 dilution) for 1 h at 37◦C. Clusters of post-synaptic

Gephyrin in contact with presynaptic GAD65 are indicated with white

arrows and non-synaptic Gephyrin with red arrows. (C) Quantitative analysis

of the ratio of synaptic relative to total Gephyrin clusters under the different

experimental conditions: incubation with culture medium (CTL), or with

control, LE5 or LE6 IgGs. (D) Number of synaptic Gephyrin-GFP clusters

per neuron. Means ± SEM, n indicates the number of neurons analyzed.
∗ indicates significant difference (P < 0.05) with the culture medium

condition using ANOVA followed by Fischer’s test. (E) Double-staining for

surface Caspr2 (red) and VGAT as a marker of inhibitory pre-synaptic

terminals with the box enlarged in (E’). Note the colocalisation of Caspr2

and VGAT indicated with arrowheads. (A,A’, B,E): Z-stack of five confocal

sections with z-step of 0.5 μm. (E’) is a single confocal section. Bar is in

(A,B,E), 10 μm; in insets (A’,E’), 1.5 μm.
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FIGURE 6 | The binding sites of Caspr2-Fc are localized on the

somato-dendritic compartment. Hippocampal neurons at DIV4 (A–C) and

DIV7 (D,E) were incubated with 10 μg/ml Caspr2-Fc preclustered with

Alexa-conjugated anti-Fc IgGs for 30 min at 37◦C. (A,B) DIV4 neurons bound

with Caspr2-Fc (red). Cells were fixed and permeabilized before double-staining

for MAP2 (blue) and GAD65 (green). (A,B) show representative images of

GAD65-negative neurons (white arrow, A) and GAD65-positive neurons (green

arrow, B) labeled with Caspr2-Fc. (C) Quantitative analysis of the percentage of

total neurons, GAD65-positive and GAD65-negative neurons that were surface

labeled for Caspr2-Fc. Means ± SEM of three independent experiments,

n = 504 neurons. (D,E) DIV7 neurons bound with Caspr2-Fc (green) were

double-stained for MAP2 (D, blue) or tau (E, red). The insets in (D’,E’) show that

Caspr2-Fc preferentially bound on MAP2-positive dendrites and not on

tau-positive axons. (A,B) z-stacks of six confocal sections with z-step of

0.5 μm. (D,E) Single optical sections of confocal images. Bar is in (A,B),

20 μm; in (D,E), 10 μm; in insets, 7 μm.

targets hippocampal inhibitory interneurons (Figure 9A). Anti-
Caspr2 IgGs label GAD65-positive pre-synaptic sites apposed
to Gephyrin post-synaptic clusters. Functional assays indicated
that LE autoantibodies may induce alteration of inhibitory
synaptic contacts. Third, we used a Caspr2-Fc chimera to reveal

Caspr2 receptors on hippocampal neurons. Caspr2 binding sites
are distributed on the somato-dendritic compartment at post-
synaptic sites. We showed that TAG-1 expression is essential for
Caspr2-Fc binding on hippocampal neurons (Figure 9B). These
results indicate that Caspr2 may participate as a cell recognition
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FIGURE 7 | The Caspr2-Fc binding sites are localized at post-synaptic

contacts. (A) Hippocampal neurons were transfected at DIV14 with GFP and

incubated at DIV21 with preclustered Caspr2-Fc (red). Cells were fixed,

permeabilized and immunostained for Synaptophysin (blue). (A’,A”) Insets

show the distribution of Caspr2-Fc binding sites (red) on the dendritic shaft

(arrowheads) or on spines (arrow) that were contacting Synaptophysin

pre-synaptic sites (blue). The green channel is turned down in (A”) to visualize

Synaptophysin clusters. (B) Quantitative analysis of the number of

post-synaptic sites bound with Caspr2-Fc on spines and shaft.

Means ± SEM, n = 21 dendrites of seven neurons. Single confocal sections.

Bar is in (A,B), 20 μm; in insets, 4 μm.

molecule in the dynamics of inhibitory networks. In addition,
they point out to the immune targeting of inhibitory synapses as
a critical clue for understanding the physiopathological role of
Caspr2.

Distinct Axonal Distributions of Caspr2 and

Kv1 Channels in Hippocampal Neurons

We previously reported that transfected Caspr2 is preferentially
addressed to the axon and strongly internalized in the somato-
dendritic compartment in cultured hippocampal neurons at

DIV7 (Bel et al., 2009). The surface expression of Caspr2 is
controlled via a Protein Kinase C-regulated motif of endocytosis
in its cytoplasmic tail (Bel et al., 2009) that might also interfere
with availability of the VGKC-complexes. In the present study,
we used anti-Caspr2 IgGs of LE patients, which display very high
titer, to label endogenous Caspr2. We showed that Caspr2 is
preferentially expressed at the axonal surface, but not enriched
at the axon initial segment as observed for Kv1 channels and
contactin 2/TAG-1 at DIV14. The Kv1.1/1.2 channels display
axonal distribution and are tethered at the axon initial segments
in pyramidal cortical neurons and also in inhibitory neurons in
hippocampal cell culture and slices (Sanchez-Ponce et al., 2012;
Campanac et al., 2013). The recruitment of Caspr2 at the initial
segment might be regulated or its antigenicity masked when
associated with the VGKC complex. However, we showed that
anti-Caspr2 IgGs of several patients bound to VGKC complex at
juxtaparanodes of myelinated axons in culture and were reactive
for dendrotoxin-precipitated VGKC.

Caspr2 is a Pre-Synaptic CAM

Trans-Interacting with TAG-1

Caspr2 functional role may be partly independent from its
association with the VGKC-complexes. Indeed, Caspr2 may
participate in cell adhesive processes and play a morphogenetic
role in neurite outgrowth and synaptogenesis (Anderson et al.,
2012). The phenotypic analysis of Caspr2 knockout mice points
to its involvement in the migration of cortical neurons and
generation or positioning of interneurons (Penagarikano et al.,
2011). The number of parvalbumin-positive interneurons is
reduced in Caspr2 mutant mice associated with decreased
synchronous firing of cortical neurons. However, evidence
for synaptic alterations has not been reported. Alteration of
developmental events may underlie the spontaneous seizures and
behavioral disorders observed in adult Caspr2 knockout mice
(Penagarikano et al., 2011).

Our data suggest a cell adhesive or cell-recognition function of
pre-synaptic Caspr2 interacting with TAG-1 at the post-synaptic
compartment. TAG-1 is the single interacting partner already
identified for Caspr2 ectodomain, and their cis-association has
been clearly evidenced (Poliak et al., 2003; Traka et al., 2003). We
showed here that pre-clustered Caspr2-Fc binds TAG-1 anchored
at the membrane of N2a cells indicating trans-interaction
between the two CAMs. In contrast, the reciprocal interaction is
not occurring between soluble TAG-1-Fc and Caspr2-expressed
at the cell membrane (Traka et al., 2003). Our recent data indicate
that the two molecules expressed at the membrane of opposing
cells can mediate trans-adhesive interaction as determined by
co-immunoprecipitation (Savvaki et al., 2010).

Both Caspr2 and TAG-1 are present in the fraction containing
synaptic plasma membranes (Bakkaloglu et al., 2008) with
Caspr2 highly depleted in the post-synaptic density fraction
(Chen et al., 2015). TAG-1 is faintly expressed at the surface
of cultured hippocampal neurons and detected at axon initial
segment (Ogawa et al., 2008) and it is also released as a soluble
form (Karagogeos et al., 1991). Strikingly, we observed that
Caspr2-Fc binds the somato-dendritic compartment of wild-type
but not of TAG-1-deficient hippocampal neurons. We showed
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FIGURE 8 | TAG-1 is required for Caspr2-Fc binding on hippocampal

neurons. (A) N2a neuroblastoma cells were transfected with TAG-1-GFP

(green) and incubated with preclustered Caspr2-Fc (red). Caspr2-Fc only bound

on TAG-1-GFP expressing N2a cells. (B–G) DIV8 hippocampal neurons were

incubated with pre-clustered Caspr2-Fc (red) and cells were fixed and

permeabilized before immunostaining for MAP2 (blue). Wild-type neurons were

untransfected (B) or transfected with TAG-1-GFP (C), or double-transfected

with LGI1-GFP and ADAM22 (F) or LGI1-GFP and ADAM23 (G). Caspr2-Fc

strongly bound the TAG-1-GFP-expressing neuron (green) by comparison with

untransfected neurons (C). Transfection of LGI-GFP and ADAM22 or ADAM23

had no effect. (D,E) DIV8 hippocampal neurons from Tag-1−/− mice were

untransfected (D) or transfected with TAG-1-GFP (E). Caspr2-Fc strongly bound

the TAG-1-GFP-expressing neuron (green) and did not bind untransfected

Tag1−/− neurons. (H,H’) DIV14 hippocampal neurons were co-transfected with

TAG-1-GFP and mCherry. At DIV17, neurons were surface labeled with

anti-GFP antibodies, fixed, and permeabilized before immunostaining for

Synaptophysin (blue). Note that TAG-1-GFP clusters indicated with arrowheads

on the shaft (H) or spines (H’) were facing Synaptophysin presynaptic sites.

(A–G) Single confocal sections. (H,H’) z-stacks of four confocal sections with

z-step of 0.5 μm Bars: 10 μm, in (A–G), 4 μm in (H,H’).
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FIGURE 9 | Schematic representation of Caspr2 and Caspr2-Fc

complementary distribution in hippocampal neurons. (A) Anti-Caspr2

autoantibodies target preferentially the axons of inhibitory neurons. (B) TAG-1

is required as a post-synaptic receptor of Caspr2.

that Caspr2-Fc binding was strongly increased on TAG-1-
transfected neurons. LGI1 was also considered as a possible post-
synaptic receptor for Caspr2 as it is recruited within the VGKC
complex where it interacts with ADAM22 and ADAM23 (Ogawa
et al., 2008) and LGI1 is also involved in some autoimmune
encephalitis (Lai et al., 2010). However, we did not detect any
trans-interaction of Caspr2-Fc with any of these components.
We showed that both Caspr2-Fc binding sites and transfected
TAG-1-GFP were localized at post-synaptic sites on dendritic
shafts and spines facing synaptophysin-positive clusters. Thus,
taken together these data suggest that TAG-1 may be critically
involved as a post-synaptic partner of Caspr2. We observed
that half of excitatory post-synapses on spines were labeled with
Caspr2-Fc chimera, whereas Caspr2 was mainly expressed by
inhibitory neurons. Indeed, TAG-1 has been reported to interact
with several members of the L1 family (Felsenfeld et al., 1994;
Pavlou et al., 2002) and may interplay with other partners at the
excitatory synapse.

Caspr2 and LGI1 may be Differentially

Implicated in LE Autoimmunity

Both LGI1 and Caspr2 are targeted in some patients with
autoimmune LE (Irani et al., 2010; Lai et al., 2010). LGI1 is
also implicated in inherited forms of epilepsy (Morante-Redolat
et al., 2002). Like Caspr2, LGI1 is an element of the VGKC-
complex and may induce alteration of axonal excitability. LGI1
colocalizes at axonal terminals with Kv1.1 and Kv1.4 and is
strongly expressed on mossy fibers in the hippocampus (Schulte
et al., 2006). Interestingly, anti-LGI1 autoantibodies of patients
with LE have been reported to induce epileptiform activity by
increasing the release probability on mossy fibers-CA3 pyramidal
cell synapses, an effect that is mimicked by antagonists of Kv1
channels (Lalic et al., 2010). Other works demonstrated that
LGI1 associated with ADAM22 is also implicated in regulating
synaptic transmission (Fukata et al., 2006) and that anti-LGI1
autoantibodies of patients with LE are able to neutralize LGI1-
ADAM22 interaction and to reduce synaptic clusters of AMPA
receptors in cultured hippocampal neurons (Ohkawa et al., 2013).

Since LGI1 is expressed by inhibitory interneurons as well as
excitatory neurons in hippocampus, epileptic activity may be
induced by function blocking of LGI1 on interneurons. However,
the selective deletion of Lgi1 in GABAergic parvalbumin neurons
does not induce spontaneous seizures or increased seizure
susceptibility. In contrast, depletion of LGI1 in pyramidal
neurons is sufficient to generate seizures suggesting that LGI1
plays a pathological role in specific neurons (Boillot et al.,
2014). Thus, it may be important to identify the subtypes of
neurons expressing Caspr2 to decipher the role of this CAM
in LE.

In the present study, we showed that Caspr2 is strongly
expressed by inhibitory neurons in hippocampal cell culture
including at their presynaptic terminals. Gephyrin is a main
constituent of the inhibitory post-synaptic densities that
anchors GABAA receptors. The dynamic exchange between
pools of extrasynaptic and synaptic Gephyrin is implicated
GABAAR stabilization and synaptic strength (Petrini et al.,
2014) and the clustering of Gephyrin can be affected during
inhibitory synapse remodeling through CaMKII-dependent
phosphorylation (Flores et al., 2015). Our functional assays
using Gephyrin-GFP transfected hippocampal neurons indicated
that short-term incubation with anti-Caspr2 LE IgGs induced a
significant decrease in the density of synaptic Gephyrin clusters.
However, the ratio of synaptic versus total Gephyrin-GFP
clusters was not modified. We hypothesize that autoantibodies
to Caspr2 may induce alterations of inhibitory synaptic contact
and Gephyrin clustering at the post-synapse. Because of
the dynamic exchange between the pools of synaptic and
total Gephyrin, the clustering of total Gephyrin may be also
perturbed. Thus our data suggest that Caspr2 autoantibodies
from LE patients might induce structural alteration of the
inhibitory post-synaptic scaffold by neutralizing Caspr2
function.

Selectivity of Anti-Caspr2 Autoantibodies in

the CSF and Serum of LE Patients

Autoantibodies have been reported to target selective modules
of CAMs in peripheral neuropathies. For example, CIDP
autoantibodies to Contactin are directed against functional
modules implicated in its interaction with its glial partner
Neurofascin155 and may thereby induce alteration of the
paranodal complex (Ng et al., 2012; Labasque et al., 2014).
Strikingly, in the present study, we showed that immunoreactivity
of anti-Caspr2 CSF IgGs was restricted to the N-terminal
discoïdin and LamininG1 domains in four out of seven
LE patients suggesting that these two domains may play a
major role in the physiopathology. The specific function of
these N-terminal modules is still unknown, but they contain
point mutations or deletions described in psychiatric, autism
spectrum and language disorders associated with the Caspr2
gene, cntnap2 (Zweier et al., 2009; O’Roak et al., 2011; Al-
Murrani et al., 2012). We may hypothesize that these domains
of Caspr2 could be implicated in its synaptic function. Indeed, we
showed that the LE6 IgGs that selectively target the N-terminal
modules display perturbing activity of the synaptic Gephyrin
clusters. We may also notice that the anti-Caspr2 serum IgGs
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of LE patients bound the juxtaparanodes of mouse sciatic
nerves whereas these patients did not present neuromyotonia.
This may be either due to the restricted accessibility of
juxtaparanodes or to the selectivity of the targeted N-terminal
epitopes.

Conclusion

This study highlights the role of inhibitory neurons as the
main target for anti-Caspr2 autoantibodies and the potential
role of the N-terminal discoïdin and LamininG1 domains. In
patients with LE, anti-Caspr2 autoantibodies may alter Gephyrin
clusters at inhibitory synaptic contacts possibly by disruption
of Caspr2/TAG-1 interactions. All these data provide a clue to
understand the central hyperexcitability observed in patients with
autoimmune LE.
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FIGURE S1 | Anti-Caspr2 IgGs of LE patients bind axons of hippocampal

neurons in culture. DIV7 hippocampal neurons were surface labeled with IgGs of

LE2 (A,B), LE3 (C,D), LE4 (E,F), LE5 (G,H) patients (red). Cells were fixed with 4%

paraformaldehyde, permeabilized and double-stained for the somato-dendritic

marker MAP2 (blue) or axonal tau (green). The LE IgGs did not bind hippocampal

neurons when pre-adsorbed using incubation with Caspr2-transfected HEK cells

(B,D,F,H). Surface staining for Caspr2 using LE2–LE5 IgGs was restricted to

tau-positive axons as indicated with yellow arrowheads in (A,C,E,G). Single optical

sections of confocal images. Bar is 7 μm.

FIGURE S2 | Anti-Caspr2 autoantibodies in LE patients label inhibitory

axons in hippocampal cell culture. Hippocampal neurons at DIV21 were

surface labeled with IgGs of LE2 (A), LE3 (B), LE4 (C), or LE5 (D) patients (red).

Cells were fixed and permeabilized before double-staining for MAP2 (blue) and

GAD65 (green). The overlay images and insets show that inhibitory axons and

pre-synaptic terminals were immunostained with all patient’s autoantibodies.

Single optical sections of confocal images. Bar is 10 μm; in insets, 3 μm.
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