N
N

N

HAL

open science

Investigating the pathogenicity of an autism-related
CNTNAP2 missense variant in a novel mouse model
Taylor Manett

» To cite this version:

Taylor Manett. Investigating the pathogenicity of an autism-related CNTNAP2 missense vari-
ant in a novel mouse model. Life Sciences [g-bio].

2023SORUST21 . tel-04708030

HAL Id: tel-04708030
https://theses.hal.science/tel-04708030v1

Submitted on 24 Sep 2024

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.

Sorbonne Université, 2023. English. NNT:


https://theses.hal.science/tel-04708030v1
https://hal.archives-ouvertes.fr

If' I l Fondation®-
e institut Recherche

du Far a moulin

Q SORBONNE
UNIVERSITE

Médicale

Sorbonne Université

Ecole Doctorale Complexité du Vivant (ED515)

Institut du Fer a Moulin — “Cortical Development and Pathology” Team

Thése de doctorat en Neurosciences

Investigating the pathogenicity of an Autism-related
CNTNAP2 missense variant in a novel mouse model

Par Taylor MANETT

Dirigée par Laurence GOUTEBROZE et Marta GARCIA

Présentée et soutenue publiguement le 21 septembre 2023

Devant un jury composé de :

Christel Depienne Rapportrice
Jérébme Honnorat Rapporteur
Sylvia Soares Examinatrice
Jérome Devaux Examinateur
Marta Garcia Co-encadrante

Laurence Goutebroze Directrice de thése






PhD Project Summary

Autism spectrum disorders (ASD) are neurodevelopmental disorders with genetic and
environmental contributing factors, which are characterized by the presence of
repetitive/restricted behaviours and deficits in social interaction and communication. In the gene
CNTNAP2, numerous heterozygous missense variants have been identified in ASD patients, but
their potential contribution to the development of the pathology is highly debated, given their
presence in the general population. Several of these CNTNAP2 heterozygous missense variants
have been studied in vitro to assess their consequences at the cellular level; however, none have
been investigated in vivo. The overall aim of my PhD project was to better understand whether and
how CNTNAP2 variants could contribute to ASD pathology by characterizing a novel knockin mouse
model bearing a CNTNAP2 heterozygous missense variant identified in an ASD patient.

CNTNAP2 encodes Caspr2, a neuronal cell-adhesion transmembrane glycoprotein identified
in the juxtaparanodal regions of the nodes of Ranvier in mature myelinated neurons both in the
central (CNS) and peripheral (PNS) nervous system, where it contributes to the formation of
axoglial contacts and is required for Shaker-type Kvl channel clustering. Caspr2 also plays multiple
functions during brain development, including in axon growth and myelination. Some of the
CNTNAP2 heterozygous missense variants have been shown to lead to Caspr2 misfolding and
retention in the endoplasmic reticulum (ER), and to impact mouse cortical neuron axon growth in
vitro. We generated and thoroughly characterized a mouse model bearing the ER-retained
missense variant 1236S (KI-1236S mice), assessing whether and how such a variant could alter
Caspr2 function in PNS and CNS myelination.

We found that KI-1236S heterozygous mice present sex-dependent behavioral abnormalities,
with decreased muscular strength and heat sensitivity in males, and social interaction deficits in
females. Brains of mutant mice show no gross morphological differences; however, they do show
differential alterations of the two major interhemispheric myelinated tracts, the corpus callosum
and the anterior commissure, between males and females. Ultrastructural analyses suggest that the
speed or onset of myelin sheath wrapping could be affected in the corpus callosum of mutant
males. Myelin defects were also detected in the PNS specifically in males, together with
morphological alterations of the node of Ranvier and of unmyelinated sensory C-fibers, possibly
accounting for their heat hyposensitivity.

Taken together, my work shows that CNTNAP2 heterozygous missense variants such as
1236S may indeed affect the function of the Caspr2 protein, interestingly in a sex-dependent
manner; given this, they may also contribute to the pathogenicity of CNTNAP2, with marked effects
on myelination in both the CNS and PNS. However, KI-1236S heterozygous mice do not fully
recapitulate the phenotypes classically associated with ASD, notably repetitive/restrictive
behaviors, suggesting that additional genetic, epigenetic, or environmental factors are required for
the development of the ASD pathology.

In this manuscript, | will first introduce relevant topics to the project in the Introduction. |
will then present my results in Results I, which is the main work of my PhD and is in the format of a
scientific article which is ready for journal submission; and Results Il, which includes
complementary results and preliminary data relevant to the project. | will discuss my results and
consider them in light of what is known in the field, along with proposing some future perspectives
on the topic, in the Discussion. All work referenced in the manuscript can be found in the section
References, organized alphabetically. Additional published work from the lab, to which |
contributed, can be found in the Annex.
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Introduction






1. Neurodevelopmental Disorders and Autism Spectrum Disorders

The development of the brain is a highly complex and organized process which must occur
in carefully timed and synchronized steps in order to achieve healthy organ development and
functioning. There are a multitude of processes which, if perturbed or delayed during critical
developmental time periods, could lead to deficits in the morphology and/or functioning of the
brain later in life. The group of clinical phenotypes associated with these types of deficits in brain
development are referred to as neurodevelopmental disorders (NDD) and include a wide range of
symptoms, from mild to extremely severe. Attention Deficit Hyperactivity Disorder (ADHD) and
Autism spectrum disorders (ASD) are two of the most common NDDs in the population, with
prevalence of 10.2% (children ages 4-17 in the US, 2015-2016) (Xu et al. 2018) and 2.8% (8-year old
children in the US, 2020) (Maenner et al. 2023), respectively. Particular interest has been shown in
understanding the causes and potential treatments for ASD, as the range of phenotypes is very
broad and can range from social problems and hyperactivity to speech or motor deficits and

intellectual disability.

1. A. Evolution of ASD and DSM Diagnosis

ASD are defined as “a developmental disability caused by differences in the brain... [leading
to] problems with social communication and interaction, and restricted or repetitive behaviors or
interests” according to the Center for Disease Control (CDC) (U.S. Department of Health & Human
Services 2022). The term “Autism” acquired its modern definition in 1943, when Leo Kanner first
used it to describe children with symptoms of social isolation and linguistic disorders, who had
problems communicating and exhibited repetitive and restrictive behaviors. In 1944, Hans Asperger
described socially-isolated children who displayed normal linguistic abilities; this led to the coining
of “Asperger’s Syndrome” to describe a new Autism-like disorder (Sharma, Gonda, and Tarazi
2018). It wasn’t until 2013 with the publication of the Diagnostic and Statistical Manual of Mental
Disorders, Fifth Edition (DSM-V) that these and several other developmental disorders were
grouped under the term “Autism Spectrum Disorders,” implying a scope of varying disorders with a
range of effects and severity (American Psychiatric Association 2013). ASD is complicated to
diagnose, and the DSM-V has sought to simplify this process by reducing the exhibited deficits to 1)
social communication and 2) repetitive or restricted behaviors. Typically, child psychiatrists would
rely on a combination of observed behaviors/development and parental reporting to diagnose a
child with ASD.

The prevalence of ASD has been steadily increasing over the past 3 decades (Fig. 1), with an
incidence of 1 in 150 children in 2000, which by 2008 reached a incidence of 1 in 88 children, and
by 2020 was at an incidence of 1 in 36 children (Maenner et al. 2023). These data have been
acquired by the Autism and Developmental Disabilities Monitoring Network (ADDM), a program



funded by the CDC to better understand ASD in the United States. The ADDM has also reported
that ASD is nearly 4 times more common among boys than girls. While once thought to be due to
‘bad parenting’ or problems in one’s home life, ASD are now considered to be caused to
neurodevelopmental defects occurring during the pre-natal period. However, the onset of ASD are
highly variable, with some children showing early onset of symptoms ( < 18 months of age) while
others behave normally until > 24 months of age, when they descend into ASD symptoms (Werner
et al. 2005).

ASD Prevalence per 1,000 Children
Over Time (%)
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Figure 1: Data from the ADDM Network spanning 2002-2020, collected from 6-14 surveillance sites in the U.S. from 8-
year-old children. Created with data from ADDM reports.

It is worth noting that ASD are categorized into two main types: syndromic and idiopathic.
Syndromic ASD are associated with known genetic syndromes, such as Fragile X or Tuberous
sclerosis. Idiopathic ASD are often attributed to unknown causes. Both types will usually display
impaired communication or social skills and highly repetitive stereotypic behaviors (Bishop, Aziz,
and Barth 2014). While syndromic ASD have known genetic causes, these genetic variants —
including copy number variants (CNVs) and mutations in ASD risk genes — account for variable
cases, with some reports ranging from roughly 1% of ASD cases (Fernandez and Scherer 2017) to 7-
20% (Schaaf and Zoghbi 2011). Because the genetics of ASD are so complex, some have proposed to
subcategorize syndromic ASD into different groups based on genetic contribution. Below is a
scheme of genetic contributions to ASD (Fig. 2); the genetics of ASD will be discussed further in

section 1.D.
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Figure 2: Genetic causes of ASD by type (Schaaf and Zoghbi 2011).

ASD are associated with a wide variety of behavioral phenotypes, as this disorder and its
associated comorbid disorders can affect cognitive, somatosensory, and even motor function, as
well as social fluency. As it’s often difficult to diagnose ASD prenatally, symptoms usually appear
slightly later in development, with phenotypes becoming more pronounced as children age.
Perhaps the most significant impairment in ASD patients is the social deficit, with the DSM-V
requiring that a child display persistent deficits in three different areas of social communication and
interaction. These include 1) deficits in social-emotional reciprocity, 2) deficits in non-verbal
communicative behaviors used for social interaction, and 3) deficits in developing, maintaining, and
understanding relationships (American Psychiatric Association 2013). In addition to these social
shortcomings, children must also exhibit at least 2 types of repetitive or restricted behaviors,
including 1) stereotyped or repetitive motor movements, use of objects, or speech, 2) insistence on
sameness, inflexible adherence to routines, or ritualized patterns of verbal or nonverbal behavior,
3) highly restricted, fixated interests that are abnormal in intensity or focus, and 4) hyper- or hypo-
reactivity to sensory input or unusual interest in sensory aspects of the environment (American
Psychiatric Association 2013). All these behaviors can be ranked from 1 to 3, with 1 being the
mildest and 3 being the most severe. These symptoms may be present from an early
developmental period but are sometimes masked and not fully evident until later in childhood.
Children with ASD can also be diagnosed with intellectual disability, developmental delay, or

language impairment, which can frequently co-occur with ASD.
1. B. ASD and Brain Morphology

Many researchers have sought to better understand the anatomy of ASD by using
techniques such as Magnetic Resonance Imaging (MRI) to observe the ASD brain in vivo in a non-
invasive way. Due to the high soft-tissue contrast, which can easily differentiate white matter, gray
matter, and cerebrospinal fluid (CSF), MRl is ideal for volumetric measurements of the brain (Rafiee
et al. 2022). Boedhoe and colleagues conducted the largest neuroimaging study on ASD patients to
date and observed different patterns of cortical thickness alterations across different age groups; in
children, smaller amygdala volume and thicker frontal cortices were detected, while in adults,

decreased hippocampal volume was observed (Boedhoe et al. 2020). In adults, Ecker and
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colleagues observed no changes in overall brain volume, but an increased gray matter volume in
the anterior temporal and dorsolateral prefrontal regions with significant reductions in the occipital
and medial parietal regions when compared with controls; they also observed spatially distributed

reductions in white matter volume (Ecker et al. 2012).

In a study of adolescents with ASD, it was found that patients showed an increase in gray
matter volume in medial and dorsolateral frontal areas, in the lateral and medial parts of the
temporal lobes, in the parietal lobes, cerebellum, and claustrum; these patients also showed
decreased volume in frontal, parietal, temporal, and occipital white matter (Bonilha et al. 2008).
Additionally, children with ASD have been shown to have increased total brain volume and
increased amygdala volume (Aylward et al. 2002; R. Chen, Jiao, and Herskovits 2011) and other
white matter abnormalities (Yang et al. 2018). These studies and others suggest that altered
volumes of specific brain regions in ASD patients could contribute to ASD pathology. Not only this,
but they also show that these anatomical differences could change over the course of life or have a

temporal component.

White matter structures, such as the corpus callosum (CC), have been particularly
implicated in ASD. Many studies have shown that the CC is smaller in adolescents and adults with
ASD (R. Chen, Jiao, and Herskovits 2011), but the data has been more difficult to discern in children.
A study of adults with ASD showed a decreased CC volume (R. Chen, Jiao, and Herskovits 2011); in
other studies, ASD patients were shown to have various CC abnormalities (Aylward et al. 2002; R.
Chen, Jiao, and Herskovits 2011). Wolff and colleagues collected MRI images from 270 infants at
high-risk for ASD and 108 low-risk controls at 6, 12, and 24 months of age and found that the ASD-
risk children had significantly increased CC area and thickness starting from 6 months of age, with
particularly robust differences at 6 and 12 months of age (Fig. 3) (Wolff et al. 2015). These results
contrast with older studies from ASD adults which show decreased CC volume, suggesting that this
structure could change over time. Taken together, the proposed model is one in which the CC is
reduced in size during the first year of life, normalizes around age 2, and becomes smaller than

normal by age 3, which is maintained into adulthood (Girault and Piven 2020).
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Figure 3: Alterations in CC thickness in young children. Longitudinal effect size data (Cohen’s d) for pairwise CC
thickness differences among high-risk infants who developed ASD, high risk infants without ASD (HR-Neg), and low-risk
controls (LR-Neg). Red indicates increased size, blue indicates decreased size, orange indicates regions with little to no

differences. CCis represented in sagittal view with rostral end at left and caudal end at right (Wolff et al. 2015).

Furthermore, Wolff’s study used data from diffusion tensor imaging to propose that the
microstructural properties of callosal white matter, including myelination and axon composition,
could explain these differences in CC morphology. Diffusion tensor imaging (DTI) is a type of MRI
which uses the diffusion of water molecules to generate higher contrast in magnetic resonance
images. It detects molecular diffusion to detect obstacles such as macromolecules, fibers, and
membranes, therefore giving a much more detailed picture of microscopic substructures of the
tissue than classical MRI techniques. DTl has been used in conjunction with MRI to investigate CC
abnormalities in ASD patients in more detail. In a meta-analysis of DTl studies conducted by Zhao
and colleagues, they confirmed that white matter abnormalities in the CC are a predominant
characteristic of ASD brains (Zhao et al. 2022). In a small study of young children, Bashat and
colleagues found higher fractional anisotropy (FA) in the CC of ASD children when compared with
healthy children. FA is a measurement which reflects the degree of directed water diffusion in the
brain; this measure is indicative of more mature white matter properties, such as myelination,
axonal density, and fiber packaging (Ben Bashat et al. 2007; Girault and Piven 2020). Taken
together with the results from Wolff et al., the current findings suggest that FA is increased during
the first part of life (larger and more mature CC), with a slowing maturation thereafter which could
lead to decreased FA in older children and adults (Travers et al. 2012). These DTI studies have been
essential for demonstrating that white matter maturation may be affected in ASD individuals. A
summary scheme of white matter areas with the most noticeable changes observed in ASD patients

is presented in Fig. 4.
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Figure 4: Cortical areas, subcortical areas, and white matter tracts affected in patients with ASD. White matter areas

with the most noticeable changes are represented in the three anatomical planes of the human brain: axial, sagittal,
and coronal. Brain schemes also indicate the most common myelination changes that are observed in ASD patients
during two different stages of development — young (<15 years) and old (>15 years). acg: anterior cingulate gyrus; afp:
amygdala-fusiform pathway; Amy: amygdala; atr: anterior thalamic radiation; arc: arcuate fasciculus; CB: cerebellum;
cb: cingulum bundle; cc: corpus callosum; c.s.t.: corticospinal tract; cr: corona radiata; exc: external capsule; fm: forceps
minor; fx: fornix; fg: fusiform gyrus; hipp: hippocampus; icp: inferior cerebellar peduncle; ifof: inferior fronto-occipital
fasciculus; ifg: inferior frontal gyrus; Ins: insula; ic: internal capsule; L-hfp: left hippocampus-fusiform pathway; L-ilf: Left
inferior longitudinal fasciculus; L-ofc: left orbitofrontal cortex; lig: lingual gyrus; ml: medial lemniscus; mcp: middle
cerebellar peduncle; mtg: middle frontal gyrus; mtg: middle temporal gyrus; off: occipitofrontal fasciculus; otg:
occipitotemporal gyrus; pct: pontine crossing tracts; ptr: posterior thalamic radiation; pre: precentral area; PFC:
prefrontal cortex; Pu: putamen; slbex: sub-lobar extranuclear area; scp: superior cerebellar peduncle; sfg: superior
frontal gyrus; slf: superior longitudinal fasciculus; stg: superior temporal gyrus; sma: supplementary motor area; Tpj:
temporoparietal junction; Thm: thalamus; unf: uncinate fasciculus; vtg: ventral temporal gyrus (Galvez-Contreras et
al. 2020).

1. C. ASD and Brain Connectivity

While many different morphological abnormalities have been observed in ASD patients, ASD
is also thought to be due to problems in connectivity between different brain regions. While DTI
allows researchers to detect detailed morphological anomalies, functional MRI (fMRI) is a
technology which detects the level of oxygenation of the blood, allowing the brain to be studied on

a functional level. It facilitates the study of local- and long-range connectivity in the brain, as well as
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the identification of activated regions which are “turned on” in response to certain stimuli. Due to
this functional view of the brain, fMRI is now the most used technique in the field. This has been
essential in providing evidence that ASD patients may have different activation levels of different

brain regions.

Though many agree that brain connectivity in ASD is altered as compared to control
individuals, the way in which this connectivity is altered is the subject of debate. One hypothesis in
the field is that ASD patients display long-range hypo-connectivity and local hyperconnectivity,
while other studies show the opposite. One study in 2013 showed reduced connectivity between
the fusiform face area and three separate cortical regions, as well as a decrease in local functional
activity in 14-20 year old males with ASD when compared with age-matched controls (Khan et al.
2013). Contrarily, another study in the same vyear found both local and long-range
hyperconnectivity throughout the brain of 110 children aged 7-13 years with ASD (Supekar et al.
2013). In this study, ASD patients with more severe symptoms displayed increased functional
connectivity due to elevated hyperconnectivity when compared to other patients with more mild
ASD symptoms (Fig. 5) (Supekar et al. 2013). As is the case with brain morphology in ASD patients,
variations between studies could be due to ASD patient age of the various samples used. Supekar
and colleagues conducted a longitudinal analysis aiming to characterize brain network development
in healthy children aged 7-9 years and in healthy young adults aged 19-22 years, which revealed
increased long-range connectivity and decreased local connectivity throughout development
(Supekar et al. 2013).

fMRI can also be used to monitor brain region activation in response to external stimuli.
One recent study investigated face recognition in ASD patients of different ages (older children,
teens, and adults) by conducting fMRI while administering the Cambridge Face Memory Test. They
found that the ASD group displayed underconnectivity between the fusiform face area and the
frontal and primary visual cortices, independent of age, compared to the control group (Lynn et al.
2018). Another study focused on brain areas involved in language which can be associated with
communication deficits. Just and colleagues measured brain activity in a group of ASD patients
during sentence comprehension and found increased brain activation in Wernicke’s area and
decreased in Broca’s area in ASD patients versus controls — two areas heavily involved in language
processing (Just et al. 2004). These results are of particular interest given the social impairments
and communication problems often observed in ASD patients. Furthermore, another study found
that the severity of sensory processing deficits and lower 1Q in ASD patients were correlated with
reduced interhemispheric connectivity of auditory cortices in ASD; they also found that increased
connectivity between the thalamus and auditory cortex was associated with reduced behavioral
symptoms of ASD, suggesting that thalamocortical hyperconnectivity could reflect a compensatory

mechanism in ASD patients (Linke et al. 2018).
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Figure 5: A total of 588 pairs (15%) of anatomical regions showed higher correlations in children with ASD compared to
the TD group (p < 0.05, corrected for multiple comparisons). No pairs of regions showed higher correlations in the TD

compared to the ASD group. Adapted from (Supekar et al. 2013).

1. D. Genetics of ASD and Risk Factors

ASD are considered to have multifactorial causes, including both the pre-natal environment
and background genetics (Fig. 6). It has been shown that pregnant women who take certain drugs
or are exposed to different immune challenges, such as bacterial or viral infections, could increase
the risk that their child develops ASD (Jash and Sharma 2022). In particular, the exposure of the
developing fetus to valproic acid (VPA), an anti-seizure drug prescribed to epileptic patients, during
pregnancy has been so strongly linked with an ASD phenotype in children that it is commonly used
as a rodent model of ASD (Rodier et al. 1996; Nicolini and Fahnestock 2018; Tartaglione et al. 2019)
to study the molecular pathways linked to ASD. External environmental factors such as air pollution
and environmental chemicals have also been suggested to play a role in developing ASD (Lyall et al.
2017). Other birth complications and deficiencies such as hypoxia, parental age, lack of omega3,
and exposure to heavy metals have also been shown to play a role in ASD; these factors can

contribute to up to 40-50% of variance in ASD (Modabbernia, Velthorst, and Reichenberg 2017).
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Figure 6: Schematic representation of the multifactorial causes of ASD.

In addition to these environmental contributions, ASD is also now thought to have a genetic
component (Fig. 6). In the 1970s, when the role of genetics in human health was beginning to be
understood, Folstein and Rutter conducted twin studies on children with Autism phenotypes and
found that the incidence among siblings was 50 times higher than the average (S. Folstein and
Rutter 1977). What’s more, they discovered that monozygotic twins were more likely to share an
Autism diagnosis than dizygotic twins, thus suggesting a genetic influence; this theory was proven
in 1995 by Bailey and colleagues (Rylaarsdam and Guemez-Gamboa 2019; Bailey et al. 1995). By the
early 2000s, it was established that ASD were, at least in part, due to some genetic component.
Currently, genetic variation is thought to account of about 50% of the risk for ASD, which could be
due to common polymorphisms; however, copy number variants (CNVs) or monogenic disorders
have been found in around 30-40% of children with ASD (Glinton and Elsea 2019). To further
support the idea that ASD have genetic causes, it's been observed that many children diagnosed
with ASD (around 10%) have co-morbid disorders. These include genetic syndromes such as Fragile
X syndrome (~1-2% of ASD cases), tuberous sclerosis (~1%), Rett syndrome (~0.5%), and
neurofibromatosis (<1%) (Devlin and Scherer 2012). The genes affected in these disorders have all
been strongly implicated in intellectual disability, indicating that intellectual disability and ASD likely

share common genetic roots.

The genetics of ASD are extremely complex and can include several types of genetic

variations, such as single nucleotide polymorphisms (SNP) and CNVs, as well as large chromosomal
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rearrangements and duplications that can be either inherited or de novo. While some common
mutations are also found in the healthy population, it’s been suggested that ASD patients present a
wider distribution of common CNVs; this insinuates that the accumulation of different
polymorphisms may lead to the surpassing of the tolerance threshold and result in a clinical

presentation of symptoms (Vicari et al. 2019).

Several “high-risk” genes have been identified, including NLGN3, NLGN4X, SHANKI,
SHANK3, NRXNIN, NLGN1, ASTN2, CNTN4, and CNTNAP2 (Pinto et al. 2010; Sanders et al. 2012;
Vicari et al. 2019; Woodbury-Smith and Scherer 2018). While some genes are shown to have a
nearly direct correlation between mutation and ASD diagnoses, others are still debated. One such
gene is CNTNAP2. There have been several rare mutations found in patients with ASD, intellectual
disability, cortical dysplasia focal epilepsy (CDFE) and Epilepsy (Saint-Martin et al. 2018). However,
many mutations in the CNTNAP2 gene have also been discovered in the general population of
healthy individuals, leading to some doubt as to its pathogenicity in these disorders (Murdoch et al.
2015); this will be discussed in section 2. B.

As ASD are a spectrum of disorders characterized by social impairments and deficits in
language, it is thought that perhaps certain quantitative trait loci (QTLs) related to ASD phenotypes
could be linked to the disorder. A study of 152 families from the Autism Genetic Resource Exchange
found that language abilities were highly variable among ASD patients, but that there was a strong
correlation between language abilities (age at first word) and a loci on chromosome 7q (Maricela
Alarcén et al. 2002). The results suggest that there is a language-related susceptibility locus/QTL
along the long arm of chromosome 7, specifically on 7q35-36. Later work by the same group found
that the locus on 7g35 could contribute to language delay in ASD patients (M. Alarcén et al. 2005).
In fact, chromosome 7q has been suggested to be implicated in ASD by several groups (S. E. Folstein
and Mankoski 2000; Lamb et al. 2005; Muhle, Trentacoste, and Rapin 2004; Schanen 2006). These
findings are very interesting given that some ASD-risk genes are located on chromosome 7q, with
CNTNAP2 being located at 7935 specifically.

1. E. Pathways Implicated in ASD

ASD has been extensively studied in recent decades due to its large increase in prevalence
worldwide. Both genetic studies and mouse/rodent models have been used to identify several
major biological mechanisms contributing to brain connectivity that can be disrupted in ASD,

including synapse and axon development, and myelination.
1. E.i. Synapse Development

The synapse is a complex cellular compartment where two neurons can exchange essential
information. There are two main sides of a synapse: the pre-synaptic side and the post-synaptic

side. The pre-synaptic side is the side which sends the message — in this case, produces the
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neurotransmitters. The post-synaptic side receives the message/neurotransmitters thanks to
specific receptors on the cell surface. Once these receptors have bound their messenger molecules,
they can transmit this information via downstream signaling cascades, which are activated by
conformational changes in the receptor or altered interactions with its binding partners. Correct
synapse formation is critical for accurate communication between cells and different brain areas, as
well as for maintaining the excitation/inhibition (E/I) balance within the brain. This E/I balance is
also key for fine-tuning connections between brain regions. One of the most crucial parts of
synapse formation are the cell adhesion molecules (CAMs). ASD is often referred to as a
synaptopathy, as some of the first genes found to be mutated in ASD patients were CAMs, which
suggests that development and maintenance of the synapses is an important part of ASD
pathophysiology (J. A. Chen et al. 2015). As genetic tools have become more advanced, the

implication of CAMs in ASD has only become more pronounced.
Neurexins and Neuroligins

Neurexin proteins are a family of pre-synaptic CAMs that contain a single transmembrane
domain with EGF-like domains and laminin-neurexin-sex hormone binding globulin domains in their
extracellular arm and a small PDZ-binding domain on their intracellular arm (Fig. 7). The pre-
synaptic neurexin proteins interact with their post-synaptic partners, the neuroligins. Neuroligins
also possess one transmembrane domain, with a large acetylcholinesterase-like domain in the
extracellular part and a short PDZ-binding domain on the intracellular part (Fig. 7). The neurexins
and neuroligins interact in a handshake manner across the synapse at both inhibitory and
excitatory synapses (Fig. 8). This trans-synaptic bridge links the post-synaptic density with the pre-
synaptic protein complex responsible for neurotransmitter release and helps to stabilize both pre-
and post-synaptic components. The different types of neuroligins are localized to different
subcellular regions, with NLGN1 present in excitatory synapses, NLGN2 present in inhibitory
synapses, and NLGN3 present in both types of synapses. The neurexins are encoded by the genes
NRXN1, NRXN2, and NRXN3 in humans, and mutations in NRXN1 have been observed in ASD
patients. Neuroligins are encoded by NLGN1, NLGN2, NLGN3, NLGN4X and NLGN4Y, and mutations
in NLGN1, NLGN3 and NLGN4 have also been linked to ASD in humans, though mouse models of the
NRXN and NLGN genes have struggled to encapsulate the social defects seen in human ASD
patients (Bemben et al. 2015; J. A. Chen et al. 2015).
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Figure 8: Schema of the synaptic compartment with proteins implicated in ASD. Adapted from (Monteiro and Feng

2017; Doldur-Balli et al. 2022; Jang et al. 2022).
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SHANK proteins

The SHANK proteins are multidomain scaffolding proteins present in excitatory synapses
and are encoded by the genes SHANK1, SHANK2, and SHANK3. They are major scaffolding proteins
responsible for linking other intermediate scaffolding proteins in the post-synaptic density (PSD)
(Fig. 8). The PSD is a protein-rich region just below the post-synaptic membrane which contains
more than 1,000 proteins including NMDARs, mGluRs, and AMPARs, as well as cytoskeletal and
adhesion proteins like actin and neuroligin (Monteiro and Feng 2017). Within the PSD, MAGUK
scaffolding proteins enable a multitude of protein-protein interactions, and aid in the formation of
a large protein complex which links SHANK, PSD95, Homer, and SAPAP proteins. Together, these

proteins form a quaternary complex which joins mGIuR and NMDAR complexes in the PSD.

The three SHANK proteins are differently expressed based on developmental stage, cell
type, and brain region. Many mutations in SHANK3 particularly have been observed in ASD
patients, including microdeletions, nonsense mutations, breakpoints and missense mutations
(Monteiro and Feng 2017). Recently mutations have also been found in SHANK1 and SHANK2 in
ASD patients, and a meta-analysis study showed that disruptions in the SHANK family account for
about ~1% of all ASD cases (Leblond et al. 2014). Additionally, the same study showed a correlation
between the SHANK mutations and the level of cognitive impairment, with SHANK3 mutations
causing more severe defects than SHANK1 or 2. To study Shank3 mutations, 13 different mutant
mouse lines have been generated, 9 of which display ASD-like behaviors such as intense self-
grooming and repetitive behaviors, along with social deficits and ultrasonic vocalization
abnormalities (Monteiro and Feng 2017). Mice with mutations in Shank1 and 2 (3 mutant lines) also
show ASD-like phenotypes, with increased repetitive behavior and social deficits (Monteiro and
Feng 2017). It is clear that mutation or deletion of the Shank genes can affect E/I balance and lead
to some ASD phenotypes, but what is particularly noteworthy is how different isoform-specific
mutations can lead to different phenotypes. In a study by Zhou and colleagues, two Shank3
mutations were studied, both of which are located in exon 21, only 325 nucleotides apart, and both
resulting in a stop codon. The two mouse lines display some shared defects and some distinct
defects at the molecular through behavioral levels (Zhou et al. 2016). This study shows how
different mutations in ASD-risk genes, such as SHANK3, can lead to mutation-specific defects that

manifest differently in individual patients.

Contactin-Associated Proteins

Contactin-associated proteins (Caspr) are neurexin-like proteins (Fig.7) and are encoded by
the CNTNAP genes. They consist of small intracellular domain, one transmembrane domain and a
long extracellular domain which includes laminin G, EGF, fibrinogen and discoidin (F58C) domains.

Of the 5 Caspr members, Caspr2 and Caspr4 can be localized in the synaptic compartment (Fig. 8).
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Caspr2, while canonically residing in the juxtaparanodal region of the node of Ranvier, exists
at the post-synaptic area of excitatory synapses, where it colocalizes with AMPAR subunit GluAl
(Varea et al. 2015), and is likely associated with the cell-adhesion molecule TAG-1 (Pinatel et al.
2015). Varea and colleagues demonstrated that mature glutamatergic synapses are affected in
Cntnap2 KO mice, potentially leading to defects in the E/I balance at later stages of maturation.
Additionally, Antoine and colleagues recently showed that elevated E/I conductance ratio is present
in several different ASD mouse models, including in Cntnap2 KO mice (Antoine et al. 2019), giving
further evidence that Caspr2 could play a role in synapse formation and/or stabilization. Regarding

CNTNAP2 mutations found in ASD patients, | will discuss this at length in Chapter 2.

Casprd, encoded by the gene CNTNAP4, is highly homologous to Caspr2. Casprd exists
within the pre-synaptic compartment, where it plays a role in the maturation of inhibitory
synapses. Casprd associates with other pre-synaptic proteins such as Contactin5, Mint1, and CASK,
all of which are important members of the inhibitory synapse. Here, Caspr4 helps to attenuate
dopamine release through a pre-synaptic mechanism and is also necessary for the maturation of
PV+ interneurons; studies in Cntnap4 KO mice show that Casprd strongly contributes to the
structural integrity of inhibitory synapses and acts in a dose-dependent manner. It’s also been
shown that reduced levels of Casprd affects membrane expression of GABAaR, suggesting that
Caspr4 is likely involved in their transport (Shangguan et al. 2018). CNTNAP4 mutations have been
identified in patients with ASD, as well as schizophrenia and epilepsy (Glessner et al. 2009; O’Roak
and State 2008; Roohi et al. 2009). Cntnap4 KO mice exhibit severe over-grooming behavior and an
elevated startle response, indicating impaired processing of sensory information (Karayannis et al.

2014), supporting the potential contribution of CNTNAP4 mutations to ASD.

CNTNAPS has also been proposed as a risk gene for ASD, with a microdeletion identified in
an ASD sibling pair and subsequent research discovering four additional rare missense mutations in
the gene in an ASD patient screen (Pagnamenta et al. 2010). Genome-wide association study by
another group more recently showed statistically significant SNPs in the CNTNAP5 gene in ASD
patients, further suggesting that this gene could play a role in the disorder (Narita et al. 2020). It
has also been shown that mutations in the CNTNAP3 gene, identified in Chinese Han ASD cohorts,
can confer ASD risk; Cntnap3 knockdown in mice was shown to cause decreased excitatory synapse
and increased inhibitory synapse formation, with mice also exhibiting deficits in social behavior,

cognitive tasks, and notable repetitive behaviors (Tong et al. 2019).
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1. E.ii. The mTOR Pathway and Axon Development

The mTOR Pathway

While a handful of signaling pathways have been associated with increased ASD risk when
altered, including met proto-oncogene—RTK signaling (MET RTK signaling) or HGFR signaling, as well
as the ERK and PI3K signaling pathways (Levitt and Campbell 2009), | will focus on the mTOR
pathway, as it is particularly relevant for my project. Abnormalities in the mammalian target of
rapamycin (mTOR) signaling pathway have been observed in ASD models. The protein mTOR is a
serine/threonine protein kinase in the PI3K-related kinase family that forms the catalytic subunit of
two different protein complexes: mTOR complex 1 (mTORC1) and mTOR complex 2 (mTORC2) (Fig.
9). The mTOR pathway is involved in integrating a multitude of both intracellular and extracellular
signals and translating them into cellular responses, including protein synthesis, cell growth, and
proliferation in multiple cell types. Many syndromic disorders with ASD components are caused by
mutations in genes which affect the mTOR signaling pathway to some degree, including tuberous
sclerosis (affecting TSC1/2), Fragile X Syndrome (FMR1), Neurofibromatosis type 1 (NF1), PTEN
mutation syndrome, and Rett’s syndrome (Levitt and Campbell 2009). The frequent mutation of
TSC1, TSC2, and PTEN in ASD patients has led researchers to suggest that mTORC1 hyperactivation
is a probable cause of ASD symptoms, owing to these genes’ primary role in the mTOR pathway
(Winden, Ebrahimi-Fakhari, and Sahin 2018).
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Figure 9: Schema of the main signaling pathways that regulate mTOR. mTORCL1 is able to capture and transduce signals
from different stimuli, such as the presence of growth factors, amino acids, and glucose through the mechanisms
indicated. Once activated, mTORC1 promotes cell growth and proliferation, inducing various anabolic processes,
including protein synthesis, and inhibiting catabolic processes, such as autophagy. mTORC2, on the other hand,
performs an important regulatory function of the cytoskeleton, cell survival, and metabolism and phosphorylates the

Akt kinase, determining its activation (Colardo, Segatto, and Di Bartolomeo 2021).
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mTOR hyperactivation in the brain was observed in Cntnap2 KO mice, suppression of which
rescued social deficits in the KO mice (Xing et al. 2019). Furthermore, it was shown that Cntnap2 KO
mouse dorsal root ganglion (DRG) also have hyperactive mTOR signaling. When treated with mTOR
inhibitors, pain-related hypersensitivity due to noxious stimuli and heat was reduced, as was DRG
neuronal excitability (Xing et al. 2019, 2020). Using forebrain organoids from ASD patients
expressing a homozygous protein-truncating mutation in CNTNAP2, de Jong and colleagues
ascertained that patient-derived organoids had increased volume due to increased cell growth and
proliferation (de Jong et al. 2021), which may result from mTOR activation. Deletion of the gene
Pten in the central nervous system of mice led to abnormal social interaction and response to
sensory stimuli, along with an enlarged brain (Kwon et al. 2006). This morphology was associated
with an overactivation of the mTOR pathway as well (Kwon et al. 2006). Another study investigated
the gene TSC2. They found that the TSC1/2 complex inhibits the p70 protein S6 kinase 1 and
activates eukaryotic initiation factor 4E binding protein 1 (4E-BP1); these functions are mediated by
MTOR, and TSC2 is directly phosphorylated by Akt. Therefore, when TSC2 is properly functioning,
the mTOR signaling pathway is suppressed (Inoki et al. 2002). If TSC1/2 is mutated, such as in ASD
patients, this function can be affected and lead to dysregulation of the mTOR pathway.
Furthermore, Price and colleagues studied the gene FMR1. mTOR inhibitor Rapamycin inhibited
peripheral nociception in WT mice, but had no effect in Fmrl KO mice, suggesting that regulation of
translation via FMRP and mTOR in an important part of nociception plasticity (Price et al. 2007),
which is also interesting given the often perturbed sensory perception of ASD patients. Taken

together, these studies and others suggest an important role of the mTOR pathway in ASD.
Axon Development

Among the wide variety of processes in which the mTOR pathway plays a role, axon
development has been suggested as one which contributes to ASD. The implication of the mTOR
pathway in axon morphology is supported by several studies. Pagani and colleagues recently
showed that in Tsc2 mutant mice, mTOR-dependent increased spine density is associated with ASD-
like stereotypies and cortico-striatal hyperconnectivity; furthermore, these effects are completely
rescued when mTOR is inhibited (Pagani et al. 2021). Choi and colleagues showed that when Tsc2 is
inhibited, mTORC1 is activated in the axon, which allows it to initiate and maintain axon growth
signals. They also showed evidence that Tsc2 plays a role in axon polarization by which a single
neurite is “chosen” to become the axon (Choi et al. 2008). mTOR activation has also been shown to
increase axonal growth capacity during regeneration in peripheral nerve injury, and up-regulation
of the pathway via Tsc2 deletion in DRGs can augment axon growth capacity both in vitro and in
vivo (Abe et al. 2010). Similarly, when PTEN (an mTOR inhibitor) is deleted in vivo, robust axon
regeneration is observed in adult retinal ganglion cells. Additionally, when knocking out Tsc2,
another mTOR inhibitor, axon regeneration is also observed (Park et al. 2008). Several missense

mutations have also been identified in ASD patients in the ASD risk gene MECP2. These variants
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were shown to impair axon morphology and outgrowth in mouse cortical neurons in vitro, which
could be linked to mTOR dysregulation (Wen et al. 2017). The ASD risk genes Nuakl and Cntnap2
were also shown to have a dose-dependent effect on axon length in cortical neurons in vitro
(Courchet et al. 2018; Canali et al. 2018) although a potential link with the mTOR pathway has not

yet been evaluated.
1. E. iii. Myelin Dysregulation

In addition to the above elements, it has also been shown that the regulation of myelination
can be perturbed in ASD patients and animal models. Myelination, in brief, is the process by which
glial cells contact and ensheath neuronal axons; this will be explained in detail in Section 7. In the
CNS, oligodendrocyte precursor cells (OPCs) mature during early development and become
oligodendrocytes (OLs), which will wrap the axons in layers of myelin to insulate this region and

boost the conduction speed of action potentials.

Khanbabei and colleagues recently showed increased myelination in the frontal brain of
neonatal male and female BTBR mice, a common model of idiopathic ASD. This increase was no
longer observed in adulthood, suggesting an accelerated phase of myelin development. They also
observed a decrease in the platelet-derived growth factor alpha (PDGFa) signaling, indicating
perturbed regulation of OPC maturation in the frontal brain (Khanbabaei et al. 2019). Another
study conducted a network analysis of gene expression of cerebellar tissue of ASD patients and
found up-regulation of OL markers, suggesting that aberrant expression of OL genes could
contribute to anomalous cerebellar development in ASD (Zeidan-Chulia et al. 2016). While these
and other studies have given evidence for increased myelination and increased expression of
myelin-related genes, other studies have shown data to the contrary. An investigation of OL-lineage
cells and myelination was conducted in the VPA ASD mouse model. These mice showed
hypomyelination in the basolateral amygdala and piriform cortex, as well as a decrease in the
number of OL-lineage cells and mature OLs in the piriform cortex and the medial prefrontal cortex;
however, the number of OPCs was unchanged (Graciarena et al. 2018). Overall, studies from both
mouse models and human ASD patients seem to indicate dysregulation of the OL maturation
process, leading to myelination and white matter abnormalities, though the specific types of

abnormalities seem to be dependent on several factors, including age and type of mutation.

Interestingly, the gene encoding chromatin helicase DNA binding protein 7 and 8 (CHD7 and
CHD8) has been implicated in ASD and myelin abnormalities. CHD8 haploinsufficiency is known to
result in ASD phenotypes in both humans and mice. Chd8 deletion in mice induces behavioral
defects including increased social interaction and anxiety-like behavior (Kawamura et al. 2020).
Chd8 was shown to regulate myelin-related gene expression and to be required for OL maturation
and myelination. It was recently reported that Chd7 protects non-proliferative OPCs from apoptosis

and controls OPC differentiation, while CHD7 and CHDS8 bind to a majority of ASD-risk genes in
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OPCs, which suggests an involvement of OL-lineage cells in some ASD-related defects (Marie et al.
2018). In addition to the effects of CHD7 and CHDS, several growth factors have also been shown to
regulate the maturation and proliferation of OPCs in the brain, including EGF and IGF-1, both of
which are activators of the mTOR signaling pathway; overactivation has been shown to prevent
glutamate-mediated apoptosis in immature OLs, which could potentially lead to abnormal
myelination (Galvez-Contreras et al. 2020). While some results show an increase in myelination in
ASD models and others show decreased myelination, it is clear that the myelination process is often
perturbed in ASD patients and can be affected at different stages in different manners depending

on the genes mutated.
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2. The CNTNAP2 Gene in Neurodevelopmental Disorders and ASD

CNTNAP2 is one of the largest genes in the human genome and is located on chromosome
70935. It is composed of 24 exons and 4 transcripts are translated into functional proteins. The main
transcript encodes a protein consisting of 1,331 amino acids, which is the protein referred as
Contactin-associated protein 2 or Caspr2 (Fig. 10). A secondary isoform (Caspr2-1so2) consisting of
108 amino acids, was identified more recently, but its functions are not yet known (N. Chen et al.
2015). The two other suspected isoforms consist of 119 and 390 amino acids, respectively, though
these have yet to be proven experimentally (N. Chen et al. 2015).

Caspr2 is a cell adhesion glycoprotein comprised of: a large extracellular domain containing
a Discoidin domain, 4 Laminin-G domains, an EGF and an EGF-like domain, and a fibrinogen-like
domain; a single-pass transmembrane domain; and, a small intracellular portion composed of a
PDZ-binding domain and a glycophorin C-neurexin IV-paranodin motif (GNP motif) that gives it the
capacity to associate with the actin-spectrin cytoskeleton through proteins of the 4.1 family (Fig.
10). Caspr2 is very well conserved amongst mammals, with 94% amino acid identity between
mouse and human. Caspr2-lso2 corresponds to just the C-terminal intracellular region of the
protein and the transmembrane domain, and is expressed at roughly a 10-fold lower amount in the
whole brain (N. Chen et al. 2015).

CNTNAPZ2 and Caspr2

2.26 Mb

Chromosome 7q35
2.3 Mb, 24 exons

‘ ‘ :
45.2Mb 47.2Mb

N W W) Caspr2 - 1322 aa
Wi Caspr2-Iso2- 108 aa

w [N N
BN 53 M L1 N 2 EOR FBRE 13 EMYUM 14 -E*g Caspr2

- ) .
Discoidin domain e 8 E * 8 Caspr2-Iso2
L1-L4, Laminin G domain

EGF-like domain

Plasma
Fibrinogen-like domain membrane

Transmembrane domain
I Glycophorin C-Neurexin IV-paranodin motif

PDZ-binding motif

Figure 10: Scheme of CNTNAP2 gene showing the two transcripts which encodeCaspr2 and Caspr2-Iso2, and the

corresponding proteins below, with labeled domains
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Caspr2 is heavily glycosylated during its maturation process, with 12 N-glycosylation sites
along its extracellular domain (Rubio-Marrero et al. 2016). The number of glycosylation sites
implies a complex maturation, protein folding, and trafficking process before it reaches its final
location at the cell membrane. While Caspr2 has not yet been crystallized, Lu and colleagues were
able to ascertain a reliable structure from electron tomography experiments and subsequent 3D
modeling (Fig. 11). This work revealed that the extracellular domain of the protein has three
distinct globular densities: a large lobe composed of the Discoidin domain and Laminin-G domains 1
and 2, a middle lobe composed of the fibrinogen-like domain and Laminin-G domain 3, and a small
lobe corresponding to Laminin-G domain 4. The large, middle, and small lobes are maintained as
well-defined entities within themselves, while the lobes can flex in relation to each other — with the
small lobe displaying the greatest freedom of movement (Z. Lu et al. 2016). Their analysis suggests
that Caspr2 also contains molecular hinges which correspond with the EGF-like repeats, which is
what permits the lobes to flex with respect to each other. Caspr2 is now thought to have two main
orientations: the vertical and the horizontal, which could alter where Caspr2 is localized within the
cell and could change its capacity to bind different protein partners (Z. Lu et al. 2016; Saint-Martin
et al. 2018).
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Figure 11: Conformation of Caspr2. A) Single particle EM of the extracellular domain of Caspr2 with overlay of one of
the rigid body models obtained with Coral to show the structure of Caspr2. LNS1-4, Laminin-G domains 1-4; Disc,
Discoidin domain; Fib-like, fibrinogen-like domain. B) Proposed conformation of Caspr2. Caspr2 is a ~145 A- long, ~90 A-
wide, and ~50 A- 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. Adapted from (Z. Lu et al. 2016; Saint-Martin et al. 2018).

2. A. Genetic Alterations in Neurodevelopmental Disorders

Many genetic alterations have been found in the CNTNAP2 gene in NDDs including ASD,
schizophrenia, intellectual disability, obsessive compulsive disorder (OCD), Pitt-Hopkins-like
syndrome, ADHD, Gilles de la Tourette syndrome, and cortical dysplasia-focal epilepsy (CDFE) (Fig.
12) (Poot 2015). In 2003, CNTNAP2 was found to be mutated in a family with Gilles de la Tourette
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syndrome and obsessive-compulsive disorder. The mutation involved a chromosomal insertion on
chromosome 7q35-36, which interrupted the gene (Verkerk et al. 2003). In 2006, researchers
identified a group of patients in an Old Order Amish family who all had CDFE, a disorder which is
characterized by seizures, language regression, hyperactivity, aggressive behavior, and intellectual
disability. All patients in the study were found to have a single-base deletion at nucleotide 3709 in
exon 22 of the gene; this frameshift mutation creates a stop codon prematurely and is predicted to
generate a non-functional protein due to the lack of cytoplasmic and transmembrane domains
(Strauss et al. 2006). All patients in the study were homozygous for this mutation. In 2009, a
homozygous deletion of exons 2-9 in CNTNAP2 were identified in siblings with Pitt-Hopkins-like
syndrome, which results in a predicted loss of some functional domains of the protein (Zweier et al.
2009); another patient exhibited a compound-heterozygous mutation resulting in the deletion of
exons 5-8, and subsequent loss of 2 Laminin-G domains in the protein (Zweier et al. 2009). Many of
the mutations observed in patients with the aforementioned disorders are deleterious due to
frame shift or loss of functional regions of the protein, and are caused by inherited recessive alleles
from both parents. However, patients with other NDDs, such as ASD, often inherit mutations in

CNTNAP2 from only one parent, but present symptoms strong enough to be diagnosed.

Additionally, in a genome-wide study to investigate CNVs in patients with epilepsy and
schizophrenia, Friedman and colleagues found unique CNVS all affecting the CNTNAP2 gene; they
also showed that there are dosage variations at this gene which can result in the previously
mentioned disease phenotypes (Friedman et al. 2008). These results indicate that rare mutations

and varying dosage of CNTNAP2 could cause both neurological and psychiatric disorders.

29



Poot 2010 Poot 2010 Poot 2010

i CNTNAP2 mutation map
Petrin 2010

Al-Murrani 2012

Smogavec 2016 p3 Watson 2014 Smogavec2016 p3

Smogavec2016 pl

Smogavec 2016 p2 Smogavec2016 p1

Mefford 2010

Pippucci 2015

Rodenas-Cuadrado 2014

Zweier 2009 Lee 2015
Mikhai 2011 Zweier 2009
Gregor 2011
Gregor 2011 Bakkaloglu 2008 Gregor 2011
Friedman 2007
spP F58C L2 E1l L3 E2 14 ™ PDZ
I | |1 W
‘ Icsszx T12781
H275A Smogavec Bakkaloglu
'Roak 2016 Y7165,G731S 1869T,R906H 2008
2011 Bakkaloglu Bakkaloglu 112537
N139S N4075,N418D 2008 2008 Bakkaloglu
Gokben Bakkaloglu | IVS10-1G>T W718X 2008
2017 2008 Zweler Gregor ;‘2531
r trauss
By, S o A1060E 209
Smogavec
D393-fs-XS51 2016 Marchese Atest
Gregor 2016 Bakkaloglu
o C989A-fs-X47 o1120H 2008
ASD (16/21) Smogavec Bakkaloglu
Epilepsy (16/17) 2016 R1119H
Intellectual disability (10/12) Rr1018x | Bakkaloglu
: 5 2008
Schizophrenia (2/2) i:&x““
CDFE (1/13)

Figure 12: CNTNAP2 mutation map. The CNTNAP2 gene and its 24 exons coding for Caspr2. Lines above the gene
represent large DNA deletions or duplications (Copy Number Variations, CNVs), while arrows indicate point mutations
below the gene. References (author’s name) are specified for each mutation. Patients presenting multiple CNTNAP2
mutations are indicated with p1 (patient 1) to p4 (patient 4). The legend box presents the main pathologies associated
with the mutations in different colors, and in brackets the number of distinct mutations and the number of patients for
each disease. SP: single peptide; F58C: Discoidin domain; L: Laminin G domain; E: Epidermal growth factor-like domain;
TM: Transmembrane domain; 4.1B: 4.1B-binding domain/GNP motif; PDZ: PDZ-binding domain (Saint-Martin et al.
2018).

2. B. CNTNAP2 Mutations in ASD patients

CNTNAP2 was proposed to be an ASD-susceptibility gene in 2008 by Alarcén and colleagues,
who used SNP analysis of the chromosomal region 7q34-36, encompassing the language
guantitative trait locus which known to exist at 7935 (Maricela Alarcén et al. 2008). Their analysis
identified 4 genes for further study, one of which was CNTNAP2. Within the same month,
Bakkaloglu and colleagues identified a de novo 7q inversion disrupting Autism susceptibility
candidate 2 (AUTS) and CNTNAP2 in a child displaying cognitive and social delay (Bakkaloglu et al.
2008). Further study of two of the previously identified SNPs were found to have no significant

association with ASD, suggesting that while CNTNAP2 dysregulation could play a role in some ASD

30



cases, it has a limited contribution to ASD susceptibility at the population level (Sampath et al.
2013).

More recently, a study by Shiota and colleagues assessed 67 children with ASD and 57
healthy children and genotyped them for the single-nucleotide polymorphism rs2710102 (G/A) of
CNTNAP2; they found a significant association between genotype and ASD group (Shiota et al.
2021). While this study does not imply causation, it does suggest that variations in SNPs along the
CNTNAP2 gene — and specifically at rs27101012 — are associated with at least some ASD traits.
Another SNP, rs7794745, was identified by Arking and colleagues, and was determined to be a
common variant associated with increased risk for ASD in independent family-based sample groups;
what’s more, this mutation was found to exhibit a parent-of-origin bias (Arking et al. 2008). The
group also references another study which identified CNTNAP2 as a gene which maps onto a region
of chromosomal instability; this could be one contributing factor to the fact that mutations in this
gene are linked to so many neurodevelopmental disorders (Smith et al. 2006). Several other studies
have linked CNTNAP2 mutations to ASD (Gregor et al. 2011; Poot et al. 2010; Qiu et al. 2022).

A study by Bakkaloglu and colleagues investigated CNTNAP2 mutations in ASD patients
(Bakkaloglu et al. 2008). They sequenced CNTNAP2 to investigate for mutations in a group of 635
patients and 942 controls. Within the 635 ASD patients, they found a total of 27 nonsynonymous
variants, with 13 of these being rare variants; 8 of these were missense variants and were predicted
to be deleterious via bioinformatic analysis (SIFT and/or PolyPhen) (Fig. 13). Interestingly, most rare
heterozygous variants were inherited from unaffected parents, and are all localized to the
extracellular region of the protein, except one (T1278l). One variant, 1869T, was identified in 4
individual patients from 3 unrelated families but was not found in 4,010 control chromosomes. This
variant was predicted to be deleterious by SIFT, and was shown to be conserved across several
species (Bakkaloglu et al. 2008). While the group did strongly suggest that these rare CNTNAP2
variants could contribute to ASD, it must be noted that they also identified variants in the control
individuals. Within the 942 controls, 35 nonsynonymous variants were identified, with 11 being

rare and 6 predicted to be deleterious (SIFT, PolyPhen).
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Figure 13: A) Pedigrees for all families with variants predicted to be deleterious at conserved sites (I to XIll) or which all
affected relatives carry the identified variant (IX—X). The individuals carrying the suspect allele are noted and are
heterozygous. The brothers inheriting the D1129H variant are monozygotic twins. Affected status was calculated with
the AGRE diagnosis algorithm, which is based on ADI-R scores. Blackened symbols represent an ASD diagnosis, half-
filled symbols indicate a not-quite-autism (NQA) diagnosis, and crosshatched individuals have a broad-spectrum
diagnosis. B) Distribution of the variants identified by Bakkaloglu et. al. along the extracellular region of the Caspr2

protein. Adapted from (Bakkaloglu et al. 2008).

While some groups have found ample evidence of CNTNAP2 mutations in ASD patients,
others have questioned this link (Toma et al. 2018; Murdoch et al. 2015) and have pointed to the
observation that many CNTNAP2 mutations also are present in healthy individuals (Fig. 14). A study
by Murdoch and colleagues evaluated existing sequence data of 2,704 ASD cases and 2,747
controls. In their combined cohorts, they found 26 rare variants in ASD cases and 28 rare variants in
controls; therefore, they found no evidence for significant association of rare heterozygous
mutations in any of the CNTNAP genes, including CNTNAP2, and ASD diagnosis (Murdoch et al.
2015). Additionally, Toma and colleagues used summary data from the Psychiatric Genomics
Consortium GWAS, along with all reported structural variants in patients and controls, performed a

cross-disorder analysis of previously identified SNPs, and conducted burden tests for rare
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pathogenic variants using sequencing data from 4,483 ASD cases, 6,135 schizophrenia cases, and
13,042 controls. They found that the distribution of CNVs across CNTNAP2 in psychiatric patients
was no different from that of control cases, and that the rare variant burden of CNTNAP2 in cases
versus controls showed no difference as well (Toma et al. 2018). These studies show that while
many rare CNTNAP2 variants have been identified in ASD patients, many have also been identified

in healthy individuals, therefore questioning the pathogenicity of these variants.
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Figure 14: CNTNAP2 heterozygous missense mutations in ASD patients and controls. All variants are localized in the
extracellular domain of the protein. Variants shown in red were identified in patients (n=2704); variants in green were
identified in controls (n=2747). Those predicted to be deleterious by SIFT are underlined in orange and those predicted

to be deleterious by PolyPhen2 are underlined in purple. Adapted from (Murdoch et al. 2015).

Of note, in recent years, several tools have been developed to help predict the effects of
mutations on protein function or pathogenicity level. One such software is MetaDome, which uses
input from several genetic databases to create mutation intolerance map, generating amino acid
resolution of genetic intolerance profiles for human protein domains (Wiel et al. 2019). This allows
insight into which domains of a protein may be most affected by mutation. Using this tool for
CNTNAP2, we can see that most of the extracellular domain of the Caspr2 is predicted to be
intolerant to amino acid changes, suggesting that CNTNAP2 variants identified so far could have
damaging effects (Fig. 15). However, one has to be cautious with this prediction since Caspr2
presents a tightly compact structure (Fig. 11), which the modeling program does not take into

account.
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Figure 15: Protein tolerance landscape for CNTNAP2/Caspr2 protein. Blue indicates residues which are tolerant of
mutation, while red indicates residues which are sensitive and are likely to have a greater effect when altered. Image

adapted from MetaDome webserver (https://stuart.radboudumc.nl/metadome/dashboard).

2. D. Cntnap2 Mouse Model and ASD

The Cntnap2 KO mouse was generated in 2003 and has since been extensively studied, with
multiple groups showing evidence of nervous system impairments and behavioral abnormalities,
supporting genetic data. In initial studies, Cntanp2 KO mice were shown to have epilepsy, neuronal
migration abnormalities, and ASD-related defects (Pefiagarikano et al. 2011; Sebastian Poliak et al.
2003). The Cntnap2 KO mice are often compared with other mouse models for ASD-risk genes,
including Shank3b KO, Fmrl KO, Pten KO, Pcdh10 KO, Tsc1 KO, and 16p11.2 KO (Brunner et al.
2015; Zerbi et al. 2018; Angelakos et al. 2019; Binder et al. 2020) in order to identify common

pathways, behaviors, or brain structures that are altered.

When studying these ASD-risk genes in rodents, there are several behavioral tests which can
be used to evaluate how certain genes could contribute to ASD-like behaviors. For anxiety-like
behaviors, the open field test is often used to assess activity (distance traveled during a set time),
resting time, and the amount of time spent in the center of the open field versus the edge.
Increased activity and increased time spent around the edges of the field is associated with an
anxious phenotype in mice. The rotarod test is also commonly used to assess learning capacity and
locomotive performance. The mice are placed on a thick horizontal rod which is fixed on both ends
and rotates/rolls/turns at steadily increasing speeds. The mice must hang on while walking and
maintain balance for as long as possible, and duration is measured over consecutive days. Another
test used to assess locomotion is the cyclotron test, in which mice are placed in a circular corridor
for a fixed amount of time while the number of quarter-turns and rears they make are recorded by

sensors. This test allows mice to be assessed for both locomotion and exploration behavior.
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Pefiagarikano and colleagues demonstrated that Cntnap2 KO are hyperactive in the open field test
and rotarod test, and another group showed that Cntnap2 KO mice exhibit increased distance
moved in a novel environment, indicating increased exploratory behavior and potential

hyperactivity (Pefiagarikano et al. 2011; R. Scott et al. 2019).

In addition to these tests, mice can be assessed for other ASD-like behaviors, such as
stereotypical movements and repetitive behaviors. Mice can be observed via a home-cage scan
which monitors their behavior over longer periods of time in a natural environment, and they can
also be observed by eye for shorter periods of time with repetitive movements like scratching,
twitching, or grooming recorded. Increased grooming and rubbing time as well as increased
spontaneous/involuntary movements have been reported in Cntnap2 KO by Scott and colleagues
(R. Scott et al. 2019). Increased self-grooming time was also reported in Cntnap2 KO mice by Kim
and colleagues (Kim, Park, Kang, Gonzales, Oh, et al. 2019). Another study attempted to
characterize different types of grooming behavior in detail, and showed that Cntnap2 KO mice

displayed more body grooming compared to their WT littermates (Klibaite et al. 2022).

Another key aspect of ASD is the lack of normal social interaction and communication
deficits. Some ASD mouse models show perturbed social interaction, while others have more
recently been shown to have altered communication, a trait which is now able to be studied more
thoroughly due to advanced recording devices and high-throughput data analyses of ultrasonic
vocalizations. Pefiagarikano and colleagues observed that Cntnap2 KO mice produced a lower
number of ultrasonic calls at all developmental stages than WT mice (Pefiagarikano et al. 2011).
Mice can also be tested for social interaction via the juvenile play test or the three-chamber test.
The juvenile play test involves recording the amount of time young mice spend interacting with
each other versus other behaviors like digging or grooming. The three-chamber test consists of
placing a mouse in an open field with three areas: an empty area, an area with a stranger mouse in
a cup, and an area with an inanimate object in a cup. Normally, mice are very social animals and will
prefer to spend time with the other mouse rather than in the other areas. However, in the study by
Jang and colleagues, Cntnap2 KO mice were shown to have no preference for the mouse over the
inanimate object (Jang et al. 2022). Another study showed that Cntnap2 KO mice displayed reduced
preference for the conspecific mouse in the three-chamber test, as well as reduced interaction time

in the juvenile play test (Kim, Park, Kang, Gonzales, Oh, et al. 2019).

In addition to these social and cognitive deficits, Cntnap2 KO mice have also been reported
to have motor and sensory defects. The mice show forelimb lag during their walking gait and
defects in multi-day adaptation to motor tasks, according to a recent study (Klibaite et al. 2022).
Hypersensitivity to both pain and heat were also reported in Cntnap2 KO mice (Z. Zhang et al.
2021). Sensitivity can be measured in several ways, such as placing mice on a hot plate or
conducting a thermal preference test and recording the time to hind paw withdrawal from the

stimulus or poking the hind paws with fibers of increasing rigidity to record the mechanical stimulus
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threshold (von Frey test). Using these tests, Dawes and colleagues observed that Cntanp2 KO mice
show increased sensitivity to mechanical stimuli and nociceptive stimuli (capsaicin injection) when

compared to WT mice (Dawes et al. 2018).

In a recent study by our lab, Cntnap2 HET mice were shown to have motor abnormalities,
making more errors in the grid test (Cifuentes-Diaz et al. 2023); this test involves placing the mice in
a box with a grid on the bottom made of evenly spaced thin metal bars. The mouse is left to wander
the box for a fixed amount of time, and the number of slips/errors in foot placement is recorded.
These results were especially interesting as Cntnap2 HET mice are not often studied. This suggests

that even a 50% reduction in Caspr2 protein level can lead to behavioral deficits.
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3. CNTNAP2 and Caspr2 Tissue Expression

Caspr2 was first characterized in 1999 by Poliak and colleagues, who demonstrated that it
was located in the juxtaparanodal region of the node of Ranvier in central and peripheral mature
myelinated fibers (S. Poliak et al. 1999); this will be detailed later in the Introduction. More
recently, genetic data as inspired many studies to further investigate the expression patterns of
Caspr2 and its potential functions during brain development, which could support the implication
of the CNTNAP2 gene in NDDs and ASD.

While overall Caspr2 tissue expression is thought to be comparable in mouse and human,
much more data is available concerning Caspr2 expression in mouse and rat than in human, as
samples are more abundant. When it was first described, CNTNAP2 was shown to be expressed
primarily in the nervous system — specifically human brain and spinal cord, with some light
expression in the prostate and ovaries as well (Fig. 16A). During development, CNTNAP2 expression
was shown to overlap with cortico-striato-thalamic circuitry involved in higher cognitive processes,
as well as in the frontal gray matter, subcortical structures, dorsal thalamus, caudate putamen, and
amygdala in human fetuses (Fig. 16B) (Abrahams et al. 2007; Maricela Alarcén et al. 2008). In rat
brain, Caspr2 was found to be expressed mainly in neurons, in pyramidal cells in the CA3 region of
the hippocampus, in the subicular complex, the amygdala, and the cortex (S. Poliak et al. 1999). In
mouse brain, Cntnap2 expression was detected from around E14-15 (Fig. 16C) and is enriched in
the cortex, ventricular zone, marginal zone, subplate and ganglionic eminence (Canali et al. 2018;
Maricela Alarcén et al. 2008), continuing into adulthood and has been shown to have different

expression patterns during different developmental time periods.

The expression pattern was more deeply evaluated in mice by Gordon and colleagues, who
generated a Caspr2/tau-LacZ mouse line in which the first exon encoding ATG of Caspr2 was
replaced with a tau-LacZ gene, which, when expressed, would allow and X-gal staining to mark all
Caspr2 expressing brain regions through development to adulthood. They observed that Caspr2 is
dynamically expressed from early developmental stages (Fig. 17). In adulthood, a particularly strong
expression was detected in the cortex, hippocampus, substantia nigra, interpeduncle nucleus,
pontine nucleus, and the medial mammillary nucleus. Furthermore, Gordon and colleagues showed
that Caspr2 was also expressed in sensory areas. The areas showing Caspr2 expression were
observed in all sensory pathways (auditory, visual, gustatory, somatosensory, and olfactory), and at
all levels of perception, from sensory organs and brain stem nuclei to the thalamus and cortex. Of
note, the Caspr2/tau-LacZ mouse line allowed detection of the expression of Caspr2-isoform 1 only,
and little is known about Caspr2-isoform 2. One recent study by Montalban et al. indicates that the
two isoforms could present differential expression patterns in mouse: Caspr2-isoform 1 was shown
to be enriched in the dorsal striatum while Caspr2-isoform 2 is enriched in the nucleus accumbens,

suggesting potential specific roles for the different isoforms (Montalban et al. 2022).
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Importantly, Gegenhuber and colleagues recently showed that the transcription factor
oestrogen receptor-a (ERa) could underlie several sex differences in the brain by studying the
genomic targets of ERa (Gegenhuber et al. 2022). They identified brain-specific ERa binding events
enriched for synaptic and neurodevelopmental disease Gene Ontology terms, including
CNTNAP2/Caspr2, indicating CNTNAP2 expression could be regulated by oestradiaol. This suggests

that Caspr2 expression could vary by sex
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Figure 16: A) CNTNAP2 tissue expression in human. Northern blots containing mRNA from various human tissues were
hybridized with a Caspr2-specific probe. The autoradiogram is shown along with MW markers on the right. B) CNTNAP2
expression in human brain. Top: autoradiograms of midline sagittal sections obtained from an 18-week and a 20-week
fetal brain show striking enrichment of CNTNAP2 in frontal gray matter, corresponding roughly to a region between the
orbital gyrus and superior frontal cortical anlagen. Strong labeling is also observed in basal ganglia, thalamus, and
amygdala. Bottom: Autoradiograms of coronal sections from two 19-week fetal brains demonstrate high levels of
CNTNAP2 in amygdala, caudate, cortical plate, dorsal thalamus, and putamen. Abbreviations: Amyg, amygdala; Caud,
caudate; Ctx, cortex; Put, putamen; and Thal, thalamus. C) Left: Western blot of Caspr2 expression during development.
Right: In situ hybridization of Cntnap2 in WT embryos. CP, cortical plate; VZ, ventricular zone; LGE, lateral ganglionic
eminence; MGE, medial ganglionic eminence; CGE, caudal ganglionic eminence. Arrows show expression of Cntnap2 in
the ganglionic eminences, arrowheads show expression of the gene in regions that contain migrating interneurons. n =
3 embryos/mice for each age. Adapted from (S. Poliak et al. 1999; Maricela Alarcén et al. 2008; Pefiagarikano et al.
2011).
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Figure 17: Caspr2 is dynamically expressed during development. A) Staining of mouse brains sagittal sections from E18
to adult. Caspr2 can be seen throughout many brain regions. TH-thalamus, Hyp-hypothalamus, SC-superior colliculus,
Cereb-cerebellum, OB-olfactory bulb. B) High magnification of the cortex reveals expression starting at the surface and
later moving into deeper layers of the cortex. C) Caspr2 is expressed in nerves innervating the footpad of E15 mice. D)
DRG of E15 mice also express Caspr2. E) Expression is also seen in the dorsal (sensory) part of the spinal cord. F) Caspr2
is expressed in the ventral posterolateral thalamic nucleus (VPL), an area of the brain involved in somatosensory

processing. Adapted from (Gordon et al. 2016).
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4. Caspr2 functions in synapse formation and brain connectivity

Due to its capacity to interact with both cell adhesion molecules and cytoskeletal elements
and its large expression in the brain from early developmental stages to adulthood, Caspr2 was
found to play multiple roles during development in neuronal migration and interneuron
maturation, as well as in the formation of synapses and brain connectivity in vivo, which | will detail
forthwith.

4. A. Caspr2 and Synaptogenesis

As discussed briefly in section 1. E. i., Caspr2 has been shown to localize at the synaptic
compartment. Anderson and colleagues strove to further study the role of Caspr2 in early
development by using cortical neurons cultured from newborn mouse pups and knocking down
(KD) Caspr2 expression in vitro (Anderson et al. 2012). They reported that reduced expression of
Capsr2 suppresses neural network activity, an effect which is rescued when Caspr2 is fully
expressed again. They then measured the size of evoked AMPA receptor and NMDA receptor-
mediated excitatory postsynaptic currents (EPSCs) and found that KD of Caspr2 decreased the
amplitudes of all synaptic responses in a cell-autonomous manner. In an effort to better
understand these mechanisms, they investigated neuron morphology and found that Caspr2 KD
impairs dendritic arbor and spine development (Anderson et al. 2012). The method by which this
could occur was further explored by Varea and colleagues, who studied the subcellular localization
of Caspr2 using mature cortical neurons cultured in vitro (DIV21) and found that Caspr2 is localized
in axons, dendrites, spines, and soma (Varea et al. 2015). They also observed colocalization of
Caspr2 and AMPA receptor subunit GluAl, indicating that Caspr2 is present in excitatory synapses.
Furthermore, Cntnap2 KO neurons showed reduced AMPA receptor levels and had large aggregates
of GIuAl in the soma, indicating that Caspr2 could be involved in GluAl trafficking (Varea et al.
2015). More recently, it was shown that Caspr2 stabilizes interneuron dendritic arbors via CASK,
and that Caspr2-CASK and Caspr2-GluAl complexes are formed in vivo, suggesting that Caspr2 and
CASK work together to effectively traffic GluAl to the membrane (Gao et al. 2019). However,
despite this role in trafficking of key synaptic components, Caspr2 expression is not able to induce
synaptic sites in vitro, while neuroligin and neurexin are, indicating that Caspr2 is not necessary for

synapse formation.

While Varea et al. showed that Caspr2 could be present in excitatory synapses, other studies
have shown that the protein is also present in inhibitory synapses. Caspr2 labelling was shown in
about 58% of inhibitory (GAD65+) neurons as opposed to only 4% of excitatory (GD65-) neurons at
DIV4; of the 81% of neurons in the culture that expressed Caspr2, 81% were inhibitory neurons
(Pinatel et al. 2015). Caspr2 was also shown to colocalize with presynaptic vesicular glutamate
transporter 1 (vGLUT1) at pre-synaptic sites, and presynaptic sites labeled for GAD65 were also
strongly labeled with Caspr2 at the contact with the soma (Fig. 18) (Pinatel et al. 2015). Another
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study showed that RNAi-mediated knockdown of Caspr2 led to a decrease in dendritic arborization
and spine development in pyramidal neurons, leading to an overall reduction in the number of both
excitatory and inhibitory synapses (Anderson et al. 2012). Furthermore, Cntnap2 KO mice were
shown to display a 20% decrease in the number of inhibitory interneurons, along with decreased
GABA receptor-mediated inhibitory postsynaptic currents (IPSCs) (Anderson et al. 2012). Cntnap2
deletion has also been shown to affect inhibition onto CA1 pyramidal cells, with reduced evoked
IPSCs in the Cntnap2 KO mice (Jurgensen and Castillo 2015). This study demonstrated that Cntnap2
deletion can affect hippocampal inhibition while leaving excitation unchanged (Jurgensen and
Castillo 2015).

/. Qverlay

Figure 18: Distribution of Caspr2 at pre-synaptic sites of inhibitory axons. Confocal images of hippocampal neurons at
DIV14 (A,B) 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, green). (A’) Enlarged areas shows glutamatergic pre-
synaptic sites stained for Caspr2. (B’) Inhibitory pre-synaptic sites labeled for GAD65 (arrowheads) were intensely

stained for Caspr2 at the contact with the soma or dendrites (B’). Adapted from (Pinatel et al. 2015).

4. B. Caspr2 and Connectivity in vivo + E/I Balance

Given that Caspr2 has been implicated in the synaptic compartment and possible
contributions to synaptic organization and receptor trafficking, the potential role of Caspr2 in brain
connectivity has been studied by several groups, though the jury is still out on this topic. Kim et al.
showed that Cntnap2 KO mice have reduced excitatory synaptic transmission in layer II/Ill neurons

of the prefrontal cortex — specifically a reduced mEPSC amplitude, while the frequency remained
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unchanged (Kim, Park, Kang, Gonzales, Kim, et al. 2019). Fernandes et al. also showed that upon
treatment with Caspr2 antibodies in layer IlI/lll pyramidal neurons, mEPSCs showed smaller
amplitudes and unaltered frequency (Fernandes et al. 2019). Meanwhile, a study by Scott et al.
showed that Cntnap2 KO mice have abnormal action potential (AP) waveform when fiber volleys
(FV) were measured from the contralateral hemisphere. FV are significantly reduced in Cntnap2 KO
mice, which indicates possible changes in AP waveform. Sure enough, they observed that the anti-
peak amplitudes are significantly reduced in 8-week old Cntnap2 KO mice (R. Scott et al. 2019).
Furthermore, they observed increased amplitude of EPSCs likely due to increased neurotransmitter
release from wider APs in the presynaptic excitatory neurons; their results point to perturbed

excitatory connectivity and normal inhibitory connectivity in Cntnap2 KO mice (R. Scott et al. 2019).

At the tissue scale, Liska and colleauges performed fMRI studies and retrograde viral tracing
in Cntnap2 KO mice to map large-scale functional connectivity and white matter deficits. They
found that the loss of Caspr2 results in reductions of both local- and long-range connectivity in
prefrontal regions which serve as functional connectivity centers in the brain, suggesting that
Caspr2 could modulate functional network assembly (Fig. 19) (Liska et al. 2018). When Balasco and
colleagues investigated the primary somatosensory cortex (S1) in Cntnap2 KO mice, they found that
the mutants showed focal hyperconnectivity within this area, with no change between it and other
sensory areas, which could explain the sensory alterations observed in Cntnap2 mutant mice
(Balasco et al. 2022). In the medial prefrontal cortex (mPFC), Lazaro and colleagues demonstrated a
reduction in both excitatory and inhibitory synaptic inputs onto excitatory neurons, along with
decreased excitatory neurotransmission and a decrease in dendritic spine and synapse densities
(Lazaro et al. 2019). Their results point to alterations in synchronous activity in the mPFC and, more
globally, alterations in microcircuit connectivity and abnormal population activity in the absence of
Cntnap2. Perturbed connectivity has also been reported in the auditory cortex in the absence of
Cntnap2. In a recent study by Scott and colleagues, they showed that loss of Cntnap2 leads to
abnormal auditory-evoked potentials in the cortex, in addition to decreased spontaneous activity in
the auditory cortex of Cntnap2 KO rats. Furthermore, they report that auditory cortical neurons
lacking Cntnap2 have a lower stimulation threshold for depolarization accompanied by altered AP
features and spiking kinetics (K. E. Scott et al. 2022). It could be that Caspr2 contributes

differentially to connectivity in different regions of the brain, as it evidenced by these studies.
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Figure 19: Reduced local and long-range connectivity in Cntnap2”~ mutants. (a) Foci of reduced local connectivity in
Cntnap2™~ versus control Cntnap2** littermates (t-test; P < 0.05 FWE cluster-corrected, with cluster-defining threshold
of t2a > 2.06, P < 0.05). (b) Mean local connectivity in regions of interest (t-test; Cg: t2a = 3.11, P = 0.005). (c) Foci of
reduced long-range connectivity in Cntnap2”~ versus control Cntnap2**littermates (t-test; P< 0.05 FWE cluster-
corrected, with cluster-defining threshold of t24 > 2.06, P < 0.05). (d) Mean long-range connectivity in regions of interest
(t-test; Cg: taa = 2.26, P = 0.03). IL, infralimbic cortex; PrL, prelimbic cortex, Cg, cingulate cortex; Rs, retrosplenial cortex,
*P < 0.05, **P < 0.01. (Liska et al. 2018).

One interesting concept that has been explored in Cntnap2 mice is the E/I ratio, which could
be perturbed. Different ASD models have been proposed to show an increase in E/I ratio in the
cortex, which could drive hyperexcitability in cortical circuits. Antoine and colleagues studied the
feedforward circuit from layer IV to layer I/l pyramidal cells, which is mediated by PV+
interneurons, in Cntnap2 KO mice. These mutants exhibited decreased inhibition and slightly
decreased excitation, which yields an increased E/I ratio, though synaptic depolarization and
spiking remained relatively unchanged (Antoine et al. 2019). They posit that this E/I ratio increase
could be a sort of compensatory mechanism which stabilizes synaptic depolarization and
excitability, rather than directly causing circuit hyperexcitibilty (Antoine et al. 2019). More recently,
Lu and colleagues examined a CNTNAP2 variant discovered in an ASD infant (R777G). When this
variant was electroporated into primary mouse neurons, the mutant neurons showed decreased
neurite extension and abnormal E/I balance (P. Lu et al. 2021). It seems that although the
contributions of Caspr2 to connectivity in the brain may be region-specific, the E/I ratio is generally

increased in the Cntnap2 KO mouse models that have been studied.

Interestingly, recent evidence also suggests that some of the functions of Caspr2 in brain

connectivity may be sex-dependent. A study by Townsend and colleagues showed that the visually
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evoked activity in dorsal stream-associated visual areas was altered in male Cntnap2 HET and
Cntanp2 KO mice, but unchanged in female mice (Townsend and Smith 2017). Another group
demonstrated that female Cntnap2 KO rats displayed increased pontine reticular nucleus firing
rates compared to WT, while males showed no differences, implying that a loss of function

mutation in the Cntnap2 gene can have differential effects depending on sex (A. Zheng et al. 2023).
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5. Caspr2 and Cortical Development

One of the most complex parts of the human brain is the cortex. The correct development
of this brain region in a highly organized manner is part of what ensures a healthy overall brain
development, and if any step of the process is perturbed, developmental delays or defects and
deformations may ensue. The mammalian cortex is comprised of six different layers of cells, all
originating from the innermost part of the neural tube during early development, called the
ventricular zone (VZ). As more cells are produced, they begin to migrate to their final destinations.
In the cortex, cells migrate in an inside-out manner, each time using the basal processes of
previously generated neurons to “climb” up through the inner layers of the cortex to reach the
outer layers. This process is called radial migration and is outlined below (Fig. 20). By following this
process, the early-born neurons will form the deeper cortical layers, while late-born neurons will
end up in the external layers of the cortex. This type of migration applies to roughly 70-80% of
migrating neurons in the brain (Tierney and Nelson 2009). Once the migrating neurons which
originate in the VZ have made their way up to the cortical plate (CP), these neurons will leave the

basal processes of their predecessors and differentiate to form the neurons of their specific cortical
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Figure 20: Systematic formation of cortical layers. During early stages of cerebral cortical development, neural stem
cells (NSCs) undergo predominantly symmetric cell division to expand the NSC pool (expansion phase). The first
neurons to be formed are generated by direct neurogenesis of the NSCs. During late embryogenesis, NSCs undergo
more asymmetric divisions to generate 1 NSC and 1 basal progenitor (BP). The BPs generate mature neurons. Neurons
are generated in inside-out fashion and are specified to their layers by transcription factors, shown at right. At later
stages of development NSCs generate other cell types such as astrocytes and oligodendrocytes. BP, basal progenitors;
IZ, intermediate zone; NBNs, newborn neurons; NSCS, neural stem cells; SVZ, subventricular zone; VZ, ventricular zone
(Mukhtar and Taylor 2018).
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A key aspect of cortical development is the generation and migration of interneurons.
Interneurons are a type of neuron which act as a mediator between sensory and motor neurons
and the central nervous system. These neurons comprise approximately 20-30% of neurons in the
neocortex, and are mostly inhibitory, operating within the GABAergic system. Different types of
interneurons express distinct neuropeptides; for example, basket cells, which make up about 50%
of inhibitory interneurons, express parvalbumin (PV) and calbindin (CB) (Markram et al. 2004).
Martinotti cells are a type of interneuron which expresses somatostatin (SST); these interneurons
have ascending axons which arborize in Layer | of the cortex and spread horizontally, making
synapses on pyramidal neurons. Many of these cells are found in cortical Layer V (Rudy et al. 2011).
Interneurons are generated from progenitor cells in the embryonic subpallium from around E11.5;
soon after becoming postmitotic, these young interneurons will undergo a long tangential
migration around E14.5 and finally reach the pallium via several streams. Once here, interneurons

will disperse throughout the cortex starting from PO (Lim et al. 2018).
5. A. Caspr2 in Cortical Migration and Interneuron Maturation

Strauss and colleagues studied temporal lobe samples from Old Order Amish children with
cortical dysplasia and focal epilepsy who carried homozygous mutation of CNTNAP2 (Strauss et al.
2006). They found that in multiple cortical areas, neurons were abnormally arranged into tightly
packed columns, while in the hippocampus and temporal neocortex, neuron density was increased.
They also observed ectopic neurons located in the subcortical white matter. These results
suggested that Caspr2 could be involved in corticogenesis and could mediate intercellular
interactions during neuroblast migration and laminar organization. While these results are
interesting, there were not many samples available for staining and analysis. Further evidence for
the role of Caspr2 in neuronal migration came in 2011 from Pefagarikano and colleagues. They
observed ectopic neurons in the CC of KO mutant mice at P14, after neuronal migration is
completed, which was maintained into adulthood (Pefiagarikano et al. 2011). These results are
interesting given the ectopic neurons also observed in human samples by Strauss et al. Staining
with cortical markers CUX1 (upper layer marker) and FOXP2 (deeper layer marker) revealed
increased CUX1+ cells in deep cortical layers in the KO mice, while FOXP2+ cells showed no
differences (Penagarikano et al. 2011). Their data indicate that Caspr2 is necessary for the normal
migration of cortical projection neurons in the brain. However, a more recent study by Scott and
colleagues has shown conflicting results. In adult mice, they found no differences in the number of

CUX1+ (upper layer) or Ctip2+ (deeper layer) cells in Cntnap2 KO mouse brains (R. Scott et al. 2019).

In addition to the above observations by Pefiagarikano and colleagues, they also observed a
reduced number of GABAergic interneurons in Cntnap2 KO mice via GAD1 immunostaining at P14;
this was revealed to be due to a reduction specifically in PVALB+ interneurons (Pefiagarikano et al.
2011). Vogt and colleagues observed concordant results in which PV+ interneurons were decreased

in P30 somatosensory cortex of Cntnap2 KO mice, with no change in SST+ cortical interneurons
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(Vogt et al. 2018). Contrarily, Scott and colleagues observed no differences in PV+ or SST+ cell
number in the neocortex of Cntnap2 KO mice at P56 (R. Scott et al. 2019). Evidence for both sides
was reported by Lauber and colleagues, who undertook a deeper study into different types of
interneurons in Cntnap2 KO mice at P25. They observed no decrease in PVLAB+ neurons in the
striatum, somatosensory cortex, or medial prefrontal cortex when staining for VVA+ perineuronal
nets; however, the number of PV+ neurons was decreased in the striatum. No changes were
observed in PV+ cell numbers in cortical regions (Lauber, Filice, and Schwaller 2018). These studies
suggest that Caspr2 could contribute to the maturation of specific types of interneurons, rather
than to their migration, and questions whether observed reductions in PV+ interneuron number
could be due to a down-regulation of PV expression in lieu of a physical decrease in the number of

interneurons (Lauber, Filice, and Schwaller 2018).
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6. Caspr2 and Interhemispheric Myelinated Tracts

In the brain, there are two main myelinated tracts which are made up of long-distance
axons covered by a myelin sheath. These neurons may have their somas in the cortex or other brain
regions, and project their axons through these tracts to communicate information to the
contralateral side of the brain; therefore, they are often referred to as projection neurons. There
are different types of cortical projection neurons (CPNs) which will be formed in the different layers
of the cortex. Associative projection neurons send their axons to other locations within the same
hemisphere of the brain, connecting local areas. Commissural and callosal projection neurons
extend their axons to the contralateral hemisphere which will form the CC and the anterior
commissure (AC) (Mukhtar and Taylor 2018). These tracts connect different brain regions and allow
communication between both sides of the brain. Deep layer CPNs typically have long-distance
projecting axons, while superficial layer CPNs participate in local circuitry within cortical columns

(Leyva-Diaz and Lopez-Bendito 2013).
6. A. The Corpus Callosum

In human the corpus callosum is comprised of over 200 million myelinated axons which are
extended from the neuronal somas of the cortex and projected contralaterally to the opposite side
of the brain. This large brain structure can be thought of as a highway relaying information from
one side of the brain to the other, connecting right and left hemispheres. In 1989, Sandra Witelson
conducted post-mortem studies on healthy individuals with varying handedness; this led to the
definition of distinct regions with the CC. These include the rostrum, the genu, the body, the
isthmus, and the splenium (Witelson 1989). Upon further investigation of the substructure of the
CC, several studies showed that the myelinated fibers of the CC are organized by size and density in

the different regions (Aboitiz et al. 1992; Hofer et al. 2015). These are outlined in Fig. 21.
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Figure 21: A) Structural organization of the human corpus callosum (hCC) represented from rostral to caudal. B)

Functional organization of the hCC represented from rostral to caudal. (De Ledn Reyes, Bragg-Gonzalo, and Nieto 2020).

In mouse, the CC is formed in the dorsomedial region of the cerebral cortex along the
boundary between the septum and the cortex. The CC is comprised of CPNs from layers I/l (~
80%) and layer V (~ 20%) and a small amount of CPNs from layer VI (Fame, MacDonald, and Macklis
2011). The first step of CC formation is the fusion of the telencephalic midline of the brain, which
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will act as a substrate through which the callosal axons can grow. The CC consists of two
populations of axons that come from different cortical areas: the neocortex and the cingulate
cortex. The axons from the cingulate cortex arrive at the midline first, with neocortical axons
following about 24 hours later (in mice). Because the cingulate cortical axons arrive at the midline
first, they are deemed “pioneering axons” of the CC (Donahoo and Richards 2009). There are
several other groups of cells which help to form the CC, including the midline zipper glia, the glial
wedge, the indusium griseum glia, and the subcallosal sling (Fig. 22). In mice, the formation of the
CC begins around gestational day 16 (E16). By P3 in mice, all Layer IV neurons have a callosal axon

(De Ledn Reyes, Bragg-Gonzalo, and Nieto 2020).

Once the pioneering axons have crossed the midline, they will begin to project into the
contralateral hemisphere of the brain to find their targets. Long-range signaling molecules such as
Slit/Robo, Wnt, and Netrin aid in the guidance of these axons through the CC and into the
contralateral domain. It’s been shown in experiments using carbocyanine dyes to inject mouse
brains at different time points in vivo that the CC also develops in a directional manner, with the
structure forming in a rostral to caudal direction; these same results were observed in human (Ren
et al. 2006; Richards, Plachez, and Ren 2004). Axons from rostral regions are shown to cross the
midline by E15.5, followed by axons from medial regions around E16, and axons from caudal
regions at E16.5, with axons from all regions having crossed the midline by around day E17
(Richards, Plachez, and Ren 2004).

— 8 . — .
‘/ X * /\\\)f \
\
| r [\;v < > - 2 -
| Isocortical 7 ~ Cingulate| = ‘
Cingulate, neuron | Isocortical ~ e Isocortical
2| neuron ( neuron : - neuron
i U Indusium
U Indusium griseum glia
i _J-griseum glia
Glial wedg = 7 7 ,.\-/4
/\ \ " A — Glial wed Subcallosal
L / L — aiial wfedg Subcallosal fRlwedg sling
S~ % sing = S
E15 E16 | Midline zipper glia E17 Midline zipper glia

Figure 22: Cellular architecture of the telencephalic midline and callosal development in mouse. A) The ventral-most
boundary of the corpus callosum is established by glial wedge cells, as cingulate pioneering axons first cross the midline
at E15, while the more laterally located isocortical axons grow toward the midline following cingulate axons. B) At E16,
a small number of isocortical axons have crossed the midline, and the indusium griseum glia and midline zipper glia are
now detectable with Gfap immunohistochemistry. The indusium griseum glia provide the dorsal boundary of the corpus
callosum. In addition, cells of the subcallosal sling begin to migrate toward the midline, just beneath the corpus
callosum. C) By E17, isocortical axons have started crossing the midline, and cingulate pioneering axons are projecting
to homotopic targets in the contralateral hemisphere. Midline crossing of callosal axons continues during early

postnatal stages in mice (Sudrez, Gobius, and Richards 2014).
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After many of these cortical neurons have projected their axons through the CC, there is a period of
exuberance and refinement in which underutilized callosal axons will be eliminated; this process
does not involve cell death, but rather the elimination of transient axons (LaMantia and Rakic 1990;
De Ledn Reyes, Bragg-Gonzalo, and Nieto 2020). This refinement process will take place from
around P3 to P21 in mice, when adult local connectivity is reached and axons are myelinated; this is
based upon many factors, including activity-dependent mechanisms during critical periods. Human
CC development parallels that of the mouse, with CC formation beginning around gestational week
11, first axons crossing the midline by week 13, and continuing until week 22 (Fig. 23) (Raybaud
2010). The rostral portion of the CC is visible from 15 gestational weeks, while the more caudal

portion isn’t observable until gestational weeks 18-19 (Ren et al. 2006).
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Figure 23: Embryonic and early postnatal development of the human CC. First, callosal projecting neurons (CPNs)
project their axons through the midline. All CC structures are visible by gestation week (GW) 20. CC axonal elongation
continues until GW30. Then, 21% of the total CC cross-sectional area is reduced. During the second postnatal month,
myelination begins, and CC thickness gradually increases. Adult-like thickness is achieved by around 9 years (De Ledn

Reyes, Bragg-Gonzalo, and Nieto 2020).

6. B. The Anterior Commissure

The AC is the oldest interhemispheric connection among all vertebrates and conveys
connections from diverse brain regions. These include the olfactory and amygdaloid regions, as well
as the temporal lobes and the piriform cortex. The AC is comprised of three main branches: the
anterior branch (ACa), comprised of fibers from the anterior olfactory nucleus to the contralateral
olfactory bulb; the posterior branch (ACp), comprised of fibers from the piriform cortex, lateral
entorhinal cortex, and ectorhinal and temporal association areas; and the stria terminalis branch,
comprised of fibers from the cortical amygdala and nucleus of the lateral olfactory tract that join
the dorsocaudal aspect of the AC after circling around the stria terminalis (Fig. 24A) (Fenlon et al.
2021).
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Figure 24: A) Schematic representation of the structure of the AC showing the ACa and the ACp. B) Timeline of anterior
commissure development as demonstrated by labeling piriform cortex precursor cells with the piggyBac transposon
system. Coronal sections and diagrams illustrating axon growth at E13, E14, E15, E16, E17 and PO. CAB cortico-
amygdaloid border, CSB cortico-striatal border, LCS lateral cortical stream, ML midline. Scale bars =500 um in A, C, F, H,
J,I,N,Pand R; 50 umin A’, D, F/, H’, L', N’; 5 um in J’ (Martin-Lopez, Meller, and Greer 2018).

Development of the AC begins along the rostral midline domain, just after the closure of the
anterior neuropore (Fig. 24B). The lamina terminalis grows dorsally and glial cells accumulate here,
where they will help to channel pioneering axons of the AC. In mice, the ACp begins to form around
E13, followed by the stria terminalis and ACa (E14-E15). The first axons will reach the midline
around E14 (Klingler et al. 2015; Martin-Lopez, Meller, and Greer 2018). Once the pioneering axons
arrive here, there is a slight pause in development; by E16, these axons progress once more to
invade the contralateral hemisphere, growing consistently until E17, by which time they've
successfully invaded their targets, such as the olfactory cortex). Following this growth period, there
is another pause in which axon bundles begin to defasciculate and wait until P1 to begin
innervating the cortex (Fenlon et al. 2021). After these axons have reached their destinations,
oligodendrocytes can begin the myelination process around P10, undergoing a rapid phase starting

at P14, and reaching full adult myelination levels around P30.
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6. C. Caspr2 in Axon and Myelinated Tract Development

Development of both the CC and the AC relies on the processes of axon elongation and
subsequent myelination to properly form these white matter tracts. The lab provided evidence that
Caspr2 contributes to the development of both the CC and the AC. It showed that Caspr2 plays an
important role in axon development, regulating axon growth in a dose-dependent manner: primary
E14.5 cortical neurons from Cntnap2 HET mice present an intermediate phenotype between
neurons from WT and KO mice, which is rescued by expression of Caspr2 in these neurons (Fig. 25)
(Canali et al. 2018).
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Figure 25: Caspr2 modulates axonal outgrowth of primary E14.5 cortical neuron in a dose-dependent manner. At left,
representative images of Caspr2 cell surface immunostaining on WT and KO cortical neurons at DIV3 (green). Co-
staining of actin with phalloidin (red). At right, 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. Data are means +/- SEM. n=8-10 embryos/genotype, n=40—-43 neurons/embryo. Statistical
analyses: Kruskal-Wallis one-way ANOVA test, P < 0.0001; Dunn’s Multiple Comparison post-test, *P < 0.05, **P < 0.01,
***P < 0.001; ns, not significant (Canali et al. 2018).

Furthermore, the lab showed that in Cntnap2 HET and KO mouse brains compared with WT,
the reduced amount of Caspr2 has different effects at different developmental stages on the
morphology of the CC. In adult mice (P90), lower Caspr2 levels lead to reduced CC midline thickness
in coronal sections of KO mice (Fig. 26), and reduced CC area in sagittal sections of KO mice as well,
while HET mice show no differences from WT (Cifuentes-Diaz et al. 2023). A similar effect was
observed in CC area of mice at P30, though at P7 and P2 there were no differences between any
genotypes. However, at E17.5 CC thickness was found to be significantly increased in HET embryos
and tends to be increased in KO embryos (Fig. 26). These differences are particularly interesting
given the fMRI results in human ASD patients, which show increased CC thickness in young
children/toddlers compared to healthy individuals, with reduced CC thickness in ASD adults
compared to healthy adults (R. Chen, Jiao, and Herskovits 2011; Wolff et al. 2015).
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Caspr2 was similarly shown to control the morphology of the AC through development.
When measuring the area of the AC in sagittal sections, the lab found that KO mice have a
significantly reduced AC area compared to WT and HET at P90, which was also observed at P30. No
differences were present at P7, but an increased AC area compared to both WT and HET was found

at E17.5 (Fig. 27) (Cifuentes-Diaz et al. 2023).
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Figure 26: CC morphological differences in Cntanp2 HET and KO mice. A) Representative images of coronal sections of
brains at P90, P2, and E17.5. B) Quantification of CC thickness at midline of coronal sections at P90, with KO being
significantly thinner than WT. No differences were observed at P2. At E17.5, HET brains show increased CC thickness
compared to WT. Unpaired t-test to compare HET or KO mice to WT mice, and one-way ANOVA test to compare the
three genotypes: *P< 0.05, **P< 0.01, ***P< 0.001 (Cifuentes-Diaz et al. 2023).
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Figure 27: AC morphological differences in Cntnap2 HET and KO mice. A) Representative images of sagittal sections of
WT, HET, and KO mice at E17.5, P7, and P30. B) Quantification of AC area through development. Unpaired t-test (P90,
P7, E17.5) or Mann—Whitney test (P30) to compare HET or KO mice to WT mice, and one-way ANOVA test (P90, P7,
E17.5) or Kruskal-Wallis test (P30) to compare the three genotypes; *P < 0.05, #*P < 0.01, ***xP < 0.0001 (Cifuentes-

Diaz et al. 2023).
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7. Myelination and the Node of Ranvier

7. A. General Introduction to Myelination and the Node of Ranvier

From our previous work and the work of other groups, Caspr2 has been found to play a role
in myelination and node of Ranvier formation. Myelination is the process by which the axons of
neurons are ensheathed with a substance known as myelin, a lipid-rich material which serves three
main purposes: it insulates the axons thus increasing conduction speed; it gives trophic support to
axons; and it conserves energy. A myelinated axon consists of a long axon with many large areas
covered by myelin, each separated by a small uncovered area, called the node of Ranvier (NOR),
where voltage-gated sodium channels (Nay) responsible of action potential (AP) propagation are

localized (Fig. 28). The space between nodes is called the internode.

G-ratio =r/R

Figure 28: Myelinated axon showing the myelin sheaths with nodes of Ranvier spaced between them. The scheme
illustrates a zoomed-in version of the myelinated axon indicating the inner myelin tongue in yellow, and the subsequent

myelin wrappings in blue, with the axon in purple. The G-ratio measurement is also indicated.

Myelin is composed mainly of proteins and lipids in a ratio of roughly 1:186 (proteins : lipids)
(O’'Brien and Sampson 1965), the major proteins being Myelin Basic Protein (MBP), Myelin-
Associated Glycoprotein (MAG), Myelin oligodendrocyte glycoprotein (MOG), Proteolipid Protein
(PLP), and 2’3’-cyclic-nucleotide 3’-phosphodiesterase (CNP) in the CNS (Fig. 29). Myelin isolates the
axon between two NOR and helps to increase the speed of conduction by allowing signals to be
transmitted via saltatory conduction, hopping from one NOR to the next rather than travelling
down the entire length of the axon. This type of conduction is advantageous because it allows
signals to reach the correct speed for information transfer based on the size of each axon. The G-
ratio is a unit which is commonly used to assess myelin thickness, as it is the ratio of the inner
myelin diameter to the outer myelin diameter (Fig. 28). Modifications of the myelin sheath, such as

altered thickness or differences in NOR size, can influence the speed of action potential conduction.
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Likewise, the diameter and length of the axon can influence its myelination pattern, as well as its

location in the nervous system.

The mechanisms of myelination in the CNS and in PNS are different (Fig. 30). Myelinating
glial cells are OLs in the CNS, while they are Schwann cells in the PNS. Schwann cell myelination
differs from OL myelination in that there is not one cell which extends multiple processes to wrap
several different axons, but a single cell which is responsible for one segment of the myelin sheath

of one single axon.
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Figure 29: A composite diagram summarizing features of CNS myelin, including architecture and 3D-molecular

Myelin sheath

composition and conformation-based assembly of the myelin sheath. CNP - 2'3'-cyclic-nucleotide 3’-phospodiesterase;
MAG - myelin-associated glycoprotein; MBP - myelin basic protein; MOG - myelin oligodendrocyte glycoprotein; PLP -
proteolipid protein. Adapted from (Podbielska et al. 2013).
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Figure 30: Myelinated fibers in the CNS (left side) and PNS (right side) (Matthew N. Rasband and Peles 2015).
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7. B. Structure of the Node of Ranvier

The NOR is a highly specialized domain which is divided into three main subdomains, each
of which is molecularly, structurally, and functionally unique. These are the node, the paranode
(PN), and the juxtaparanode (JXP) (Fig 30, 31). While these three domains are very similar in the
CNS and the PNS, there are some slight differences to the overall node structure (Fig. 31). In the
PNS, the entire myelin compartment is covered by a basal lamina and the outermost layer of the
Schwann cell extends microvilli which cover the nodes; there is also a perinodal space (space
between the axon and the basal lamina) that contains a filamentous matrix. In the CNS, there is no
basal lamina, and the nodes are covered by perinodal astrocytes, which aid in providing nutritional
and energetic support to the node and the axon (Sebastian Poliak and Peles 2003).The three
subdomains of the NOR, the node, the PN and the JXP, are characterized by specific molecular

complexes which mediate axo-glial contacts.
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Figure 31: The node of Ranvier (NOR) and its subdomains in the CNS and PNS. A) The NOR is comprised of distinct
regions including the node, the paranode, the juxtaparanode, and the internode. Resident proteins of each subdomain
are indicated along with their cytoskeletal connecting elements. Slight differences exist between the CNS (top) and PNS
(bottom), namely in the nodal domain. B) NOR diagrams indicated with immunostaining for NaCh (node), Caspr
(paranode), and Kv1.2 (JXP). Top, Optic nerve (CNS). Bottom, Sciatic nerve (PNS). Scale bars 10 um. Adapted from
(Freeman et al. 2016; Matthew N. Rasband and Peles 2021).
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7.B.i. The Node

The node is the center of the NOR complex. This area is characterized by a high density of
sodium channels (Na*, Nay), which are essential for AP conduction and mediate ion flux across the
membrane. When the axonal membrane depolarizes, the resulting influx of Na* ions initiates the AP
once again and in this manner, it propagates along the axons. It is specifically the B-subunit of Na*
channels which modulate channel gating and assist in the proper trafficking of Na* channels to the
cell surface at the node, and to act partially as cell adhesion molecules (CAMs) (Isom 2002). In
addition to these channels, the node also contains cytoskeletal proteins and cell-adhesion
molecules, which are illustrated in Fig. 30. The CNS nodes contain several ECM proteins which
interact with the cell adhesion molecules, including Brevican, Versican, Neurocan, and Phosphacan.
The PNS nodes also contain ECM proteins, as well as cell adhesion molecules located on the
membrane of the Schwann cell microvilli extending into the node. These include Gliomedin,

Syndecan, and ERM proteins (ezrin, radixin and moesin) (Freeman et al. 2016; Ramesh 2004).

Various nodal parameters have been shown to affect AP transmission and node function
when altered. For example, in a study by Arancibia-Cadrcamo and colleagues in 2017, they showed
that node length can vary over a 4.4-fold range in rat optic nerve, and an 8.7-fold range in cerebral
cortical axons; not only this, but they found that node length varies much more between axons
than along the same axon. They used these results to create a model that allowed them to predict
the effects of changes in node length on conduction speed and electrophysiological properties.
When the node length was increased but number of ion channels was held constant, the predicted
conduction speed decreased as node length increased; however, when the ion channel density at
the node was held constant, increased node length led to increased conduction speed until a
peak/threshold node length, after which point the conduction speed decreased (Fig. 32) (Arancibia-
Carcamo et al. 2017). This work shows how drastic the effects of node and internode length
changes can be on conduction speed along axons and suggests that node length may be adjusted

physiologically to fine tune axon conduction speed depending on an organism’s needs.
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Figure 32: Predicted effect on conduction speed of different node lengths. Calculated conduction speed as a function of
node length for axons in the optic nerve (left) and the cortical grey matter (right). Simulations were carried out
assuming either that the density of ion channels at the node is constant as the node length is changed (solid lines), or
that the number of ion channels is kept constant (dashed lines) at the value assumed for the mean node length.

Adapted from (Arancibia-Carcamo et al. 2017).

7.B.ii. The Paranode

The PN flank the node on either side and are the largest vertebrate intercellular junction
(Matthew N. Rasband and Peles 2021). They are areas of the node in which the edges of the myelin
sheath attach to the axonal membrane through septate-like junctions; these paranodal loops are
cytoplasm-filled loops or tongues of myelin which wrap around the axon. Each paranodal loop
represents one turn or layer of the wrapped myelin sheath. The PN have been thought of as
“fences” separating the node from the juxtaparanodal and internodal regions of the axon
(Sebastian Poliak and Peles 2003; Boyle et al. 2001; Bhat et al. 2001; Dupree, Girault, and Popko
1999). They restrict the lateral movement of juxtaparanodal proteins from moving out from under
the myelin sheath, and additionally separating the juxtaparanodal K* channels physically from the

Na*channels at the node.

The PN are demarcated by CAM complexes including Caspr, Contactin, and NF155. Caspr
and Contactin exist along the axonal membrane, while NF155 interacts with Contactin in trans from
its niche in the paranodal loops of the glial cell (OL or Schwann cell). Caspr and Contactin are
essential for the formation of axo-glial junctions in the PN, and disruption in the expression of these
proteins can lead to impaired adhesion of the paranodal loops and widening of the nodes (Boyle et
al. 2001) and impaired nerve conduction velocity (Bhat et al. 2001). Caspr binds the scaffolding
protein 4.1B on its intracellular domain, which allows it to link with Ankyrin B (AnkB) and
subsequently the actin/spectrin cytoskeleton (Denisenko-Nehrbass et al. 2003; Menegoz et al.
1997). It is thought that Caspr acts as a sort of transmembrane scaffold that stabilizes the
Caspr/Contactin complex and its interacting partners (NF155) to the axonal cytoskeleton (Sebastian
Poliak and Peles 2003). The localization of Caspr, Contactin, and 4.1B are interdependent, and

disruption of any one of these proteins affects PN organization.
7. B.iii. The Juxtaparanode

The JXP is the nodal subdomain which flanks the paranodes on either side of the NOR. As
with the node and paranode, the JXP is characterized by its protein complexes, which include Kv1
channels, Contactin2 (TAG-1), and Caspr2, which mirrors the interaction of Contactin and Caspr in
the paranode. TAG-1 and Caspr2 form a tight complex and are both required for proper clustering
of the Kv1 channels in the JXP (Traka et al. 2003; Sebastian Poliak et al. 2003; Horresh et al. 2008).
The clustering of TAG-1 and Caspr2 are interdependent, and both are required for Kvl channel

clustering at the JXP. Savvaki and colleagues showed that in axons of the CC in Tag1 KO mice, only
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5-6% of JXPs showed normal Kv1 clustering, emphasizing the importance of this protein in correct
JXP formation (Savvaki et al. 2008). The Kv1 channels are important for maintaining the fidelity of
conduction by ensuring the resting potential of the internode during and after the action potential,
which is mediated by the Na* channels of the node (Arancibia-Carcamo and Attwell 2014). It’s also
been proposed that Kvl channels could serve a protective purpose in axons with damaged or
decreased myelination, or that their interaction with Caspr2 and TAG-1 could be used maintain

stability if the axoglial junctions are compromised (Sebastian Poliak and Peles 2003).

Disintegrin and metalloproteinase domain-containing protein 22, or ADAM?22, is another
protein which has been identified in the JXP via its co-immunoprecipitation with both Kv1 channels
and membrane-associated guanylate kinases (MAGUKS) PSD93 and PSD95, which link ADAM22 to
the cytoskeletal components (Ogawa et al. 2010). It’s thought that Caspr2 and Kv1 interact via their
carboxyl-terminal region, likely through proteins which bind their PDZ-binding domains (Sebastian
Poliak and Peles 2003). Caspr2 and TAG-1 also interact with the scaffolding protein 4.1B, which
serves to associate these cell adhesion complexes with the cytoskeleton. In 4.1b KO mice, Caspr is
disorganized in the PN and clustering of Caspr2 and TAG-1 in the JXP was absent, with the
juxtaparanodal proteins being diffusely spread along the axon (Cifuentes-Diaz et al. 2011). This

demonstrates that 4.1B is required for the localization of the JXP complexes.
7. C. Assembly of the Node of Ranvier

The process by which the NOR assembles and sequesters its protein components to their
subdomains is clearly highly synchronized, though it happens slightly differently in the CNS versus
the PNS (Fig. 33). PNS node assembly begins by the clustering of Na* channels at the future node
site, which is then followed by the establishment of the paranodal junction and then by the K*
channel clustering at the JXP and subsequent protein partner recruitment. CNS node assembly
begins with paranode formation, which is then followed by Na* channel clustering (M. N. Rasband
et al. 1999; Matthew N. Rasband and Peles 2015). While this stepwise clustering of Na* channels
and paranodal junctions varies between CNS and PNS, the overall mechanism remains the same. At
the onset of node formation, Na* channels will accumulate immediately next to axo-glial
connection sites where either OL or Schwann cell processes are extending to meet the axon. As
these myelinating processes grow and elongate into sheaths, they push these Na* channel clusters
along the axonal membrane until two adjacent clusters will fuse to form the NOR (Matthew N.
Rasband and Peles 2015).
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Figure 33: Current models for the formation of nodes and AIS. A-B) CNS and PNS nodes. The assembly of both the AIS
and CNS nodes starts by the formation of a diffusion barrier marked by ankB and 4.1B. For nodes, this occurs at the
base of the formed paranodal junction. In the adjacent AIS or nodal axolemma, accumulation of ankG results in the
clustering of Nav and of NF186. ECM is the last to appear, and together with NF186, is probably required for the
stabilization of AIS and nodal complexes. An asctrocyte process may contact CNS nodes late in development, although
the exact timing is still to be determined. C) PNS nodes. The assembly of PNS nodes is induced by glial gliomedin and
NrCAM that cluster NF186 on the axolemma, resulting in the accumulation of ankG and Nav. Linkage of the forming
complex to the submembranous actin cytoskeleton likely occurs earlier in CNS nodes formation and later in AIS and PNS
nodes (Eshed-Eisenbach and Peles 2013).

7. D. Caspr2 and Node of Ranvier Formation

In 2001, Poliak and colleagues used mice with defective myelin synthesis and perturbed
paranodes to study the NOR. They showed that the localization of Caspr2 and Kv1 channels were
perturbed in the mutant mice, settling closer to the nodes and not the JXP. Thus, when the
paranodes were perturbed, the localization of JXP proteins was perturbed as well, leading to the

conclusion that paranodal proteins may restrict the movement of JXP protein complexes like
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Caspr2/Kv1 and act as a sort of barrier for this nodal domain (S. Poliak et al. 2001). Furthermore,
they showed that the Caspr2/Kvl complex forms during development at the PN/JXP border and
later migrates to the JXP region; when the paranodal domain is not well defined, the Caspr2/Kvl
complex remains at the PN and does not migrate to its proper location. They conclude that
paranodal protein Caspr and JXP protein Caspr2 appear sequentially during development and help
to differentiate the nodal domains, as Caspr2 is present in the paranode and JXP in sciatic nerve of
mice at P8, but only in the JXP of adult mice (S. Poliak et al. 2001). This was confirmed by Traka and
colleagues who observed that at P8 in rat, Caspr2, TAG-1, and Kv1 colocalization was observed in a
few fibers, but not all, also indicating that these complexes are formed prior to their relocation to
the JXP (Traka et al. 2003). Another study used CGT mutant mice to investigate the localization of
Caspr2’s known interacting partner at the JXP, TAG-1, and found that in the mutant mice, TAG-1
was also no longer restricted to the JXP but found diffusely expressed in the paranodes as well
(Traka et al. 2002). These results show that not only Caspr2 but also its JXP complexes help to

orchestrate the proper formation of the NOR subdomains.

Hivert and colleagues used myelinating co-cultures of DRGs and Schwann cells to observe
NOR formation in vitro. They found that Kv1/Caspr2 complexes were localized at the paranodes at
DIV21-28, while they were mainly enriched at the distal paranodes and JXP at DIV35-42; this
indicates that both Caspr2/Kvl and Caspr/4.1B complexes are first assembled at the paranode
before the former migrates to the JXP. Not only this, but at DIV21, Kv1 channels and Caspr2 were
found to be enriched in the nodal gap between two heminodes; the heminodes are a precursor to
the NOR found in early development (Fig. 34) (Hivert et al. 2016). Similar results were also observed
in the developing sciatic nerve of young mice at P5 as well, where Caspr2 is located in the nodal gap
but then migrates to the JXP by P14, where it remains into adulthood. These results are imperative
in demonstrating Caspr2’s role in NOR formation during early development and better

understanding how the protein contributes to this process.
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Figure 34: Transient trapping of Kv1.2 and Caspr2 between heminodes in myelinating DRG cultures. Rat DRG cultures at
DIV21 after myelin induction. (A-D): Kv1.2 (A, B, green) and Caspr2 (C, D, green) were concentrated between the
heminodes of two myelinated segments. The paranodes were stained for Caspr (red) and heminodes for Gliomedin
(Gldn) or AnkyrinG (AnkG) (blue). Kv1.2 and Caspr2 were concentrated between the two heminodes and also enriched
at paranodes. (E-F) Distribution of Kv1.2 and Caspr2 in the developing sciatic nerves of WT mice. Teased sciatic nerves
of P5 and P14 sciatic nerves shown. In P5 WT mice, Kv1.2 (green) and Caspr2 (red) colocalized at the juxtaparanodes
(arrows in E and F) and paranodes labeled for Caspr (blue). Strikingly, Caspr2 and Kv1.2 were enriched at some nodal
gaps (arrow in E). In P14 wild-type mice, 4.1B (blue) was strongly enriched at paranodes whereas Caspr2 (red) located
to juxtaparanodes indicated with arrows. G) Schema showing heminodal clustering and localizations of proteins during

this process. Adapted from (Hivert et al. 2016).

Recently, Cifuentes-Diaz and colleagues showed that not only is Caspr2 present in the node
during early development, but reduced protein levels of Caspr2 can affect the size of the node
structure. In Cntnap2 HET and KO mice, they showed that node length was significantly reduced in
a dose-dependent manner; however, the node diameter was unaffected (Fig. 35) (Cifuentes-Diaz et
al. 2023). These results are interesting and show that although the NOR organization can remain
unaltered when Caspr2 is mutated or levels are reduced, the size of the different domains are

affected.
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Figure 35: Node size altered in Cntnap2 HET and KO mice. A) Representative confocal images of immunostainings of
sciatic nerves fibers from WT, HET, and KO adult mice, for nodal (NrCAM), paranodal (Caspr, F3), and juxtaparanodal
(Caspr2, TAG-1, Kv1.2) proteins. B) Length of the nodes measured on NrCAM immunostainings. C) Scatter plot graph
displaying length of individual node as a function of the respective nodal diameters, and the linear regression of the
node length measurements for each genotype. n= 243 nodes/genotype, 3 mice/genotype, 81 nodes/mouse. Adapted

from (Cifuentes-Diaz et al. 2023).

7. E. CNS Myelination and the Role of Caspr2
7. E.i. Oligodendrocyte Development

In the CNS, the myelinating cells are OLs. The OLs originate from OPCs during development
during a phase called oligodendrogenesis. This process occurs in spatially and temporally distinct
waves directed by gradients of signaling molecules which emanate from different areas to facilitate
tissue patterning (Newville, Jantzie, and Cunningham 2017). The first wave of OPC production
starts at E12.5, and is generated by Nkx2.1-expressing progenitors; as these OPCs begin to migrate
and populate the telencephalon, the second wave of OPC (Gsh2+ progenitors) production begins at
E15.5; finally, the third wave occurs at birth (PO) from Emx1-expressing progenitors (Fig. 36)
(Kessaris et al. 2006; Newville, Jantzie, and Cunningham 2017). By P10, the Nkx2.1+ OPCs from the
first wave have completely disappeared, while the OPCs from the second and third waves remain in

an approximate ratio of 1:4 (Gsh2:Emx1).
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Figure 36: Oligodendrocytes arise from three distinct waves of production during development. These can be
distinguished by their spatial location and their migration pattern, as well as the transcription factors they express

(Newville, Jantzie, and Cunningham 2017).

OLs undergo a lineage that includes four separate maturational stages which are defined by
proliferative capacity, temporal expression of cell surface markers, and morphological complexity.
These stages are 1) OPCs, 2) pre-OLS, 3) immature pre-myelinating OLs, and 4) mature myelinating
OLs (Butts, Houde, and Mehmet 2008). The first stage (OPCs) express platelet-derived growth
factor receptor alpha (PDGFRa), which is regulated by Oligl and Olig2, which are influenced by SHH
morphogen (Butts, Houde, and Mehmet 2008). Olig2 is unique in that it is expressed throughout all
OL maturation stages. The second stage of OL maturation begins when OLs have migrated to their
target area, where they lose their migratory ability and express 04 and 01, as well as developing
more complex morphology. These cells can then differentiate into immature pre-myelinating OLs,
the third stage of OL maturation. OLs in this stage will still express O4 and O1 and will begin to
express myelin protein like MAG. The fourth and final stage of mature OLs will express myelin
regulatory factor (MYRF), which in turn initiates the expression of the major myelin proteins (Kitada
and Rowitch 2006; Newville, Jantzie, and Cunningham 2017). The four main stages of OL
maturation are outlined in Fig. 37; however, it is important to note that in recent years, some
scientists have suggested that there may be more separate mature states of OLs defined by their

transcriptional profile (Marques et al. 2016).
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Figure 37: Stages of oligodendrocyte maturation over time. Transcription factors (TFs) expressed are indicated
underneath images, which depict the increasingly complex morphology of the cells as they mature. TFs in pink are
considered defining markers of the indicated stage. Adapted from (Barateiro and Fernandes 2014; Newville, Jantzie,
and Cunningham 2017).

7. E.ii. CNS Myelination Process

The physical process of how myelin actually ensheathes the axons of the CNS was first
suggested to occur in a “jelly roll” manner, with the myelinating cells migrating around the axon or
sending an inner tongue around the axon multiple times to generate wrapped layers (Geren and
Schmitt 1954). This model involved an inner myelin sheath extending in both a concentric and
lateral movement down the length of the axon, generating a spirally wrapped axon with a
concurrently compacting myelin sheath (Bercury and Macklin 2015). With live imaging
advancements in more recent years, several studies were able to confirm this model of axon
wrapping, being coined the “liquid croissant” model by Sobottka and colleagues, proposing that the
myelin “pours” out of the oligodendrocytes in a triangular-shaped process which attaches to the
axon and allows the myelin layer to spread laterally as it wraps around the axon and more myelin is
continuously “poured” in (Sobottka et al. 2011). Other modern techniques, such as high pressure
freezing and subsequent electron microscopy coupled with 3D reconstructions, were utilized by
other researchers. These studies also confirmed what Geren and Schmitt observed previously, in
which axon wrapping consists of an inner myelin tongue expanding and extending down the axon
and compacting bit by bit with each new layer that forms (Snaidero et al. 2014). Transport of

nutrients through these expanding myelin layers is achieved through cytoplasmic channels which
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can connect layers of the sheath; this will disappear as the myelin matures and compacts. This

process is illustrated in Fig. 38.
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Figure 38: Model of a developing myelin sheath in wrapped (center along axon), unwrapped (top/right), and cross-
section (bottom/left) views. Early development at left and mature state at far right. The unwrapped representation
shows the development of the sheath and the localization of the cytoplasmic channels, which connect the cell body and
the growth zone at the inner tongue. The growth zone is colored in dark teal, and the compacted myelin is in darker
blue. The wrapped representation shows the position of the layers when wrapped around the axon. The cross- sections
show the state of compaction during myelin growth. The area just adjacent to the axon is the uncompacted inner
tongue of the axon; as the myelin develops, this will compact to become mature myelin (Chang, Redmond, and Chan

2016).

Not all axons of the CNS will be myelinated by OLs. Certain axons will begin to be
myelinated, while others will not, in a selection process that is not so straightforward. While the
cross-sectional size (caliber) of an axon plays a large role in whether it is myelinated (usually >
1um?), there are some axons as small as 200-300nm which can be myelinated in some regions of
the CNS, but not others (Simons and Lyons 2013). Almeida and colleagues showed that large caliber
axons are among the first to be myelinated, and demonstrated the plasticity of OLs by showing that
the number and size of axons each OL myelinates can vary with physiological conditions (Almeida et
al. 2011). Furthermore, Lee and colleagues proved the essential role of axon caliber in myelination
by conducting in vitro experiments to observe the myelination capacities of OLs when presented
with polystyrene nanofibers of different sizes. They observed that in these neuron-free conditions,
the minimum threshold diameter for fibers to be myelinated was 0.4um; axons smaller than this
would not be ensheathed by OLs, and axons with diameters above 0.5um were largely preferred
(Lee et al. 2012) (Fig. 39). While previous studies had shown that artificial fibers could be
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myelinated, Lee and colleagues demonstrated that fiber size/caliber also plays an important role.
Not only does axon caliber determine whether an axon will be myelinated, but it can also
determine how thick the myelin sheath will be. This was demonstrated by Waxman and colleagues
in 1984, who showed that myelin thickness is dependent on axon diameter, with thicker axons
having thicker myelin sheaths (Waxman and Sims 1984). Interestingly, another study established
that when knocking out either mid-sized or heavy neurofilaments (NF-M and NF-H), CNS axons
were smaller in diameter but maintained normal myelin thicknesses, thus suggesting that
myelination relies mainly on axon size and can adapt, while cell surface molecules are not essential

for this adaptation (Elder, Friedrich, and Lazzarini 2001).
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Figure 39: OL wrapping of polystyrene nanofibers. A-B) Immunostaining of cultures for MBP and DAPI in the presence
of small (0.2-0.4um) and large (2.0-4.0um) diameter fibers. C) Quantification of MBP+ segments normalized to the
distribution of fiber diameters (n=3, mean+SEM, p<0.001, Tukey post-hoc comparison after one-way ANOVA). Adapted
from (Lee et al. 2012).

While axon caliber plays an essential role in CNS myelination, signaling molecules and axo-
glial crosstalk have also been suggested to aid in the process. Some groups have shown an effect of
the protein Neuregulin 1 (Nrgl). Overexpression of Nrgl type | and lll have been shown to increase
myelin thickness in the CNS, as well as increased myelination of smaller axons (<400um) that
normally wouldn’t be myelinated (Brinkmann et al. 2008; Taveggia et al. 2005). Not much is
currently known about other specific signals in the CNS which could initiate the myelination
process, though there is evidence that molecules such as integrins, Laminin, Wnt, and GPR17
(Camara et al. 2009; Y. Chen et al. 2009; Fancy et al. 2009; Kang and Yao 2022) could play a role in

myelination onset.

Additionally, electrical activity has been shown to influence the myelination process, with
the overall idea being that the more active an axon is (the more it is used), the more myelinated or
more quickly myelinated it will be. In 1993, Barres and colleagues demonstrated that proliferation
of OPCs in the developing rat optic nerve depends on electrical activity in neighboring axons; in the
absence of electrical activity, increasing concentration of PDGF will have the same effect. These
results insinuate that electrical activity controls the release of growth factors responsible for OPC
proliferation (Barres and Raff 1993). OPCs are now known to have AMPA, NMDA, GABA, and kainite
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receptors, which can create viable neuron-glia synapses in the brain (Bergles et al. 2000; Karadéttir
et al. 2005). Moreover, stimulation of GABAergic receptors has been shown to induce OPC
proliferation and differentiation early in the myelination process (Zonouzi et al. 2015). Li and
colleagues stimulated corticospinal axons of adult rats and found that this promoted the
proliferation and differentiation of OPCs, further demonstrating the importance of neural activity in
OPC development even in the adult CNS (Li et al. 2010). Furthermore, vesicular release of
glutamate from axons and subsequent Fyn signaling has been shown to regulate the local synthesis
of MBP in oligodendrocytes, which suggests that electrical activity of axons can also play a role in

their myelination by OLs (Wake, Lee, and Fields 2011).

Myelination in the CNS is timely regulated. In the mouse, the process begins around
postnatal day 10, or P10. Slightly before this, at P7, a few MBP+ cells are labeled in the white
matter tracts of the brain, such as the optic chiasm and olfactory tracts. The number of MBP+ cells
increases sharply until P11 (Foran and Peterson 1992). Myelination begins to ramp up around P10
and continues robustly until around P30, at which point the vast majority of the CNS is myelinated.
During adulthood, though initial myelination is completed, adaptive myelination can continue to

occur. The timeline of myelination in the mouse CNS is outlined in Fig. 40.
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Figure 40: Diagram showing the timeline of OPC proliferation and density, OL differentiation, myelination, and adaptive

myelination in the mouse. Age of the mouse is indicated across the top. Not drawn to scale. (Nishiyama et al. 2021).

7. E.iii. Role of Caspr2 in CNS Myelination

Evidence that Caspr2 could play a role in myelination came in 2019 when Scott et al.
showed delayed myelination of the gray matter (neocortex) in Cntnap2 KO mice. In these mice,
they observed comparable fiber density in the corpus callosum (CC), but did find reduced density in
the upper layers of the neocortex (R. Scott et al. 2019). Along with this reduced fiber density, they
observed reduced MBP intensity and a significant reduction in the number of Sox10+ cells in the
neocortex of Cntnap2 KO mice at 3 weeks of age compared WT (Fig. 41); as Sox10 labels all OLs,
from OPCs to mature OLs, this result indicates that there are fewer myelinating cells in the Cntnap2

KO mice. These results were further proven when the researchers performed electrophysiological
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recordings in the brains of KO mice, which revealed no changes in the speed of AP propagation in
the CC, but did reveal significantly slower speeds of AP propagation in the neocortex (R. Scott et al.
2019). These functional results are consistent with the reduction of myelinated fibers in the
neocortex of Cntnap2 KO mice. In 8-week-old mice, no differences were seen between the Cntnap2
mutants and WT mice, suggesting that myelin defects are transitory and recover with age, or are

delayed in their progress.
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Figure 41: Delayed myelination of cortical gray matter in Cntnap2 mutant mice. (A-D, F-I) Histological staining of
myelin by Black gold (A, B, F, G) and immunohistochemistry for MBP (C, H) and Sox10 (D, 1) in the neocortex of 3-week-
old control (A—D) and Cntnap2 mutant (F—I) mice. (E) Quantification of MBP intensity in the somatosensory cortex; n =4
control and 4 Cntnap2 mutant mice, t-test, ***P < 0.001. (J) Quantification of the density of Sox10+ cells in the

somatosensory cortex; n = 4 control and 4 Cntnap2 mutant mice, t-test, **P < 0.01. Adapted from (R. Scott et al. 2019).

Further evidence for Caspr2’s role in myelination came earlier this year in work from our
lab, which analyzed myelinated fiber development in the CC and AC of Cntnap2 HET and Cntnap2
KO mice at P30. The team investigated the axonal parameters and myelination at the
ultrastructural level using electron microscopy to measure axon diameter as well as G-ratio
reflecting the myelination status. Differential patterns of myelination were observed in the CC and
the AC, and between Cntnap2 HET and Cntnap2 KO mice. In the CC, the lab found that KO mice
have reduced axon diameter compared to WT and KO mice, while G-ratio is unaffected (Fig. 42)
(Cifuentes-Diaz et al. 2023). By contrast, axon diameters we not affected in HET mice, but the G-
ratio was decreased, indicating hypermyelination. Interestingly, the number of myelinated fibers
was also increased in HET mice. Also, at P7, before the onset of myelination, axon diameter was
increased in HET mice compared to WT, while diameter of KO axons was reduced compared to WT

and HET (see Figure 6, paper in annex).
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Figure 42: CC Ultrastructural abnormalities of corpus callosum (CC) myelinated fibers in P30 mice. A) Electron
micrographs of transversal sections of the CC at brain midline, from wild-type (WT), HET, and KO P30 mice. B) Axonal
diameters of CC myelinated fibers. C) Scatter plot graph displaying G-ratios of individual myelinated axons as a function

of the respective axon diameters, and linear regression of the G-ratio measurements for each genotype (Cifuentes-Diaz

et al. 2023).

For the AC, opposite effects were observed for the ACa and the ACp. Cntnap2 HET and KO
mice have increased axon diameter compared to WT in the ACa, while only the KO show increased
axon diameter in the ACp. Additionally, HET mice were shown to have a decreased G-ratio and thus
hypermyelination compared to WT in the ACa, while both HET and KO mice showed
hypermyelination in the ACp (Fig.43). At P7, the ACa was more affected in Cntnap2 HET and KO
mice, with KO mice showing a significantly reduced axon diameter in the ACa when compared to
WT and HET mice (Fig. 43). There was no difference in axon diameter between genotypes observed

at P7 in the ACp.
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Figure 43: Ultrastructural abnormalities of anterior branch (ACa) and posterior branch (ACp) myelinated fibers in P30
mice. Electron micrographs of transversal sections of the ACa (A) and ACp (D) at brain midline, from wild-type (WT),
HET, and KO P30 mice; insets, semi-thin transversal sections of the AC stained with toluidine blue, showing the ACa and
the ACp. Axonal diameters of ACa (B) and ACp (E) myelinated fibers. Scatter plot graphs displaying G-ratios of individual
myelinated axons as a function of the respective axon diameters, and the linear regression of the G-ratio

measurements for each genotype, for the ACa (C) and the ACp (F).

In addition to these effects of Caspr2 in myelinated fiber development, overall myelin
protein levels were altered in Cntnap2 HET and KO mice in a region-specific manner. KO mice
showed reduced levels of myelin proteins MBP and MAG in the neocortex, but not in the CC,
compared to WT mice, while HET mice showed no differences (Fig. 44) (Cifuentes-Diaz et al. 2023).
These results are particularly interesting as they show that Caspr2 can modulate myelination in
specific regions, while seemingly having no effect in other areas. Furthermore, the same study
showed that in Cntanp2 HET mice, Caspr2 levels are downregulated just before the onset of
myelination; while expected to be at 50% of WT Caspr2 levels in whole brain extracts, they are in
fact at just 35% of WT Caspr2 level until P15, after myelination has already begun (Fig. 45). This
time point corresponds with a switch in CC and AC morphologies observed around P7-P10,
indicating that Caspr2 levels could be modulating myelination around the onset of this process.
Interestingly, the group also found that Cntnap2 mutant mice displayed increased firing of Layer I
cortical neurons at P10-P12, further strengthening the idea that Caspr2 could be helping to mediate

the cross-talk between the axon and OLs at this stage (Fig. 46) (see Figure 7 in annex).
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Figure 44: Myelin protein levels in brain extracts. A) Representative immunoblots showing levels of MBP and MAG

normalized to GAPDH levels and relative to mean WT (in %) in extracts from the neocortex and the CC of mice at P30.

B) Quantifications of western blots relativized to WT protein level (Cifuentes-Diaz et al. 2023).
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Figure 45: Caspr2 levels in mouse brains during development. A) Representative immunoblots showing Caspr2, TAG-1

and GAPDH levels in brain lysates of WT, HET, and KO mice at different developmental stages and at adulthood. B)

Levels of Caspr2 normalized to GAPDH levels and relative to mean WT (in %) (Cifuentes-Diaz et al. 2023).

HET 1

100ms

I 1 =

— [
100pA ' 300pA

Firing (Hz)

0

- WT
% %k %
. HET| ** LAl

P=0.0001
100 200 300 400
Depolarization (pA)

T
500

Figure 46: Intrinsic excitability in cortical pyramidal cells from P10-P12 pups. A) Sample spike trains evoked by a 100-pA

(left) or a 300-pA somatic current injection (right) in a WT (top), HET (middle) and KO (bottom) neuron. B) Mean f-i

curve for WT (n = 27 cells from three mice), HET (n = 24 cells from three mice), and KO (n = 27 cells from three mice)

(Cifuentes-Diaz et al. 2023).
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7. F. PNS Myelination and the Role of Caspr2
7. F.i. Schwann Cell Development

As mentioned previously, myelination in the PNS is a bit different from that in the CNS as it
is conducted by Schwann cells (SCs). SCs derive from neural crest (NC) cells early in development,
along with fibroblasts, melanocytes, and what will become the connective tissue of the PNS. SC
development begins around E12-13 in mice; nerves at this stage consist of tightly packed axons
with flattened glial cell processes (Jessen, Mirsky, and Lloyd 2015) (Fig. 47). These glial cell bodies
derived from NC cells are situated among the peripheral axons within the nerve or at the nerve
surface and are called the SC precursors. By E15-16, SC precursors will then give rise to immature
SCs, along with endoneurial fibroblasts, and parasympathetic neurons. These immature SCs will
envelop groups of axons forming columns of axons/SCs covered by a basal lamina and surrounded
by extracellular. From this point, immature SCs can undergo two distinct differentiation programs
depending on their final phenotype — myelinating or non-myelinating. Once myelinating SCs reach
the axon, they reduce their mitotic activity and adopt a pro-myelinating phenotype, expressing PO
and MAG.

\
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‘ Non-Myelinating
Neural Schwann Cell Immature (Remak) Schwann
Crest Cell Precursor Schwann Cell

Figure 47: Schwann cell development. Neural crest cells will give rise to Schwann cell precursors, which will then
develop into immature Schwann cells (SCs). After radial sorting, SCs will either mature into pro-myelinating and
subsequently myelinating SCs, or into non-myelinating SCs, which will form the Remak bundles. Adapted from

(Castelnovo et al. 2017; Jessen, Mirsky, and Lloyd 2015).

Myelination of fibers in the PNS depends on axon diameter, with larger axons being
individually myelinated and smaller axons being surrounded by non-myelinated SCs in groups.
These groups of small-diameter axons are called Remak bundles and consist of a Schwann cell
pushing its cytoplasm in between the small fibers to isolate them from each other (Fig. 47). PNS
myelination also depends upon electrical activity, with increased firing rates inducing more
myelination than in non-stimulated fibers. This is illustrated by Liang and colleagues, who show that
co-cultures of DRG and Schwann cells displayed increased myelination after 7 days of electrical

stimulation than non-stimulated cells (Fig. 48) (Liang et al. 2019).
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Figure 48: Immunofluorescent for MBP of co-cultured DRG/SC cells after 7-day electrical stimulation. (A) Ctrl group, no
electrical stimulation. al: The neurite network by NF200 staining (green); bl: myelinated segments (red) by MBP
staining; c1: MBP protein is expressed on axons after co-culture 7 days; ES group, exposure to 6 Vp-p,10 Hz. a2: NF200
(green); b2: MBP (red); c2: MBP positive section are abundant throughout the co-cultures after electrical stimulation
compared with Ctrl group. (B) The semi-quantitative results of fluorescence intensity of MBP in Ctrl and ES groups.
Values represent mean + SEM of 3/group, **p < 0.01, statistically significant compared with the Ctrl group. Ctrl:
Control; DRG: Dorsal root ganglion; ES: Electrical stimulation; MBP: Myelin basic protein; SC: Schwann cell (Liang et al.
2019).

7. F.ii. PNS Myelination Process

The myelin sheath of the PNS is wrapped around axons in much the same manner as in the
CNS. The SCs are both radially and longitudinally polarized, which allows them to organize into
distinct membrane domains, also similar to OLs (Pereira, Lebrun-Julien, and Suter 2012). The myelin
sheath is more loosely wrapped at first, and then it compacts with the upregulation of mature
myelin proteins such as PO (Kidd, Ohno, and Trapp 2013). The SC nucleus remains adjacent to the
axon, while the inner tongue of the myelin wraps around the axon, with the initial wraps being
narrower and gradually expanding as the myelin sheath grows. The organization of myelinated
fibers in the PNS is illustrated in Fig. 49.
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Figure 49: Schematic representation of the architecture of Schwann cells wrapping myelinated fibers in the PNS. The
three layers of connective tissues are depicted, and three myelinated fibers are enlarged. The first fiber (bottom)
represents a rolled Schwann cell (SC). The second fiber (middle) shows a longitudinal section of a Schwann cell. The
third fiber (top) is a view of Schwann cell unrolled. Axonal (orange # ) and basal lamina (blue *) cell adhesion molecules
(CAMs) and Linker of Nucleoskeleton and Cytoskeleton complex (LINC; purple ©) are represented. Actin filaments are

depicted with thin purple lines. SLI: Schmidt-Lanterman incisures (Belin, Zuloaga, and Poitelon 2017).

7. F. iii. Role of Caspr2 in PNS Myelination

Caspr2 has been shown to modulate also axonal parameters and myelination in the axons in
the PNS. When studying sciatic nerve fibers at the ultrastructural level, it was observed that
Cntnap2 HET and KO mice show increased axon diameters compared to WT, and not only this, but
HET mice have an increased G-ratio and therefore show hypomyelination compared to WT mice

(Fig. 50) (Cifuentes-Diaz et al. 2023). This is important because it demonstrates that effects on

myelination may be different in the CNS versus the PNS, and that Cntnap2 HET mice can also show
distinct phenotypes from both WT and KO in the PNS.

Axon diameter (um)
Figure 50: Myelinated fiber abnormalities in Cntnap2 HET and KO mouse sciatic nerve (PNS). A) Representative images
of sciatic nerve transversal sections. B) Axonal diameters of myelinated fibers. C) Scatter plot graph displaying G-ratios

of individual myelinated axons as a function of the respective axon diameters, and the linear regression of the G-ratio

measurements for each genotype (Cifuentes-Diaz et al. 2023).
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8. Caspr2, Nociception, and Sensitivity
8. A. Sensory Fibers of the PNS

Myelinated fibers are responsible for conducting many different types of signals in the body,
from thoughts and ideas to motor and sensory information from the PNS. Large-caliber axons from
the periphery convey motor information, while small-caliber fibers can convey sensations such as
touch, pressure, pain, temperature, and other mechanical sensations. The different types of fibers
in the PNS nerves were defined by Erlanger and Gasser in the 1920s and are classified into three
main categories: A fibers, B fibers, and C fibers. A and B fibers are larger in diameter and are
individually myelinated to allow for rapid conduction of electrical signals. C fibers correspond to
small caliber axons which are wrapped in groups by a single non-myelinated Schwann cell into the

Remak bundles. The types of fibers are outlined in Fig. 51.

A fibers can be subdivided into different categories: Aa fibers, which are responsible for
somatic motor information and proprioception; AP fibers, which are responsible for touch and
pressure sensations; Ay fibers, which conduct motor information to muscle spindles; and Ad fibers,
which conduct information about sharp pain, cold sensation, and touch. B fibers are preganglionic
sympathetic nerve fibers which are less myelinated than A fibers and are classified as afferent
fibers. Finally, C fibers have the slowest conduction speed. They include both postganglionic fibers
in the autonomic nervous system and nerve fibers in the dorsal roots, and carry sensory
information such as slow or chronic pain, heat sensation, mechanical sensation, and are also
responsible for some reflexes. Injury or disruption of these C fibers can lead to neuropathic pain in
human patients. While these classifications have remained the standard, there is increasing
evidence that there are more specific subtypes of fibers which could be classified based on

molecular markers and RNA sequencing experiments (Usoskin et al. 2015).
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Figure 51: Sensory fiber classifications. Adapted from (Goel 2013).

8. B. Dorsal Root Ganglia and CNS Integration

The DRG is a cluster of neurons located in the dorsal root of a spinal nerve, containing up to
15,000 neurons at each limb-innervating segment (Ahimsadasan et al. 2022). The axons of these
neurons are afferents, meaning that they extend into the PNS and relay sensory information into
the CNS. These DRG neurons are pseudo-unipolar, meaning that a single long axon projects from
the cell body and bifurcates at the T-junction; one segment extends into the periphery, and the
other extends into the CNS. In this way, the two processes can function as a single axon, sometimes
bypassing the cell body completely to relay information from the PNS into the CNS. These neuronal
clusters are heterogeneous, consisting of A, B, and C fibers. Each fiber type will be directed through
a different spinal cord segment or layer in the dorsal horn, which will then project the sensory
information into the target brain region via second-order neurons (Fig. 52). The neurons of the DRG
also play an active role in sensory transduction and modulation, with their T-junctions able to
impede the full propagation of APs from the periphery, therefore acting as a sort of filter
(Utzschneider, Kocsis, and Devor 1992). Furthermore, it's been shown that DRG neurons have
unigue membrane properties and are kept separate from each other by a layer of satellite glia cells,
which support these neurons. Because the different neurons with different membrane properties
are close together, they can experience sub-threshold excitation when other cell bodies near them
are activated; this is known as cross-depolarization or cross-excitation, and can affect up to 90% of
neighboring neurons when just one DRG neuron is stimulated (Z. Lu et al. 2016). The primary
afferent neurons will conduct signals from the PNS and can generate synapses with both excitatory
and inhibitory neurons in the dorsal horn of the spinal cord, though the patterns in which certain
types of fibers synapse onto certain types of secondary neurons is still being determined (Harding,
Fung, and Bonin 2020). Cell-autonomous classifications based on molecular markers are being
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investigated as a more accurate way to identify dorsal horn neurons, similar to those trying to
identify more accurate PNS fiber types. Descending modulation of the dorsal horn neurons can also
come from regions within the brainstem; these regions can modify the excitability or neurons in the
spinal cord (Hao et al. 2023; Huang et al. 2019; Porreca, Ossipov, and Gebhart 2002). This

regulatory mechanism could be especially relevant in the context of chronic pain.
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Figure 52: Somatosensory circuitry from the periphery to the brain. Somatosensory information is first transmitted into
the spinal dorsal horn by primary afferent neuron fibers, which extend from peripheral tissue into the spinal cord and
synapse onto neurons within the dorsal horn. There are four main types of primary afferent fiber, separated by
transduction velocity, and each type (Aa, AB, A§, C) shows some selectivity in somatosensory modality transmitted and
synapses into different laminae as shown here. Projection neurons within lamina | and V send axons up to the brain via
ascending tracts including the spinothalamic tract and dorsal column—medial lemniscal tract. Some projections
terminate within other brainstem regions including the parabrachial nucleus and periaqueductal gray. Descending
tracts originate from several brain regions including the medial prefrontal cortex, hypothalamus, and amygdala, and
project first to the periaqueductal gray. From here, descending projections then synapse within the rostral
ventromedial medulla (RVM), and join with locus coeruleus (LC) descending projections. RVM/LC projection targets

including the superficial dorsal horn and lamina V (Harding, Fung, and Bonin 2020).
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8. C. Caspr2, Temperature / Pain Sensitivity and the mTOR Pathway

Temperature can be detected by both Ad fibers (cold) and C fibers (hot); this section will
focus mainly on the latter. C fibers can express either peptidergic nociceptors, which are
responsible for thermal sensation and pain stemming from noxious heat or capsaicin, or
nonpeptidergic nociceptors, which sense noxious mechanical pain or an itch response (Crawford
and Caterina 2020; J. Zhang et al. 2013). The terminals of the peptidergic C fibers are located within
the epidermis of hairy and glabourous skin, where they can sense any injury or disruption in the
epidermal barrier. There is a well-defined line between mild warmth and noxious heat which
reaches temperatures able to cause tissue damage, and it’s this noxious type of heat which is
transmitted by the C fibers. For most of these nociceptive fibers, the threshold sits around 43°C,

with a smaller group being activated by higher heat —around 50°C (Z. Lu et al. 2016).

The mTOR pathway has been implicated in many different physiological systems, including
heat sensitivity. It has been shown that mTOR can regulate local mRNA translation in the skin and
afferent fibers. Jiménez-Diaz and colleagues injected rapamycin (mTOR inhibitor) into the hind paw
of mice and found that this significantly increased the threshold temperatures for paw withdrawal
in the hot plate test, suggesting that local translation regulated by mTOR could play a role in A
fibers and potentially in C fibers as well (Jiménez-Diaz et al. 2008). A more recent study sought to
investigate the effects of mMTORC1 activation in sensory neurons on target innervation and sensory
behavior by deleting Tsc2 in mice and found that mice lacking Tsc2 exhibited reduced sensitivity to
heat, while sensitivity to cold and to mechanical stimuli remained unaffected (Carlin et al. 2018).
These results are interesting considering heat and cold sensitivity are known to be communicated
via different sensory fibers (C fibers and Ad fibers, respectively), and perhaps indicates a role of

Tsc2 in Cfibers specifically.

Interestingly, a recent study aimed to unravel some of the sensory defects often observed in
ASD patients, as altered sensitivity to various physical stimuli is a characteristic of the disease. Xing
and colleagues used Cntnap2 KO mice and found that they had increased mTOR activity in the
brain, which, when suppressed, rescued social deficits (Xing et al. 2019); using this same model,
they next strove to characterize mTOR signaling in the PNS of these mice. They observed that
Cntnap2 KO mice also show hyperactive mTOR signaling in the DRG, and that treatment with an
mMTOR inhibitor rapamycin reduced hypersensitivity to heat and noxious mechanical stimuli, as well
as reduced DRG hyperexcitability (Fig. 53) (Z. Lu et al. 2016).
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Figure 53: Treatment with the Akt inhibitor LY294002 and mTOR inhibitor rapamycin rescued the hypersensitivity of
Cntnap2 KO mice to heat as assayed with a hot plate set at 54.5 °C. The number of mice was indicated in the respective
graphs. *p < 0.05, **p < 0.01, ***p < 0.001. Data are expressed as the mean + sem (standard error of the mean). A
repeated-measure ANOVA followed by Bonferroni post hoc tests or unpaired two-tail Student's t-test was used (Xing et
al. 2020).

The potential implication of Caspr2 in regulating sensitivity also came from the identification
of Caspr2 autoantibodies in patients with autoimmune encephalitis, limbic encephalitis (LE),
neuromyotonia, Morvan syndrome, and neuropathic pain (Joubert et al. 2016, 2017; Muiiiz-
Castrillo et al. 2020). In 2015, several groups strove to discern where the Caspr2 autoantibodies
bound to the Caspr2 protein by using neurons treated with patient sera. Olsen and colleagues
found that patient antibodies bound to the extracellular domain of Caspr2, regardless of
glycosylation pattern (Olsen et al. 2015). Another study in the same year by Pinatel et al. conducted
a similar study by treating Caspr-2 trasnfected N2A cells, rat sciatic nerves, and rat hippocampal
neurons in culture with serum from seven different patients with LE. They observed that the
majority of patient samples bound to Caspr2 in these different conditions, and discerned that the
different N-terminal modules of the protein can actually be selectively targeted by different patient

autoantibodies (Pinatel et al. 2015).

In a study of patients with Caspr2 and leucine-rich glioma-inactivated (LGI1) autoantibodies,
a study was conducted to investigate neuropathic pain. Of 147 patients studied, 52% of those with
Caspr2 antibodies and only 19% of those with LGI1 antibodies experienced pain. When patient
antibodies were tested in DRG cultures of WT and Cntnap2 KO mice, no Caspr2 antibody binding
was observed in the KO mice, indicating that patient antibodies are indeed specific for Caspr2 (Fig.
54). In the Caspr2 antibody patients, pain was more localized to the distal regions of the body,
including hands, legs, and feet (Ramanathan et al. 2021). These symptoms of neuropathic pain
reported in the limbs in the presence of Caspr2 autoantibodies is very interesting given recent
findings from Gendre et al., who reported a patient with neuropathic pain and paresthesia in the
lower limbs. Paresthesia refers to a burning or prickling sensation which is usually experienced in
the hands, arms, legs, or feet. They confirmed that the patient showed serum anti-Caspr2 positivity,
which was used to treat rat sciatic nerve samples. Reactivity along the C-fibers and also at the JXP

of the rat sciatic nerve was observed when treated with patient serum, indicating not only that
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Caspr2 is located along the sensory C-fibers of peripheral nerves but also that Caspr2 autoantibody

binding can be linked with different types of pain sensation (Fig. 55) (Gendre et al. 2021).

I
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CASPR2-Ab+ sera

CASPR2-KO

Figure 54: Serum IgG from 10 of 16 CASPR2 antibody patients bound to wild-type (WT) mouse DRG cultures at endpoint
dilutions > 1:400 compared to 1 of 12 healthy controls. Binding of human IgG colocalized with nucleated (blue, DAPI)

rodent WT DRG neurons (red, B3-tubulin), but not to DRG neurons derived from CASPR2 knockout mice (CASPR2-KO).
Scale bar = 50um. Adapted from (Ramanathan et al. 2021).

Sciatic nerve

Figure 55: The patient's IgG are reactive against CASPR2 and stain C-fibers and the juxtaparanodes of myelinated fibers.
Serum anti CASPR2 positivity was screened by indirect immunofluorescence against the constant fraction of heavy
chain y. These are teased mouse sciatic nerve fibers immunostained with the patient's IgGs (green) and a mouse
antibody to Kv1.1 (Kv1.1; red) to labels juxtaparanodes (double arrowheads). Nuclei are stained in blue with 40,6-
diamidino-2-phenylindole (DAPI). Scale bar: 10 pm. Immunofixation can be seen on C-fibers (arrows) and the

juxtaparanodes of myelinated fibers (double arrowheads) (Gendre et al. 2021).
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The PhD Project

In Section 2 of the introduction, | discussed CNTNAP2 heterozygous missense variants found
patients with ASD. Since their identification, two studies have been conducted using in vitro
methods to investigate the pathogenicity of some of them. Falivelli and colleagues studied the
variants identified by Bakkaloglu and colleagues (Falivelli et al. 2012). They first evaluated the
glycosylation patterns of variants using Endoglycosidase-H and PNGase F treatment and discovered
that Endo-H fully digests the Caspr2 mutant protein bearing the variant D1129H (Caspr2-D1129H),
indicating that trafficking of this variant is severely impaired; most of it is not addressed to the cell
surface and remains in the endoplasmic reticulum (ER). These results were confirmed by
immunofluorescence in transfected HEK293 cells and in rat hippocampal neurons (Fig. 56A). They
also showed that Caspr2-D1129H presents delayed clearance from the ER after cycloheximide
treatment (Fig. 56B) and is preferentially degraded by the proteasome, activating the unfolded
protein response (UPR) via the ATF6 signaling pathway.
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Figure 56: CNTNAP2 variant D1129H can affect Caspr2 protein in vitro. A) In transfected HEK cells, the D1129H variant
was shown to be heavily retained in the ER. B) The D1129H variant shows delayed clearance from the cell compared to

wild-type Caspr2 after Cycloheximide (CHX) treatment. Adapted from (Falivelli et al. 2012).

Several CNTNAP2 variants identified by Bakkaloglu and colleagues were further studied in
vitro by our lab, who sought to better characterize the downstream effects of these mutations in
cultured cortical neurons. As mentioned previously, the lab showed that Caspr2 regulates axon

growth in a dose-dependent manner, with an intermediate phenotype for cortical neurons from
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Cntnap2 HET mice between neurons from WT and KO mice (Canali et al. 2018). The team tested
several variants in Cntnap2 HET neurons, as this background is more relevant for CNTNAP2
heterozygosity in ASD patients, and found they could be divided into two main groups. The first
group includes variants leading to protein retention in the ER, including the variant D1129H,
supporting results from Falivelli et al. The lab demonstrated that these variants oligomerize with
the WT Caspr2 and have a dominant-negative effect on its localization in transfected cells, leading
to its retention in the ER; these variants consequently display a dominant-negative effect on
cortical axon growth (Fig. 57A, variant D1129H). The second group of variants were those which
were well localized at the cell membrane, but lost their ability to interact in trans with TAG-1, such

as variant G731S, and do not seem to affect axon outgrowth (Fig. 57B).
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Figure 57: A) Representative images of cell surface immunostaining of HET electroporated neurons co-expressing
Tomato (red) and HA-Caspr2 or the variants HA-D1129H or HA-G731S (green). B) The variant D1129H has a dominant-
negative effect on cortical neuron axon growth, with decreased length compared to WT. Expression of WT Caspr2
induces increased axon length compared to WT. C) Variant G731S is defective in axon growth, with no change in axon
length compared to WT neurons. N= 4—6 embryos/genotype, 36 neurons/embryo. Statistical analyses: Dunn’s Multiple
Comparison post-test, *P < 0.05, **P < 0.01, ***P < 0.001; ns, not significant. Adapted from (Canali et al. 2018) +
unpublished lab data.

These findings underscore a potential pathogenicity of heterozygous CNTNAP2 variants, and
led the lab to propose a hypothetic model showing how CNTNAP2 heterozygous missense variants

could impact Caspr2 functions when dose dependent (Fig. 58).
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Figure 58: Hypothetic model showing how CNTNAP2 heterozygous missense variants could impact Caspr2 functions
when dose dependent. A) In wild-type condition, Caspr2 self-associates during its intracellular processing but is
expressed in a monomeric form at the plasma membrane where it interacts with its cis and trans extracellular partners.
B) CNTNAP2 heterozygous conditions. After oligomerization during intracellular processing, adhesion-defective variant
proteins are correctly addressed to the plasma membrane but do not interact with their extracellular partners (loss-of-
function), a situation leading to phenotypes mimicking CNTNAP2 heterozygosity. On the other hand, misfolded variant
proteins retain wild-type Caspr2 in the endoplasmic reticulum (ER), leading to a decrease in functional protein at the

plasma membrane (dominant-negative effect) and phenotypes mimicking homozygous CNTNAP2 null mutation (Canali
and Goutebroze 2018).

Given this background, the lab collaborated with Dr. Christel Depienne and Dr. Caroline
Nava at the Hopital la Pitié-Salpétriere in Paris, France, who performed a screen for CNTNAP2
mutations in French ASD patients. They identified a novel variant, 1236S, which was present in a
young male ASD patient, and was inherited from the patient’s mother, who did not present ASD
symptoms; the father carried no mutation and was healthy as well (Fig. 59). Variant 1236S was
classified as “Deleterious” (score 0), “Possibly damaging” (score 0.993), and “Disease causing” (P
value: 1) by the SIFT, PolyPhen-2, and Mutation Taster software, respectively. A recently developed
deep-learning model, ESM1b, also predicted 1236S to be pathogenic; this model gives each variant

an effect score, the log-likelihood ratio (LLR) between the variant and wild type residue. Variant
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1236S (LLR of -13.25) is beneath the LLR threshold of -7.5 considered to be pathogenic (Brandes et
al. 2023). Preliminary studies in the lab further showed that the mutant Caspr2 protein bearing the
variant 1236S is heavily retained in the ER in vitro, comparable to some other previously studied
variants. The goal of my PhD project was thus to better understand the effects of ER-retained
heterozygous missense CNTNAP2 variants in vivo, using variant 1236S as an example, and asses how

such variants could contribute to ASD.

12365

12365

Figure 59: Pedigree of ASD patient bearing the 1236S mutation.

To address this, the lab generated a novel knock-in (KI) mouse line expressing this variant
endogenously, called “KI-1236S”, which | used to shed light on how the variant could contribute to
ASD pathogenicity in vivo, and to better understand whether and how it could impact Caspr2
function by analyzing alterations in animal behavior which could indicate an ASD phenotype, along
with studying nervous system morphology and biochemical changes induced by the 1236S
mutation. As Caspr2 is known to play a major role in axon development, including in NOR
organization and in myelination, | investigated these processes in both the PNS and the CNS of KI-
1236S HET male and female mice. | also studied their behavior to better understand if the CNTNAP2
variant 1236S could, via altered Caspr2 function, affect cognitive, sensory, or motor performance of

the mice, or induce classical ASD behaviors like restrictive or repetitive movements.

The results of my PhD led to the writing of the following article, “Sex-dependent impact of
an ASD-related CNTNAP2 missense variant on mouse behavior and axon and myelinated fiber
development,” presented in Results I. We demonstrate that CNTNAP2 heterozygous missense
variant 1236S affects Caspr2 function in vivo, including myelination and axon diameter of the PNS,
CNS white matter tract morphology, NOR formation, sensory behavior, muscular strength, and
social preference. Interestingly, we also reveal that many of these effects are sex-dependent in KI-
1236S HET mice. Additionally, | present complementary results in Results I, in which we further
studied myelination in the CNS. This work is still in progress and will be further considered, along
with my other results, in the Discussion. At the beginning of my PhD, | also contributed to the
characterization of Cntnap2 HET and KO mice, work which was published earlier this year (February

2023). The article is presented in the Annex.
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INTRODUCTION

Autism Spectrum Disorder (ASD) represents a group of early neurodevelopmental disorders
which are characterized by the presence of repetitive/restricted behaviours and deficits in social
interaction and communication (DSM-V) and can be associated with additional symptoms such as
motor deficits and/or impaired sensitivity. ASD affects approximately 1 in 36 children in the U.S,,
with a male-to-female ratio of roughly 4:1 (Maenner et al., 2023). It presents complex etiology,
with contributions from both the environment and genetics, the latter of which is estimated to
contribute to 40-80% of ASD susceptibility (Rylaarsdam & Guemez-Gamboa, 2019). CNTNAP2,
encoding the protein Caspr2, is considered to be one of the major ASD risk genes. CNTNAP2 genetic
alterations identified in ASD patients include complex genomic rearrangements, deletions, and a
particularly large number of heterozygous missense variants (Arking et al., 2008; Bakkaloglu et al.,
2008; Murdoch et al., 2015; Sampath et al., 2013). Cntnap2”/- mice display ASD-like behaviors
(Balasco et al., 2022; Choe et al., 2022; Dawes et al., 2018; Deemyad et al., 2022; Mishra, 2022;
Pefiagarikano et al., 2011; Scott et al., 2019; Xing et al., 2019), supporting genetic data. However,
most of the missense variants identified in ASD patients are inherited from an unaffected parent
(Bakkaloglu et al., 2008). Furthermore, heterozygous missense CNTNAPZ2 variants have been found
in control individuals (Murdoch et al., 2015), thus questioning the clinical significance of the

variants identified in ASD patients and their contribution to the development of the pathology.

Caspr2 is a neurexin-like cell-adhesion transmembrane glycoprotein originally identified in the
juxtaparanodal regions (juxtaparanodes) of the nodes of Ranvier in mature myelinated neurons of
the central (CNS) and peripheral (PNS) nervous system, where it contributes to the formation of
axoglial contacts, forming a complex in cis and in trans with the immunoglobulin cell-adhesion
molecule CNTN2/Contactin2/TAG-1 (S. Poliak et al., 1999, 2001). Caspr2 is also required for the
clustering of Shaker-type voltage-gated potassium channels (Kvl.1 and Kv1.2) in these regions
(Sebastian Poliak et al., 2003). Mislocalization of Kv1 channels in Cntnap2”- mice is associated with
modifications of axonal action potential wave form and increases in postsynaptic excitatory
responses, suggesting that Caspr2 is important for proper conductivity of CNS myelinated fibers
(Cifuentes-Diaz et al., 2023; Scott et al., 2019). More recently, Caspr2 has been proposed to also
play multiple functions during brain development, including in axon growth and myelination. We
showed that Caspr2 controls cortical neuron axon growth in vitro in a dose-dependent manner
(Canali et al., 2018). Moreover, Scott et al. (2019) reported a delay in myelination of the cortex in

juvenile Cntnap2”/ mice (Scott et al., 2019). Comparing wild-type (WT), Cntnap2”’- and Cntnap2*/
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mice, we further demonstrated that Caspr2 controls the morphology of two major brain
interhemispheric myelinated tracts, the corpus callosum (CC) and the anterior commissure (AC),
throughout development, as well as axon diameter at early developmental stages, cortical neuron
intrinsic excitability at the onset of myelination, and axon diameter and myelin thickness at later
developmental stages (Cifuentes-Diaz et al., 2023). Changes in axon diameter, myelin thickness and
node of Ranvier morphology were also detected in the sciatic nerves of the mutant mice (Cifuentes-
Diaz et al., 2023). Importantly, most of the parameters analyzed were affected in Cntnap2*/- mice,
either specifically, more severely, or oppositely as compared to Cntnap2’- mice, indicating that
both Cntnap2 heterozygosity and Cntnap2 null homozygosity impact axon and central and
peripheral myelinated fiber development, but in a differential manner, and suggesting that

CNTNAP2 alterations could lead to a multiplicity of phenotypes in humans.

All the CNTNAP2 heterozygous missense variants identified so far in ASD patients are
localized in the exons encoding the extracellular domain of Caspr2 (Bakkaloglu et al., 2008;
Murdoch et al., 2015; Saint-Martin et al., 2018). This domain is composed of different structural
subdomains and is likely to present an overall compact architecture, suggesting complex structure-
function relationships, which may be affected by the variants (Lu et al., 2016). In vitro studies
accordingly showed that some of the variants lead to protein misfolding and retention in the
endoplasmic reticulum (ER), with activation of the unfolded protein response (UPR) and delayed
clearance (Falivelli et al., 2012). We further demonstrated that mutant proteins bearing such
variants (R1119H, D1129H) display a dominant-negative effect on axon growth in vitro in a
Cntnap2*- background through their oligomerization with wild-type Caspr2, indicating that ER-
retained mutant proteins may be pathogenic (Canali et al.,, 2018; Canali & Goutebroze, 2018).
However, whether ER-retained misfolded variants could have functional consequences in vivo

remains to be determined.

In this study, we address this question by studying a novel knock-in mouse model bearing a
CNTNAP2 heterozygous missense variant, c.707T>G, identified young ASD male patient. We show
that the corresponding Caspr2 mutant protein is strongly retained in the ER, facilitating comparison
with other Caspr2 ER-retained variants. Studying both male and female heterozygous (HET) mutant
mice, we evaluate the impact of the variant on their behavior using a battery of tests which may
indicate peripheral deficits and/or ASD-related symptoms. We also characterized brain

interhemispheric myelinated tract and sciatic nerve abnormalities in mutant mice. Overall, our
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observations show differential behavioural deficits and morphological alterations between males

and females.
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MATERIAL AND METHODS

Knock-in mouse generation and animal procedures

KI-1236S mutant mice were generated using a sgRNA CRISPR/Cas9 technology in a C57BL/6J
background at the Centro Nacional de Biotecnologia (CSIC) in Madrid (Spain), thanks to the
European INFRAFRONTIERS program (Suppl. Fig. 1A, B). The mutation c707T>G in Cntnap2 exon 5
leads to the introduction of a digestion site for the restriction enzyme Taal (HpyCH4lll) site (Suppl.
Fig.1A). The genotypes were analyzed by PCR of tail-tip genomic DNA with primers Forward 5’
TTCTCCTCTCAGGGGCTGAC and Reverse 5 TGAATGATTTGCCTGCCTGT 3" amplifying a 468-bp
product (both WT and mutant allele), and subsequent digestion with Taal leading to 2 products for
the WT allele (426 bp, 42 bp), and three products for the mutant allele (299 bp, 127bp, 42 bp)
(Suppl. Fig.1C, D).

Mice were group housed with ad libitum access to food and water and a 12 h—12 h light—dark cycle
(light phase onset at 8 a.m.). All the experiments complied with all relevant ethical regulations.
They were approved by the French Ministry of Higher Education, Research, and Innovation
(Institute agreement D750522; project agreements APAFIS#5496-2016051915148075 v8 and
APAFIS#31520-2021051709364077 v3).

Behavioral tests

The behavioral phenotype of the mice was examined with three groups of males and females
during the following tests: Group 1, 2-month-old animals, circular corridor; Group 2, 2.5-month-old
animals submitted successively to grid, pole, wire-hanging, grip, and hot plate tests; Group 3, >3.5-
month-old animals, marble burying and social interaction tests. All tests were performed in sound-
attenuated rooms between 9 am and 5 pm, and always at the same time for a given test. For all
experiments the experimenter was blinded to the genotype of the mice tested and analyzed.
Spontaneous locomotor and rearing activities: Locomotor and rearing activities were measured
using a circular corridor with four infrared beams placed at every 90° near the floor of the corridor
and one infrared beam placed high above the floor (Imetronic, Pessac, France), in a low luminosity
environment, avoiding stress. Locomotor activity was counted when mice interrupted two infrared
beans near the floor and thus had traveled % of the circular corridor. Rearing activity was counted
each time the mice interrupt the infrared beam placed high above the floor. Activities were

evaluated during three consecutive days, by 5 minutes intervals for 60 minutes.

Grid test: Coordination between forelimbs and hind limbs and accurate limb placement were

examined by assessing the ability to walk on metal grid bars with 1.5 cm gaps on the bottom of a 30
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x 20 x 20 cm box. The number of steps was automatically registered by the apparatus. All sessions
were video tracked to analyze the performance of each animal by counting the number of errors in
foot placement/total number of steps, during 2-minute sessions, once a day, for two consecutive
days. On the two days prior to data collection, each mouse was allowed to walk on the grid for 2

minutes to habituate.

Pole test: The vertical pole-test was used to evaluate motor coordination and balance. The
apparatus consists of a vertical metal bar (2 cm in diameter, 40 cm in height) covered with
"Tensoplast" fabric adhesive bandages, placed in a home cage with litter on the bottom. Mice were
placed with the head facing upwards, and their ability to turn and descend along the bar to its
home cage was assessed. Mice were recorded during 5 consecutive trials and the average of the 5
trials was used for analysis. On the two days prior to data collection, each mouse performed a

habituation session.

Wire-hanging test: The wire-hanging test was performed to measure motor coordination and
neuromuscular strength. Mice were gently placed on a wire-cage lid, which was then slowly waved
and turned upside down above the soft bedding (50 cm). The time (in seconds) the animal spent
hanging on the grid before falling in the cage was recorded. Each mouse underwent three trials

each day for two consecutive days. The best performance for day 2 was used for quantification.

Grip strength analysis: Forelimb grip strength was measured using a Grip Strength Meter (Bioseb).
Mice were held by the tail and allowed to grasp a small grill with their forepaws. Once the mouse
grasped the grill with both paws, the mouse was pulled away from the grill until the mouse
released the grill. The digital meter displays the level of tension (in grams) exerted on the bar by the

mouse. The average of 3 trials was used for analysis.

Hot plate: A standard hot plate (Bioseb), adjusted to 52°C, was used to assess motor reactions in
response to noxious stimuli. Mice were confined on the plate by a Plexiglas cylinder (diameter 19
cm, height 26 cm). The latency to a hind paw response (licking or shaking) or jumping, whatever

happened first, was taken as the nociceptive threshold.

Marble burying test: The purpose of this test was to detect stereotypical behaviors and also assess
anxiety. The mice were evaluated individually in a clean cage (25 x 20 x 14cm) filled with a 3cm-
thick layer of sawdust on which were placed 12 glass balls in 3 lines of 4 equidistant balls. The
number of buried balls (>75% covered) was recorded every minute for the first 10 minutes of the

test, then every 5 minutes for 20 minutes, and one last time after 30 minutes of testing.
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Social preference test: This test was performed in an "Open-field" unit (40 x 40 x 30 cm, white
Plexiglass on the sides and the floor) illuminated with 600 lux, and was divided in three phases.
During the habituation phase, the mouse was placed in the empty open-field and left free to
explore for 10 minutes. Then, two perforated round boxes (10 cm diameter) were inserted into the
space, and the mouse was left to explore for 10 minutes. Finally, a novel object was added to one
box and an unfamiliar congener of the same age and sex was added to the other, which the mouse
was free to explore the two boxes for 10 consecutive minutes. The behavior of the mouse was
automatically recorded by the video-tracking system (Viewpoint, Lyon) and the recordings were
used to quantify the number of entrances and the time spent in an area of 5 cm diameter around
the boxes. Videos could also be used to assess other behaviors such as stereotyped behaviors,

which can vary depending on the environment in which the animal is placed.

COS-7 culture, transfections, immunofluorescence staining and image acquisition

The pCDNA-HA-Caspr2 construct encode human Caspr2 (Accession number NM_014141, KIAA0868)
with the HA epitope inserted downstream of the signal peptide between the residues Trp26 and
Thr27, in the pCDNA3 vector (Canali et al., 2018). Mutated pCDNA-HA-Caspr2-1236S expressing the
Caspr2 variant protein was generated by site-directed mutagenesis using the oligonucleotides 5’-
CAGCAAGGAGATTACAGTACCTTGGAACTGAAA-3’ (sense) and 5’-
TTTCAGTTCCAAGGTACTGTAATCTCCTTGCTG-3’ (antisense), and the whole sequence of the mutated
cDNA was verified by sequencing.

For protein expression and localization analysis, COS-7 grown in DMEM containing 10% fetal calf
serum were transiently transfected using Polyethylenimine (PEI), using 3 pg of plasmid/10 pg
PEI/15 x 10* cells/30 mm-diameter dish and 1 pg of plasmid/3 ug PEI/5 x 10% cells/20 mm-diameter
coverslip, respectively. After transfection, cells were grown for 24 h before processing.

For immunofluorescence staining, cells were fixed with paraformaldehyde (PFA, 40 mg/ml) in
buffered saline (PBS) for 30 min at room temperature (RT) and permeabilized in PBS-Triton X-100 2
ul/ml for 5 min at RT. Coverslips were incubated in a saturation solution (50 mg/ml bovine serum
albumin in PBS), and then sequentially with primary antibodies (anti-HA, rat clone 3F10
#11 867 423 001, Roche; anti-KDEL, mouse #SPA-827, Stressgen; diluted in the saturation solution)
at RT for 2 hours and Alexa Fluor-conjugated-secondary antibodies (Thermo Fisher Scientific;
diluted in the saturation solution) at RT for 1 hour. Coverslips were finally washed with PBS and

mounted with Fluoromount-G medium (Thermo Fisher Scientific). To visualize the subcellular
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localization of WT or variant HA-Caspr2, images were acquired using a Leica SP5 confocal laser-

scanning microscope (Leica microsystems, Z stack 1um) with constant parameters.

Biochemical experiments

To analyze expression of WT and variant HA-Caspr2 in transfected COS-7 and protein levels in
brains and sciatic nerves, cells and tissues were lysed in RIPA buffer (50 mM Tris, pH 8.0, 150 mM
NaCl, 10 pl/mlI NP-40, 5 pg/ml sodium deoxycholate, 1 ug/ml SDS) containing Complete protease
inhibitors (Roche), and immunoblotting was performed as previously described (Canali et al., 2018;
Cifuentes-Diaz et al., 2023). Briefly, equal amounts of proteins (40 ug) were loaded on NuPAGE 8 %
Bis-Tris gels (COS-7 cell lysates) or NUPAGE 8-12% Bis-Tris gels (brain and sciatic nerve lysates)
(Thermo Fisher scientific) and transferred to 0.45 um Nitrocellulose membranes. Membranes were
blocked with 50g/1 non-fat dry milk in Tris-Buffered Saline solution/0.1 ml/I Tween 20 for 1 hour at
RT, incubated with primary antibodies in the same solution for 2 hours at RT or O/N at 4°C, 1 hour
at RT with appropriate IRDye-conjugated secondary antibodies, and imaged using Odyssey Imaging
System (LI-COR Biosciences). The expression levels of the proteins were quantified using Image
Studio Lite Quantification Software version 5.2 (LI-COR Biosciences) and normalized on actin (sciatic
nerves) or GAPDH (brains) expression. The commercial antibodies were from the following sources:
anti-HA, rat clone 3F10 #11 867 423 001, Roche; anti-K,1.2 a subunit, mouse clone K67/25 #75-075,
NeuroMab, 1:400; anti-F3, goat #AF904, R&D Systems, 1:400; anti-NrCAM, rabbit #ab24344,
Abcam, 1:300; anti-TAG-1, goat #AF4439, R&D Systems, 1:500; anti-Caspr2 (191) and anti-
Nfasc155/186 previously described (Denisenko-Nehrbass et al., 2003; Martin et al., 2017).

RT-qPCR experiments

For mRNA expression analysis, total mRNA was extracted from brains using the TRIzol™ Reagent
(Invitrogen) following the manufacturer’s recommendations. Reverse transcription was performed
with the SuperScript Il reverse transcriptase (Invitrogen, #18064-022) and random primers, and
gPCR in a Stratagene™ Mx3005P gPCR instrument (Agilent Technologies) using the Brilliant 1l SYBR
® Green QPCR Master Mix (Agilent Technologies, #600828). The MxPro QPCR Software (Agilent
Technologies) was used to perform expression analyses. The expression level of Cntnap2 mRNA was
normalized to Psap mRNA level. Primers for Cntnap2 were designed on two different exons: primer
sense 5'CAGCGCTCTCGCTCTGGATT (accession number NM_001004357, nucleotides 261-280),
primer anti-sense 5’CCCCAGCACCTCCTCGTTTATT (nucleotides 425-446), amplified DNA fragment
186 bp. Primers for Psap were the following: primer sense 5'CTGGTGTCAGAACATGGAGACTG
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(accession number NM_001146120, nucleotides 1708-1730), primer  anti-sense
5’'TGACTTCTGCAGCTGGGAAA (nucleotides 1781-1800), amplified DNA fragment 93 bp.

Tissue processing, immunostainings, and image analyses

Brains: Adult P90 mice were deeply anesthetized by intraperitoneal injection of ketamine (100
mg/kg) and xylazine (10 mg/kg) and transcardially perfused with 4% paraformaldehyde (PFA) in
0.12 M phosphate buffer pH 7.4. Brains were post-fixed overnight (O/N) at 4°C in 4% PFA. After
washing with PBS, 45 um-thick serial coronal sections and 500 pum-thick horizontal sections were
performed using a VT1000S vibratome (Leica, France). Thirty-five um-thick serial sagittal sections
were obtained similarly on brains embedded in 35g/| agarose and 80g/I sucrose in PBS. All floating
sections were conserved at 4°C in PBS with 1g/l sodium azide until use. For morphological analysis
of the CC and AC, coronal and sagittal sections were incubated in a permeabilization /saturation
solution (PS: PBS, 2 g/l porcine skin gelatin, 2.5 ml/I Triton X-100) for 1 hour at RT and then O/N at
4°C with the anti-NF-M antibody (Sigma, mouse clone NN18, #N5264, 1:300) diluted in PS. Sections
were then washed 3 times for 10 minutes in PBS/2.5 ml/I Triton X-100 (WS) and incubated for 2
hours at RT with adequate Alexa Fluor 488-conjugated-secondary antibodies (Thermo Fisher
Scientific) diluted in PS. After secondary antibody incubation, sections were washed 3 times for 10
minutes in WS and nuclei were stained for 10 minutes with Hoechst before mounting with
Fluoromount-G medium (Thermo Fisher Scientific). Images of immunostained coronal and sagittal
sections or phase-contrast images of horizontal sections were acquired using a macroscope MVX10
(Olympus). Thickness and area measurements were performed using the Image) software.

Sciatic nerves: Nerves of mice 4-month-old, 3 of each genotype, were dissected and fixed in 2% PFA
for 30 min at RT, teased apart to yield single fiber preparations, air-dried and kept at —20°C until
use. Immunofluorescent staining was performed as described previously (Martin et al., 2017).
Briefly, slides were treated with 0.1M glycine for 30 min at RT or with methanol 50%/acetone 50%
for 20 min at -20°C, pre-incubated for 1 hour at room temperature in the
permeabilization/saturation solution PS, before incubation with primary antibodies diluted in PS
overnight at 4°C (anti-K,1.2 a subunit, mouse clone K67/25 #75-075, NeuroMab, 1:400; anti-F3,
goat #AF904, R&D Systems, 1:400; anti-NrCAM, rabbit #ab24344, Abcam, 1:300; anti-TAG-1, goat
#AF4439, R&D Systems, 1:500; anti-Caspr (L51, 1:500) and anti-Caspr2 (191, 1:400) previously
described (Denisenko-Nehrbass et al., 2003; Menegoz et al.,, 1997). After washing with PBS,
coverslips were incubated for 2 hours at room temperature with Alexa Fluor-conjugated-secondary

antibodies (Thermo Fisher Scientific) secondary antibodies diluted in PS2, washed again with PBS,
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and mounted with Fluoromount-G medium. Images were acquired using a Zeiss Celldiscoverer 7
imaging system for quantification analyzes, and a STELLARIS 5 confocal laser-scanning microscope
(Leica microsystems) to acquire representative images. Measurements of node length, node axonal
diameter and paranodal length were performed manually on NrCAM and Caspr stainings using the

Imagel software.

Electron microscopy and morphometry

For ultrastructural analyses of peripheral myelinated fibers, the sciatic nerves of 4.5 month-old
mice were fixed in situ for ~1 min with 3% glutaraldehyde in Milloning’s phosphate buffer 0.1M pH
7.4, dissected out, placed in fixative O/N at 4°C, rinsed in PB, post-fixed in 2% osmium tetroxide in
PB, dehydrated in an ascending series of ethanol, and embedded in epoxy resin. The global
morphology of the nerves and the number of myelinated fibers were evaluated on 0.5 um-thick
semi-thin transversal sections stained with toluidine blue and imaged with a DM6000 Leica
microscope. Measurements of the number of myelinated fibers were performed manually using the
Fiji software.

For ultrastructural studies, transversal and longitudinal sections ultra-thin sections (40 nm) of the
nerves were stained with Reynold’s lead citrate and uranyl acetate and examined with a Philipps
CM-100 TEM electron microscope. Images were acquired using an Orius (Gatan) digital camera.
Axon diameters, fiber diameters and G-ratios were measured on the transversal sections using the
semiautomatic software MyelTracer (Kaiser et al.,, 2021). A least ten nodes of Ranvier per mice

were examined in longitudinal sections of sciatic nerves.

Electrophysiological analysis

Mice (~6-month-old, 6/genotype) were euthanized, and the sciatic nerves were quickly dissected
out and transferred into artificial CSF containing 126 mM NaCl, 3 mM KCI, 2 mM CacCl;, 2 mM
MgS0a, 1.25 NaH,P0O4, 26 mM NaHCOs3 and 10 mM dextrose, pH 7.4-7.5. The sciatic nerves (2 cm
segments) were placed in a three-compartment recording chamber and perfused at 1-2 ml/min in
medium equilibrated with 95%0,-5%CO,. The distal end was stimulated supramaximally (40 us
duration) through two electrodes isolated with petroleum jelly, and recordings were performed at
the proximal ends. Signals were amplified and digitized at 500 kHz. The duration of the compound
action potentials (CAPs) was calculated at the half maximal amplitude (V1,2). The delay of the CAPs
was measured at Vi2 and at the maximal amplitude (Vmax). The conduction velocity was derived

from the delay. For recruitment analysis, the CAP amplitude was measured and plotted as a
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function of the stimulation intensity. For the refractory period analysis, two successive stimuli were
applied at different intervals, and the amplitude of the second CAP was measured and plotted as a

function of the delay between the two stimuli.

Statistical analysis

Statistical analyses were performed with the GraphPad Prism 9  Software
(GraphPad Software, San Diego, CA, USA). Results are provided as mean + SEM or median % quartile
(Violin plot, medium smoothing). The normality of the samples was tested using the Shapiro-Wilk
test. To compare the 2 genotypes or 2 conditions, statistical analyses were carried out using the
unpaired t test when the variables followed a normal distribution and the Mann Whitney test when
the variables did not follow a normal distribution, eventually followed by a Kolmogorov-Smirnov
test to compared cumulative distribution. For the weight of the mice in function of the age, the
marble burying test and the electrophysiological experiments, the 2 genotypes were compared
using Two-way RM ANOVA tests, followed by Dunnett's multiple comparisons tests or Sidak's
multiple comparisons tests. Linear regression analyzes were performed after checking the
correlations between the variables (Pearson coefficient). The significance was established at a P-

value < 0.05.
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RESULTS

The CNTNAP2 variant c.707T>G induces protein retention in the ER

The CNTNAP2 variant ¢.707T>G was identified in a French ASD patient. It was transmitted by the
mother, who is not obviously affected by the pathology (Fig. 1A), but reported at a very low
frequency in the Genome Aggregation Database (GhomAD; frequency, ~ 10°®). Caspr2 is a protein of
1331 residues, which presents a large extracellular domain composed of eight defined structural
subdomains: a discoidin (F58C) domain, four laminin G (L1-L4) domains, two epidermal growth
factor-like (EGF) domains, and a fibrinogen-like (FBR) domain (Fig. 1B). The variant leads to a
replacement of the isoleucine at position 236 within the distal L1 subdomain by a serine (1236S
mutation). SIFT, Polyphen-2, and Mutation Taster software, and the deep-learning model ESM1b,
predicted that this variant could be “Deleterious” (score 0), “Possibly damaging” (score 0.993),
“Disease causing” (P value: 1), and “Pathogenic” (LLR score -13.25), respectively. According to
electron microscopy studies of the extracellular domain of the protein, Caspr2 probably displays a
very compact F-shaped monomeric architecture organized into three major lobes composed of the
L4 domain, L3 and FBR domains, and L1, L2 and F58C domains, respectively, while the EGF-like
domains may serve as molecular hinges permitting the lobes to flex with respect to each other (Lu
et al., 2016). The DynaMut software (Rodrigues et al.,, 2018) predicted that the Serine 236
positioned on the external part of L1 domain could be destabilizing (AAG value: -2.682; Fig. 1C) and
could increase protein flexibility (AASvib: 0.910 kcal.mol-1.K-1; Fig .1D).

The impact of the variant on folding and trafficking of the corresponding mutant protein,
Caspr2-1236S, was evaluated in transfected heterologous COS-7 cells expressing HA-tagged
proteins. Our previous work showed that in these conditions, Caspr2 appears as two bands in
immunoblotting: an upper band which corresponds to a mature, fully glycosylated form which is
trafficked appropriately and is expressed at the plasma membrane; and a lower band which
corresponds to an immature, partially glycosylated, intracellular form (Canali et al., 2018; Falivelli et
al., 2012) (Fig. 1E). Quantification of the percentage of the immature glycosylated form for HA-
Caspr2-1236S on immunoblots showed that the mutant protein was mainly expressed as the
immature form when compared to HA-Caspr2 (Fig. 1E), and in manner similar to that of the mutant
protein bearing the variant D1129H (Fig. 1B,E; HA-Caspr2-D1129H), which was extensively studied
previously and shown to induce protein misfolding and ER retention, with UPR activation. The
subcellular localization of HA-Caspr2-1236S was further monitored by immunohistochemistry. The

mutant protein showed a strong co-localization with an ER marker while HA-Caspr2 was mainly
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detectable at the plasma membrane (Fig. 1F). These experiments demonstrated that the 1236S

variant is heavily retained in the ER and presents maturation defects.

Knock-in mice are viable and do not display major developmental defects

The knock-in mutant mice bearing the c.707T>G/1236S variant (KI-1236S mice) were generated using
a sgRNA CRISPR/Cas9 technology in a C57BL/6J background at the Centro Nacional de Biotecnologia
(CSIC) in Madrid (Spain) (Suppl. Fig. 1A,B). Crossing heterozygous (HET) mice with C57BL/6J WT
mice generated litters in which HET pups were obtained at a Mendelian ratio with comparable
proportion of males and females (Fig. 2A), demonstrating that the variant does not have a major
impact on mouse development. Also, both HET males and females appeared normal and survived
as long as WT mice (>2 years), although HET males were slightly heavier than WT males during the
first post-natal weeks (Fig. 2B), but not at later stages (Fig. 2C). Gross morphology of the brain
appeared unaffected in both males and females (Fig. 2D). However, immunoblotting on brain
lysates showed a significantly reduced level (~30% reduction) of total Caspr2 protein in HET animals
(Fig. 2E) while RT-gPCR analysis showed no significant difference in Cntnap2 mRNA levels (Fig. 2F),
suggesting post-translational degradation of the mutant protein, either alone or together with WT

Caspr2 through oligomerization.

KI-1236S HET mice show sex-dependent abnormalities in heat sensitivity and muscular strength

but not in motor ability and coordination

We first characterized the behavioral phenotype of adult mutant mice using a battery of tests
which may indicate peripheral deficits. Considering that boys are more often affected by ASD than
girls, the performances of male and female mice were evaluated independently. The animals were
tested successively for spontaneous locomotor activity and exploration during three consecutive
days in a circular corridor, motor ability and coordination in grid, pole and hanging wire tests,
muscular strength using the grip test, and heat sensitivity on a hot plate. Tests for motor ability and
coordination did not reveal significant differences between WT and HET mice, males or females, as
they showed comparable number of steps and of falls per 100 steps in the grid test (Fig. 3B) and
similar time to descend along the vertical bar in the pole test (Fig. 3C) and to fall from the grid in
the hanging wire test (Fig. 3D). In the pole test, WT and HET mice (males and females) displayed
differences in descent strategy, HET mice showing a propensity to descend the pole in a turning
manner rather than a straight manner (Fig. 3C), but what exactly this could indicate is not clear as
there is conflicting evidence in the literature on this topic. Male and female HET mice did not
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demonstrate impairments in the circular corridor during the two first days of the test (Fig. 3A),
showing comparable horizontal locomotor activity (number of 1/4 turns per 60 minutes) and
rearing activity (number of rears per 60 minutes) to WT mice, and decreased activities from day 1
to day 2, indicating habituation. However, on day 3 of testing HET female mice showed significantly
decreased horizontal locomotor and rearing activities as compared to WT mice, while the rearing
activity of HET males tended to be increased (P=0.0845), indicating likely differences in exploration
capacities and/or interest between male and female HET mice. Also, differences were detected
between males and females in the grip and hot plate tests: HET males displayed decreased
muscular strength compared to WT males (Fig. 3E) and decreased heat sensitivity, that could reflect
sensory defects (Fig. 3F; latency to a hind paw response or jumping), while no differences were

observed between WT and HET females.

KI-1236S HET mice show sex-dependent abnormalities in social preference but no stereotypical

behaviors

We next characterized the phenotype of adult mutant mice in two tests which may reveal ASD-
related behaviors: stereotypical and anxious behaviors using the marble burying test, and social
interaction deficits using a social preference test. In the marble burying test, mice were evaluated
individually for the time spent to bury 12 glass balls placed on sawdust over a 30 minute-session.
No difference was detectable between WT and HET mice, males or females (Fig. 4A), and no
specific stereotypical behavior was observed either. The social preference test was conducted in an
open field where mice were free to explore two boxes, one containing a novel object and one
containing an unfamiliar congener of the same age and sex. As expected, WT mice showed a
preference for the box with the congener (Fig. 4B; number of entrances and time spent in the area
of the two boxes). HET males also demonstrated a preference for the box with the congener. By
contrast, no significant difference for interaction with the box containing the congener and the
empty box was observed for HET females, indicating that female HET mice display some social
interaction deficits. Note that in this test, WT and HET mice, males and females showed
comparable activity (Fig. 4B; right panels). Also, the behavior of the mice was automatically
recorded by the video-tracking system and the observation of the videos did not reveal either
stereotyped or anxiety behaviors, which can vary depending on the environment in which the

animal is placed.
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KI-1236S HET mice show sex-dependent morphological alterations of brain interhemispheric

myelinated tracts

As we previously observed morphological alterations of the corpus callosum (CC) and of the
anterior commissure (AC) in Cntnap2”/- and Cntnap2*- mouse brains (Cifuentes-Diaz et al., 2023),
we next examined brain morphology on coronal sections (Fig. 5A,D; Bregma + 0.55), sagittal
sections (Fig. 5B,E) and horizontal sections (Fig. 5C,F). The CC is the most prominent white matter
structure in the brain, formed by ~80% of axons coming from neocortical neurons in layers II/Ill and
~20% of axons coming from cortical neurons in layer V (Fig. 5A,D). The AC is formed by two main
branches, contacting each other at the midline of the brain (Fig. 5E). The anterior branch (ACa) is
composed mainly of axons from the anterior piriform cortex and the anterior olfactory nucleus,
whereas the posterior branch (ACp) is composed mostly of axons from the posterior piriform cortex
and the amygdala. Immunostaining of coronal and sagittal slices with antibodies directed against
the neurofilament subunit NF-M, which is expressed in myelinated commissural axons, and phase-
contrast images of horizontal sections did not reveal gross abnormalities in mutant mice either in
the global morphology of the brain or in the global structure of the CC or AC. The thicknesses of the
motor cortex (MC) and sensorimotor cortex (SSC) measured on coronal sections were not affected
(data not shown). When measuring the thickness of the CC at the midline on coronal sections (Fig.
5A), and CC area, minimum and maximum calipers on sagittal sections (Fig. 5B), no significant
difference was observed between HET and WT males (Fig. 5G), but a significant decrease of CC
maximum caliper and a decreased tendency of CC area were detected in HET females as compared
to WT females (Fig. 51). Conversely, measurements of AC area on sagittal sections and ACa
thickness on horizontal sections did not reveal differences between HET and WT females (Fig. 5J),
but a significant decrease of AC area in HET males as compared to WT males (Fig. 5H). The fact that
the ACa thickness was not significantly decreased in males suggested that decreased AC area was

preferentially due to a decrease in ACp thickness.

KI-1236S HET mice show sex-dependent myelinated fiber anomalies in the peripheral nervous

system

Since we previously showed that Caspr2 also controls axon diameter, myelin thickness, and node of
Ranvier morphology in peripheral nerves (Cifuentes-Diaz et al., 2023), we further assessed whether
the organization of peripheral myelinated fibers could be perturbed in HET adult mice, focusing on

sciatic nerves. As for the brains, immunoblotting on nerve lysates showed a ~30% reduction of total
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Caspr2 protein in HET animals as compared to WT animals (Fig. 6A). Semi-thin transversal sections
of the nerves stained with toluidine blue did not reveal any major difference in the global
morphology of the nerves between adult WT and HET (Suppl. Fig. 2), nor in the total number of
myelinated fibers (Fig. 6B), although it tends to be slightly decreased in HET males. At the
ultrastructural level, the structure of the myelin appeared normal in HET mice (Fig. 6C). We
measured myelinated fiber and axon diameters, to subsequently calculate the G-ratio, which is the
ratio between the inner and outer diameters of a fiber whose variations can reveal myelin thickness
defects. When plotting the G-ratios as a function of axon diameter, we did not detect any
difference between HET and WT female mice (Fig. 6E), but a significant difference between HET and
WT male mice with an increased G-ratio in HET male, indicating hypomyelination (Fig. 6D).

We further examined the organization of myelinated fibers in males, looking at the nodes of
Ranvier. Fluorescent immunolabelling on teased myelinated fibers revealed that their global
organization was preserved in HET mice (Fig. 7A,B). Caspr2 was detectable in more than 96% of the
juxtaparanodes (> 96%) (Fig. 7A,B,E), together its partner TAG-1 (Fig. 7A,B), although the
enrichment of latter might be reduced since immunoblotting revealed a decreased level (~12%) of
the protein in nerve lysates (Fig. 7C,D). Shaker-type voltage-gated potassium channels (Kv1.2) were
observed in the vast majority of the juxtaparanodes stained for Caspr2 (Fig. 7A,B,E), and their
global level in nerve lysates was not significantly different from that in WT mice (Fig. 7D). The
localization of proteins enriched in the two other regions of the nodes of Ranvier, the paranode and
the node, as well as their level in nerve lysates, also appeared unchanged (Fig. 7A,B, F3, Caspr,
NrCAM; Fig. 7C,D, Nfasc155, Nfasc186). However, a detailed examination revealed a significant
increase in the axonal diameter of the nodes (labelled for NrCAM) together with a significant
increase in their length (Fig. 7F-H), and a decrease of the length of the paranodes (labelled for F3)
(Fig. 71) in HET mice. We thus examined the ultrastructure of the nodes of Ranvier by electron
microscopy on ultra-thin longitudinal sections of the nerves. No major abnormalities were observed
in the juxtaparanodes in mutant mice (Fig. 8A,B). The cytoplasmic glial loops contacting the axons
at paranodes appeared globally normal (Fig. 8C). The transverse bands, the ultrastructural hallmark
of paranodal junctions, were visible in mutant as well as in WT mice (Fig. 8C, arrowheads). Schwann
cells microvilli filled the nodal gap and contacted the axon, and their organization was
indistinguishable in mutant and WT mice (Fig. 8C). However, in agreement with morphometric
analyses on immunostained myelinated fibers, the nodes often appeared larger and longer, and

paranodes shorter, both in large and thin myelinated fibers of HET mice (Fig. 8A,B).
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KI-1236S HET mice show sex-dependent Remak bundle anomalies in the peripheral nervous

system

During development of peripheral nerves, myelination takes place in Schwann cells wrapped
around large-diameter axons whereas immature Schwann cells give rise to non-myelinating cells,
which ensheath groups of small-diameter C-fiber axons (<1um) to form the Remak bundles. C-fibers
carry sensory input such as nociception from touch or heat from the periphery to the central
nervous system. Non-myelinating Schwann cells keep the axons from touching each other by
squeezing their cytoplasm between the axons. Upon examination of sciatic nerve transversal
sections, we noticed that the cytoplasm of non-myelinating Schwann cells might be more dense in
HET males than in the WT males (Fig. 9A). We thus asked whether this could be associated with
modifications in the global organization of the Remak bundles. We did not observe differences in
the number of C-fibers per Remak bundle between WT and HET mice, males or females (Fig. 9B).
However, the diameters of the axons were significantly increased in HET males as compared to WT
mice, while no difference was observed in females (Fig. 9C).

Considering the morphological abnormalities of the myelinated fibers and Remak bundles
observed in mutant males, we finally asked whether they may influence peripheral nerve functions.
To this end, we examined the electrophysiological properties of the sciatic nerves. Recording did
not reveal any alteration in compound action potentials (CAPs) recruitment for increasing
intensities of stimulation amplitude at 35°C in myelinated fibers of HET mice (Suppl. Fig. 3A). The
mean conduction velocity at the peak (CVmax) or at the mid-amplitude (CVy) of the CAPs, as well as
the mean amplitude and duration of the CAPs, were not affected (Table 1; Suppl. Fig. 3C,D). The
refractory period was also identical in WT and HET mice (Suppl. Fig. 3B). No impairment in CAP
propagation fidelity was detected upon high frequency stimulation (Suppl. Fig. 3E). Additionally, the

recruitment of the CAPs in C-fibers at 35°C was essentially unchanged in HET mice (Suppl. Fig. 3F).
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DISCUSSION

It has previously been shown that Cntanp2 null homozygosity and Cntnap2 heterozygosity can
affect several parameters of neurodevelopment. The Cntnap2”- mouse has often been used as an
ASD mouse model, displaying behavioral and morphological abnormalities which at best suggest a
possible contribution of CNTNAP2 mutations to ASD pathology, but at least establish a key role of
the protein Caspr2 in neurodevelopment. In the present study, we illustrate that an ER-retained
CNTNAP2 heterozygous missense variant can indeed alter the function of the protein Caspr2,
indicating that these types of variants found in ASD patients could potentially contribute to disease
pathogenicity. Interestingly, we also provide strong evidence that CNTNAP2 variants could have

sex-dependent effects.

We herein show that the ASD patient variant protein Caspr2-1236S is heavily ER-retained and
could be misfolded due to its predicted increased instability in the large N-terminal lobe of the
protein. Caspr2 is a large protein with an extracellular region which consists of three main lobes,
likely adopting a very compact structure (Lu et al., 2016). The predicted structural changes incurred
by the 1236S mutation could impact the trafficking of only the mutant protein, or of WT Caspr2 also
through oligomerization with the mutant protein in the ER (Canali et al., 2018). Thus, the
abnormalities observed in KI-1236S HET mice could be due to reduced Caspr2 levels at the cell
surface due to ER-retention and subsequent degradation, or/and to altered Caspr2 function at the
cell surface caused by the 1236S mutation. Our current data showing a ~30% decrease of Caspr2
level in brains and sciatic nerves of KI-1236S HET mice compared to WT mice strongly suggest that
both phenomena co-exist in these mice, although the exact proportion of WT Caspr2 versus Caspr2-
1236S cannot be assessed in tissue lysates. Considering the results from the study of the heavily ER-
retained Caspr2 variant Caspr2-D1129H by Falivelli et al., misfolding of Caspr2-1236S likely leads to

activation of the UPR, including pathways such as ATF6 (Falivelli et al., 2012).

Myelination is a developmental process which relies on cross-talk between the axon and the
myelinating glial cells. It is influenced by axonal parameters such as axon diameter and firing rate
(Kato & Wake, 2019; Lee et al., 2012). Caspr2 has been implicated in these processes both in the
CNS and in the PNS (Scott et al., 2019), (Cifuentes-Diaz et al., 2023). Caspr2 is also known to
modulate node of Ranvier formation and organization (Hivert et al., 2016; Horresh et al., 2010;
Sebastian Poliak et al., 2003; Traka et al., 2003). We recently showed that both myelination
processes and node of Ranvier organization are differentially impacted by Cntnap2 heterozygosity

and Cntnap2 null homozygosity (Cifuentes-Diaz et al., 2023). Here we observe that the variant
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Caspr2-1236S has similar effects on myelin thickness of peripheral fibers of adult male mice as
previously observed in Cntnap2*- mice (Cifuentes-Diaz et al., 2023), with an increased G-ratio
indicating hypomyelination. By contrast, the variant Caspr2-1236S has opposite effects on node
morphology to those observed in Cntnap2”- and Cntnap2*- mice (Cifuentes-Diaz et al., 2023); node
diameter and length are increased in KI-1236S HET males whereas decreased node length was
observed in Cntnap2”- and Cntnap2*~ mice. In addition, the enrichment of TAG-1 at the
juxtaparanodes is maintained in KI-1236S HET males as in Cntnap2*~ mice, but the global level of the
protein in sciatic nerve lysates is decreased whereas it is not affected in as Cntnap2*/- mice. Overall,
these observations demonstrate that the variant has varying effects on both PNS myelination and
node of Ranvier formation in male mice which, apart from being sex-dependent, do not
recapitulate either Cntnap2 heterozygosity or Cntnap2 null homozygosity. Of note, previous
morphological studies in Cntnap2”- and Cntnap2*~ mice were performed on pool of male and
female mice in so far as the independent analysis of males and females did not reveal obvious

differences.

In addition to PNS abnormalities, the 1236S variant shows effects on the morphology of
myelinated white tracts of the brain, indicating that the variant likely impacts CNS myelination as
well. However, CC and AC morphological modifications in KI-I1236S HET mice here again do not
recapitulate either Cntnap2 heterozygosity or Cntnap2 null homozygosity (Cifuentes-Diaz et al.,
2023). Both decreased AC area and decreased CC thickness and area were previously observed in
Cntnap2”~ mice (Cifuentes-Diaz et al., 2023). In this study, we find a decreased AC area in in KI-
1236S HET male mice, but without major morphological alterations of the CC. Furthermore, KI-1236S
HET female mice do not show AC morphological alterations, but a decrease in CC area. These data
strongly suggest that even for a given sex the variant impacts different types of myelinated fibers
differentially, likely because of differences in the molecular mechanisms in which Caspr2 could be
implicated from one axon to another. Further investigations will be necessary to evaluate the

impact of the variant on fiber morphology and myelination at the ultrastructural level.

Sex-dependent morphological alterations KI-1236S HET mice are accompanied by sex-
dependent behaviors; KI-1236S HET male mice, but not female mice, show decreased muscular
strength and in heat hyposensitivity, which once again contrasts with the heat hypersensitivity
previously observed in Cntnap2”/- males (Dawes et al., 2018; Xing et al., 2020; Zhang et al., 2021).
Decreased muscular strength questions whether the variant could affect neuromuscular junction

integrity as previously observed in 6 months-old Cntnap2”- mice (Saifetiarova et al. 2017). Although
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electrophysiological studies on sciatic nerves did not reveal obvious conduction abnormalities, heat
hyposensitivity in males may be related to the specific morphological alterations observed in C-
fibers, which are responsible for relaying nociceptive sensory information from the periphery. A
role for Caspr2 in C-fibers is supported by the reactivity along the C-fibers of rat sciatic nerve
observed when treated with patient serum containing Caspr2 auto-antibodies, indicating that
Caspr2 is located along sensory C-fibers (Gendre et al., 2021). Also and interestingly, increased C-
fiber axon diameter was previously observed when the mTORC1 signaling pathway was activated in
mouse peripheral sensory neurons by conditional deletion of its negative regulator Tuberous
Sclerosis Complex 2 (Tsc2) (Carlin et al., 2018); Tsc2-deleted mice also exhibited reduced noxious
heat sensitivity. Hyperactive mTOR signaling was reported in dorsal root ganglia neurons (DRG) of
Cntnap2”- mice and treatment with an mTOR inhibitor rapamycin reduced hypersensitivity to heat
as well as reduced DRG hyperexcitability (Xing et al., 2020). Given these observations, we could
speculate that the increased C-fiber axon diameter and reduced heat sensitivity in KI-1236S HET

male mice could be potentially due to a dysregulation of the mTOR pathway.

Previously, Cntnap2”- male mice were shown to present social defects (Jang et al., 2022), and
this contributed to conclude that CNTNAP2 may indeed be an ASD susceptibility gene given the
known gender bias in ASD patients (Maenner et al., 2023). Here, behavioral tests revealed that Kl-
1236S HET female mice, but not male mice, present perturbed social preference, indicating that the
1236S variant could favor ASD-like cognitive behaviors in females rather than in males. This
assumption is supported by the fact that KI-1236S HET females also showed decreased horizontal
locomotor and rearing activities on day 3 of testing in the circular corridor, suggesting decrease in
exploration capacities. However, these observations are puzzling since the variant was identified in
a boy affected by ASD and in his mother who was described as non-affected by the pathology. One
explanation for the mother’s lack of diagnosis could be that any social abnormalities are very mildly
affected and isolated. We indeed found that KI-I1236S HET females do not present obvious
stereotypical behaviors, indicating that the 1236S variant could likely be not sufficient to induce the
full clinical presentation of ASD in women. Regarding male gender, Caspr2 dysfunction might not be
sufficient for the development of ASD cognitive symptoms, additional genetic, epigenetic and/or

environmental events being required.

One can question the mechanisms that may underlie both morphological and behavioral
differences between KI-1236S HET male and female mice. Recently, Gegenhuber and colleagues

showed that the transcription factor oestrogen receptor-a (ERa) could underlie several sex
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differences in the brain by studying the genomic targets of ERa (Gegenhuber et al., 2022). They
interestingly identified brain-specific ERa binding events enriched for synaptic and
neurodevelopmental disease Gene Ontology terms, including CNTNAP2/Caspr2, indicating that
CNTNAP2 expression could be regulated by oestradiaol. Our results show that the overall level of
Caspr2 proteins in brains and sciatic nerves of KI-1236S HET mice are not significantly different
between males and females. However, we cannot totally exclude the existence a slight but
sufficient difference in Caspr2 level between the two sexes that could account for a differential
impact of the 1236S variant at the cellular level, as we observed a decreased tendency for Cntnap2

MRNA level in the brains of KI-1236S HET females (Fig. 2F). This issue merits further study.

In conclusion, we have characterized an ER-retained CNTNAPZ2 variant identified in an ASD
patient in vivo for the first time, providing evidence that this group of variants can affect the
functions of Caspr2, leading to PNS and CNS morphological and behavioral alterations in a sex-
dependent manner. Further investigations will be required to determine whether the variant alters
brain function, notably synapse function, and local and long-range brain connectivity in which
Caspr2 has been implicated (Liska et al., 2018; Zerbi et al., 2018). Our observations nevertheless
strongly suggest that at least some ER-retained CNTNAP2 variants could provide a genetic
background conferring susceptibility for the development of ASD-like symptoms. However, our
study also raises the intriguing question of whether in a non-pathological context ER-retained
CNTNAP2 missense variant could contribute to inter-individual variability. Currently more than 400
heterozygous CNTNAP2 missense variants have been identified in individuals of the global
population (https://gnomad.broadinstitute.org). Studying eight variants distributed in different
subdomains of the extracellular of Caspr2, we previously showed that they lead to various degrees
of ER retention of the mutant proteins (Canali et al, 2018), suggesting that the CNTNAP2 variants

could induce a continuum of phenotypes in vivo.
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TABLE 1: Electrophysiological characteristics of sciatic nerves from WT and HET males at 35°C.

WT HET
A-fibers
Amplitude (mV) 13.8+4.2 13.0+4.1
CV Vi (m.s?) 76.0+6.5 73.1+5.2
CV Vinax (M.s)) 47.1+4.4 459+4.7
Duration Vi, (ms) 0.33+0.04 0.32+0.04

n represents the number of nerves tested, the number of animals is indicated in parentheses. Data
are means * SD. Statistical analyses: two-tailed t-tests for two samples of equal variance, non-
significant.
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FIGURE 1 | Identification and characterization of the 1236S variant. (A) Pedigree of the family where
the variant ¢.707T>G/I236S was identified. (B) Domain organization of Caspr2 and position of the
variants 1236S and D1129H. F58C, discoidin domain; L1-L4, laminin G domains; FBR, fibrinogen-like
domain; EGF, EGF-like domains; GNP, “Glycophorin C-Neurexin IV-Paranodin” motif; PDZ-B, PDZ-binding
motif. (C) Caspr2-1236S overall structure, with amino acids colored according to the vibrational entropy
change upon mutation with red representing a gain in flexibility (DynaMut software). (D) Caspr2 and
Caspr2-1236S structure predictions around position 236 (DynaMut software). Position 236 is in light blue.
Hydogen bonds and halogen bonds are indicated in red end blue, respectively. For wild-type Caspr2,
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weak interactions at position 236 are indicated in light gray dotted lines. For Caspr2-1S236S, notable
change is a gain in weak hydrogen bonds shown in orange and lonic interactions in yellow, and loss of
several other weak interactions. (E) Intracellular retention of the variants 1236S and D1129H in
transfected COS-7 cells. Upper panel, representative immunoblotting (IB) of 3 independent experiments
performed on lysates from transfected COS-7 cells expressing HA-Caspr2 or the HA-Caspr2 variants, with
HA antibodies (aHA). The mature and immature forms of the proteins are indicated by arrows.
Molecular mass markers are shown in kDa on the left of the panels. Bottom panel, quantification of the
% of immature form for each protein normalized to its total expression (mature and immature forms).
(F) Representative images of the subcellular localization of HA-Caspr2 and HA-Caspr2-1236S in
transfected COS-7 cells immunolabeled with antibodies directed against HA (Caspr2/Caspr2-1236S,
Green) and the ER marker KDEL (red). Single confocal sections. Inserts, high magnification of white
squares. Statistical analyses: (E, bottom panel) Means + SEM; Unpaired t test to compare each variant to
HA-Caspr2, ****P<0.0001.
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Supplementary Figure S1 | Generation of KI-12365 mice and genotyping. (A) Schema of the sgRNA
CRISPR/Cas9 strategy used to generate the mutant mice, showing Cntnap2 genomic locus and the sgRNA
sequence. The mutation c707T>G in Cntnap2 exon 5 leads to the introduction of a digestion site for the
restriction enzyme Taal (HpyCHA4llII) site. (B) Validation of the mutation by sequencing. (C) Schema of the
genotyping strategy by PCR of tail-tip genomic DNA with primers Forward and Reverse amplifying a 468-
bp product, and subsequent digestion with Taal leading to 2 products for the WT allele (426 bp, 42 bp),
and three products for the mutant allele (299 bp, 127bp, 42 bp). (D) PCR analysis on genomic DNAs of
WT and HET mice (2% agarose gel, 100 bp ladder).
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FIGURE 2 | General characterization of KI-12365 mouse model. (A) Percentage of males and females of
different genotypes (WT/HET) in litters from WT x HET crossings. (B) Weights of males and females, WT
or HET, from postnatal (P) day 10 to “two months (P66). (C) Weights of males, WT or HET, at ~3.5
months (m) and ~5 months, and of females, WT or HET, at ~5 months. (D) Representative photos from
the brains of adult males and females, WT or HET. (E) Left panel, representative immunoblots showing
Caspr2 and GAPDH levels in the brains of adult males and females, WT or HET. Molecular mass markers
are shown in kDa on the left of the panels. Right panel, Caspr2 levels normalized to GAPDH levels and
relative to mean WT (in %). (F) Levels of Cntnap2 mRNAs normalized to the Psap gene and relative to
mean WT in the brains of adult males and females, WT or HET. (A) 576 mice from 89 litters, mean > 6
mice/litter; (B) Females n=28 WT-28 HET, males n=17 WT-27 HET; (C) 3.5 month-old males n =17 WT-15
HET; 5 month-old males n=16 WT-14HET, 5 month-old females n=20 WT-18 HET, (E) Left panel, 8
mice/genotype/sex; (F) 8 males/genotype; 6-8 females/genotype. Statistical tests: (A) Fisher’s exact test;
(B) Means £ SEM, Two-way RM ANOVA to compare the 2 genotypes for each sex; (C) Means + SEM,
Unpaired t test or Mann Whitney test to compare the 2 genotypes for each sex and each age; (E) Means
+ SEM, Unpaired t test or Mann Whitney test to compare the 2 genotypes for each sex; (F) Means +
SEM, Unpaired t test to compare the 2 genotypes for each sex; ***P<0.001, **P<0.01, ns non-
significant.
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FIGURE 3 | Spontaneous locomotor activity, motor coordination, muscular strength and heat
sensitivity of mutant mice. (A) Cumulative horizontal locomotor activity (left panels, number of
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¥ turns) and rearing activity (right panels, number or rears) for 60 minutes during three
consecutive days in the dark in a circular corridor. (B) Grid test: number of steps (left panels)
and falls per 100 steps (right panels) during 2 min. (C) Pole test: time to descend in seconds
(sec, left panels) and strategy adopted to descend (number of mice, right panels). (D) Hanging
wire test: latency to fall from the grid in seconds (sec). (E) Grip test: muscular strength in
Newton (N). (F) Hot plate test: latency in seconds (sec) to a hind paw response or jumping. (A)
Females n=12 WT-14 HET, males n=15 WT-16 HET; (B, C, E, F) Females n= 17 WT-15 HET, males
n=19 WT-19 HET; (D) Females n= 16 WT-15 HET, males n=19 WT-18 HET. Statistical analyses:
(A, B, C left panel, D-F) Means + SEM; Unpaired t test or Mann Whitney test to compare the 2
genotypes; (C, right panel) Fisher’s exact test; (A) Two-way RM ANOVA for genotype effect, day
effect, and genotype/day interaction, to compare the 2 genotypes over the 3 consecutive days,
followed by Dunnett's multiple comparisons post-tests to compare Days 3 to Day 1 for each
genotype. Males or females, locomotor or rearing activity: day, P<0.0001; interaction, non-
significant. Day 3 versus Day 1: males, locomotion or rearing, WT P<0.0001, HET P<0.001;
females, locomotion, WT P<0.001, HET P<0.0001; females, rearing, WT P<0.01, HET P<0.001.
**P<0.01, *P<0.05, ns non-significant.
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FIGURE 4 | Stereotypical, anxiety and social interaction behaviors of mutant mice. (A) Marble burying
test: Number of buried marbles over time. (B) Social preference test. Duration of inactivity (left panels),
number of entrances (central panels) and time spent (right panels) in the area of the empty box and of
the box containing an unfamiliar congener, respectively, for 10 consecutive minutes. (A) Females n=20
WT-18 HET, males n=26 WT-25 HET; (B) Females n=22 WT-18 HET, males n=17 WT-15 HET. Statistical
analyses: (A) Means + SEM, Two-way RM ANOVA test to compare the 2 genotypes over time; (B, left
panels) Means + SEM, Unpaired t test to compare the 2 genotypes; (B, central and right panels) Means +
SEM, Two-way RM ANOVA test for genotype effect, box preference, and genotype/box preference
interaction, followed by Sidak's multiple comparisons tests for to compare box preference for each
genotype. Males, number of entrances and time spent in the area: genotype, non-significant; box
preference, P<0.0001; interaction, non-significant. Females, number of entrances in the area: genotype,
non-significant; box preference, P<0.0001; interaction, P<0.05. Females, time spent in the area:
genotype, non-significant; box preference, P<0.0001; interaction, P=0.0645. ****P<0.0001, **P<0.01,

*P<0.05, ns non-significant.
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FIGURE 5 | Brain morphology in 3 month-old mice. (A, D) Representative images of brain coronal
sections at Bregma +0.55 of WT and HET males (A) and females (D) showing the CC and the AC
immunostained with anti-NF-M antibodies; yellow lines, levels where MC, SSC and CC thickness
measurements were performed. (B, E) Representative images of mid-sagittal brain sections of WT and
HET males (B) and females (E), showing the CC and the AC immunostained with anti-NF-M antibodies. (C,
F) Representative phase-contrast images of horizontal brain sections of WT and HET males (C) and
females (E), showing the two branches of the AC, the anterior branch (ACa) and the posterior branch
(ACp); yellow lines, levels where the thickness of the ACa was measured. (G, 1) CC thickness at the
midline measured on brain coronal sections (A, D), and CC area, minimum caliper and maximum caliper
measured on mid-sagittal brain sections (B, E) in males (G) and females (I). (H, J) AC area measured on
mid-sagittal brain sections (B, E) and ACa thickness measured on horizontal brain sections (C, F) in males
(H) and females (J). (G-J) 5 animals/genotype; (G, 1) CC thickness at the midline, average of
measurements on three consecutive sections/animal; CC area, minimum caliper and maximum caliper,
average of measurements on three consecutive sections/animal; (H, J) AC area, average of
measurements on three consecutive sections/animal; ACa thickness, average of measurements on both
hemispheres on one section/animal. Statistical tests: (G-J) Means + SEM, Unpaired t test or Mann
Whitney test to compare the two genotypes; **P<0.01, ns non-significant.
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FIGURE 6 | Myelinated fiber abnormalities in sciatic nerves from ~4.5 month-old mice. (A) Left panel,
representative immunoblots showing Caspr2 and actin levels in the sciatic nerves of adult males and
females, WT or HET. Molecular mass markers are shown in kDa on the left of the panels. Right panel,
Caspr2 levels normalized to actin levels and relative to mean WT (in %). (B) Number of myelinated fibers
in sciatic nerves of males and females. (C) Representative electron micrographs showing myelinated
fibers from sciatic nerves of males and females. (D, E) Scatter plot graph displaying G-ratios of individual
myelinated axons as a function of the respective axon diameters, and the linear regression of the G-ratio
measurements for each genotype, from sciatic nerves of males (D) and females (E). (A) Left panel, 8
mice/genotype/sex; (B) 5-6 mice/genotype/sex; (D, E) 450 myelinated fibers/genotype, 3
mice/genotype. Statistical tests: (A, B) Means + SEM, Unpaired t test or Mann Whitney test to compare
the 2 genotypes to compare the 2 genotypes; (D) Linear regression (WT, r=0.2065; HET, r=0.1857) for
pairwise comparisons, HET vs WT, slope P=0.5719, elevation P<0.0001; (E) Linear regression (WT,
r=0.08411; HET, r=0.0636) for pairwise comparisons, HET vs WT, slope P=0.8112, elevation P=0.1022;
*P<0.05, **P<0.01, ns non-significant.
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HET

Supplementary Figure S2 | Representative transversal semi-thin sections of
sciatic nerves from 4.5 month-old males and females.
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FIGURE 7 | Morphological alterations of the nodes of Ranvier in sciatic nerves from adult males. (A)
Schematic representation of a node of Ranvier showing the node (N) surrounded on both sides by the
paranodes (PN) and the juxtaparanodes (JPN). The major molecules enriched in the three sub-domains
are indicated. (B) Representative confocal images of immunostainings of sciatic nerves fibers from WT
and HET adult males, for nodal (NrCAM), paranodal (Caspr, F3), and juxtaparanodal (Caspr2, TAG-1,
Kv1.2) proteins. (C) Representative immunoblots showing TAG-1, Kv1.2 channel, Nfsc155, Nfsc186 and
actin levels in sciatic nerves of WT and HET males. (D) Levels of TAG-1, Kv1.2 channel, Nfsc155 and
Nfsc186 normalized to actin levels and relative to mean WT (in %). (E). Frequency of distribution of
Caspr2 and Kv1.2 channels at juxtaparanodes in percentage. (F-H). Length of the nodes (F), diameter of
the nodes (G) and node length/node diameter ratio (H) measured on NrCAM immunostainings. (l)
Length of the paranodes measured on Caspr immunostainings. (D) 8 mice/genotype; (E) 3
mice/genotype, > 100 nodes/mouse, n=343 WT-341 HET; (F-1) 3 mice/genotype, 100 nodes/mouse.
Statistical tests: (D) Means + SEM, Mann Whitney test to compare the 2 genotypes; (E) Two-way ANOVA;

(F-I) Median % quartile, Mann Whitney test to compare the 2 genotypes; *P<0.05, ****P<0.0001, ns
non-significant.
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FIGURE 8 | Ultrastructural abnormalities of the nodes of Ranvier in sciatic nerves from ~4.5 month-old
males. (A, B) Representative electron micrographs of sciatic nerve longitudinal sections of large (A) and
thin (B) myelinated fibers, at the level of nodes of Ranvier, showing the node (N) surrounded on both
sides by the paranodes (PN) and the juxtaparanodes (JPN). (C) High magnifications of the nodes
presented in B. Schwann cell microvilli and the cytoplasmic glial loops contacting the axons at paranodes
are globally normal in mutant mice, and the transverse bands (arrowheads) are visible in mutant mice as
well as in WT mice.
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FIGURE 9 | Remak bundle abnormalities in sciatic nerves from ~4.5 month-old mice. (A)
Representative high magnification electron micrographs showing Remak bundles in sciatic nerves of
males (C) and females (D). (B) Number of axons per Remak bundle in sciatic nerves of males and
females. (C) Diameter of the axons of Remak bundles in sciatic nerves of males and females. (B) 100
Remak bundles/mouse, 3 mice/genotype; (C) 343 axons/mouse; 3 mice/genotype. Statistical tests: (B, C)
Median + quartile, Mann Whitney test to compare the 2 genotypes: Kolmogorov-Smirnov test to
compared cumulative distribution, males P<0.000, females non-significant; ***P<0.001, ns non-
significant.

139



140



>
w

1.2 1.2+
- .« WT
= ns *WT Ins
= HET . « HET
2 1.0 . e e e S 1.0
] L B
— = -
2 0.8 2 Z g8
£ oo |
o ES £
=3 0.6 gu 0.6
L& @ C
o N i
S 0.4 5 £ 04
s E i
£ S i
5 U.Z-{ = 0.2
= i
0.0 r . r . . 0.0 -——
0 200 400 600 800 1000 0o 1 2 3 4 &5 & 7 8 9 10
Stimulation intensity (in pA) Interspike delay (ms)
> 100- CV max cvi/2 < 20, hs 04
‘g ns g ns =
— 80
2 § 154 L 0.3 §
§= 0] _ms 2 2
g o E 10 0.2 o
SE 4 s g
g g, -
c 204 c |
@ H 0,
@ @
= 0 = L 0.0
WT HET WT HET WT HET WT HET
1.2 127,
= *WT s = WT |ns
= « HET = = HET
e % 1.01 3 i
co 2 i b r
£%B 3 { i
S E
b @ -]
S E o
gs 3
2% o4 2
3 :
L4
|°— 0.2- '6
= =
0.0 —— 0.0 . . . . .
0 10 20 30 40 50 60 70 80 90 100 0 200 400 600 800 1000
Interspike delay (ms) Stimulation intensity (in MA)

Supplementary Figure S3 | Electrophysiological characteristics of sciatic nerves from adult males at
35°C. (A-E) Characteristics of myelinated fibers at 35°C. (A) CAPs recruitment curves with increasing
stimulation intensities. (B) Refractory period curves obtained by performing two stimulations at
increasing intervals. The amplitude of the 2" CAP is represented as a function of the interpulse delay.
(C) Mean conduction velocity calculated at peak of the CAPs (CV,,,,) or at mid-amplitude (CV,,). (D) Mean
amplitude and duration of the CAPs. (E) High frequency response of myelinated fibers. Nerves were
stimulated at a frequency of 1kHz for 100ms, and the amplitude of each CAP was measured and
normalized to that of the first CAP. (F) Characteristics of non-myelinated fibers at 35°C. Recruitment
curve of C-fiber populations for increasing intensities of stimulation amplitude. (A-F) 6 mice/genotype, 2
nerves/mice. Statistical tests: (A, B, E, F) Means + SEM, Two-way ANOVA; (C, D) Means + SEM, Unpaired
t test; ns non-significant.
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CNS myelination abnormalities in KI-1236S mice

Manett T., Cifuentes-Diaz, C., Savariradjane M., Garcia M., Goutebroze L.

INTRODUCTION

Previous studies indicated that Caspr2 could play multiple functions in axon development
and myelination in the CNS. Scott et al. (2019) reported a delay in myelination of the cortex in
juvenile Cntnap2”’- mice (R. Scott et al. 2019). Comparing wild-type (WT), Cntnap2”/- and Cntnap2*/-
mice, the team further demonstrated that Caspr2 controls the morphology of the CC and AC
throughout development, as well as axon diameter at early developmental stages, cortical neuron
intrinsic excitability at the onset of myelination, and axon diameter and myelin thickness at later
developmental stages (Cifuentes-Diaz et al. 2023). Morphological alterations of the CC and AC
observed in KI-1236S HET adult mice suggested that the variant could affect CNS myelination, we

thus started to evaluate this hypothesis.
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MATERIAL AND METHODS

Biochemical experiments

Protein analyses were performed as described in Result part I. The commercial antibodies were
from the following sources: anti-MBP, Serotec, rat clone 82-87, #MCA409S, 1:250; anti-MAG,
Zymed, rabbit, #34-6200, 1:1000; anti-GAPDH, Millipore, chicken, #AB2302, 1:5000. The anti-Caspr2

antibody has been described previously (Denisenko-Nerhbass, 2003).
Electron microscopy and morphometry

P10, P15, P21, and P90 animals were deeply anesthetized by intraperitoneal injection of ketamine
(100 mg/kg) and xylazine (10 mg/kg) and transcardially perfused with 4% paraformaldehyde (Acros
Organics) and 2.5% glutaraldehyde (P10) (Microm Microtech, G003) in phosphate buffer 0.1M pH
7.4. Brains were post-fixed in the same fixative solution O/N at 4°C. For P15, P21, and P90, we used
3% glytaraldehyde (P15, P21, P90) (Microm Microtech, GO03) in Milloning’s phosphate buffer 0.1M
pH 7.4 at 14.5 mL/min (total volume 100mL) and immediately processed brains. For all ages, 1mm-
thick sagittal sections were produced and post-fixed for 1hr at 4°C in fresh fixative solution, washed
once with phosphate buffer 0.1M pH 7.4 (P10) or Milloning’s phosphate buffer 0.1M (P15, P21,
P90), and 3 times for 10 mins each with Palade buffer. Samples were then incubated in 2% osmium
tetroxide in Palade buffer for 40 mins at RT, rinsed in Palade buffer for 3 mins and three times for 3
mins in distilled water, dehydrated in a series of ethanol baths, and flat embedded in epoxy resin
(EPON 812, Polysciences). After polymerization, blocks containing the CC were cut in 50nM-thick
sections using an ultramicrotome (Ultracute E, Leica). Sections were then examined with a Philips
CM100 electron microscope and digital images acquired with a CCD camera (Gatan Orius). Axon
diameters and G-ratios were measured on the transversal sections using the semiautomatic
software MyelTracer. Periaxonal space was calculated by subtracting the axonal area from the

inner myelin area (data from MyelTracer).
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RESULTS

We first took a biochemical approach to study in parallel the levels of Caspr2 and myelin
proteins in whole brain lysates at several key developmental stages of axon development and
myelination: E17.5 and P7, before myelination; P10, at myelination onset, P15, P21 and P30,
myelination ongoing; and P90, myelination completed. As we did not previously observe major
difference in Caspr2 levels between male and female mice (Results I, Fig.2E), Caspr2 immunoblots
were performed on male and female lysates pooled. Interestingly, we found that Caspr2 levels
were not affected in KI-1236S HET mice at E17.5 and P7 relative to WT protein, but started to
decrease progressively from P10, with this decrease becoming more pronounced over time (Fig.
1A,B). We conducted gPCR experiments to investigate Cntnap2 mRNA levels at the same
developmental stages and found that Cntnap2 level in KI-1236S HET mice was not significantly
different from that of WT mice at E17.5, P7 and P15, although slightly increased (Fig. 1C). By
contrast, Cntnap2 mRNA level was significantly increased at P10, indicating that cells might try to
compensate decreased Caspr2 levels at the onset of myelination by increasing Cntnap2 gene
transcription. This is interesting given that the lab also previously observed changes in Caspr2 level

in Cntanp2*- mice at this stage (Cifuentes-Diaz et al. 2023).

As we previously observed differential impacts of the variant 1236S on the morphology of
the CC and AC in males and females, myelin protein levels in whole brain lysates were evaluated in
mice of both sexes separately. We started to evaluate the levels of the myelin basic protein (MBP)
and myelin-associated glycoprotein (MAG). Preliminary results seem to indicate that global levels of
these myelin proteins are not affected in male or female KI-1236S HET mice from P15 to P90 (Fig.
2A,B). By contrast, protein levels tend to increase in both male and female KI-1236S HET mice at P7,
a stage at which these proteins are very poorly detectable in WT mice, but to decrease at P10 in KI-
1236S HET females only. These observations are intriguing since they indicate that the variant could

affect very early myelination stages in a sex-dependent manner.

To further explore possible myelin abnormalities in the CNS, we began ultrastructural
analysis of the axons and myelinated fibers of the CC in males at several developmental stages:
P10, P15, P21 and P90, using electron microscopy (EM) (Fig. 3A). At P10, no myelinated fibers were
detectable either in WT or mutant mice, despite increased levels of myelin protein at P7 in KI-1236S
HET mice. Having the impression that the ultrastructure of myelinated fibers could be different
between WT and mutant mice at P21, we performed a morphometric analysis. At this stage,

myelination is well advanced, but some space persists between the axon and the compact myelin
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sheath, forming the periaxonal area. We thus analyzed axon diameters, periaxonal area, myelin
thickness, and G-ratio. No differences were observed in myelin thickness; however, G-ratio
differences seemed to depend upon axon diameter, with the lines of best fit for HET and WT mice
displaying different slopes. HET mice show a decreased G-ratio at smaller axon diameters, and an
increased G-ratio at larger axon diameters (Fig. 3D). We did not observe significant difference in
axon diameter (Fig. 3B) nor in myelin thickness (Fig. 3D) between WT and mutant mice. By contrast,
the periaxonal area appeared significantly decreased in KI-1236S HET mice compared to WT (Fig.
3C). This effect was observable at all axon diameters, as visualized by the scatter plot in Fig. 3C
(right panel), and thus was non-dependent upon axon diameter. A decreased area of either the
periaxonal space implies more compacted myelin, thus evoking a more mature state of
myelination. This suggests that KI-I1236S HET male mice exhibit either an earlier onset of the
myelination process, or/and an increased speed of the myelination processes, allowing myelinated
fibers to be more mature by age P21 than the WT one. We therefore began to assess images at
P15, which are currently under analysis. Additionally, we acquired images at P90 to better

understand if the phenotype persists later into adulthood.

CONCLUSION AND PERSPECTIVES

Our results thus far in the CNS seem to indicate myelination defects in the KI-1236S HET
mice, particularly during the onset and early stages of this process. We plan to further investigate
this hypothesis by completing analysis of the axon diameter, myelin thickness, and periaxonal space
in EM images from mice at P15 and P90 to better understand the nature of these defects. The
ultrastructure of CC myelinated fibers shall also be examined in female mice. Our biochemical
results also point to some interesting effects of variant 1236S in early myelination, from P7 to P15. It
would be interesting to study the origins of these defects by performing RT/qPCR experiments to
guestion whether differences in myelin protein levels are due to altered mRNA expression of
proteins such as MBP and MAG, or if they are due to post-translational problems in trafficking or
localization of these proteins; experiments are currently being performed and analyzed at P10, P15,
and P21. It should be noted that our biochemical experiments were performed on whole brain
lysates, not specific brain regions. Preliminary data from our lab indicate that myelin abnormalities
in the KI-1236S HET mice may be region-specific; we observed that in KI-I1236S HET male mice, levels
of MAG and MOG are slightly, though not significantly, increased in the CC and striatum, while

levels in the somatosensory cortex are unaltered (data not shown). Caspr2 has previously been
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shown to influence myelination in the brain, specifically in the somatosensory cortex, with reduced
MBP levels shown in Cntnap2”- mice (R. Scott et al. 2019). Specific brain regions have not yet been
investigated in female mice, so whether these effects are sex-dependent or not is currently

unknown.

Myelin regulatory factor (MYRF) is an oligodendrocyte transcription factor which is essential
for myelination during development in the CNS (Emery et al. 2009). MYRF has also been shown to
be required for the maintenance of myelin and mature oligodendrocyte identity in the adult CNS
(Koenning et al. 2012), where it is cleaved to activate the transcription of myelin genes directly
(Bujalka et al. 2013). It would be interesting to see if MYRF expression is altered in the CNS of KI-
1236S HET mice to question if this transcription factor could play a role in the abnormal myelin

levels observed in the brain. Experiments are currently being conducted to investigate this.

The preliminary defects observed in the myelin of the CNS indicate that Caspr2 is influencing
this process at early stages. These early stages of myelination can be recapitulated in vivo by
treating mice with demyelinating agents such as cuprizone for an extended period of time (Torre-
Fuentes et al. 2020), then taking brain samples at several points during recovery to see if the re-
myelination process post-damage shares similar effects to those seen in naive myelination during
early development. A pilot study is currently being conducted in female KI-1236S mice to investigate
this further. Finally, similar to our study in the PNS, it would be interesting to investigate the nodes
of Ranvier and electrophysiological properties of CC myelinated fibers in KI-1236S HET mice to more
fully understand exactly how the variant 1236S may perturb myelinated fiber organization and

function in the CNS.
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Figure 1 | Caspr2 protein levels of whole brain lysates of KI-1236S HET mice through development. (A)
Representative immunoblots showing Caspr2 and GAPDH levels in the brains of adult at the ages
indicated. (B) Levels of Caspr2 (pool of males and females) normalized to GAPDH levels and relative to
mean WT (in %). (F) Levels of Cntnap2 mRNAs (pool of males and females) normalized to the Psap gene
and relative to mean WT. (B) E17.5-P7-P10 n=5 mice/genotype, P15 n=4 mice/genotype, P90 n=6
mice/genotype; (C) E17.5 n=4 mice/genotype, P7-P10-P15 n=5 mice/genotype, P90 n=6 mice/genotype.
Statistical tests: (B, C) Means £ SEM, Unpaired t test or Mann Whitney test to compare the 2 genotypes
at each age; *P<0.05, **P<0.01, ns non-significant.
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Figure 2 | Myelin protein levels of whole brain lysates of KI-1236S HET males and females through
development. Levels of the Myelin basic protein (MBP) (A) and Myelin-associated glycoprotein (MAG)
(B) normalized to GAPDH levels and relative to mean WT (in %) at the ages indicated. Statistical analyses:
Means = SEM; n=5 mice/genotype; Unpaired t test or Mann Whitney to compare the 2 genotypes at
each age; *P<0.05, ns non-significant.
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Figure 3 | Ultrastructural analysis of the CC of KI-1236S HET male mice. (A) Representative images from
the CC of mice at the ages indicated. Periaxonal space in later stages is highlighted in blue. Scale bar
0.5um. (B-D) Measurements of axon diameters (B), periaxonal area (C) and myelin thickness (D) in P21
mice. (B) Left panel, axon diameters; right panel, frequency distribution of axon diameters. (C) Left
panel, periaxonal areas; right panel, scatter plot graph displaying periaxonal area of individual
myelinated axons as a function of the respective axon diameter, and the linear regression of the
periaxonal areas for each genotype as a function of axonal diameters. (D) Left panel, myelin thickness;
right panel, scatter plot graph displaying G-Ratio of individual myelinated axons as a function of the
respective axon diameter, and the linear regression of G-Ratio for each genotype as a function of axonal
diameters. (B-D) n=150 axons/mouse, 3 mice/genotype. Statistical tests: (B-D, left panels), Median +
quartile, Mann Whitney test to compare the 2 genotypes; (B, right panel) Kolmogorov-Smirov test; (C,

right panel) Linear regression (WT R2:0.02766, HET R2:0.01099), slope P=0.4178, intercept P<0001; (D,

right panel) Linear regression (WT R2:0.1259, HET R2:0.2161), slope P=0.0025; ****P<0.0001, ns non-
significant.
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General Discussion

During my PhD, | questioned whether an ER-retained heterozygous missense CNTNAP2
variant could impact Caspr2 function in vivo and contribute to ASD pathogenicity. To do so, we
generated a knockin mouse model bearing the 1236S variant, and proceeded to its characterization.
The data I've gathered by studying these mice support that CNTNAP2 heterozygous missense
variants such as 1236S could alter Caspr2 function in vivo and lead to sex-dependent CNS and PNS

morphological alterations and behavior deficits.

1. How could the 1236S CNTNAPZ2 variant affect Caspr2 structure and function?

Many CNTNAP2 heterozygous missense variants have been identified in ASD patients.
Interestingly, these mutations are mostly located along the long extracellular domain of the Caspr2
protein and could thus affect its maturation and function in different ways. The variant | studied,

12368, leads to ER-retention and a reduced proportion of the mature form of the protein in the cell.

Our results show that variant 1236S is strongly ER-retained, with its maturation impaired. As
Caspr2 is a heavily glycosylated protein with 12 N-glycosylation sites, we could speculate that these
maturation defects are due to abnormal glycosylation patterns. The Caspr2 protein has a highly
compact structure, and therefore alterations within or far from glycosylation sites may impact the
folding of the protein. Novel programs which allow the generation of high quality predicated folded
protein structures, such as Alphafold, help visualize how intra-protein reactions such as Hydrogen
bonds could be affected by amino acid substitutions. We used Dynamut, a recently developed web
server which uses protein models to predict structural and stability changes when specific residues
are mutated (Rodrigues, Pires, and Ascher 2018). The data generated indicate that when the
isoleucine at position 236 of Caspr2 is changed to a serine, the H-bonds formed with neighboring
residues are altered, causing an increased flexibility of this region of the protein (large N-terminal
lobe). Given this information, we can suspect that the 1236S mutation causes either misfolding of
Caspr2 or a properly folded but less stable conformation which leads to most of the mutant protein
to be sequestered in the ER. This heavy ER-retention leads to cellular stress and, importantly, less

Caspr2 protein available at the cell membrane.

Notably, our results show that there is a reduced overall level of Caspr2 in both sciatic nerve
tissue and brain of 1236S mutant mice, which begins around age P10 in both males and females. A
previous study investigating CNTNAP2 variant D1129H in vitro showed that this misfolded Caspr2
variant displays delayed clearance from the cell, and activate the UPR via the ATF6 pathway
(Falivelli et al. 2012). This might be also the case for the variant 1236S, which would be them be
submitted to degradation. However, prior to age P10 in the KI-1236S HET mice, there are no
changes Caspr2 level. Perhaps, at these early stages of development, Caspr2 is co-trafficked with

other proteins which allows even misfolded or immature forms of the protein to reach the cell
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surface. Reduced levels of Caspr2 at the cell membrane, where it aids in axo-glial communication
and cell adhesion, could alter these properties, and subsequently contribute to the myelination
defects observed in the KI-1236S mice.

2. Effects of 1236S variant in myelination and other roles of Caspr2?

Our team previously reported myelination abnormalities in Cntnap2 HET and KO male mice
in the CNS and PNS. Our current results demonstrate that variant 1236S can also affect myelination,
and that it can do so in a sex-dependent manner, in both the myelinated tracts of the CNS and the
myelinated fibers of the PNS.

In the CNS, Caspr2 is expressed in neurons from an early age, around E14.5 in mice. Previous
results from the lab showed that Caspr2 plays a role in myelinated fiver development from early
development until adulthood, a proposed model which is illustrated in Fig. 60. Alterations in
Cntnap2 expression and Caspr2 protein levels impact this developmental program. Only Cntnap2
HET mice show increased CC thickness at E17.5, while only Cntnap2 KO mice show decreased CC
thickness at P90; additionally, Cntnap2 KO mice have a larger AC area at E17.5, but a reduced area
at P90 (Cifuentes-Diaz et al. 2023). In the present study, we investigated myelinated tract
morphology in adult mice only. As Caspr2 protein level also varies in the KI-1236S HET mice
throughout development, it would be interesting to further study CC and AC morphology at earlier
developmental time points to see if the variant could influence myelinated tract morphology

differentially throughout development, as in the Cntanp2 HET and KO mice.
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Figure 60: Proposed model of Caspr2’s role in myelinated fibers throughout development.

CC and AC morphological alterations KI-1236S HET mice suggest myelination abnormalities.
Our current ultrastructural analyses indicate that the speed or onset of myelin sheath wrapping
could be affected in the CC of mutant males. Following the model proposed in Fig. 60, during the
embryonic period, Caspr2 is localized along the entirety of the axon where it can play roles in

several mechanisms, such as determining axon diameter/caliber. It has also been shown to play a
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role in axon outgrowth at these early stages. Caspr2 was further shown to contribute to axon
diameter and the electrical activity; firing rate of Layer II/lll cortical neurons is altered in Cntnap2
HET and KO mice (Cifuentes-Diaz et al. 2023). Both electrical activity and axon diameter early
during development help to determine which and how axons are myelinated at the onset of
myelination. Thus, it would also be interesting to study other parameters in which Caspr2 plays a
role during CNS development, such as in white matter tract formation, axon diameter,
electrophysiology, and myelination at earlier developmental stages in KI-1236S HET mice. We are

currently starting this by assessing EM images of CC axons at P10 and P15 males.

While the functions of Caspr2 in the axon are becoming better understood, we recently
found evidence that Caspr2 may be expressed in oligodendrocytes as well (preliminary data from
the lab, Fig. 61). This further questions the respective contributions of axonal Caspr2 versus Caspr2
expressed in oligodendrocytes in myelination defects observed in KI-1236S HET mice. To address
this question, we could perform myelinating co-cultures with cortical neurons and
oligodendrocytes. By comparing several culture combinations (WT neurons + WT oligos; WT
neurons + HET oligos; HET neurons + WT oligos; HET neurons + HET oligos), we could better
understand exactly how alterations in Caspr2 are affecting the process of myelination from start to
finish at the cellular level. Furthermore, it would be interesting to perform purely oligodendrocyte
cultures to investigate OPC differentiation and OL maturation, which could be perturbed in mutant

mice.
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Figure 61: Cntnap2 is expressed in OPCs at different stages of differentiation. Expression of Cntnap2 in primary
oligodendroglial cell cultures (rat), under proliferation conditions after 3 days (proliferating OPCs) and under
differentiation conditions at 6 days (differentiated OLs). RT-PCR with brain cDNAs used as a control, with (+RT) and
without (-RT) reverse transcription. Cyp, control gene. 50ng of cDNA was used per PCR reaction. Preliminary lab data.
OPC cultures and mRNA isolation by M.A. Masson, B. Nait-Oumesmar Lab, ICM.

Currently, to further investigate how could myelination be perturbed in vivo, we plan to
study both protein levels and mRNA transcription levels of key myelin proteins MBP, MAG, MOG,
and PLP, as well as myelin regulatory factor protein MYRF. MYRF is required for CNS myelination
during development as well as myelin maintenance in adults. It is a membrane-associated

transcription factor which undergoes a proteolytic cleavage; this cleavage separates the C-terminal
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region from a nuclear-targeted N-terminal region. The cleaved N-terminal part binds directly to the
enhancer regions of OL-specific and myelin genes (Bujalka et al. 2013). If there are reduced levels of
MYRF in the cell, this could lead to a decreased expression of myelin and OL genes, contributing to
reduced myelin protein levels or potential hypomyelination. MYRF dysregulation could also
contribute to differences in myelination speed or maturation. Moreover, it was recently shown that
cells deficient for MYRF showed signs of ER stress and impaired proliferation, implying that MYRF
has some role in the control of ER homeostasis and may regulate additional genes (Milan et al.
2020).

In addition to myelin thickness decrease in the PNS of KI-1236S HET males, we showed
increased length and diameter of the nodes of Ranvier. During early developmental stages, Caspr2
is initially present within the node before being restricted to the JXP with TAG-1 and Kv1 channels,
as demonstrated by co-culture experiments (Hivert et al. 2016); thus, it could potentially influence
the length and diameter of the nodal subdomains, before being restricted to the JXP region, with
variant 1236S affecting its function, as per our results. Perhaps altered Caspr2 structure or
trafficking problems could lead to the protein being trapped within the nodal compartment for
longer than normal, contributing to altered node size later in life. Another phenotype we observed
in the KI-1236S HET mice was a decreased paranodal length. This phenomenon does not seem to be
the result of detachment of paranodal loops within this region (as per our observations of sciatic
nerve longitudinal sections via EM), but could be due to a decrease in the number of paranodal
loops per node. One could imagine that is a thinner myelin sheath consisting of fewer layers or
wraps of myelin, which would in turn mean that fewer paranodal loops would be attached to the

axon in this region.

Besides Caspr2’s role in myelination, it is also known to play roles in axon development,
synapse development, and brain connectivity. It would be very interesting to study these processes
further in the KI-1236S mice to better understand which of Caspr2’s roles could be affected by the
1236S variant in vivo. Casrp2 is known to co-localize with AMPA receptor subunit GIuAl; perhaps
the misfolded 1236S variant could affect the trafficking of this subunit and thus influence excitatory
synapse formation. Caspr2 has also been shown to play a role in the migration of cortical projection
neurons. Preliminary data from our lab indicate that there are no major migratory defects in the
cortex of KI-1236S HET mice, though it would be worthwhile to study this further. Perhaps Caspr2
plays a role in the migration of other neuron types, whose function could be altered by the 1236S
mutation. Performing immunohistochemistry on coronal brain slices of KI-1236S mice by staining for
interneurons (SST, PVALB), for example, would be intriguing, as patient autoantibodies for Caspr2
were shown to target interneurons. Studying different neuronal cell types in vitro to detail the
cellular mechanisms affected, as well as using fMRI or other techniques in the KI-1236S mice in vivo
to study connectivity perturbation would be extremely interesting and would further help to

uncover how CNTNAP2 variants such as 1236S could affect Caspr2 functionality at different levels.

164



3. How could CNTNAPZ2 variant 1236S affect behavioral phenotypes?

The KI-1236S mice studied herein presented several interesting behavioral phenotypes
which provide evidence that heterozygous missense CNTNAP2 variants identified in ASD patients
could contribute to some abnormal behaviors. The behavioral defects described in Cntnap2 KO
mice have been discussed in the introduction; however, our study is the first time that a patient
CNTNAP2 variant has been studied in vivo. We thoroughly characterized the KI-1236S heterozygous

mice so as to recapitulate the clinical conditions as accurately as possible.

3. A. Muscular strength and sensory deficits

We showed that KI-1236S HET male mice displayed decreased muscle strength than WT mice
particularly in the grip strength test, which measures the muscular force exerted by the mice when
pulled against a resisting force in Newtons. How could a mutation in Caspr2 affect the muscular
strength of these mice? Some insight comes from Saifetiarova and colleagues in 2017 (Saifetiarova
et al. 2017). They report that ablation of Caspr and/or Caspr2 leads to differences in node
organization which can in turn affect the neuromuscular junction (NMJ). Cntnap2 mutant mice
were shown to have a significant percentage of NMlJs fully denervated by P180, along with smaller
post-synaptic endplate areas and pre-synaptic and post-synaptic changes (Fig. 62). The researchers
conclude that Caspr2 is not only essential for axonal domain organization, but also for NMJ
integrity; they also state that while the loss of the JXP has no effect on nerve conduction, this does
not exclude the development of muscle pathologies involving structural or functional impairment
over time (Saifetiarova et al. 2017). We did not observe any differences in conduction in the sciatic
nerve of KI-1236S mice, but a significant increase in node size, accompanied by a decrease in
paranode size. Thus, we could speculate that NMJs could also be affected in KI-1236S HET male
mice. The observations of Saifetiarova and colleagues, however, question the mechanisms through
which Casp2 could play a role in NMJ integrity. The authors stated that they were not able to detect
Caspr2 at the NMJ using standard immunostaining techniques. Be that as it may, previous work
from our lab investigated Caspr2’s partner 4.1B, which links Casrp2 and TAG-1 to the cytoskeleton
at JXP, and showed that the NMJ is perturbed in 4.1b KO mice (Cifuentes-Diaz et al. 2011). Perhaps
if Caspr2 function is altered in the NMJ region, this could alter its interaction with 4.1B, and thus
contribute to changes in the NMJ. We plan to investigate this in the lab in KI-1236S HET mice, to

better understand the root of the differences in muscular strength observed herein.
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Figure 62: Nerve conduction and neuromuscular junction properties altered in Cntnap2 KO mice. A) Representative
electrophysiological profiles of CAPs from sciatic nerves and tails (B) of P180 WT, Caspr1, Caspr2 and Casprl/2 mice. C)
WT, Casprl, Caspr2 and Casprl/2 mice at age P180 immunostained with antibodies against pan-NF (green) together
with a-BTX (red). Arrowheads indicate denervated NMJs. D) Quantification of a-BTX-positive endplate area from P180
WT, Casprl, Caspr2 and Casprl/2 mice (n=3, comparison of endplate areas between genotypes within the same age
group is performed by 1-way ANOVA with Bonferroni’s post hoc test; *P<0.05, ***P<0.001). E) Scheme illustrating how
altered NOR parameters could influence nerve conduction in the PNS, leading to axonal degeneration and subsequent

alteration of the NMJ, including disintegration and even muscle atrophy. Adapted from (Saifetiarova et al. 2017).

Besides the differences in muscular strength, KI-1236S HET male mice also display a
decreased sensitivity to heat. These results are interesting given that Cntanp2 KO mice and other
mouse models investigating ASD risk genes show an increased sensitivity to heat. As Caspr2 is
known to exist along the axons of sensory C-fibers of the PNS (Gendre et al. 2021), as well as within
the glabrous skin of the paw (Gordon et al. 2016), it is not surprising that mutation of this protein
could affect this level of the sensory system. It would be interesting to investigate the mechanisms
of this sensory defect more deeply by studying the DRG of the KI-I1236S mice to see if there are
abnormalities at this level which could explain how Caspr2 mutation affects the signaling of sensory
information from the periphery. Caspr2 is expressed in the dorsal radial glia (DRG) cells; recent
work by Dawes and colleagues shows that Caspr2 antibodies bind to DRG cells in vitro (Dawes et al.
2018). They also demonstrate that Caspr2 can regulate sensory neuronal excitability along with
membrane Kv1l channel expression in DRG cells, and that the loss of Caspr2 leads to dorsal horn
hyperexcitability (Dawes et al. 2018). In addition, DRG of Cntnap2 KO mice have been shown to
have increased Akt-mTOR signaling, which was accompanied by a hypersensitivity to heat (Xing et
al. 2020); since the KI-1236S mice display dysregulated heat sensitivity, perhaps the mTOR

activation in the DRG of the K| mice are altered.
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Another interesting result that furthers the idea that certain Caspr2 mutations such as 1236S
could affect the sensory perception in the PNS is the increased axon diameter of C-fibers in the
Remak bundles of the sciatic nerve. A similar phenomenon was observed by Carlin and colleagues
in Tsc2 KO mice, which also exhibited reduced heat sensitivity (Carlin et al. 2018). Tsc2 is Tuberous
sclerosis complex 2, a negative regulator of mTORC1. When Tsc2 is deleted, the mTOR pathway is
uninhibited, thus remaining activated (Carlin et al. 2018). The deletion of Tsc2 also increases cell
body and axon diameters of C-fiber neurons — peptidergic nociceptors that are CGRP- and NF200-
positive (Fig. 63). Additionally, they found that peripheral and central target innervation is
disrupted by Tsc2 loss, and that Tsc2 is required for full expression of ion channels in nociceptor
neurons (Carlin et al. 2018). This further supports the assumption that the increased C-fiber axon
diameter and reduced heat sensitivity in KI-1236S HET male mice may be potentially due to a

dysregulation of the mTOR pathway by Tsc2 or other mTOR-regulating genes.
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Figure 63: C-fiber axon diameter is increased in Nav-Tsc2 mice. A) Transmission electron micrographs of representative
transverse sections of sciatic nerve of P29 (n=5) and adult (n=6) mice. Arrows point to axons greater than one micron in
diameter. Scale bar: 1um. B) Average diameter of axons bundled by Remak Schwann cells. Individual animals plotted
with mean +/- SEM; *p<0.05, **p<0.01. Adapted from (Carlin et al. 2018).

3. B. ASD stereotype behaviors and social deficits

While the motor and sensory defects were prominent in the male KI-I1236S HET mice, the
female mice showed no differences from WT in these types of tests; on the other hand, they did
display some social impairments which the males did not, specifically in the social preference test.
While the female KI-1236S HET mice did not prefer to interact with the object versus the other
mouse, they clearly showed no preference for the mouse. This reflects what has been observed in
Cntnap2 KO male mice (Jang et al. 2022), though the KI-1236S HET male mice are more similar to
WT mice in this case. These results suggest that mutations in CNTNAP2 could impact male and
female patients in different ways and that the behavioral symptoms associated with ASD could

manifest differently depending on sex. In addition to our results for social preference, the female
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KI-1236S HET mice also show a decreased activity and decreased exploration behavior on day 3 of

testing in the Cyclotron (circular corridor) test.

While the behavioral phenotypes observed are interesting, they do not fully represent a
clinical phenotype of ASD, which typically requires impaired communication or social skills along
with higher order repetitive stereotypic behaviors for diagnosis in humans. We tested KI-1236S mice
for stereotypic behaviors via the marble burying test and observed no differences between HET and
WT mice, in males or females, nor did we observe any repetitive behaviors such as self-grooming or
twitching. To further explore the social deficits observed, it would be nice to conduct tests such as
the Y-maze test; in fact, we conducted a pilot experiment of this test and observed no differences
for the moment. Other social tests such as ultrasonic vocalization, social memory test, or the
dominance test could be interesting to better understand social defects in KI-I236S mice. We
performed additional preliminary experiments to study working memory, odor recognition, and
lateralization, none of which seem to show defects in the KI-1236S mice, though these could be

explored further.

The mild cognitive defects observed in KI-1236S HET mice do not fully recapitulate a classic
ASD phenotype, and thus lead to the conclusion that CNTNAP2 variant 1236S alone likely does not
lead to ASD; other elements are probably needed to contribute to an ASD phenotype in humans,
such as environmental factors or other genetic variations. The combination of several factors could
eventually surpass a tolerance threshold and result in a clinical presentation of ASD symptoms.
While variant 1236S alone may not produce an ASD phenotype, it most likely contributes to ASD
susceptibility. The level of susceptibility carried by variant 1236S may be sex dependent as well,
potentially conferring increased susceptibility in males than in females. The ASD patient who bears
the 1236S variant studied in this project is male, supporting this idea. The boy inherited the 1236S
variant from his mother, who is not diagnosed with ASD. However, we do not know if she presents
any type of social deficits, nor do we know about environmental factors which could have
contributed to her child’s ASD diagnosis. While both the patient and his mother carried variant
1236S and thus ASD susceptibility, perhaps the patient was more susceptible due to the known

increased risk of ASD in males or to other environmental factors.

Male sex is typically seen as a strong risk factor for ASD, what with a greatly increased ratio
of males to females being diagnosed — a ratio which has remained very stable over time. The
leading theory has been that a “female protective effect” exists, positing that males and females
have a different threshold to disease development. The model postulates that females require
either an increased number or a larger breadth of risk factors to manifest ASD than males
(Dougherty et al. 2022). Many are beginning to question this model, however, searching for

alternative models to explain sex differences in ASD.
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4. Sex-dependent effects of the 1236S variant?

Previous studies investigating CNTNAP2 and its functions in vivo have used preferentially
Cntnap2 HET and/or KO male mice. Our study provides not only insights into the differences
between WT male and female mice, but also shed light on the ways in which the same mutation
can manifest differently in males and females. Interestingly, a recent study by Gegenhuber and
colleagues aimed to investigate how gene regulation by sex hormones could influence sex
differences in the brain. It’s been shown that oestradiol can help to establish sex differences in
vertebrates (MacLusky and Naftolin 1981; McEwen 1981; McCarthy 2008), which it does through
activation of the transcription factor oestrogen receptor o (ERa). They first sought to identify all
the genomic targets of ERa in the brain and found 1,930 ERa-bound loci in the brain (Gegenhuber
et al. 2022). These brain-specific ERa binding events were specifically enriched for synaptic and
neurodevelopmental disease Gene Ontology terms, including neurotransmitter receptors, ion
channels, and extracellular matrix genes. Concentrating their study on the posterior bed nucleus of
the stria terminalis (BNSTp), it was observed that this region contained higher numbers of
inhibitory neurons in males, which allows stronger disinhibition of downstream sites (Gegenhuber
et al. 2022). Interestingly, the researchers also analyzed CUT&RUN data from their sequencing to
further analyze ERa expression in the adult mouse brain. Their results identify cell adhesion
molecules as having enriched ERa-associated genes; they also identify several neurodevelopmental
disorders (NDDs) associated with genes closest to ERa peaks, including ASD (Gegenhuber et al.
2022).

When examining the genes associated with the NDDs, they identified CNTNAP2 as one such
gene that could be regulated by oestradiol and ERa (Fig. 64) (Gegenhuber et al. 2022). This could
mean that CNTNAP2 expression may be influenced by certain hormone levels or steroids and that
differential activation of CNTNAP2/Cntnap2 in males and females could contribute to behavioral
and morphological differences, including potentially altered expression patterns in the brain. Our
results show that the overall level of Caspr2 proteins in brains and sciatic nerves of KI-1236S HET
mice are not significantly different between the sexes. However, we cannot completely exclude the
existence a slight but sufficient difference in Caspr2 level or Cntnap2 expression between the two
sexes that could account for a differential impact of the 1236S variant at the cellular level, as we
observed a decreased tendency for Cntnap2 mRNA level in the brains of KI-1236S HET females. It
could be interesting to complete more qPCR experiments with an increased sample size of males
and females, using PSAP as a reference gene, to further study this trend towards reduced
expression of Cntnap2 in females. We could further investigate how Cntnap2 is differentially
affected in males and females by studying other proteins whose levels vary in males and females
that may interact with Caspr2. Interestingly, Cntnap2 is also expressed in the ovaries and the
prostate. It could be interesting to study the role of Caspr2 and patient variants such as 1236S in

these tissues as well.
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Figure 64: Additional analysis of adult brain ERa CUT&RUN dataset. A) Brain-specific ERa peak-associated genes within
each enriched Disease Ontology (DO) term (clusterProfiler, padj < 0.1), colored by term. B) Example brain-specific
(Cntnap2, Ntrk2) ERa peaks. Adapted from (Gegenhuber et al. 2022).

A recent study by Dawson and colleagues investigated sex differences in Cntnap2 KO mice
along with WT mice of both sexes and found several differences, notably in microglial expression
and activation along with differences in spine density and social behavior (Dawson et al. 2023).
They analyzed the ACC, as it is an important brain region controlling social behavior and observed
that spine densities on apical dendrites of L2/L3 and L5 pyramidal excitatory neurons occurred only
in male Cntnap2 KO mice, while no differences were observed between female WT and KO mice.
Furthermore, male KO mice exhibited increased microglial activation compared to WT, while
female mice showed no difference between genotypes. Interestingly, microglia have been shown to
be influenced by 17 B-oestradiol levels in zebrafish, along with displaying testosterone-induced
differences in certain characteristics throughout development, indicating that sex-controlled

differences of microglia could contribute to some ASD sex differences in Cntnap2 mutant mice.

5. Contribution of other CNTNAPZ2 variants to ASD?

Several CNTNAP2 heterozygous missense variants have been previously studied in vitro.
These variants have been shown to impact Caspr2 in two ways; some were misfolded and retained
in the ER, while others were trafficked to the membrane but affected Caspr2 function once there.
However, ER-retained variants displayed a varying degree of ER retention/maturation state, from
being barely distinguishable from WT to being severely retained and containing little to no mature

form of the protein (Fig. 65) (unpublished lab data).
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Figure 65: CNTNAP2 variants expressed in COS7 cells. The protein results in 2 bands on the western blot, with the upper
band representing the mature Caspr2 fraction (membrane-expressed) and the lower band representind the immature
Caspr2 fraction (intracellular / ER-retained). The immature fraction of the protein (lower band / both bands) is

displayed on the bar graph, with the representative blots of each variant underneath.

As the CNTNAP2 variants present a continuum of ER-retention, we can imagine that they
could lead to a continuum of functional effects on Caspr2 and displayed phenotypes, both in vitro
and in vivo. This could contribute to inter-individual variability not only in ASD patients, but also in
the general population. There have been numerous CNTNAP2 variants identified in healthy people,
along with all the variants identified in ASD patients. Thus, each variant may contribute to ASD-
related phenotypes on a spectrum, contributing to a clinical phenotype only when extremely severe

or when in combination with other known ASD risk factors.
6. CNTNAPZ2 variants in other physiological conditions and neurological disorders?

My PhD work has shown that CNTNAP2 variants such as 1236S can affect Caspr2 function in
the myelination process. Myelin defects have been associated with multiple conditions across the
lifespan, including normal aging, degenerative (Alzheimer’s disease) and demyelinating diseases
such as multiple sclerosis (MS). One could question whether ER-retained CNTNAP2 variants could
influence these trajectories, notably remyelination in MS. One way to investigate this is by treating
KI-1236S mice with Cuprizone, a neurotoxic agent which causes OL death and subsequent reversible
demyelination. By subjecting mice to this treatment for a specified time frame and then removing
the treatment and assessing re-myelination over time, we can observe if the re-myelination process
recapitulates the naive myelination process. We have, in fact, already begun a pilot study with KI-

1236S female mice in the lab.

Also, myelin is known to be plastic throughout a lifetime. The formation of myelin in the
CNS is a dynamic life-long process, and can be conceptually divided into two phases: an intrinsic

phase, genetically predefined, which occurs prenatally and in early childhood, and follows a
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chronological and topographical fixed sequence, as described in this manuscript; and an adaptive
phase, which in contrast is modified by experience, occurring according to the need of neuronal
networks, and thereby contributing to physiological brain function and behavior (Baraban, Mensch,
and Lyons 2016; Monje 2018). Various experiences during the adaptive myelination phase can alter
the plasticity of myelination in the brain; for example, several rodent studies revealed that motor
learning triggers and requires the generation of newly-formed OLs and myelin sheaths (Xiao et al.
2016; McKenzie et al. 2014; J. Zheng et al. 2019). Conversely, some forms of sensory-motor
deprivation such as social isolation result in down-regulation of myelin thickness in the prefrontal
cortex and reduced social interaction, which can be normalized by social re-integration (Liu et al.
2012). It could be that ER-retained CNTNAP2 variants also influence myelin plasticity during this
adaptive phase of myelination. The team plans to investigate this possibility by assessing the effects

of external factors such as exercise and social isolation in KI-1236S mice.
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Over the last decade, a large variety of alterations of the Contactin Associated
Protein 2 (CNTNAPZ2) gene, encoding Caspr2, have been identified in several neuronal
disorders, including neurodevelopmental disorders and peripheral neuropathies.
Some of these alterations are homozygous but most are heterozygous, and one of
the current challenges is to estimate to what extent they could affect the functions
of Caspr2 and contribute to the development of these pathologies. Notably, it is
not known whether the disruption of a single CNTNAPZ allele could be sufficient
to perturb the functions of Caspr2. To get insights into this issue, we questioned
whether Cntnap2 heterozygosity and Cntnap2 null homozygosity in mice could
both impact, either similarly or differentially, some specific functions of Caspr2
during development and in adulthood. We focused on yet poorly explored functions
of Caspr2 in axon development and myelination, and performed a morphological
study from embryonic day E17.5 to adulthood of two major brain interhemispheric
myelinated tracts, the anterior commissure (AC) and the corpus callosum (CC),
comparing wild-type (WT), Cntnap2—/~ and Cntnap2*/~ mice. We also looked
for myelinated fiber abnormalities in the sciatic nerves of mutant mice. Our work
revealed that Caspr2 controls the morphology of the CC and AC throughout
development, axon diameter at early developmental stages, cortical neuron intrinsic
excitability at the onset of myelination, and axon diameter and myelin thickness at
later developmental stages. Changes in axon diameter, myelin thickness and node
of Ranvier morphology were also detected in the sciatic nerves of the mutant mice.
Importantly, most of the parameters analyzed were affected in Cntnap2t/~ mice,
either specifically, more severely, or oppositely as compared to Cntnap2~/~ mice. In
addition, Cntnap2t/~ mice, but not Cntnap2~/~ mice, showed motor/coordination
deficits in the grid-walking test. Thus, our observations show that both Cntnap2
heterozygosity and Cntnap2 null homozygosity impact axon and central and
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peripheral myelinated fiber development, but in a differential manner. This is a first
step indicating that CNTNAPZ2 alterations could lead to a multiplicity of phenotypes
in humans, and raising the need to evaluate the impact of Cntnap2 heterozygosity
on the other neurodevelopmental functions of Caspr2.

Caspr2, corpus callosum, anterior commissure, sciatic nerve, axon diameter, myelin
thickness, node of Ranvier, neuronal activity

Introduction

The Contactin Associated Protein 2 gene (CNTNAP2), encoding
the neuronal cell-adhesion transmembrane glycoprotein Caspr2,
has gained prominence over the last decade in the field of
neurological disabilities. A duplication of exon 4 of CNTNAP2
was identified in two sisters suffering from Charcot-Marie-
Tooth type 2, a peripheral motor and sensory neuropathy
(Hoyer et al, 2015). Additionally, an increasing number of
CNTNAP?2 alterations have been reported in patients with various
neurodevelopmental disorders, including autism spectrum disorders
(ASD), schizophrenia, intellectual disability, obsessive compulsive
disorder, Pitt-Hopkins-like syndrome, attention deficit hyperactivity
disorder, Gilles de la Tourette syndrome and cortical dysplasia
focal epilepsy (Rodenas-Cuadrado et al., 2014; Poot, 2015, 2017;
Saint-Martin et al, 2018). The genetic alterations identified
in these disorders comprise a large diversity ranging from
complex genomic rearrangements, homozygous and compound-
heterozygous deletions and mutations, homozygous truncating non-
sense mutations or deletions, and a large number of heterozygous
missense variants found mainly in ASD patients. Currently, one of the
major challenges is to estimate to what extent CNTNAP2 alterations
could affect the molecular and cellular functions of Caspr2, and
therefore contribute to the development of the pathologies.

Caspr2 was initially identified as a component of the
juxtaparanodal domains (juxtaparanodes) of the nodes of Ranvier
in mature myelinated neurons, both in the central (CNS) and
peripheral (PNS) nervous system (Poliak et al, 1999). Within
the juxtaparanodes, Caspr2 is involved in the organization of
specific axo-glial contacts, forming complexes with the cell-adhesion
molecule Contactin2/TAG-1. These complexes are required for the
clustering of the Shaker-type Kv1 (Kv1.1 and Kv1.2) channels (Poliak
et al,, 2003; Traka et al, 2003; Scott et al., 2017). Since Caspr2’s
identification, several studies conducted in CntnapZ*/ ~ (KO) mice
revealed that Caspr2 also plays critical roles in contributing to
neuronal network formation during brain development, notably
in neuronal migration (Penagarikano et al, 2011), dendritic
arborization (Anderson et al., 2012; Gao et al., 2018), spine formation
and maintenance (Gdalyahu et al,, 2015; Varea et al.,, 2015; Lazaro
et al,, 2019), and synapse development and function (Anderson
et al., 2012; Pinatel et al., 2015; Varea et al., 2015; Fernandes et al.,
2019; Gao et al,, 2019). Electrophysiological and imaging approaches
further demonstrated that Caspr2 contributes to local and long-range
brain connectivity (Penagarikano et al., 2011; Scott et al., 2017; Liska
et al,, 2018; Vogt et al., 2018; Zerbi et al., 2018; Antoine et al., 2019).
Moreover, behavioral studies showed deficits in KO mice, some
of which replicate clinical ASD phenotypes and are rescued by
normalizing altered circuit connectivity (Penagarikano et al,, 2011;
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Brunner et al., 2015; Scott et al., 2017; Choe et al., 2022). These data
revealed mechanisms through which some CNTNAP2 alterations
may contribute to the development of neurological pathologies in
humans.

However, studies in KO mice do not accurately replicate the
genetic situations in patients and are not sufficient to fully explore
the potential impact of the multiple CNTNAP?2 alterations identified
thus far. Most of the genetic alterations are heterozygous and it
is currently not known whether disruption of a single CNTNAP2
allele could be sufficient to perturb the functions of Caspr2. Our
recent observations indicate that some Caspr2 functions could be
modulated by the level of the protein and affected by some ASD
missense variants in a CntnapZJr/ ~ (HET) background (Canali et al.,
2018). We showed that Caspr2 plays a dose-dependent function
in cortical neuron axon growth in vitro, and that certain variants
impinge Caspr2 cell adhesive properties and display loss of function,
while others lead to protein retention in the endoplasmic reticulum
and display a dominant-negative effect through oligomerization
with wild-type (WT) Caspr2. Vogt et al. (2018) also found that
HET fast-spiking PV cortical interneurons exhibit an intermediate
electrophysiological phenotype between WT and KO interneurons.
Nevertheless, whether or not the level of Caspr2 could more broadly
modulate its functions remains to be determined.

In this study, we addressed this question, focusing on poorly
explored functions of Caspr2 in axon development and myelination
in vivo, whose disturbances could contribute to the development of
both peripheral and central neurological disabilities. We performed
a morphological study from embryonic day E17.5 to adulthood of
two major brain interhemispheric myelinated tracts, the anterior
commissure (AC) and the corpus callosum (CC), comparing WT,
Cntnap2 HET and KO mice. We also characterized myelinated
fiber abnormalities in the sciatic nerves of mutant mice. Overall,
our observations indicate that the level of Caspr2 modulates the
development and organization of myelinated fibers both in the
CNS and in the PNS.

Materials and methods

Animals

Contactin  Associated Protein 2 (Cntnap2) mutant mice,
previously described (Poliak et al., 2003), were obtained from
the Jackson Laboratory and maintained in a C57BL/6] background.
They were group-housed with ad libitum access to food and water
and a 12-12 h light-dark cycle (light phase onset at 7 a.m.).
For staging of embryos, the day of vaginal plug was considered
E0.5.
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Tissue processing

For brain morphology analyses, E17.5 embryos were rapidly
decapitated. Pups (P2, P7), juvenile (P30), and adult (P90) mice
were deeply anesthetized by intraperitoneal injection of ketamine
(100 mg/kg) and xylazine (10 mg/kg) and transcardially perfused
with 4% paraformaldehyde (PFA) in 0.12 M phosphate buffer pH
7.4. Brains were fixed (embryos) or post-fixed (P2, P7, P30, P90)
overnight (O/N) at 4°C in 4% PFA. Embryonic, P2 and P7 brains were
washed in sodium phosphate buffered saline (PBS), embedded in
75 g/l gelatin and 100 g/ sucrose in PBS or in 15 g/l agarose and 20 g/1
sucrose in PBS, and serial coronal (E17.5, P2, P7, 60 pwm-thick) and
sagittal (E17.5, 60 pm-thick; P7, 45 pm-thick) sections were obtained
using a vibratome (Leica, France). Thirty-five m-thick serial sagittal
sections of P30 and P90 brains embedded in 35 g/l agarose and 80 g/l
sucrose in PBS were obtained similarly. Forty pm-thick serial coronal
sections of P30 and P90 brains and 500 pm-thick horizontal sections
of P90 brains were performed without inclusion. All floating sections
were conserved at 4°C in PBS with 1 g/l sodium azide until use.

For sciatic nerve immunostainings, 2-month-old mice were
perfused as described above, sciatic nerves were dissected, fibers were
teased apart on slides to yield single fiber preparations, air-dried and
kept at —20°C.

Immunostainings

For morphological analysis of the CC and AC, brain
sections of E17.5, P2 and P7 animals were incubated in a
permeabilization/saturation solution (PS1: PBS, 5 ml/l Triton
X-100, 100 ml/l normal goat serum) for 1 h at room temperature
(RT) and then O/N at 4°C (72 h for P7) with the anti-L1ICAM
antibody (Millipore, rat clone 324, #MAB5272, 1:400) diluted in PS1.
Sections were then washed three times for 10 min in PBS/5 ml/l
Triton X-100 (WS1) and incubated for 2 h at RT with adequate
fluorophore-conjugated-secondary antibodies (Molecular Probes,
Invitrogen, Waltham, MA, USA) diluted in PS1. For brain sections
of P30 and P90 animals, permeabilization and saturation were
performed in PBS supplemented with 2 g/l porcine skin gelatin and
2.5 ml/l Triton X-100 (PS2 solution), before incubation O/N at 4°C
with the anti-NF-M antibody (Sigma, mouse clone NN18, #N5264,
1:300) diluted in PS2. The following day, sections were washed
three times for 10 min in PBS/2.5 ml/l Triton X-100 (WS2) and
incubated for 2 h at RT with secondary antibodies diluted in PS2. For
all ages, after secondary antibody incubation, sections were washed
three times for 10 min in WS1 (E17.5, P2, P7) or WS2 (P30, P90),
and nuclei were stained for 10 min with Hoechst before mounting
with Fluoromount-G medium (Invitrogen, Waltham, MA, USA).
For neuron counting in the cortex, E17.5 sections were incubated
with the anti-L1CAM antibody (1:750) together with the anti-Satb2
(Abcam, Cambridge, UK, mouse clone SATBA4B10, #ab51502,
1:750) and the anti-Ctip2 (Abcam, Cambridge, UK, rabbit #ab28448,
1:500) antibodies diluted in PS1.

Immunofluorescent staining of sciatic nerves was performed
as described previously (Martin et al, 2017). Briefly, slides were
treated with 0.1 M glycine for 30 min at RT or with methanol
50%/acetone 50% for 20 min at —20°C, pre-incubated for 1 h at
room temperature in PS2, before incubation with primary antibodies
diluted in PS2 overnight at 4°C (K,1.2 o subunit, mouse clone
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K67/25 #75-075, NeuroMab, 1:400; F3, goat #AF904, R&D Systems,
1:400; NrCAM, rabbit #ab24344, Abcam, Cambridge, UK, 1:300;
TAG-1, goat #AF4439, R&D Systems, 1:500; Caspr (L51, 1:500)
and Caspr2 (191, 1:400) previously described) (Menegoz et al,
1997; Denisenko-Nehrbass et al.,, 2003). After washing with PBS,
coverslips were incubated for 2 h at room temperature with secondary
antibodies diluted in PS2, washed again with PBS, and mounted with
Fluoromount-G medium.

Image acquisition and analysis

Images of immunostained brain sections or phase-contrast
images were acquired using a macroscope MVX10 (Olympus, Tokyo,
Japan). Thickness and area measurements were performed using the
Image] software, for six mice/genotype/condition, except for AC area
at E17.5 (four embryos/genotype). CC and cortex thicknesses were
measured on one coronal section per brain per animal for E17.5
and P2 stages and three consecutive sections per animal for P90.
Measurements were performed independently on both hemispheres
and averaged; the measures were further averaged between the three
consecutive sections for P90. Anterior branch (ACa) thickness at P90
was measured independently on both hemispheres on one horizontal
section per brain per animal, and averaged. Measurements of CC and
AC areas were performed on three consecutive sagittal sections per
animal at all ages, and averaged.

For quantification of Satb2- or Ctip2-positive neurons at E17.5,
images were acquired using a Leica SP5 confocal laser-scanning
microscope (Leica microsystems, Watzlar, Germany, Z stack 1 pum,
25 stacks, 40x immersion objective) at the level of the somatosensory
cortex of both hemispheres for two successive medial coronal
sections per animal (n = 4 animals/genotype). The density of
Satb2- or Ctip2-positive neurons was estimated using the Imaris
software (Bitplane, Zurick, CH). To do so, images were cropped
to exclude the region corresponding to the intermediate zone and
the subplate layer, using LICAM immunostaining to delineate these
regions. The average volume of Satb2- and Ctip2-positive nuclei was
calculated by averaging the volumes of 15 isolated nuclei. Masks
were built to obtain the total volumes occupied by Satb2- and Ctip2-
positive nuclei, respectively, excluding objects with a volume lower
than the smallest volume out of the 15 used for averaging. The
density of Satb2- or Ctip2-positive neurons was then calculated
by dividing these total volumes by the average nucleus volume
(Hoechst staining).

Images of stained sciatic nerve fibers were acquired using a
Zeiss Celldiscoverer 7 imaging system for quantification analyzes,
and a STELLARIS 5 confocal laser-scanning microscope (Leica
Microsystems, Watzlar, Germany) to acquire representative images.
Measurements of node length and node axonal diameter were
performed manually on NrCAM stainings using the Image] software
(3 mice/genotype, 81 nodes/mouse).

Electron microscopy
For ultrastructural studies of the CC and the AC, P7 animals
(3 pups/genotype) were deeply anesthetized by intraperitoneal

injection of ketamine (100 mg/kg) and xylazine (10 mg/kg), and
transcardially perfused with 4% PFA (EMS) and 2.5% glutaraldehyde

frontiersin.org


https://doi.org/10.3389/fnins.2023.1100121
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/

Cifuentes-Diaz et al.

(Microm Microtech, G003) in phosphate buffer 0.1 M pH 7.4.
Brains were removed and post-fixed in the same fixative solution
O/N at 4°C. P30 animals (3 mice/genotype) were anesthetized
as above and transcardially perfused with 3% glutaraldehyde in
Milloning’s phosphate buffer 0.1 M pH 7.4. Brains were removed and
immediately processed. For the two ages, 1 mm-thick brain sagittal
sections were produced and post-fixed for 1 h at 4°C in fresh fixative
solution, washed once with phosphate buffer 0.1 M pH 7.4 (P7) or
Milloning’s phosphate buffer 0.1 M (P30), and three times for 10 min
with Palade buffer. Samples were then incubated in 2% osmium
tetroxide in Palade buffer for 1 h at RT, rinsed in Palade buffer for
3 min and three times for 3 min in distilled water, dehydrated in
a series of ethanol baths, and flat embedded in epoxy resin (EPON
812, Polysciences). After polymerization, 0.5 pwm-thick semi-thin
sections stained with toluidine blue to locate the CC and the AC.
Then, blocks containing the CC and the AC were cut in 50 nm-
thick ultrathin sections using an ultramicrotome (Ultracut E, Leica).
Sections were examined with a Philips CM100 electron microscope
and digital images acquired with a CCD camera (Gatan Orius).
Diameters were calculated from areas measured manually using the
Image J software (P7, ACa/ACp 300 axons/pup, CC 360 axons/pup;
P30, ACa/ACp 147 myelinated fibers/mouse, CC 150 myelinated
fibers/mouse). The percentage of myelinated fibers was determined
by counting the numbers of unmyelinated and myelinated axons on
18 photos at magnification 9700x. The percentage of myelinated
axons containing mitochondria was measured on six photos at
magnification 2500 x.

For ultrastructural analyses of peripheral myelinated fibers, the
sciatic nerves were fixed in situ for ~1 min with 3% glutaraldehyde
in Milloning’s phosphate buffer 0.1 M pH 7.4, dissected out, placed
in fixative O/N at 4°C, rinsed in PB, post-fixed in 2% osmium
tetroxide in PB, dehydrated in an ascending series of ethanol,
and embedded in epoxy resin. The global morphology of the
nerves was evaluated on 0.5 um-thick semi-thin transversal sections
stained with toluidine blue and visualized with a DM6000 Leica
microscope. Morphometric analyzes were performed on ultra-thin
sections (50 nm) and examined as above (4 mice/genotype, 47
myelinated fibers/mouse).

Brain lysate preparation and
immunoblotting

To analyze protein levels, brains (six mice/genotype/age)
were lysed in RIPA buffer containing proteases inhibitors and
immunoblotting was performed as previously described (Canali et al.,
2018). Briefly, equal amounts of proteins (40 pg) were loaded on
NuPAGE 8-12% Bis-Tris gels (Thermo Fisher Scientific, Waltham,
MA, USA) and transferred to 0.45 wm Nitrocellulose membranes.
Membranes were blocked with 50 g/l non-fat dry milk in Tris-
Buffered Saline solution/0.1 ml/l Tween 20 for 1 h at RT, incubated
with primary antibodies in the same solution for 2 h at RT or O/N
at 4°C, 1 h at RT with appropriate IRDye-conjugated secondary
antibodies, and imaged and quantified using Odyssey Imaging System
(LiCOR Biosciences, Lincolm, NE, USA). The commercial antibodies
were from the following sources: anti-MBP, Serotec, rat clone 82-87,
#MCA409S, 1:250; anti-PLP, Novus Biochemicals, rabbit, #NBP1-
87781, 1:1000; anti-MAG, Zymed, rabbit, #34-6200, 1:1000; anti-
GAPDH, Millipore, chicken, #AB2302, 1:5000. The anti-TAG-1
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antibody has been described previously (Traka et al, 2003). The
anti-Caspr2 was the same as the one used for immunostainings.

RT-qPCR experiments

For mRNA expression analysis, total mRNA was extracted
from brains (six mice/genotype/age) using the TRIzol™ Reagent
(Invitrogen, Waltham, MA, USA) following the manufacturer’s
recommendations. Reverse transcription was performed with
the SuperScript II reverse transcriptase (Invitrogen, Waltham,
MA, USA, #18064-022) and random primers, and qPCR in a
Stratagene™ Mx3005P qPCR instrument (Agilent Technologies,
Santa Clara, CA, USA) using the Brilliant II SYBR® Green QPCR
Master Mix (Agilent Technologies, Santa Clara, CA, USA,
#600828). The MxPro QPCR Software (Agilent Technologies,
Santa Clara, CA, USA) was used to perform expression analyses.
The expression level of Cntnap2 mRNA was normalized to Psap
mRNA level. Primers for Cntnap2 were designed on two 5
exons: primer sense 5’CAGCGCTCTCGCTCTGGATT (accession
number NM_001004357, nucleotides 261-280), primer anti-
sense 5’CCCCAGCACCTCCTCGTTTATT (nucleotides 425-446),
amplified DNA fragment 186 bp. Primers for Psap were the following:
primer sense 5CTGGTGTCAGAACATGGAGACTG (accession
number NM_001146120, nucleotides 1708-1730), primer anti-
sense 5 TGACTTCTGCAGCTGGGAAA (nucleotides 1781-1800),
amplified DNA fragment 93 bp.

Electrophysiology

Acute slice preparation

A total of 250 pwm-thick coronal slices of the somatosensory
cortex were prepared from brains of KO, HET, and WT littermates
aged P10-P12. Acute coronal slices were cut using a vibroslicer
(HM 650 V, Microm) in ice-cold artificial cerebrospinal fluid (ACSF)
containing the following (in mM): 125 NaCl, 2.5 KCl, 25 glucose,
25 NaHCO3, 1.25 NaH2PO4, 2 CaCl2, and 1 MgCl2, continuously
bubbled with 95% O,;-5% CO,. Slices were incubated in ACSF at
32°C for 20 min and then at room temperature (20-25°C). For patch-
clamp recordings, slices were transferred to the recording chamber
where they were continuously superfused with ACSF (30-32°C).

Patch-clamp

Patch-clamp pipettes (4-6 Mohm resistance) were prepared from
borosilicate glass (BF150-86-10; Harvard Apparatus, Holliston, MA,
USA) using a DMZ pipette puller (Zeitz). Patch-clamp recordings
were performed using an EPC-10 amplifier (HEKA Elecktronik
GmbH, Reutlingen, Germany) with the following intracellular
solution (in mM): 105 K-gluconate, 10 HEPES, 10 phosphocreatine-
Na, 4 ATP-Na2, 30 KCI (pH 7.25, adjusted with KOH). Intrinsic
excitability was measured in current-clamp using depolarizing
current steps of increasing amplitude (0-500 pA, 500 ms) at an
interstimulus interval of 6 s, from a cell potential set to —70 mV,
in the presence of SR95531 hydrobromide (Gabazine, 10 um, Hello
Bio) to block GABA4 receptor-mediated synaptic transmission, 6-
cyano-7-nitroquinoxaline-2,3-dione (CNQX, 10 pm, Biotrend, Koln,
Germany) to block AMPA receptor-mediated synaptic transmission
and D-2-amino-5-phosphonopentanoic acid (D-APV, 50 pm, Hello
Bio) to block NMDA receptor-mediated synaptic transmission.
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Data acquisition and analysis

Stimulus delivery and data acquisition were performed using
the Patchmaster software (HEKA Elecktronik GmbH, Reutlingen,
Germany). The junction potential (—5 mV) was left uncorrected.
Signals were sampled at 20 kHz and filtered at 4 kHz. Offline analysis
was performed using Igor Pro (WaveMetrics).

Grid-walking test

Coordination between forelimbs and hind limbs and accurate
limb placement were examined by assessing the ability to walk on
metal grid bars with 1.5 cm gaps on the bottom of a 30 x 20 x 20 cm
box (8-9 6-month-old males/genotype). The performance of each
animal was analyzed by counting and averaging the number of errors
in foot placement/total number of steps, during 2-min sessions, once
a day, for three consecutive days. On the day before data collection,
each mouse was allowed to walk on the grid for 2 min.

Statistical analysis

Statistical analyses were performed with the GraphPad Prism
9 Software (GraphPad Software, San Diego, CA, USA). Results
are provided as mean £+ SEM or median + quartile (Violin
plot, medium smoothing). The normality of the samples was
tested using the Shapiro-Wilk test. When the variables followed
a normal distribution, statistical analyses were carried out using
the unpaired t-test to compare 2 genotypes and the one-way
ANOVA test to compare the three genotypes, followed by a Tukey’s
multiple comparisons test. When the variables did not follow a
normal distribution, the Mann-Whitney test was used to compare
two genotypes and the Kruskal-Wallis test to compare the three
genotypes, followed by a Dunn’s multiple comparisons test. The
thicknesses of the CC measured on coronal section and the firings of
cortical neurons were compared between genotypes using Two-way
RM ANOVA tests, followed by a Tukey’s multiple comparisons test or
a Sidak post-hoc test. Statistical analyses to compare the distributions
of two quantitative variables were carried out using the Kolmogorov-
Smirnov test. Linear regression analyzes were performed after
checking the correlations between the variables (Pearson coeflicient).
The significance was established at a P-value < 0.05.

Results

Caspr2 level modulates CC morphology
during development

The CC is the most prominent white matter structure in the
brain, formed by ~80% of axons coming from neocortical neurons
in layers II/IIT and ~20% of axons coming from cortical neurons
in layer V (Ku and Torii, 2020). A potential implication of Caspr2
in the development of this tract was suggested by our previous
in vitro study showing a role for Caspr2 in axon growth of embryonic
neocortical neurons (Canali et al., 2018). The morphology of the CC
was first examined in WT, HET and KO mice at postnatal day P90
on brain coronal sections selected at Bregma +1.1, +0.55, and 0, and
on mid-brain sagittal sections. Brain slices were immunostained with
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antibodies directed against the neurofilament subunit NF-M, which is
expressed in commissural axons at late stages of development. From
this point onward in the manuscript, the analyses were performed
by comparing the three genotypes to investigate dose-dependent
effects, but also by comparing HET and KO mice individually
to WT mice to reveal potential effects of Cntnap2 heterozygosity
and/or null homozygosity, which would not be revealed by three-
genotype comparisons. Main statistical results were reported on
figures in black for three-genotype comparisons, and in color for
individual comparisons to WT conditions when the difference was
significant (HET, orange; KO, blue; all statistical analyses reported
in Supplementary Table 1). When measuring the thickness of the
CC in different positions from the brain midline to the lateral parts
of coronal brain sections (Figure 1B, inset), we did not detect
significant differences when comparing the three genotypes at the
three Bregma levels, but a significant decrease in KO mice as
compared to WT mice when comparing the two at Bregma + 0.50
(Figures 1A, B; data not shown for brain sections at Bregma +1.1 and
0). Decreased thickness was particularly pronounced at the midline
of the brain (Figure 1C). Immunostainings of mid-sagittal sections
consistently showed a decrease of CC area in KO mice as compared
to WT and HET mice, as well as a decreased minimum caliper as
compared to WT mice (Figures 1D-G). In HET mice, none of the
morphometric parameters were significantly different from those in
WT mice.

Decreased CC thickness and area in adult KO mice were likely
not due to a major decrease in the number of axons forming
this tract since a previous study showed a normal distribution of
the neocortical neurons projecting their axon through the CC in
these mice (Scott et al., 2017). We attempted to find the temporal
origin of the phenotype by characterizing the morphology of the
CC through development. In mice, E15 pioneering axons from the
cingulate cortex are the first axons forming the CC to reach the
midline, followed later by neocortical projections at around E17.5
(Suarez et al., 2014). The formation of the CC continues after birth,
until some axons begin to be myelinated by oligodendrocytes (OLs)
(Suarez et al.,, 2014). The first myelinated sheaths are observable at
P11 and a rapid phase of myelination occurs between P14 and P45
(Sturrock, 1980). We characterized CC morphology at P30 when
myelination is ongoing, at P7 before the onset of myelination, at
an early stage of axon development (E17.5), and at an intermediate
developmental stage (P2). Morphometric analyzes were performed
on mid-sagittal sections at P30 and P7, and on coronal sections at
P2 and E17.5 because the structure of the CC at these stages did
not allow measuring its area with confidence on sagittal sections.
At P7, P2, and E17.5, brain sections were immunostained with
antibodies directed against the cell-adhesion molecule L1CAM,
which is widely expressed in commissural axons at embryonic
and early post-natal developmental stages. The observations at P30
were comparable to those at P90, with a decrease in CC area and
minimum and maximum calipers in KO mice as compared to WT
(Figure 2A). In contrast, no difference was observed between the
three genotypes either at P7 (Figure 2B) or at P2 (Figures 2C-
E). Moreover, the thickness of the CC was remarkably increased
in both HET and KO embryos at E17.5 as compared to WT
embryos, with no significant difference between HET and KO
embryos (Figures 2F, G). CC thickness at the brain midline was
significantly increased in HET embryos as compared to WT embryos
(Figure 2H). This increase was likely not due to an increased
number of axons, since neither the thickness of the cortex nor the
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Corpus callosum (CC) morphology in adult mice. Representative images of brain coronal sections (Bregma + 0.50) of wild-type (WT), HET, and KO P90
mice showing CC immunostained with anti-NF-M antibodies (A). CC thickness measured at different levels on coronal sections (B); inset, schematic
representation of the levels (yellow lines) where CC thickness measurements were performed. CC thickness at the midline of the brains (C)
Representative images of mid-sagittal brain sections of WT, HET, and KO P90 mice, showing the CC and the AC immunostained with anti-NF-M
antibodies (D). CC area (E), minimum caliper (F), and maximum caliper (G) measured on mid-sagittal brain sections. (B,C,E-G) Six animals/genotype, (B)
average of measurements on both hemispheres on three consecutive sections/animal, (C,E-G) average of measurements on three consecutive
sections/animal. Statistical tests: (B) Two-way RM ANOVA test; (C,E—G) Unpaired t-test to compare HET or KO mice to WT mice, and one-way ANOVA
test to compare the three genotypes; *P < 0.05, **P < 0.01, **P < 0.001.

densities of callosal Ctip2" and Satb2™ projecting neurons in the
cortex were different between the three genotypes (Supplementary
Figure 1). These observations demonstrate that the level of Caspr2
modulates the morphology of the CC during development, with
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myelination.

a remarkable “switch” at P7, immediately before the onset of
myelination. Furthermore, they strongly suggested that Caspr2 could
play previously unidentified functions in axon development and/or

frontiersin.org


https://doi.org/10.3389/fnins.2023.1100121
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/

Cifuentes-Diaz et al.

A . .
P30 - sagittal sections
0.8 — 800~ = 6+
3
*k g E, =
= * = 7
< 0.6 €600 — & *
= T § W F e =
S 0.4 £ 400- - &
‘IG = =
o £ E 24
O 0.24 £ 200+ ]
E g 14
P=0.0015 © P=0.0407 o P=0.0070
0.0 © 9 O
WT HET KO WT HET KO WT HET KO

FIGURE 2

10.3389/fnins.2023.1100121

P7 - sagittal sections
0.8+ ,E_soo- £
° H (J = és-
o6l = F 5 600 5
£ e " o =3 o ® o0 o 84y
£ 3 |ETF 3
S 0.4 £ 400- £37 o 22 22
] 3 2
(3} £ £ 2
O 0.2 g 200 %
€ 14
P=0.9582 g P=0.9212 P=0.6897
0.0 O 9
WT HET KO WT HET KO WT HET KO
D E
400- E 400
=
E s00 £ 300 3 ‘P o
= i L
g E 150
) - .
€ 200- ® 200 ¢* ° .
S 2
£ ~wr 8
9 100 D £ 1001
P=0.2762 - KO 5 P=0.3681
0l— T T T T 0
1 3 5 © WT HET KO
Level
G wr H
—— B —
300+ - HET|** . gaoo- s
z - KO g — .
2 T 200- b
@ 2007 £ 200 -il ol .__}.
g ® [
£ 1]
L 7]
£ 100 2 100+
8 S
P=0.0055 ﬁ P=0.0076
T 1 2 3 4 5 6 7 © T WT HET Ko
Level
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test (A,B,E) or Kruskal-Wallis test (H) to compare the three genotypes; (D,G) Two-way RM ANOVA test followed by a Tukey's multiple comparisons test

(G); *P < 0.05, **P < 0.01.

Caspr2 level modulates AC morphology
during development

The AC is formed by two main branches, contacting each other
at the midline of the brain (Figure 3A). The ACa is composed
mainly of axons from the anterior piriform cortex and the anterior
olfactory nucleus, whereas the posterior branch (ACp) is composed
mostly of axons from the posterior piriform cortex and the amygdala.
We assumed that Caspr2 could contribute to the development and
organization of this tract because Cntnap2 expression was previously
detected in the piriform cortex (Penagarikano et al., 2011; Gordon
etal., 2016). As the AC follows a developmental timeline comparable
to that of the CC in mice (Martin-Lopez et al., 2018), we characterized
its morphology at the same developmental stages-P90, P30, P7,
and E17.5. Phase-contrast images of 500 um-thick horizontal brain
sections did not reveal gross morphological defects in adult mutant
mice (Figure 3A). However, we detected an increased thickness of
the ACa in HET mice as compared to WT and KO mice, while
the thickness tended to be decreased in KO mice, although not
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significantly different from that in WT mice (Figures 3A, B). This
tendency turned out to be significant when considering the area of
the whole AC on mid-sagittal sections (Figures 1D, 3D), suggesting
that both the ACa and the ACp were thinner in KO mice as
compared to WT mice. The area of the AC in KO mice appeared also
significantly smaller than in HET mice. The AC area in HET mice
was not significantly different from that in WT mice, but showed a
strong tendency to increase (unpaired ¢-test, P = 0.0571), which was
consistent with the increased thickness of the ACa. Results following
a similar trend were observed in juvenile mice at P30 (Figures 3C,
E). In contrast, no major differences were observed between the three
genotypes in P7 pups (Figures 3C, F). In addition, the AC area was
significantly increased in KO mice as compared to WT and HET
mice in E17.5 embryos (Figures 3C, G). These data demonstrated
that the level of Caspr2 also modulates the morphology of the AC
during development, with a switch immediately before the onset of
myelination as for the CC. They also suggested that Caspr2 could
display functions in axon development and/or myelination extended
to several myelinated tracts.
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FIGURE 3
Anterior commissure (AC) morphology during development and at adulthood. Representative phase-contrast images of horizontal brain sections of
wild-type (WT), HET, and KO P90 mice, showing the two branches of the AC (A); yellow lines, levels where the thickness of the anterior branch (ACa) was
measured. ACa thickness measured on horizontal brain sections of P90 mice (B). Representative images of mid-sagittal brain sections of WT, HET, and
KO mice at P30, P7, and E17.5, showing AC immunostained with anti-NF-M (P30) or LICAM (P7, E17.5) antibodies (C). AC area measured on mid-sagittal
brain sections of P90 (D) and P30 (E) mice, P7 pups (F), and E17.5 embryos (G). (B,D—F) Six animals/genotype, (G) four animals/genotype, (B) average of
measurements on both hemispheres on one section/animal, (D—G) average of measurements on three consecutive sections/animal. Statistical tests:
Unpaired t-test (B,D,F,G) or Mann—Whitney test (E) to compare HET or KO mice to WT mice, and one-way ANOVA test (B,D,F,G) or Kruskal-Wallis test (E)
to compare the three genotypes; *P < 0.05, **P < 0.01, ****P < 0.0001.

Caspr2 level modulates axon diameter and
myelin thickness of CC myelinated fibers
in P30 mice

To further investigate the potential functions of Caspr2 in axon
development and myelination, we first evaluated the timeline of
overall myelination in HET and KO mice at four developmental
stages from the onset of myelination (P10) to adulthood, by
quantifying the levels of myelin proteins in whole brain extracts.
Immunoblots showed a significant decrease of MBP, PLP, and MAG
levels in KO mice at P30 as compared to WT mice, but not in
P10, P15, and P90 mice (Supplementary Figures 2A-C), suggesting
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a potential widespread myelination delay in KO mice at P30. No
alterations of myelin protein levels were detectable in HET mice,
regardless of the developmental stage. We then performed tissue
microdissection to compare myelin protein levels in the CC and the
neocortex of P30 mice. Immunoblots revealed a significant decrease
of MBP and MAG levels in the neocortex of KO mice as compared
to WT mice (Supplementary Figures 2D, E), which was consistent
with a delay of myelination previously reported in the neocortex of
KO mice at P21 (Scott et al., 2017). However, no alteration of myelin
protein level was detected in the CC of KO mice, in agreement with
two previous studies showing similar MBP-immunoreactivity of the
CC on brain coronal sections of WT and KO mice (Scott et al., 2017;
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Liska et al., 2018). No alteration of myelin protein level was detected
in the CC of HET mice either.

We further evaluated CC myelination in P30 mice at the
ultrastructural level by measuring myelinated fiber and axon
diameters, to subsequently calculate the G-ratio, which is the ratio
of axon diameter to fiber diameter whose variations can reveal
myelin thickness defects. Transversal sections were observed at
~Bregma + 0.02, in dorsal projection of the AC. We detected a
significant decrease in axon diameters in KO mice as compared
both to WT and HET (Figures 4A-C), which was consistent
with previous observations at Bregma —2.46 (Zerbi et al., 2018).
No difference between KO and WT mice was detectable when
plotting the G-ratios as a function of axon diameters, indicating
absence of major myelination changes in KO mice (Figure 4D). No
significant difference was observed either in the % of myelinated
fibers between KO and WT mice (WT 16.5 + 0.6775, KO
13.84 + 2.594, unpaired t-test P = 0.3775, three mice/genotype),
thus confirming that P30 KO mice do not present major myelination
defects of the CC. In contrast, the % of myelinated fibers appeared
significantly decreased in HET mice when compared to WT
mice (WT 16.5 + 0.6775, HET 8.747 £ 1.709, unpaired ¢-test
P = 0.0135, three mice/genotype). In parallel, axon diameters were
slightly decreased as compared to WT mice (Figures 4B, C).
A significant difference was also detectable between WT and HET
mice when plotting the G-ratios as a function of axon diameters
(Figure 4D). The mean G-ratio was consistently decreased in
HET mice as compared to WT mice, reflecting hypermyelination
(WT 0.8200 £ 0.003069, HET 0.8099 =+ 0.003189, Mann-Whitney
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test P = 0.0271, 450 fibers/genotype, three mice/genotype, 150
fibers/mouse). Interestingly, we also noticed a significant increase
in the % of myelinated axons containing mitochondria in HET
mice as compared to WT and KO mice (Figure 4E). Thus, our
observations showed alterations of myelinated fibers in the CC of
P30 HET mice which were not suspected by myelin protein level
analyses, perhaps because the hypermyelination was masked by the
decrease in the myelinated fiber number. Overall, axon diameter and
myelin thickness modifications observed in mutant mice confirm the
assumption that Caspr2 could play roles in axon development and/or
myelination, which could be modulated by the protein level.

Caspr2 level modulates axon diameter and
myelin thickness of AC myelinated fibers
in P30 mice

We further evaluated whether Caspr2 could also display
functions in axon development and/or myelination in the AC,
searching similar axonal and/or myelination defects in mutant mice
at P30. Ultrastructural analyses of the ACa and the ACp were
performed separately, since the two branches are distinguishable on
mid-brain transversal sections (Figures 5A, F, insets). No significant
difference in the % of myelinated fibers was observed between
the three genotypes, either in the ACa (WT 18.2 £ 1.554, HET
21.24 £ 0.611, KO 13.4 & 3.022, one-way ANOVA test P = 0.0818,
three mice/genotype) or in the ACp (WT 11.8 £ 1.02, HET
9.716 £ 0.7453, KO, 7.655 % 0.8618, Kruskal-Wallis test P = 0.0857,
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FIGURE 5
Ultrastructural abnormalities of anterior branch (ACa) and posterior branch (ACp) myelinated fibers in P30 mice. Electron micrographs of transversal
sections of the ACa (A) and ACp (F) at brain midline, from wild-type (WT), HET, and KO P30 mice; insets, semi-thin transversal sections of the AC stained
with toluidine blue, showing the ACa and the ACp. Axonal diameters of ACa (B) and ACp (G) myelinated fibers. Cumulative frequency distribution of
axonal diameters (in %) of ACa (C) and ACp (H) myelinated fibers. Scatter plot graphs displaying G-ratios of individual myelinated axons as a function of
the respective axon diameters, and the linear regression of the G-ratio measurements for each genotype, for the ACa (D) and the ACp (l). Percentage of
myelinated axons containing mitochondria in the ACa (E) and the ACp (J). (B—D,G-1) 441 myelinated fibers/genotype, 3 mice/genotype, 147 myelinated
fibers/mouse; (E) 3 mice/genotype, % of mitochondria counted on ~2000 axons/mouse; (J) 3 mice/genotype, % of mitochondria counted on ~1000
axons/mouse. Statistical tests: (B,G) Mann—Whitney test to compare HET or KO mice to WT mice, and Kruskal—Wallis test to compare the three
genotypes; (C,H) Kolmogorov—Smirnov test for pairwise comparisons; (D) Linear regression (WT R2 = 0.08121, HET R? = 0.3458, KO R? = 0.1727) for
pairwise comparisons, HET vs. WT slope P = 0.0024, HET vs. KO slope P = 0.0003; (I) Linear regression (WT R? = 0.1589, HET R? = 0.1062, KO
R? = 0.3420) for pairwise comparisons, HET vs. WT elevation P = 0.0047, KO vs. WT slope P < 0.0001, HET vs. KO slope P < 0.0001; (E,J) Unpaired t-test
(E) or Mann—-Whitney test (J) to compare HET or KO mice to WT mice, and one-way ANOVA test (E) or Kruskal-Wallis test (J) to compare the three
genotypes; **P < 0.01, ***P < 0.001, ****P < 0.0001; ns, non-significant.

three mice/genotype). In contrast, we detected modifications in axon
diameters and myelination, which were remarkably different between
the ACa and the ACp. While axon diameters of the ACa were
significantly increased in both HET and KO mice as compared to
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WT mice, with an intermediate phenotype in HET mice (Figures 5B,
C), axon diameters of the ACp were increased in KO mice only
(Figures 5G, H). Additionally, plotting of the G-ratios as a function
of axon diameters revealed a significant difference between HET mice
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and WT and KO mice for the ACa (Figure 5D), while both HET
and KO mice were significantly different from WT mice for the ACp
(Figure 5I). These observations were consistent with decreases of
the mean G-ratios, demonstrating hypermyelination of ACa fibers
in HET mice (WT 0.8060 £ 0.003146, HET 0.7854 =+ 0.003246,
KO 0.8077 £ 0.002936, Kruskal-Wallis test P < 0.0001, HET wvs.
WT P < 0.0001, HET vs. KO P < 0.0001, 441 fibers/genotype, 3
mice/genotype, 147 fibers/mouse), and of ACp fibers in both HET
and KO mice, with an intermediate phenotype in HET mice (WT
0.8264 + 0.005555, HET 0.8167 £ 0.002880, KO 0.7899 =+ 0.003097,
Kruskal-Wallis test P < 0.0001, KO vs. WT P < 0.0001, KO vs.
HET P < 0.0001, HET vs. WT P = 0.0169, 441 fibers/genotype,
3 mice/genotype, 147 fibers/mouse). The % of myelinated axons
of the ACa containing mitochondria was also significantly higher
in HET mice than in WT (Figure 5E), while no difference was
observed between the three genotypes for the ACp (Figure 5]).
Altogether these data reinforce the assumption that Caspr2 could
display functions in axon development and/or myelination of several
myelinated tracts. In addition, they suggest that the underlying
mechanisms may be different, depending on myelinated fiber type,
and may therefore be differentially affected by variations in Caspr2
level.

Caspr2 level modulates axon diameter and
neuronal activity before and at the onset
of myelination

Myelination in the CNS relies on a complex sequence of
cellular events, which includes proliferation and migration of
oligodendrocyte precursor cells (OPCs) in white matter tracts,
recognition of target axons, and axon-glia signaling, differentiation
of OPCs into mature myelinating OLs, axonal ensheathment,
and myelin compaction. This sequence is controlled by intrinsic
factors that are responsive to extracellular cues, including signaling
molecules released by neurons or glial cells and cell-surface expressed
proteins, and by neuronal activity, which regulates OPC proliferation
and survival potentiating OL differentiation, and drives the extent
of myelin formation (Stassart et al., 2018; de Faria et al., 2019). The
changes in the morphology of the CC and AC in mutant mice at
P7 suggested that Caspr2 could regulate some neuronal parameters
immediately before and/or at the onset of myelination, which could
control axo-glial cross-talk and, later, axon diameter and myelin
thickness. To evaluate this hypothesis, we first compared the diameter
of the axons between WT, HET, and KO pups at P7. Ultrastructural
analyses did not reveal significant axon diameter difference between
the three genotypes for the ACp (Figures 6A, C, F), but a slight
decrease of axon diameters of the ACa in KO pups as compared to
WT and HET pups (Figures 6A, B, E). In addition, axon diameters of
the CC were significantly increased in HET pups as compared to WT
and KO pups, and decreased in KO pups as compared to WT pups
(Figures 6A, D, G).

Following this observation, we explored whether Caspr2 could
regulate the intrinsic excitability of layers III cortical neurons which
project their axons in the CC at the onset of myelination, i.e., the
propensity of neurons to fire action potentials when subjected to an
input current. We measured the firing frequency of action potentials
in response to 500 ms depolarizing current steps from a membrane
potential of —70 mV, in the presence of blockers of synaptic activity.
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We found that intrinsic excitability was significantly increased in
HET and KO neurons as compared to WT neurons (Figures 7A, B),
while the resting membrane potential was unchanged (Figure 7C).
The intrinsic excitability did not significantly differ between HET and
KO mice. These results may, at least in part, reflect a role of Caspr2
at the axon initial segment, the site of initiation of action potentials,
since Caspr2 has been detected in the axon initial segment of both
pyramidal cells of human temporal neocortex (Inda et al., 2006) and
rat hippocampal neurons in culture (Ogawa et al., 2008). Altogether
our observations suggest that decreased Caspr2 dosage may indirectly
control myelination through activity-dependent mechanisms, and by
regulating axon diameter.

Caspr2 levels are downregulated in HET
mouse brain before the onset of
myelination

The impacts of Cntnap2 heterozygosity on myelinated tract
morphology, axon diameter, myelin thickness, and neuronal activity,
either specific, opposite, or stronger than those of Cntnap2 null
homozygosity, led us to question Caspr2 levels in HET mice at
different stages from E17.5 to adulthood. These levels were expected
to be ~50% relative to levels in WT brains. Immunoblots on whole
brain extracts showed that this was the case at P15, P30, and
P90, but not earlier during development (Figures 8A, B). Caspr2
levels were indeed reduced to ~35% at E17.5, P2, P7, and P10,
and significantly different from those in P90 HET mice. RT-qPCR
experiments showed that this reduction may not be due to a decrease
in gene expression (Figure 8C). Cntnap2 mRNA level at P10 was
actually increased and higher than that at P30 (unpaired t-test,
P =0.0564, six mice/genotype), indicating a need for cells to increase
the level of Caspr2 around this developmental stage.

Decreased levels of cell-surface expressed proteins can be
due to increased turnover and degradation, reflecting potential
modifications in their interactions with their partners. We
investigated this possibility, postulating that TAG-1 could be a
partner of Caspr2 not only at juxtaparanodes of mature myelinated
axons but also throughout development. Immunoblots on whole
brain extracts of KO mice supported this assumption, showing that
TAG-1 levels in these mice started to decrease from P2, to reach
~33-42% decrease from P7 to P15, and ~90% decrease at P30 and
P90, as compared to WT mice (Figures 8A, D). In contrast, TAG-1
levels were not significantly affected in HET mice, except at P30.
This indicates that the association of Caspr2 and TAG-1 are mostly
preserved in HET mice and that the mechanisms which regulate
Caspr2 levels at early developmental stages are probably independent
of TAG-1. However, these data also suggest that the differential
phenotypes observed in HET and KO could be partly due to the fact
that the functions of TAG-1 are preserved in HET mice while they
are highly perturbed in KO mice.

Caspr2 level also modulates the
organization of myelinated fibers in
peripheral nerves

The identification of a CNTNAP2 genetic alteration in Charcot-
Marie-Tooth patients led us to finally question whether Cntnap2
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FIGURE 6
Anterior commissure (AC) and corpus callosum (CC) axon diameter abnormalities in P7 pups. Electron micrographs of transversal sections of the anterior
branch (ACa), posterior branch (ACp), and CC at brain midline, from wild-type (WT), HET, and KO P7 pups; insets, semi-thin transversal sections of the AC
stained with toluidine blue, showing the ACa and the ACp; the green asterisk indicates a growth cone (A). Axonal diameters of the ACa (B), ACp (C), and
CC (D). Cumulative frequency distribution of axonal diameters (in %) of the ACa (E), ACp (F), and CC (G). (B,C,E,F) 900 axons/genotype, 3 pups/genotype,
300 axons/pup; (D,G) 1080 axons/genotype, 3 pups/genotype, 360 axons/pup. Statistical tests: (B—D) Mann—Whitney test to compare HET or KO mice
to WT mice, and Kruskal-Wallis test to compare the three genotypes; (E-G) Kolmogorov-Smirov test for pairwise comparisons; *P < 0.05, **P < 0.01,
P < 0.001, ****P < 0.0001; ns, non-significant.

heterozygosity and null homozygosity could also perturb the
organization of peripheral myelinated fibers in adult mice. Semi-
thin transversal sections of sciatic nerves stained with toluidine blue
did not reveal any major difference in the global morphology of
the nerves between adult WT, HET, and KO mice, nor in the total
number of axons (data not shown). The structure of the myelin
appeared normal both in HET and KO mice (Figure 9A). A previous
study reported comparable values of axon diameters and G-ratios
in the sciatic nerves of WT and KO adult mice (Poliak et al.,
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2003). We re-evaluated these data by focusing our ultrastructural
analysis on large caliber motor fibers only. We found that the axonal
diameters were increased in HET and KO mice as compared to WT
mice, with an intermediate phenotype in HET mice (Figure 9B).
When plotting the G-ratios as a function of axon diameter, we
did not detect any difference between KO and WT mice, but a
significant difference between HET and WT mice (Figure 9C). The
mean G-ratio was consistently increased in HET mice as compared
to WT mice, reflecting hypomyelination (WT 0.6948 £ 0.003826,
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HET 0.7244 £ 0.004060, Mann-Whitney test P < 0.0001, 141
fibers/genotype, 4 mice/genotype, 47 fibers/mouse). Furthermore,
fluorescent immunolabelings on teased myelinated fibers confirmed
a drastic reduction of TAG-1 and Kv1.2 channel enrichment in the
juxtaparanodes of KO mice (Figure 9D), as previously described
(Poliak et al., 2003), but did not reveal obvious modification in the
enrichment of Caspr2, TAG-1, and Kv1.2 in HET mice (proteins
detected in more than 90% of the juxtaparanodes). The levels of
TAG-1 and Kvl.2 in nerve extracts were not affected either in
HET mice as compared to WT mice (data not shown). However, a
morphometric analysis showed an unexpected decrease in the length
of the nodes (labeled for NrCAM) in both HET and KO mice, with
an intermediate phenotype for HET mice (Figures 9E, F), while no
difference was observed for the axonal diameters of the nodes (WT
2.640 £ 0.045 pm, HET 2.535 £ 0.036 pm, KO 2.677 £ 0.054 pm,
Kruskal-Wallis test P = 0.5342, three mice/genotype). We questioned
whether defects in sciatic nerve organization could lead to motor and
coordination deficits in a grid-walking test. Interestingly, adult HET
mice made significantly more slips than WT and KO mice during
the 2 min of the test (Figure 9G). Altogether these observations
demonstrate that Caspr2 level also modulates the organization
of mature peripheral myelinated fibers, with potential functional
consequences in HET mice.

Discussion

A large variety of homozygous and heterozygous genetic
alterations of the CNTNAP2 gene have been identified in several
neuronal disorders (Rodenas-Cuadrado et al., 2014; Hoyer et al,
2015; Poot, 2015, 2017; Saint-Martin et al., 2018). However, the
impact of these mutations on Caspr2 functions remains unknown.
To better elucidate this issue, we questioned whether Cntnap2
heterozygosity and Cntnap2 null homozygosity could impact, either
similarly or differentially, some specific functions of Caspr2 during
development and in adulthood. Our study indicates that Caspr2 levels
influence the gross morphology of both CC and AC, as well as axon
diameter at early developmental stages, cortical neuronal activity
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at the onset of myelination, and axon diameter, myelin thickness
and nodal length at later developmental stages (Figure 10). Our
observations also highlight Caspr2 functions in axon development
and myelination, through which the protein could contribute to
normal neuronal network connectivity.

Two previous studies proposed that some functions of Caspr2
in the CNS could be modulated by the level of the protein (Canali
et al., 2018; Vogt et al., 2018). Our study reinforces this assumption
and further shows that Cntnap2 heterozygosity and Cntnap2 null
homozygosity lead to complex phenotypes in myelinated fibers.
Among all the parameters that we quantified, some present an
intermediate phenotype in HET mice as compared to WT and KO
mice, some show an opposite phenotype in HET and KO mice, some
others are affected in HET or KO mice only, while few tend to be
more severely affected in HET mice than in KO mice (Figure 10).
The diversity of the phenotypes does not only illustrate differences
between HET and KO mice, but also demonstrates that Cntnap2
heterozygosity and Cntnap2 null homozygosity impact different types
of myelinated fibers differentially. This diversity may be due to the
complexity of the mechanisms involved in the bi-directional axo-glial
signaling regulating axon and myelin dimensions (which might be
disparately affected by the level of protein), and to differences in the
molecular mechanisms in which Caspr2 could be implicated from
one axon to another. Our observations suggest that these mechanisms
could involve the protein TAG-1, which is expressed in both CC and
AC axons during development (Kastriti et al., 2019). Caspr2 could
also very likely be associated with one or more additional partners
among the numerous membranous proteins differentially expressed
in CC and AC axons.

According to our observations, Caspr2 could intervene at several
time points during the myelination process in the CNS. A handful of
elements points to potential roles at the onset of myelination. This
includes the switch in morphologies of the CC and AC observed
at P7 in mutant pups. Also, as aforementioned, myelination in
the CNS relies on a complex sequence of cellular events, which is
controlled by OLs intrinsic factors but is also modulated by extrinsic
factors, including neuronal activity (Stassart et al., 2018; de Faria
et al, 2019). We observed increased neuronal activities in layer
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ANOVA test or Kruskal-Wallis test to compare the three genotypes at different ages; *P < 0.05, **P < 0.01, *

III cortical neurons in mutant pups at P10-P12, supporting the
possibility that Caspr2 might participate in the cross-talk between
the axons of the CC and the OLs at these stages, and possibly
later in myelin sheath growth. Caspr2 is involved in the formation
and stabilization of neuronal synapses, and in the trafficking of
the GluAl subunits of the AMPA receptors (Gdalyahu et al., 2015;
Varea et al, 2015). Of interest, myelination is thought to be
modulated by the establishment of axon-oligodendroglial cell
synapses and synaptic-like interactions, which respond to the
electrical activity of those axons (Bergles and Richardson, 2015). The
OPCs display expression of ionotropic neurotransmitter receptors
and receive direct glutamatergic and GABAergic synaptic inputs
from unmyelinated or partially myelinated axons. In addition, myelin
sheath growth involves the establishment of specialized synaptic-like
micro-domains at the axon-myelin interface and is regulated by the
activity-dependent vesicular release of neurotransmitters along axons
(Mensch et al.,, 2015; Hughes and Appel, 2019). Thus it is possible that
Caspr2 plays functions at axon/OLs connections, and possibly also

Frontiers in Neuroscience

14

**P < 0.0001; ns, non-significant.

in OL differentiation since single-cell RNA sequencing experiments
indicate that Caspr2 is expressed in OLs at different differentiation
stages (Marques et al., 2016).

The wrapping of OLs around the axons and the extension of
myelin along its length are intrinsically regulated, but modulated
by the diameter of the axon they wrap (Stassart et al, 2018).
Our data showing axon diameter modifications in the CC and
the ACa at P7 indicate that Caspr2 likely contributes to the
regulation of the axon diameters of unmyelinated axons before
and at the onset of myelination. When considering a single axon,
its diameter depends on the axonal cytoskeleton, which is made
up of neurofilaments, microtubules, deep dynamic actin trails,
and a submembranous actin-spectrin network-which is composed
of actin rings regularly spaced by spectrin tetramers (Costa
and Sousa, 2021). This membrane periodic skeleton (MPS) can
organize transmembrane cell adhesion molecules along neurites
and has been shown to regulate multiple aspects of neuronal
physiology, including axon diameter, axon-axon interactions, axonal
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transport, and microtubule stability (Zhou et al, 2022). We
previously showed that Caspr2 presents the capacity to interact
with actin/spectrin-associated proteins of the 4.1 family (Denisenko-
Nehrbass et al.,, 2003). So, it is tempting to speculate that Caspr2
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could participate in the regulation of axon diameter by interacting
with the MPS through a 4.1 protein, although it cannot be
excluded that Caspr2 could also regulate neurofilament and/or
microtubule organization.
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Morphological modifications at the ultrastructural levels
undoubtedly contribute to the alterations of the gross morphology
of the CC and the ACa observed in HET and KO mice during
development and at adulthood, but no strict correlation can be
established. This is probably due to the fact that, at late development
stages, myelinated axons represent only a small percentage of all
the axons composing the tracts. In addition, at all developmental
stages, the morphology of the tracts may not be dependent on axon
diameters only, but also on the compaction of unmyelinated axons.
A close observation of the electron micrographs of the CC and AC
at P7 seems to show that the organization of the contacts between
the axons could be different between WT, HET, and KO conditions
(see Figure 6A, compare for example ACa WT and KO), suggesting
that Caspr2 could also participate in the regulation of axon-axon
contacts. Dedicated image analyses and in vitro cellular approaches
will have to be developed to investigate this hypothesis. We didn’t
analyze the ultrastructure of the CC and AC at E17.5 because their
morphology was not sufficiently well-defined to ensure confident
measurements. However, it is very likely that the enlargement of
the tracts at this stage is also due to an increase in axon diameter
and/or modifications in axon-axon contacts, possibly combined with
perturbations in the mechanisms guiding growing axons across the
midline at early embryonic stages (Nishikimi et al., 2013; Suarez
et al.,, 2014; Fenlon et al., 2021).

The changes in the morphology of the CC and ACa in HET
and KO mice during development are interesting with regard to
the neurodevelopmental disorders in which CNTNAP?2 alterations
have been identified, notably ASD. This disorder is characterized by
atypical brain connectivity associated with neural alterations in white
matter production and myelination in diverse brain regions (Galvez-
Contreras et al., 2020). Numerous structural MRI studies indicate
that transient CC overgrowth could be among the earliest neural
signatures of ASD in young toddlers (Wolff et al., 2015; Fingher et al.,
2017), while disproportionally small CCs relative to overall brain size
are among the most replicated imaging findings in older patients
(Frazier and Hardan, 2009). We intriguingly observed a similar trend,
with an increased thickness in HET and KO embryos at E17.5 and a
decreased thickness in KO juvenile and adult mice. Beyond that, our
observations support the possibility that the CNTNAP2 alterations
could contribute broadly to myelin defects in ASD patients. Of
interest, performing an integrative multi-omics analysis, Jang et al.
(2022) recently identified Cntnap2-associated ASD networks and
found a downregulation in the prefrontal cortex of KO mice of
proteins implicated in the formation of the myelin sheath, axon
growth, and axonal transport. These data are in line with our current
observations and support the role of Caspr2 in axon growth that
we described previously (Canali et al, 2018). In addition, they
strongly suggest that the increased percentages of myelinated axons
containing mitochondria that we observed in the CC and ACa of HET
mice could reflect defects in axonal transport.

Finally, we showed that the level of Caspr2 also modulates the
organization of peripheral myelinated fibers in adult mice. Cntnap2
heterozygosity and Cntnap2 null homozygosity impact the diameter
of the axons, the G-ratio, and the length of the nodes differentially.
The increase in axon diameters that we observed, notably in KO
mice, was not previously reported (Poliak et al, 1999), either
because only the diameters of the large-caliber fibers are increased,
or because the phenotype was masked in previous morphometric
analyses performed on fibers of wide range calibers. The decrease
in the nodal length was not previously detected either, although
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a decreased tendency in the nodal length-to-axonal diameter ratio
was reported in KO mice as compared to WT mice (Gordon et al,
2014). When calculating this ratio with our data, it turns out that the
decrease measured in KO mice is significant (WT 0.596 & 0.008, KO
0.510 £ 0.008, Mann-Whitney test P < 0.0001), probably because
we analyzed a larger number of nodes. Similar to our observations in
central myelinated fibers, these abnormalities reveal that Caspr2 plays
previously unidentified functions in the development of peripheral
myelinated fibers as well. These functions might be similar but also
distinct from those in the CNS, since there are substantial differences
between the PNS and CNS in the intrinsic and extrinsic signals that
dictate axonal ensheathment, myelin thickness, and the formation of
the nodes of Ranvier (Nave and Werner, 2014; Salzer, 2015; Rasband
and Peles, 2021). Of great interest, we observed that the perturbations
of the peripheral functions of Caspr2 have functional consequences in
HET mice which present motor and coordination deficits, suggesting
that such perturbations in humans could lead to the development
of peripheral neuropathies, especially non-demyelinating Charcot-
Marie-Tooth disease type 2.

Conclusion

In conclusion, our study demonstrates that both Cntnap2
heterozygosity and Cntnap2 null homozygosity impact axon and
myelinated fiber development both in the CNS and the PNS, but
in a differential manner. It is a first step indicating that CNTNAP2
alterations may lead to multiple phenotypes. Further experiments
will have to be developed to evaluate the consequences on functional
connectivity, especially for HET mice. Another challenge will be
understanding how a decrease in Caspr2 level in HET mice
on one side, and a total absence of the protein in KO mice
on the other side, can eventually lead to different or opposite
effects. This will require the characterization of the molecular
and cellular mechanisms in which Caspr2 is implicated during
axon development and myelination. The switch in the level of
Caspr2 in whole brain extracts of HET mice from ~35% at early
developmental stages to ~50% at later development stages, when
compared to WT, supports the possibility that Caspr2 plays major
functions before and at the onset of myelination. However, it is
unlikely that this switch could be attributed to the functions of
Caspr2 in axon and myelin development only. On the contrary, it
strongly suggests that Cntnap2 heterozygosity probably impacts the
developmental functions of the protein more broadly. Active phases
of dendritic spine formation and synapse development occur from
the second week of post-natal development (Farhy-Tselnicker and
Allen, 2018). Therefore, our study raises the need to evaluate the
impact of Cntnap2 heterozygosity on the functions of Caspr2 in
these processes as well, to further assess the possible consequences
of CNTNAP2 alterations in neurodevelopmental disorders. It would
also be of great interest to conduct similar studies for other
members of the Contactin Associated Protein family, which have
also been associated with neurodevelopmental disorders such as
ASD, especially Caspr3/CNTNAP3 (Vaags et al., 2012; Turner et al,,
2017), Caspr4d/CNTNAP4 (Wang et al,, 2010; O’Roak et al.,, 2012;
Costa et al., 2022), and Caspr5/CNTNAP5 (Pagnamenta et al., 2010;
Aleo et al., 2020; Ludington et al., 2020). Little is known about the
functions of these three proteins compared to Caspr2. However,
Caspr3 and Caspr4 have been implicated in synapse formation and/or
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transmission. Very interestingly Caspr4 was shown to act in a gene
dose-dependent manner in the structural maturation of interneuron
synapses (Karayannis et al., 2014; Shangguan et al., 2018; Tong et al,,
2019), suggesting that the modulation of the biological functions by
protein levels could be a common feature to the Contactin Associated
Proteins.
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SUPPLEMENTARY FIGURE 1

Density of callosal projecting neurons in the somatosensory cortex and
cortex thickness of E17.5 embryos. Representative images (stacks of 10
confocal images) of the somatosensory cortex (coronal sections) of wild-type
(WT), HET, and KO E17.5 embryos immunostained with antibodies directed
against Satb2 (green), Ctip2 (red), and LLCAM (white) (A); I1Z, intermediate
zone; SPL, subplate layer; CP, cortical plate; MZ, marginal zone. Density of
Satb2-positive (B) and Ctip2-positive (C) cells in the somatosensory cortex.
Cortex thickness measured at the same levels as corpus callosum (CC)
thickness (Figure 2G, levels 1 to 5) (D). (B,C) Four animals/genotype, average
of measurements on both hemispheres/animal, 25 confocal

1 wm-stacks/hemisphere; (D) Six animals/genotype, average of
measurements on both hemispheres on one section/animal. Statistical tests:
(B,C) One-way ANOVA; (D) Two-way RM ANOVA.

SUPPLEMENTARY FIGURE 2

Myelin protein levels in brain extracts. Representative immunoblots showing
MBP, MAG, PLP, and GAPDH levels in brain extracts of wild-type (WT), HET,
and KO mice at P30 and P90 (A). Levels of MBP normalized to GAPDH levels
and relative to mean WT (in %) in brain extracts of mice at P10, P15, P30, and
P90 (B). Levels of PLP and MAG normalized to GAPDH levels and relative to
mean WT (in %) in brain extracts of mice at P30 and P90 (C). Representative
immunoblots showing MBP, MAG, and GAPDH levels in extracts from the
neocortex and the corpus callosum (CC) of WT, HET, and KO mice at P30 (D).
Levels of MBP and MAG normalized to GAPDH levels and relative to mean WT
(in %) in extracts from the neocortex and the CC of mice at P30 (E). (A,D)
Molecular mass markers positions are shown in kDa on the left of the panels.
(B,C,E) 6 animals/genotype/age. Statistical tests: Unpaired t-test (E, CC-P30
MAG, Neocortex-P30 MBP and MAG) or Mann—-Whitney test (B,E, CC-P30
MBP) to compare HET or KO mice to WT mice, and one-way ANOVA test

(B, P10, P30 and P90; E, CC-P30 MAG, Neocortex-P30 MBP and MAG) or
Kruskal—Wallis test (A, P15; B,E, CC-P30 MBP) to compare the three
genotypes; *P < 0.05, **P < 0.01.

SUPPLEMENTARY TABLE 1
Statistical tests and results (P-values for genotype effect).
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