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CHAPTER 1
General Introduction

Kristel T.E. Kleijer
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Autism spectrum
disorder:
A group of
neurodevelopmental
disorders (Box 1).

Refrigerator mothers:
A term used to
describe coldhearted
mothers, who were
blamed for their
child’s autism.

Twin studies:
Studies comparing the
occurrence of certain
phenotypes between
genetically identical
monozygotic twins
and genetically nonidentical dizygotic
twins.
Diagnostic and
Statistical Manual of
mental disorders:
The handbook most
commonly used to
categorize and
diagnose mental
disorders.

Autism spectrum disorder (ASD) is a group of neurodevelopmental disorders,
clinically defined by impairments in social interaction, communication and
repetitive and restrictive behavior (See Box 1). Nowadays the levels of severity in
individuals diagnosed with ASD may vary widely. Over time the diagnosis and
description of the disorder has evolved
1: Diagnostic Criteria of Autism Spectrum
profoundly. Leo Kanner was the first to Box
Disorders
describe autism as a distinct disorder in
1943. In his description of eleven
Persistent deficits in social communication
children, Kanner used the words A.
and social interaction across multiple contexts, as
“extreme
autistic
aloneness”, manifested by the following, currently or by
“literalness”,
“monotonously history:
repetitious”, “anxiously obsessive desire 1. Deficits in social-emotional reciprocity.
of the maintenance of sameness” and 2. Deficits in nonverbal communicative
behaviors used for social interaction.
“their good relations to objects, but their
3.
Deficits in developing, maintaining, and
relation to people is altogether
understanding relationships.
different” to outline the overarching B. Restricted, repetitive patterns of behavior,
symptoms (1). He later named this interests, or activities, as manifested by at least
condition “early infantile autism”. While two of the following, currently or by history:
Kanner mentioned that early infantile 1. Stereotyped or repetitive motor
movements, use of objects, or speech
autism seemed to be an innate
2.
Insistence on sameness, inflexible
disturbance of affective contact, his
adherence to routines, or ritualized
patterns or verbal, nonverbal behavior.
descriptions of seemingly coldhearted
parents were more influential in the 3. Highly restricted, fixated interests that are
abnormal in intensity or focus.
following
decades,
leading
the 4. Hyper- or hyporeactivity to sensory input
or unusual interests in sensory aspects of
psychologist Bruno Bettelheim, among
the environment.
others, to blame so called "refrigerator
mothers" for their child's autism (2, 3). C. Symptoms must be present in the early
period (but may not become fully
It was only in the 1970s that the notion developmental
manifest until social demands exceed limited
of autism really changed and that autism capacities, or may be masked by learned
was recognized as a biological disorder. strategies in later life).
The psychologist Bernard Rimland had D. Symptoms cause clinically significant
impairment in social, occupational, or other
a big hand in this change, since he
aggressively attacked the theory of important areas of current functioning.
“refrigerator mothers” (4). In 1977, a E. These disturbances are not better explained
intellectual disability (intellectual
twin study revealed the high heritability by
developmental disorder) or global developmental
of autism and drew the attention delay. Intellectual disability and autism spectrum
towards genetics (5). Infantile autism disorder frequently co-occur; to make comorbid
diagnoses of autism spectrum disorder and
was first incorporated in the Diagnostic intellectual disability, social communication
and Statistical Manual of mental should be below that expected for general
disorders (DSM) in 1980, but was developmental level.
renamed autistic disorder in 1987 (6).
Adjusted from the Diagnostic and Statistical
Manual of Mental Disorders (DSM-5)(9).

9

Around the same time as Kanner, Hans Asperger described a similar, but slightly
milder set of symptoms, however in a very different and more positive light than
Kanner. He used the term “autistic psychopaths” to describe four children who
showed a lack of empathy, social impairments, restrictive interests and clumsy
motor coordination. He called the children “little professors” and believed they
would be able to use their unique skills later in life (7). In 1981, Lorna Wing was
the first to use the term ‘Asperger’s syndrome’ to describe this disorder (8). In the
fourth edition of the DSM (1994), Asperger’s syndrome was included. For quite
some time, several distinct forms of autism were recognized, distinguishing
autistic disorder, Asperger’s syndrome, childhood disintegrative disorder and
pervasive developmental disorder not otherwise specified (PDD-NOS). However,
in the latest edition of the diagnostic and statistical manual of mental disorders
(DSM-5) all forms of autism are grouped together again, proposing to consider the
different presentations on one continuum of the same disorder (9).
The United States of America’s Centers for Disease Control and Prevention (CDC)
have studied the prevalence of autism and found 1:150 children to have autism in
2007 in the United States of America (USA). In the last decade the prevalence has
skyrocketed to a current estimated 1:68 occurrence rate in the United States of
America and an estimate of 1% in Europe, Asia and North-America. ASD is almost
five times more common in boys than in girls (10, 11).
Figure 1: Core symptoms and co-morbities of ASD.
Core symptoms
of ASD are social
deficits,
language
impairment and
repetitive
behaviors.
Pharmaceutical
therapies target
the comorbidities
rather than the
core of ASD.
Figure adjusted
from Autism
Speaks (12) and
Kas et al., 2013
(13).
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Copy number
variation:
Variation in the length
of a segment of DNA,
caused by deletions or
duplications.

Single nucleotide
polymorphism:
Variation in the DNA
of one nucleotide.

Genetic buffering:
The process in which
the genetic
background can
counterbalance a
phenotypic
consequence of a
genetic mutation.

Genetic redundancy:
The situation in which
multiple genes have
functional overlap,
preventing phenotypic
consequences when
one gene is mutated.
De novo mutation:
A spontaneously
occurring genetic
mutation which is
found in a person,
while the parents
were not predisposed.

The increased prevalence may partially be explained by the more flexible inclusion
criteria, the increased awareness and the improved diagnosis of the disorder.

Besides the expression of the core symptoms in a widely varying severity,
described above and in Box 1, ASD often co-occurs with a variety of clinical
presentations. Recurrent co-morbidities include intellectual disability (ID),
attention deficit hyperactivity disorder (ADHD), epilepsy, anxiety, mood disorders,
aggression, motor control difficulties, sleep disturbances and gastrointestinal
disorders (GID). Behavioral therapy is the most prominently offered treatment for
children and adults with ASD. Significant progress can be achieved in
communication skills, social abilities and aggression control. Frequently,
additional pharmacological treatment is prescribed to suppress existing comorbidities, for example anxiolytics, antipsychotics, antidepressants, sleep
medication, anticonvulsants and stimulants. Pharmacological treatment targeting
ASD at the core is, unfortunately, not yet existing due to lack of knowledge about
the pathogenesis (14). Numerous scientific initiatives are presently devoted to
unraveling the neurobiological background and pathogenesis, and to discover a
pharmaceutical target for ASD (15, 16). The belief that such an undertaking is
realistic stems from the strong genetic background of ASD and findings that
autistic-like behaviors in animal models can be reversed (17–20).

Genetics of ASD

Following the first evidence for the high heritability if ASD (5), many twin studies
followed, confirming the genetic contribution to ASD. Nowadays, the heritability is
estimated to be 40-90% (21, 22). Up to date, molecular technologies have enabled
us to detect subtle changes in the genome, such as copy number variations (CNVs)
and single nucleotide polymorphisms (SNPs). Since the first studies published in
2006 (23, 24), many studies have revealed a strong contribution of CNVs to ASD.
During the last decade, hundreds of genes have been associated with ASD, creating
a highly variable genetic landscape. Even the most recurrent gene variations do not
account for more than 1% of non-syndromic ASD cases and several CNVs and SNPs
have also been found in control (non-ASD) populations.

Several mechanisms may partially explain the genetic variance. Complex
teamwork between genes and proteins accounts for a normal development of the
brain. Genetic buffering may alleviate the consequence of single mutations. For
instance, genetic redundancy, negative feedback mechanisms, alternative
pathways and chaperone proteins may reduce the consequence of a genetic
mutation. As a result, healthy parents may conceive a child with ASD. Firstly, the
genome may be hit by multiple mutations in several relevant genes, which may
together cause a neurobiological effect that sets the foundation for ASD. Secondly,
the genetic buffer of the progeny may be low or, thirdly, a penetrant de novo
mutation is the last straw. De novo mutations occur far more frequently in ASD than
in non-ASD (25–27). Nevertheless, the heterogeneity within the spectrum obscures
the genetics of the disorder and makes it challenging to identify the core
neurobiological mechanism of ASD.
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Knock-out mice:
Genetically modified
mice in which a gene
is inactivated,
preventing the
synthesis of the
corresponding
protein.

Conditional knock-out
mice:
Genetically modified
mice in which
inactivation of a gene
can be spatially
and/or temporally
regulated, selectively
preventing the
synthesis of the
corresponding protein
in a certain region
and/or developmental
stage.
ASD-risk gene:
Genes in which
mutations have been
associated with an
increased chance to
develop ASD.

Scaffold proteins:
Proteins that form
platforms to attach
components of a
pathway and regulate
signal transduction.

Cell adhesion
molecules:
Extracellular proteins
located at the cell
membrane which
interact with other
proteins for
attachment and/or
signaling.
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Asides from the strong genetic
background of ASD, there is evidence for
environmental
factors,
which
contribute to ASD (28). Factors include
parental age, maternal inflammation
during pregnancy and intrauterine drug
exposure, all of which have been
associated with the development of ASD
(29). In full awareness of its influence,
environmental factors are not the focus
of this thesis. Rather we refer to reviews
discussing this topic (29–31).

The following introductory chapter
(Chapter 2: Anatomy and cell biology
of autism spectrum disorder:
Lessons from human genetics) will
further elaborate on the impact of
advanced genetic techniques on the
current knowledge of the genetic
landscape of ASD. A main feature is the
extreme number of designated ASD risk
genes.

Neurobiology of ASD

Box 2: Important distinctions in ASD genetics
Idiopathic versus syndromic:
In idiopathic ASD, ASD is the primary diagnosis,
whereas ASD is secondary to an existing condition
in syndromic forms, such as Fragile X and Rett
syndrome. The majority of single-gene ASD cases
is syndromic.
Inherited versus sporadic:

Gene mutations that run in family are inherited,
whereas spontaneously occurring genetic
variations, such as de novo mutation, are called
sporadic. There is a high occurrence of de novo
mutations in ASD (~10%).
Common versus rare variants:

Genetic variants are deviations from the reference
human genome. About 95% of the genetic variants
are common, shared by 5% of the general
population. Most of the inherited part of ASD is
due to common variants, with only a small
contribution from rare variants.
Low versus high penetrance:

The frequency of occurrence of genetic variation
in a population defines its penetrance. Most ASDrisk genes have low penetrance. The most
recurring ASD-risk genes (<1%) are NRXN1, NLG1,
NLG4, CYFIP1, SHANK2, SHANK3, CNTNAP2, PTEN.
Most variations are rare; families can have
‘private’ mutations.

Looking at the overwhelming number
and variety of ASD-risk genes, a next Genetic versus environmental:
question that arises is how mutations in Genetic factors causing ASD are variation in the
whereas environmental factors are external
these genes can all lead to a DNA,
influences. Although the debate is ongoing, it is
heterogeneous,
but
comparable estimated that about 10% of ASD cases are
phenotype, which consequently leads to environmentally influenced.
the same diagnosis. Logically, with the
discovery of many ASD-risk genes, the interest into the functions of the encoded
proteins have grown vastly. Many genetically modified knock-out (KO) and
conditional KO (cKO) mice have been generated, in which one of the ASD-risk genes
was disrupted in order to understand deviations in development and functioning
of the brain without the protein of interest. This has allowed for interpretation of
the functions of the protein and corresponding ASD-risk gene. These genetic mouse
models have contributed immensely to the knowledge about ASD-risk genes, and
in fundamental understanding of normal brain development. Cellular,
morphological and behavioral phenotypes have been found in ASD mouse models,
which has provided insight into the neurobiological processes that have been
affected and how these findings could relate to behavioral phenotypes. By bundling
the separate findings of single ASD-risk genes, overlap may be recognized pointing
towards the developmental processes, which are responsible for the pathogenesis.

Synapse:
Point of connection
between two neurons
were unidirectional
chemical signaling
provides a way of
communication.
Local dendritic
proteins synthesis:
The fast process of
mRNA translation to
acutely produce
proteins in the postsynapse in response
to a stimulator.

PTEN:
Phosphatase and
tensin homoloq is a
tumor suppressor and
has an inhibiting
function on the
PI3K/Akt pathway.
CNTN5:
Contactin-5 is a
immunoglobulindomain containing
cell-adhesion
molecule belonging to
the six-membered
Contactin family.

Although the genes may encode different types of proteins, such as kinases,
elongation factors, scaffold proteins and cell adhesion molecules, the functions of
these proteins may converge on a limited number of neurobiological pathways. A
remarkable number of ASD-risk genes, for instance, encode synaptic proteins,
which are either located in the pre- or postsynapse, such as cell adhesion
molecules, or in the postsynaptic density, such as scaffold proteins. The
overlapping localization and close interactions between these types of proteins
have aroused the hypothesis that ASD is a synaptic disorder (17, 20, 32). A closer
look into the functions of the synaptic proteins, associated with ASD and/or other
neurodevelopmental disorders, indicates the involvement of local dendritic
protein synthesis, a dynamic process that influences the homeostasis of the postsynapse. Research into a single ASD-risk gene might have provided insight into its
function. However, combining the research into many ASD-risk genes will be
required to reveal the core mechanism(s) underlying ASD.

In Chapter 3 (Neurobiology of autism gene products: towards pathogenesis
and drug targets) several prominent ASD-risk genes and the findings from genetic
animal models will be described. Moreover, the convergence of alleged
neurobiological pathways will be deliberated. It is argued that this knowledge may
lead to the discovery of potential drug targets that affect a core neurobiological
pathway which may aid a selection of ASD-patients with different genetic
variations. Examples of successful research into pharmaceutical treatments in
mouse models will be described.

Aims

With the outlook on treatments based on pathogenesis, neurobiological research
on ASD genes has become an urgent endeavor in recent years. We have come a long
way with understanding brain development and the function of many
neurobiological processes and proteins. Unfortunately, the complete puzzle of ASD
remains largely unsolved to date.

The studies described in this thesis all aim to contribute, directly or indirectly, to
the knowledge on neurobiological mechanisms behind ASD. As described above,
an overwhelming sum of genes, and therefore proteins, has been associated with
ASD. When the functions of many of these ASD-risk genes and corresponding
proteins are known, a phenotypic comparison may lead us to the biological
mechanisms at play. With this concept in mind, we have selected to very different
ASD-risk genes: PTEN and CNTN5. Despite the differences in cellular localization,
expression pattern, function and protein structure, both these genes are associated
with ASD, reflecting its heterogeneity.
Phosphatase and tensin homologue deleted on chromosome-10 (PTEN) encodes a
well-established signal transduction molecule, which was originally identified as a
tumor suppressor. Pten serves as a break on growth factor signaling and is thus a
constituent of all cells, including neurons. With the approach to inactivate the Pten
gene in defined systems of the mouse brain, we aimed to investigate the
consequences for the developing system in depth.
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Macrocephaly:
Increase in head
circumference, often
seen in autism
spectrum disorders.

Hypertrophy:
Increase in soma size.
Tau-LacZ cassette:
An artificially
produced segment of
DNA that encodes the
extraneous fusion
protein Tau-βgalactosidase.

Mass spectrometry:
A technique used to
identify and quantify
molecules by ionizing
them and sorting
them on their mass to
charge ratio.
Tenm3:
Teneurin-3 is a
transmembrane cell
adhesion molecule
belonging to the fourmembered Teneurinfamily.

Contactin-5 (CNTN5) encodes a cell adhesion molecule involved in cell-cell
interactions in the nervous system. It may be prototypical to the many cell
adhesion molecules that have been identified in the extensive catalogue of ASDrisk genes. CNTN5 has received relatively little focus, but has a restricted brain
expression profile with relevance to ASD symptomatology. We aimed to detail the
developmental expression pattern of Cntn5 in the mouse brain, study its
developmental functions, elucidate its mode of action and examine the behavioral
consequences of a Cntn5 mutation in a KO mouse model.

Outline

In introductory chapters 2 and 3 I will further deliberate upon the lessons from
human genetics and the concept that gene functions and neurobiological pathways
may converge and account for a core mechanism behind ASD. Several genes that
are strongly associated with ASD will be discussed in detail in chapter 3. In the
first experimental section of this thesis (chapters 4 – 6) the focus will be on the
phosphatase and tensin homologue deleted on chromosome-10 (PTEN) gene. PTEN
mutations are amongst the most frequent genetic causes of sporadic ASD and cause
macrocephaly. Conditional knock-out (cKO) mice were generated to study the
effect of Pten deletion at a cellular level, in neural circuit formation and on
neurochemical level. In chapter 4, a cKO model in which Pten is deleted in the
dopaminergic system is described. The well-characterized features of the
dopaminergic system provide an ideal model system to closely follow the
consequences of Pten deletion in detail. It is shown that disruption of Pten leads to
hyperthropy, abnormalities in neural circuit formation and an imbalance in
dopamine signaling. Peripheral phenotypes of the Pten cKO mouse are described
in chapter 5, which serves as an extension to the previous chapter. Chapter 6
describes the characterization of cKO animal, in which Pten is ablated during early
development in the thalamus. The thalamus plays a central role in sensory
information processing as it receives sensory inputs and relays this information to
the cerebral cortex. With a novel microscopic technique, it was attempted to tackle
the complex trajectory of the thalamocortical axons and to explore the
consequence of loss of Pten in this tract.

The second section of this thesis (chapters 7 - 10) focuses on the ASD-risk gene
Contactin-5 (Cntn5) and is introduced by a literature review on three members of
the Contactin family that have been implicated in ASD (Cntn4, -5 and -6) (chapter
7). In chapter 8 the expression pattern of Cntn5 is studied by means of a betagalactosidase marker coded by a Tau-LacZ cassette incorporated in the Cntn5 gene
in the null allele. Chapter 9 confirms and elaborates upon the expression patterns
by use of a newly generated antibody in wild type mice. Furthermore, a set of
behavioral experiments is conducted and the morphology of the hippocampus and
organization of the somatosensory cortex is examined in the Cntn5 KO mouse.
Next, I focus on the mode of action of Cntn5. Cntn5 does not contain an intracellular
domain, which suggests that a role in cell signaling would involve a binding
partner. Chapter 10 reports a search for such partners by mass spectrometry
14

analysis and an initial evaluation of another membrane protein, Teneurin-3
(Tenm3), as a novel interactor of Cntn5.

In the last chapter of this thesis (chapter 11) the results of these studies will be
summarized and discussed. Aiming at integration of the data in the broader context
of ASD, the data are discussed from a translational point of view.
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Abstract

Until recently autism spectrum disorder (ASD) was regarded as a neuropsychiatric disorder with
unknown causes and pathogenesis. In the footsteps of the revolution of genome technologies and
genetics, and with its high degree of heritability, ASD became the first neuropsychiatric disorder for
which clues towards molecular and cellular pathogenesis were uncovered by genetic identification of
susceptibility genes. Currently several hundreds of risk genes have been assigned, with a recurrence
below 1% in the ASD population. The multitude and diversity of known ASD genes has extended the
clinical notion that ASD comprises very heterogeneous conditions ranging from severe intellectual
disabilities to mild high-functioning forms. The results of genetics have allowed to pinpoint a limited
number of cellular and molecular processes likely involved in ASD including protein synthesis, signal
transduction, transcription/chromatin remodelling and synaptic function all playing an essential role
in the regulation of synaptic homeostasis during brain development. In this context, we highlight the
role of protein synthesis as a key process in ASD pathogenesis as it might be central in synaptic
deregulation and a potential target for intervention. These current insights should lead to a rational
design of interventions in molecular and cellular pathways of ASD pathogenesis that may be applied
to affected individuals in the future.
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Introduction

Autism spectrum disorder (ASD) describes a group of neurodevelopmental conditions clinically
characterized by impaired social interaction and communication and the presence of restricted
interests, stereotyped and repetitive behaviours (Kanner 1943; Asperger 1944; Coleman and Gillberg
2012). Epidemiological studies estimate that more than 1% of the general population could receive a
diagnosis of ASD (Elsabbagh et al. 2012; Developmental Disabilities Monitoring Network Surveillance
Year Principal 2014). Individuals with ASD can also suffer from co-morbidities including intellectual
disability (ID), developmental delay (DD), epilepsy, motor control difficulties, attention-deficit
hyperactivity disorder (ADHD), tics, anxiety, sleep disorders, depression, dysmorphic features or
gastrointestinal problems (Gillberg 2010; Moreno-De-Luca et al. 2013). The term ESSENCE for 'Early
Symptomatic Syndromes Eliciting Neurodevelopmental Clinical Examinations' was coined by
Christopher Gillberg to take into account this clinical heterogeneity and syndrome overlap (Gillberg
2010). There are 4-8 times more males diagnosed with ASD than females (Elsabbagh et al. 2012), but
the sex ratio is more balanced in ASD patients with ID and/or dysmorphic features (Miles et al. 2005).
The causes of ASD remain largely unknown, but twin studies have constantly shown a high genetic
contribution. Molecular genetics studies have identified more than 100 ASD risk-genes carrying rare
and penetrant deleterious mutations in approximately 10-25% of affected individuals (Huguet et al.
2013), and many more genes are suspected risk genes. However, the genetic landscape of ASD is
shaped by a complex interplay between common and rare variants and is most likely different from
one individual to another (Gardener et al. 2011). Remarkably, the susceptibility genes seem to
converge on a limited number of biological pathways including protein synthesis, signal transduction,
transcription/chromatin remodelling and synaptic function (Bourgeron 2009; Toro et al. 2010;
Huguet et al. 2013). Here, we address advances of molecular ASD genetics and the lessons to be
learned from these. We thereby focus on the convergence of expression patterns and biological
pathways of specific ASD genes, thus providing a framework for the underlying pathogenesis.

From chromosomal rearrangements to copy-number variants in ASD

Studies on twins and population cohorts have provided crucial information about the high heritability
of ASD in the last 40 years. They have not informed us about the identity, number and frequency of
genes underlying ASD though. The first genetic studies that associated genetic variants to autism used
observations from cytogenetic analyses (Gillberg and Wahlstrom 1985). However, because of the low
resolution of the karyotypes (>Mb), it was almost impossible to associate a specific gene to ASD using
this approach. Moreover, the prevalence of large chromosomal abnormalities is estimated to be less
than 2% (Vorstman et al. 2006). Thanks to progress in molecular technologies such as comparative
genomic hybridization (CGH) or single nucleotide polymorphism (SNP) arrays, the resolution in the
detection of genomic imbalances has dramatically increased. Depending on the platforms, copynumber variants (CNVs) of more than 50 kb are now robustly detected (Pinto et al. 2011). Several
studies using the Simons Simplex Collection (SSC), a large collection of DNA samples of individuals
with ASD, and their unaffected parents and siblings (https://sfari.org/resources/autismcohorts/simons-simplex-collection) could provide an estimation of the frequency of the de novo CNVs
in patients with ASD compared with their unaffected siblings (Sanders et al. 2011). All together, de
novo CNVs are present in 4-7% of the patients with ASD compared with 1-2% in the unaffected
siblings and controls (Glessner et al. 2009; Sanders et al. 2011; Pinto et al. 2014). Beyond ASD, large
CNVs (>400 kb) affecting exons are present in 15% of patients with DD or ID (Cooper et al. 2011).
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Table 1: Summary of the main whole exome/genome sequencing (WES/WGS) studies in ASD

Studies

WE
S or
WG
S

O’Roak et al. (2011)

WE
S

Neale et al. (2012)

WE
S

O’Roak, Vives, Fu, et
al. (2012)
Sanders et al. (2012)
Iossifov et al. (2012)
Chahrour et al.
(2012)

Yu et al. (2013)

Lim et al. (2013)

L. Liu et al. (2013)
He et al. (2013)

Willsey et al. (2013)
Liu et al. (2014)

Samocha et al. (2014)
Iossifov et al. (2014)
An et al. (2014)
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Most of the de novo CNVs are private to each individual, but some are recurrently observed in
independent patients. For example, three loci on chromosomal regions 7q11, 15q11.2-13.3, and
16p11.2 have been strongly associated with ASD (Ballif et al. 2007; Kumar et al. 2008; Weiss et al.
2008; Szafranski et al. 2010; Sanders et al. 2011; Leblond et al. 2014). The SSC also indicates that de
novo CNVs identified in patients are most likely affecting genes, and particularly genes associated with
synaptic functions and/or regulated by FMRP, the protein responsible for the Fragile X Syndrome
(FXS) (Pinto et al. 2010; Pinto et al. 2014).

In summary, 5-10% of individuals carry large chromosomal rearrangements and CNVs
representing a risk of having ASD (Vorstman et al. 2006; Pinto et al. 2010; Pinto et al. 2014). In order
to progress in the identification of the ASD risk genes, (candidate) gene association studies and whole
exome/genomes studies have been performed.

From candidate genes to whole exome and genome sequencing studies in ASD

Statistical association of a gene with ASDs has been employed in this field since 2000. Initially specific
candidate genes were selected on the basis of biological, functional or genetic data or a combination
of both. This approach of association studies was successful in identifying several synaptic genes
(Jamain et al. 2003; Autism Genome Project et al. 2007; Durand et al. 2007). These studies moved
rapidly to genome-wide association studies (GWAS) using SNPs which proved to be of limited gains
in ASD genetics (Anney et al.; Anney et al. 2010). Thanks to the advance in next generation sequencing
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Fig. 1 Relative contribution of genetics and environment in ASD. Based on twin and familial studies, it is
estimated that the genetic and environmental contributions to ASD are approximately 50-50%. Most of the
inheritable part seems to be due to common variants observed in the general population with a small
contribution to rare variants. Importantly, the de novo mutations are genetic causes of ASD, but do not
contribute to the heritability since there are only present in the affected individual. These de novo events are
therefore considered as “environmental causes” of ASD, but act on the DNA molecule.

(NGS), we can now interrogate all genes of the genome in an unbiased manner using whole exome or
genome sequencing (WES, WGS).

To date, more than 18 WES studies of sporadic cases of ASD (O’Roak et al. 2011; Chahrour et al. 2012;
Iossifov et al. 2012; Neale et al. 2012; O’Roak et al. 2012; Sanders et al. 2012; He et al. 2013; Lim et al.
2013; Liu et al. 2013; Willsey et al. 2013; Yu et al. 2013; An et al. 2014; De Rubeis et al. 2014; Iossifov
et al. 2014; Liu et al. 2014; Samocha et al. 2014; Chang et al. 2015; Krumm et al. 2015) have been
performed, comprising altogether more than 4,000 families (Table 1). In almost all these studies, the
focus was on the contribution of de novo single nucleotide variants (SNVs). All together, the average
number of de novo coding SNVs per individual (including missense, splicing, frameshift, and stop-gain
variants) is estimated to be approximately 0.86 in female patients, 0.73 in male patients, and 0.60 in
unaffected male and female siblings (Krumm et al. 2014; Ronemus et al. 2014). Based on these studies
(Iossifov et al. 2012; Neale et al. 2012; O’Roak et al. 2012; Sanders et al. 2012), 3.6-8.8% of the patients
were shown to carry a de novo causative mutation (Iossifov et al. 2012) with a twofold increase of
deleterious mutations in the patients compared with their unaffected siblings. Following these WES
studies, targeted re-sequencing studies of the most compelling candidate genes were performed and
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10 genes carrying de novo mutations were significantly associated with ASD (Table 1) (O’Roak et al.
2012).

Only few studies have analysed the contribution of inherited SNVs in ASD. In 2013, Lim et al. (2013)
(Lim et al. 2013) have analysed WES of 933 ASD cases and 869 controls for the presence of rare
complete human knockouts (KO) with homozygous or compound heterozygous loss-of-function
(LoF) variants (≤5% frequency). They observed a significant two-fold increase in complete knockouts
in patients with ASD compared with controls. They have estimated that such complete KO mutations
could account for 3% of the patients with ASD. For the X chromosome, there was a significant 1.5-fold
increase in complete KO in affected males compared to unaffected males that could account for 2% of
males with ASD (Lim et al. 2013). A couple of inherited biallelic mutations were identified by two
large studies (Table 1) (Yu et al. 2013; Krumm et al. 2015).

To date, few whole genome sequencing (WGS) studies have been published in the field of ASD (Table
1). Michaelson et al. (2012) analysed 40 WGS of monozygotic twins concordant for ASD and their
parents. They proposed that ASD risk genes could be hot spots of mutation in the genome and
confirmed the associations between ASD and de novo mutations (Table 1). Shi et al. (2013) have
analysed a large pedigree with two sons affected with ASD and six unaffected siblings, focusing on
inherited mutations. They identified ANK3 as the most likely candidate gene. In 2015, Yuen et al.
(Yuen et al. 2015) analysed 85 families with two children affected with ASD. They identified 46 ASDrelevant mutations present in 36 of 85 (42.4%) families. Only 16 ASD-relevant mutations of 46 (35%)
identified were de novo. Very interestingly, for more than half of the families (69.4%; 25 out of 36),
the two affected siblings did not share the same rare penetrant ASD risk variant(s). Recently, Turner
et al. (2016) performed WGS on 208 genomes of 53 families with simplex ASD and showed a
significant enrichment of de novo and private disruptive mutation in putative regulatory non-coding
DNA in probands. These mutations included elements of genes that had been pinpointed before by
disruption of coding regions in ASD.

Rare and common variants in ASD

In the general population, one individual carries on average three million genetic variants in
comparison to the reference human genome sequence. The vast majority of the variants (>95%) are
the so-called common variants shared with more than 5% of the human population (Xue et al. 2012;
Fu et al. 2013; Genome of the Netherlands and Genome of the Netherlands 2014). Based on the results
obtained from epidemiological and molecular studies, it is now accepted that the genetic
susceptibility to ASD can be different from one individual to another with a combination of rare
deleterious variants and a myriad of low-risk alleles (also defined as the genetic background). Most
of the inherited part of ASD seems to be due to common variants observed in the general population
with only a small contribution from rare variants (Figure 1).
The interplay between rare or de novo variants and the background will also influence the phenotypic
diversity observed in the patients carrying rare deleterious mutations. In some individuals, a genetic
background will be able to buffer or compensate the impact of the rare genetic variations. In contrast,
in some individuals, the buffering capacity of the background will not be sufficient to compensate the
impact of the rare variants and they will develop ASD (Rutherford 2000; Hartman et al. 2001).

The presence of multiple hits of rare CNVs, SNVs or indels (nucleotide insertions and/or
deletions) in a single individual also illustrates the complexity of the genetic landscape of ASD
(Vorstman et al. 2010; Girirajan et al. 2010; Girirajan et al. 2012; Leblond et al. 2012). In addition, the
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analysis of the WGS of multiplex families also indicates that clinically relevant mutations can be
different from one affected sibling to another even in a single family (Yuen et al. 2015). It is therefore
still difficult to ascertain robust genotype-phenotype relationships based on our current knowledge.

Anatomy of ASD genes

Since the brain is a highly organized organ with many distinct regions that exert specific functions,
genetic mutations may have diverse effects depending on the expression pattern in the brain.
Considering the anatomy of ASD and expression of ASD risk genes may provide an additional view on
genotype-phenotype relationships. Imaging studies have evaluated volume, connectivity and
activation patterns of brain areas in human ASD patients. The frontal lobes, amygdala and cerebellum
have most frequently been suggested as core regions. However, no consistency has been presented
and a large heterogeneity dominates the field (Amaral et al. 2008). Magnetic resonance imaging (MRI)
studies in mouse models found abnormalities in parieto-temporal lobe, cerebellar cortex, frontal lobe,
hypothalamus and striatum. In addition, both over- and under-connectivity have been observed.
However, similarly to human individuals, it has to be concluded that also in mouse models of ASD
there is no converging neuroanatomical pattern (Ellegood et al. 2015). As described above, mutations
in many genes have been strongly associated with ASD. Disruption of the functionality of a certain
protein would mainly affect the area in which the gene is expressed and/or the areas its expressing
neurons project to. Interestingly, when looking at the expression of a diverse set of ASD-related genes
in the rodent (Figure 2) and human brain (Figure 3), it appears that the patterns vary widely between
genes though. For example, the expression of NLGN1, NLGN3, NLGN4X and SHANK3 in the human
hippocampus is relatively high, while that of FMR1, CHD8, CNTN4 and CNTN5 is low (Figure 3). Like
the imaging studies, the overall spatial expression patterns of ASD-related genes do not point in a
single direction. Interestingly, many ASD risk genes are expressed during embryonic and early
postnatal development, when important processes occur, such as neuritogenesis and synaptogenesis,
respectively (Table 2). Furthermore, expression of many ASD risk genes is found in glutamatergic
neurons. However, some ASD genes such as Chd8 and Pten are expressed in various cell types (Table
2). It should be kept in mind that the majority of cells in the brain are glutamatergic neurons and that,
therefore, the chances a gene is expressed in glutamatergic neurons is larger than in other cell types.

In conclusion, human and rodent imaging data and the expression patterns of ASD genes are not
sufficient to define the neuroanatomical pathology of ASD. The expression patterns of ASD genes
show a large heterogeneity – similar to the genetics, symptomatology and comorbidities of ASD.
Furthermore, ASD cannot be pinpointed to a limited number brain structures, and may comprise the
interplay and integration of many regions, if not the brain in a global sense.

From genetics to pathways associated with ASD

While the genotype-phenotype relation remains uncertain, the main lesson is simple; when defective,
a large number of genes cause or increase the risk for ASD symptoms. Therefore, this relation directly
points towards pathways in the pathogenesis of ASD. Although the genes associated with ASD are
numerous and show distinct spatiotemporal expression patterns, many of them function in related
processes. The genetic dissection of ASD has indicated molecular pathways (function of proteins),
cellular pathways (processes at the cellular level) and biological pathways (integrated functions). The
latter have been indicated in various studies using unbiased pathway analysis tools. These studies
have indicated that ASD risk genes are enriched in groups of proteins with specific functions
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Fig. 2 Expression pattern of ASD genes in adult mouse brain. In situ hybridization images of sagittal
sections of the adult mouse brain (provided by the Allen Brain Atlas http://www.brain-map.org) show
the expression pattern of a selection of ASD genes. Genes encoding key regulators of chromatin
remodelling and gene transcription, such as Chd8, and genes involved in activity-driven regulation of
synaptic proteins, such as Pten, are expressed widely throughout the adult mouse brain. Between and
within functional categories of ASD-related genes, expression patterns vary in level and region specificity.
For instance, cell adhesion molecules Cntnap2 and Nlgn3 are highly expressed throughout the adult mouse
brain, whereas Cntn4, Cntn5, Cntn6, Nlgn1 and Nrxn1 show a more specified, but individually different
expression pattern varying in level. Even within gene families, such as in the scaffold protein Shank family,
Shank2 is expressed a high level throughout the entire brain, whereas Shank3 expression is lower and
more confined to specific brain areas in adulthood. isoCTX; isocortex, OLF; olfactory areas, HPF;
hippocampal formation, CTXsp, cortex subplate, STR; striatum, PAL; pallidum, TH; thalamus, HY;
hypothalamus, MB; midbrain, P; pons, MY; medulla, CB; cerebellum.
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Fig. 3 Expression profile of ASD genes in the human brain. The plot is based on mRNA levels determined
by microarrays on samples of dissected human brain regions (Hawrylycz et al. 2012) and provided by
the Allen Brain Atlas (http://human.brain-map.org/microarray). The data compare expression levels
and distribution of mRNAs of a number of selected ASD genes plotted as z-value scores (-: low, -1; +:
high, +1).

(Voineagu et al. 2011; De Rubeis et al. 2014; Ronemus et al. 2014; Uddin et al. 2014; Hormozdiari et
al. 2015). Below we highlight a number of seminal studies in this direction and summarize the present
insights.

Pinto et al. (2014) have analysed the burden of CNVs in 2,446 individuals with ASD and 2,640 controls
and found enrichment in genes coding postsynaptic density (PSD) proteins and FMRP targets,
amongst others. Ronemus et al. (2014) reviewed the results of four WES studies and showed an
enrichment of mutated genes in chromatin modifier genes (p=4x10-6) and FMRP targets (p=7x10-6).
Protein-protein interaction (PPI) analyses of the genes carrying loss-of-function mutations also
showed enrichment in proteins involved in neuronal development and axon guidance, signalling
pathways and chromatin and transcription regulation. De Rubeis et al. 2014 have also used PPI
networks and showed enrichment in clusters of proteins involved in cell junctions, TGF-beta pathway,
cell communication and synaptic transmission, neurodegeneration and transcriptional regulation (De
Rubeis et al. 2014).

In parallel to the genetic studies, several transcriptomic analyses were performed using post-mortem
brain tissue of individuals with ASD (Voineagu et al. 2011; Gupta et al. 2014). Several genes were
differentially expressed or correlated between brain regions. Two network modules have been
identified. The first module was related to interneurons and to genes involved in synaptic function.
This module was downregulated in brains from ASD patients as compared to controls. The second
module was upregulated in ASD patients and related to immunity and microglia activation.
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Table 2: Spatiotemporal expression of ASD risk genes in the rodent brain. For selected ASD risk genes the presence of expression and highest
expression (peak) is given for three developmental time windows. Further, the distribution of expression among brain regions is indicated by
estimated levels (-: no expression detected, to ++: high expression). Data were obtained from literature sources as indicated. E; embryonic day, P;
postnatal day, CTX; cortex, HPF; hippocampal formation, STR; striatum, TH; thalamus, CB; cerebellum, Glu; Glutamatergic, GABA; GABAergic, OSN;
olfactory sensory neurons, (p); purkinje cells.

Overlooking these studies, the broadness of the spectrum of proteins with different functions is
remarkable. However, many of these can be aggregated in a number of cellular functions (Table 3).
ASD-associated genes include genes encoding RNA-binding proteins, translation initiation factors and
other regulators of the protein synthesis machinery pointing out that protein synthesis is one cellular
process involved in ASD. Genes encoding receptors, GTPases, GTPase-activating proteins (GAPs),
guanine nucleotide exchange factors (GEFs), kinases and phosphatases further indicate that signal
transduction is involved. More recently, multiple genes encoding chromatin-binding and -modifying
proteins or transcription factors have put transcription in focus of ASD pathogenesis. The largest
group of ASD genes, however, comprises cell adhesion molecules (CAMs), scaffold proteins,
cytoskeletal modulators, membrane receptors, transporters, and ion channels pointing towards
synaptic transmission as a central cellular process. Intriguingly, these cellular pathways are not
independent from each other, but linked (Figure 4). For example, transcription and translation
control quantity and quality of the total pool of proteins in a cell. Signal transduction couples
extracellular signals, for instance neurotransmitter release, to intracellular responses like protein
synthesis and actin dynamics. The cellular pathways affected by defective ASD genes are part of a
number of biological processes that are essential for the proper functioning of the developing and
mature nervous system. These include synapse, dendrite and spine dynamics, synaptic plasticity,
axon guidance and neurite outgrowth. This has led to the hypothesis that abnormal synaptic plasticity
and defects in neuronal/synaptic homeostasis could play a key role in the pathogenesis of ASD
(Belmonte and Bourgeron 2006; Toro et al. 2010; Auerbach et al. 2011). For recent reviews see
Spooren et al. 2012; Delorme et al. 2013; Kleijer et al. 2014 and Bourgeron, 2015.
Based on these results, neurobiological studies using in vitro and in vivo models have been performed
in order to explore these biological processes in detail and consequently to test the therapeutic
potentials of interventions by compounds.

Protein synthesis and synaptic plasticity

From these data, protein synthesis, in particular the local dendritic protein synthesis (LDPS) is a
common downstream process that may be core to ASD (Kleijer et al. 2014). This mechanism allows
stimulus-dependent production of proteins on demand and is particularly important for an efficient
and plastic synaptic function. LDPS and synaptic function are therefore tightly linked. Protein
synthesis in dendrites depends on extracellular signals such as neuronal activity triggered by mGluR5
activation (Greenough et al. 2001; Ma and Blenis 2009; Kao et al. 2010). Several genes involved in
such activity-driven regulation of synaptic proteins have been found to be mutated in individuals with
ASD (Kelleher and Bear 2008). For example, the mTOR pathway controls global mRNA translation
and its deregulation causes diseases associated with increased cell proliferation and loss of
autophagy, including cancer (Ma and Blenis 2009), but also increases the risk for ASD. Remarkably,
mutations in genes encoding repressors of the mTOR pathway such as NF1, PTEN, TSC1, TSC2 and
SynGAP1 cause an increase of translation in neurons and at the synapse (Auerbach et al. 2011). It is
known that a defective FMRP/EIF4E/CYFIP complex is the cause of FXS. Additionally, it significantly
increases the risk of ASD (Budimirovic and Kaufmann 2011). This protein complex controls local
translation of mRNA at the synapse and acts downstream of the Ras-ERK and mTOR signalling
pathways. More than 1000 specific genes, many of which are ASD risk genes, are regulated by this
complex (De Rubeis et al. 2013; Fernandez et al. 2013; Gkogkas et al. 2013; Santini et al. 2013). If this
FMRP/EIF4E/CYFIP1 complex is disrupted, it creates an imbalance in the level of many synaptic
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Table 3: Molecular functions of proteins encoded by ASD risk genes reveal defined cellular processes that can
be targeted by drugs in translational treatment studies. Specific genes mentioned are representative, but mere
examples. GAP; GTPase-activating protein, GEF; Guanine nucleotide exchange factor. mGluR; metabotropic
glutamate receptor.
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proteins, which may lead to ASD. It is not surprising then, that a proper regulation of LDPS is crucial
for the formation, plasticity and maintenance of synaptic connections. For instance, regulation of
mRNA translation by CYFIP1 is shown to be necessary for proper dendritic spine formation (De
Rubeis et al. 2013). Moreover, brain-derived neurotrophic factor (BDNF) triggers transport of mRNA
along dendrites and promotes their local translation. In this manner BDNF can enable both long-term
potentiation (LTP) and long-term depression (LTD) (for a review see Leal et al. 2014). Synaptic
proteins, like CAMS, such as neuroligins (NLGNs) and neurexins (NRXNs), multiple cadherins (CDHs)
and CAMs of the immunoglobulin superfamily (IgCAMs) as well as scaffold proteins, such as the
Shanks, can impinge on signal transduction routes.

The Shank family of scaffold proteins is strongly associated with ASD. For example, deletions,
duplications and coding mutations in all three SHANK genes (SHANK1, SHANK2 and SHANK3) have
been recurrently reported in individuals with ASD (Leblond et al. 2014). SHANK proteins assemble
into large molecular platforms in interaction with glutamate receptors, CAMs and actin-associated
proteins (Grabrucker et al. 2011). The consequences of mutations in the SHANK genes have been
studied in vitro and in vivo. For example, SHANK3 mutations identified in individuals with ASD reduce
actin accumulation in spines affecting the development and morphology of dendrites and axonal
growth cone motility in vitro (Durand et al. 2012). Genetic mouse models of the Shanks have provided
further insights into their involvement in spine and synapse dynamics and, interestingly, the mutants
also show aberrant, autistic-like behaviours (Peca et al. 2011; Schmeisser et al. 2012; Jiang and Ehlers,
2013; Schmeisser 2015; Wang et al. 2016).
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Fig. 4: Integration of ASD gene products in cellular pathways at the synapse. A: Molecular integration.
Proteins encoded by ASD risk genes (contour outlined) are positioned in molecular and cellular
processes enrolling at the synapse. These proteins are found at the cell surface (synaptic adhesion
molecules, receptors, channels, transporters), at the postsynaptic protein anchoring sites (scaffolding
proteins), in the signal transduction cascades triggered by synaptic activity (kinases, in the ubiquitinproteasome pathway (ligases) and in the mRNA translation/protein synthesis machinery (initiation and
elongation factors, RNA-binding proteins, kinases). These are linked functionally and can ultimately
affect the rates of protein synthesis. B: Cellular integration. Identity and levels of proteins are controlled
by the interplay between gene expression (chromatin remodelling, transcription, translation) and
degradation. This control of protein synthesis leads reversely to control of components that make up
these processes.
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One of the concrete functions of scaffold proteins, such as the Shanks, is the positioning of
postsynaptic CAMs. NLGNs and NRXNs are an interacting set of pre- and postsynaptic CAMs, which
are associated with ASD. Besides these, many more CAMs have been related to ASD, i.e. CDHs and
IgCAMs such as the Contactins (Figure 4).

Most of these have not or only marginally been investigated for their engagement in ASD processes.
However, new insights could be gained from further examination of their molecular and cellular
functions. One example is provided by the Contactins, a subfamily of six related IgCAMs of which at
least three have been associated with ASD: CNTN4, CNTN5 and CNTN6. The genetic evidence of their
involvement in ASD is mostly based on CNVs found in ASD patients or a mental retardation syndrome
with ASD as comorbidity (3p deletion syndrome) (Fernandez et al. 2008; Pinto et al. 2010; van Daalen
et al. 2011; Guo et al. 2012). Variations in CNTN4, CNTN5 and CNTN6 have been found in multiplex
and simplex families, but could not be related to ASD (Murdoch et al. 2015). These contactins each
display a distinct profile of interaction with other membrane proteins, which could engage them in
signalling processes. These interacting proteins belong to protein tyrosine phosphatase receptors
(PTPRs), contactin-associated proteins (CNTNAPs), amyloid precursor proteins (APPs) and other
related IgCAMs (Zuko et al. 2011; Zuko et al. 2013; Shimoda and Watanabe 2009; Mohebiany et al.
2014). Selective knock-out of these contactins result in subtle phenotypes that support roles in
development and regulation of the nervous system (Oguro-Ando et al. 2016). Moreover, their brain
expression is restricted and distinct. For instance, in the mouse brain Cntn4, Cntn5 and Cntn6 are
expressed in distinct but overlapping nuclei that are part of the thalamocortical system (Kleijer et al.
2015; Zuko et al. 2016) and they are expressed by various partly overlapping types of interneurons
and pyramidal neurons of the mouse cerebral cortex (Oguro-Ando et al. 2016). The data on genetics
and neurobiology of Contactins are suggestive for a role in the pathogenesis of ASD. However, direct
links to the emerged cellular core processes in ASD, i.e. protein synthesis, signal transduction,
transcription/chromatin remodelling and synapse function, or a novel pathogenic mechanism, is
largely lacking. This stage of knowledge is representative for many other CAMs, and requires in depth
examination of molecular and cellular functions in which these proteins participate.

Conclusions

Our current thinking about the anatomy and cell biology of ASD has been guided strongly by the
results of human genetic studies. In the last ten years we have been overwhelmed by the large number
of genes associated with risk for ASD, extending the clinical notion that ASD includes very
heterogeneous conditions ranging from severe intellectual disability to high-functioning forms. This
heterogeneity in risk genes results in heterogeneity in affected biological processes and heterogeneity
in affected brain systems underlying ASD symptoms.

Overviewing the genetics of ASD, the spectrum of functions of proteins encoded by ASD genes can be
aggregated in a number of molecular and cellular functions, which point towards essential cell
biological processes (Figure 4, Table 3). In this way protein synthesis, signal transduction,
transcription/chromatin remodelling, and synaptic function have emerged as major cellular
processes from which ASD may originate. These cellular pathways are not independent from each
other. For example, transcription, translation and degradation together control quality and quantity
of the total pool of proteins of the cell. Signal transduction couples extracellular signals, for instance
neurotransmitters and growth factors, to intracellular responses like protein synthesis, degradation
and transcription. These are all essential activity-dependent pathways that remain highly dynamic in
adult stages (Ebert and Greenberg 2013). At an integrated level, these cellular pathways are apparent
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in biological functions relevant for ASD, in particular axon guidance, dendrite and spine morphology,
synaptogenesis and synaptic plasticity. This has led to the hypothesis that abnormal synaptic
homeostasis could play a key role in the pathogenesis of ASD.

The outstanding challenge is to exploit the current insights in genetics, anatomy and cell biology of
ASD for the design of rational therapies. These insights have gained another dimension due to the
notion that neurodevelopmental defects are not necessarily permanent, but reversible. There has
been a long-standing view that neurodevelopmental disorders are congenital in-born errors of brain
development that leave the patient with irreversible defects. This traditional view was first
challenged by the group of Bird who reactivated a silenced Mecp2 allele in mice modelling Rett
syndrome (Guy et al. 2007). In adult mutants, induction of Mecp2 expression dramatically reversed
behavioural and electrophysiological abnormalities. Selective reversal of abnormalities was also
observed in other ASD models. For example, phenotypes in Tsc1 knockout mice could be reversed by
the mTORC1 inhibitor rapamycin, and in Fmr1 knockout mice, a model for FXS, by treatment with
mGluR antagonists (Ehninger and Silva 2010). Moreover, insulin-like growth factor I (Igf1) has been
successfully used to ameliorate autistic-like phenotypes in mouse models of Rett syndrome and
Phelan-McDermid syndrome (PMDS). SHANK3 is the prime culprit causing PMDS. Interestingly,
selective rescue of autistic-like phenotypes was recently established by re-expression of Shank3 (Mei
et al. 2016). These findings emphasize the potential of reversal of phenotypes by agents that impinge
onto the aforementioned pathways and create hope that parts of ASD symptomatology might be
effectively treated by pharmacotherapy in the future.
Taken together, the current efforts in genetics, anatomy and cell biology of ASD strive towards a better
understanding of the pathogenesis of this group of disorders required to materialize those hopes.
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Abstract

Rationale. The genetic heterogeneity of autism spectrum disorders (ASDs) is enormous and the
neurobiology of proteins encoded by genes associated with ASD is very diverse. Revealing the
mechanisms on which different neurobiological pathways in ASD pathogenesis converge may lead to
the identification of drug targets.

Objective. The main objective is firstly to outline the main molecular networks and neuronal
mechanisms in which ASD gene products participate, and secondly to answer the question how these
converge. Finally, we aim to pinpoint drug targets within these mechanisms.
Method. Literature review of the neurobiological properties of ASD gene products with a special focus
on the developmental consequences of genetic defects and the possibility to reverse these by genetic
or pharmacological interventions.

Results. The regulation of activity-dependent protein synthesis appears central in the pathogenesis
of ASD. Through sequential consequences for axodendritic function, neuronal disabilities arise
expressed as behavioral abnormalities and autistic symptoms in ASD patients. Several known ASD
gene products have their effect on this central process by affecting protein synthesis intrinsically, e.g.
through enhancing the mTOR signal transduction pathway, or through impairing synaptic function
in general. These are interrelated processes and can be targeted by compounds from various
directions: inhibition of protein synthesis through Lovastatin, mTOR inhibition using rapamycin, or
mGluR-related modulation of synaptic activity.

Conclusions. ASD gene products may all feed into a central process of translational control that is
important for adequate glutamatergic regulation of dendritic properties. This process can be
modulated by available compounds, but may also be targeted by yet unexplored routes.
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Introduction

Autism spectrum disorders (ASDs) comprise multiple neurodevelopmental disorders that share core
symptoms in the domains of social interaction, communication and behavioral patterns, and the
appearance of symptoms in early childhood. ASDs are relatively common, affecting about 1% of the
human population. The manifestations of ASDs are widely variable in behavioral characteristics,
severity, intellectual abilities and comorbidities. It has been known for a long time that there is a
strong genetic basis for ASDs, but with the recent revolution in genetic technologies actual diseaseassociated or even disease-causing mutations in genes have been identified. The notably high number
of potential autism disease genes is corresponding to the marked heterogeneity of clinical
expressions of ASDs (Buxbaum et al. 2012). Genetics now holds a significant promise to provide more
insights into the genomic landscape of ASD, genotype-phenotype relationships for the complex
behavioral domains of ASD, gene-environment interactions, environmental and epigenetic
contributions (Devlin and Scherer 2012; Buxbaum et al. 2012). From a neurobiological perspective,
the discovery of ASD disease genes has brought genetic animal models opening the delineation of
pathogenesis. These are providing the first insights into the neurobiological mechanisms that
underlie the developmental dysfunctions. They have already led to potential targets and therapeutic
strategies, some of which have seen initial success (Spooren et al. 2012). Besides the genetic basis
for ASD, it is argued that the role of epigenetic regulation and the effect of environmental factors,
such as intrauterine drug exposure and perinatal infection, should not be excluded in the search for
ASD causes (Chaste and Leboyer 2012; Grabrucker 2012; Millan 2013). In this review, however, we
focus on neurobiological aspects of selected autism gene products, particularly those that are main
subjects of the public-private research program EU-AIMS aiming for ASD drug development (Murphy
and Spooren 2012).

The genetics of ASDs in short

Genome technologies have revolutionized molecular genetics in the last decade and, applied to ASDs,
have caused a breakthrough in the genetic basis of ASDs as one of the first neuropsychiatric disorders
(Buxbaum et al. 2012). The present knowledge on the genetics of autism provides insights into the
contribution of rare and common gene variants (Devlin and Scherer 2012). It has proven difficult to
substantiate genes with relatively small effect sizes. However, the focus on de novo mutations and
rare inherited variants, particularly in the form of copy number variations (CNVs), has proven very
productive in assigning culprit genes for ASD. Above all, it has delivered specific genes and clusters
of genes on chromosomal intervals that confer risk to autism. The current number of candidate genes
is staggering, with estimates ranging from several hundreds to a thousand, supported by ample
literature (Pinto et al. 2010; Sanders et al. 2011; Cooper et al. 2011). A critically curated list of 103
ASD genes and 44 chromosomal intervals that can be considered as “established to be involved in
autism” has been provided (Betancur 2011). The criteria involved clinical and molecular genetic data,
as well as recurrence for CNVs. Another source of curated genes is the Simons Foundation Autism
Research Initiative (SFARI; https://gene.sfari.org/autdb/Welcome.do). It presents a total of 187 ASD
genes, categorized as syndromic (22), high confidence (0), strong candidate (5), suggestive evidence
(16), minimal evidence (113) and hypothesized (31).
The majority of ASD cases is sporadic, roughly 20% is syndromic. A syndromic form displays signs
and symptoms that occur together and characterize a particular abnormality. Syndromic forms of
ASD have autistic manifestations amongst others. Those syndromic forms with comorbid ASD that
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have a well-established genetic cause have been pivotal in delineating neurobiological processes
involved (Zoghbi and Bear 2012). These concern fragile X syndrome (FXS), Rett syndrome, tuberous
sclerosis (TS), Angelman syndrome (AS), neurofibromatosis type 1 (NF1), and the hamartoma tumor
syndrome (PHTS). The involved genes are known: FMR1, MECP2, TSC1, TSC2, UBE3A, NF1, and PTEN,
respectively. These genes have been considered prototypical for research into the molecular and
cellular mechanisms of ASDs (Abrahams and Geschwind 2010).

Additional rare syndromes with autism as comorbidity and identified culprits are Joubert syndrome
(JBTS), a ciliopathy caused by mutation of Abelson’s Helper Intregration 1 (AHI1) (Alvarez Retuerto
et al. 2008), Phelan-McDermid syndrome, involving SHANK3 as the critical gene (Durand et al. 2007;
Phelan and McDermid 2011), 3p deletion syndrome involving a microdeletion hitting three cell
adhesion genes CNTN4, CHL1 and CNTN6 (Fernandez et al. 2008), and Timothy syndrome involving
mutations in the L-type calcium channels of the CACNA1C-type (Gargus 2006). Several other
recurrent CNVs encompassing multiple genes have emerged from genetic studies and often display
defined phenotypic characteristics related to ASD. Whether they represent syndromic forms, in the
sense that they have clusters of phenotypes that define trait, has not been determined in all cases,
mostly due to a lack of sufficient patients. Examples are 1q21.1 (dup), 7q11.23 (dup) (WilliamsBeuren syndrome), 15q11.2 (dup), 15q13.3 (dup), 16p11.2 (del), 16p13.1 (dup), 17p12 (del),
22q11.21) (velocardiofacial-DiGeorge or 22q11 deletion syndrome (VCF)).

About 15-25% of autism cases can be explained by syndromic forms, the rest of the cases are
sporadic. The list of candidate genes for the sporadic forms is still growing, but the current initiation
of large scale, massively parallel sequencing of whole exomes and genomes of large, well-phenotyped
patient cohorts will soon lead to further discovery of more autism risk genes and to estimates of the
relative frequencies of specific gene defects in sporadic ASDs. An example is a recent exome
sequencing study that explains 1% of sporadic ASDs by disrupting mutations in six genes, including
PTEN (O’Roak et al. 2011).

Neurobiological pathways

Biological knowledge about the proteins encoded by genes affected in monogenic forms of ASDs has
led to ideas about molecular and cellular processes underlying the disease. Furthermore, shared
functions between different groups of ASD genes have been recognized. Based on these ideas, the
notion that autism may be a ‘synaptopathy’ has been tossed (Zoghbi 2003). When the currently
established and candidate genes in ASD are considered for their cellular functions, indeed the
synapse comes up as a prime neuronal element involved in functions of ASD genes and particularly
activity-dependent signaling aspects of synapses. Convergence of molecular processes in which ASD
genes participate, may be exploited to design strategies that can be applied to patients with
heterogeneous causes (Spooren et al. 2012; Ebert and Greenberg 2013).

Several molecular functions stand out when considering the protein products encoded by ASD genes
(Table 1). First, a relatively large number of transmembrane proteins have been recognized. Most of
these have been implicated in cell adhesion and cell-cell interactions (Betancur et al. 2009). These
processes are involved in neuronal migration, axon outgrowth and guidance, synaptogenesis,
synaptic stability, dendritic arborization and spine dynamics. This class includes prominent ASD gene
products, particularly members of the neurexin (NRXN) and neuroligin (NLGN)
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Table 1: Representative ASD genes grouped according to molecular processes and neuronal functions
of their gene products.
Function
Process
ASD gene
Synaptic structure
Cell adhesion
NRX1, NLGN3, NGLN4X, CNTNAP2, CNTN3,
CNTN4, CNTN5, CNTN6, NRCAM, CDH9,
CDH10, PCDH9, PCDH10, SynCAM1
Scaffolding
SHANK2, SHANK3, PSD95/DLG4
Synaptic signaling

Axon growth and migration
Gene expression
Ciliary structure and
function

Receptors and
transporters
Signal transduction
components
Actin dynamics
Transcription regulation
Translational control

VIPR, SSTR5, MET, GRIN2A, SCN1A

FMR1, PTEN, TSC1, TSC2, UBE3A, NF1, CREBBP
DISC1, DIAPH3
MECP2, MEF2C, MBD5, CBP, EP300, TOP 3β
EIF4E, FMR1, CYFIP1
AHI1

families, which have been pivotal in ASD research. NRXN1, NLGN3, and NLGN4X have come up as
recurrent ASD genes in CNV studies as well as in mutational analyses. Another member of this class
is contactin-associated protein-like 2 (CNTNAP2, also termed NRXN4 or Caspr2). Members of the
cadherin (CDH), protocadherin (PCDH) and contactin (CNTN) family of cell adhesion molecules have
also emerged in the genetics of ASD (Table 1). In this chapter we focus on the gene products that are
pivotal in autism research.

It is of interest to note that recently a second cellular element has been considered to be implicated
in ASDs. This is the primary cilium, a protuberant organelle that projects from the cell body. Primary
cilia of the brain have been implicated in brain development and serve as signaling centers linked to
the cell cycle and migration (Lee & Gleeson, 2011; Novarino, Akizu, & Gleeson, 2011). Moreover,
ciliopathies like JBTS have autism as comorbidity. Mutations in AHI1 are a cause of JBTS and is
associated in sporadic ASD (Alvarez Retuerto et al. 2008). Furthermore, a recent cellular screen of
autism gene for ciliary functions revealed that over 50% affected the length of the primary cilium.
Amongst these genes were cell adhesion molecules of the NRXN, CDH and CNTN families. DISC1 is a
well-characterized neuropsychiatric gene that is directly involved in ciliation. It has been observed
that cilia assemble precisely at the stage when newborn neurons approach their final destination,
extend dendrites and form synapses (Kumamoto et al. 2012). Deletion of cilia from adult-born
glutamatergic neurons induced severe defects in dendritic refinement and synapse formation,
suggesting that primary cilia are required for appropriate dendritic refinement and synaptic
integration of adult-born neurons. These data suggest that the primary cilium may be involved in
pathogenesis of ASDs and could provide new entries for drug target discovery.
Second, scaffolding proteins are relatively predominant amongst ASD gene products (Ting et al.
2012). Their function relates to cell adhesion molecules, in that scaffolding proteins can interact with
cell adhesion molecules and membrane receptors on the one hand, and with the actin cytoskeleton
at the other. This way they act as intracellular anchors that stabilize protein complexes at the cell
membrane and provide a link to actin remodeling. The synapse is a particularly important neuronal
element of their function. SHANK1, SHANK2 and SHANK3 play such roles in glutamatergic synapses
and are considered in more detail below. In addition, other major scaffold proteins such as SAP97
(DLG1), PSD95 (DLG4) and SAPAP2 (DLGAP2), have already been implicated in ASD (Table 1).
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Clearly, scaffolding and cell adhesion cooperate to support structural integrity of synapses, and to
provide dynamics to allow synaptic remodeling and plasticity.

A third class of ASD gene products is involved in intracellular signaling cascades that are linked to
extracellular events, such as synaptic transmission. Examples of these are the phosphatase and tensin
homolog PTEN, the TSC1 gene product hamartin, the TSC2 gene product tuberin, the FMR1 gene
product FMRP, and UBE3A. PTEN, hamartin and tuberin are signal transduction components that
converge downstream on mammalian target of rapamycin (mTOR). Importantly mTOR is a wellinvestigated drug target.
Fourth, other intracellular ASD gene products can be associated with the cytoskeleton, particularly
actin remodeling. This process is prerequisite for morphological changes of cells. It is the underlying
molecular mechanism of cytoskeletal modifications essential in axonal outgrowth, growth cone
guidance, synaptogenesis, and neuronal migration during embryonic brain development and
postnatal maturation. It is required for adaptation of dendritic spine morphology. Actin remodeling
is driven in response to signal transduction and neuronal activity. Amongst ASD genes there is a
notable number of genes encoding proteins involved in actin dynamics. Examples are DISC1, which
is also involved in schizophrenia, diaphanous 3 (DIAPH3), and cordon-bleu (COBL).

Furthermore, there are specific enzyme classes represented amongst ASD genes. Firstly, there are
small GTPases of the Ras/Raf family and GAPs and GEFs cooperating with them. They act as molecular
switches in diverse cellular processes, which include signal transduction, actin remodeling and
protein synthesis. It may be speculated that they are part of the pathways of synaptic and neuronal
functions as outlined above. Secondly, the enrichment of glycosylation enzymes within ASD genes
has been noted. It concerns enzymes participating in N- as well as in O-glycosylation (van der Zwaag
et al. 2009). These enzymes provide carbohydrate chains to proteins which can modify protein
function. The role of these enzymes and their substrates in neuronal development and functioning is
mostly unknown. From the large group of congenital disorders of glycosylation we know that there
can be severe brain phenotypes involving defects in neuronal migration associated with loss-offunction of glycosylation enzymes, like in the Walker-Warburg syndrome (Jaeken and Matthijs 2007).
The role of glycosylation in ASD pathogenesis remains a largely unexplored area as yet.

Finally, there are two groups of ASD genes that are involved in general processes of gene expression
controlling chromatin structure, epigenetic coding, gene transcription and mRNA translation. MECP2,
the gene causing Rett syndrome, is amongst these. Studies on the methyl-CpG binding protein MeCP2
have been pivotal in elucidating mechanisms of ASD pathology and the reversal of ASD symptoms
(Zoghbi 2003; Guy et al. 2007; Chahrour and Zoghbi 2007). DNA topoisomerases were added to this
group most recently (Stoll et al. 2013; Xu et al. 2013; King et al. 2013). With respect to mRNA
translation the FXS gene FMR1 and its gene product FMRP have revealed the importance of local
protein synthesis in dendrites and resulted in the most used animal model in neurbiological studies
on ASD, the Fmr1 knockout mouse.
In this review we next discuss the neuronal cell biology of a limited number of ASD gene products
that are prototypical for neuronal cell surface molecules, scaffolding proteins and signal transduction
enzymes. The selection is based on the focus in the EU-AIMS program, a joint European research
program aiming for development of ASD drugs (Murphy and Spooren 2012). Finally we discuss the
issue how neurobiological pathways can be employed for drug development.
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Neuroligins and neurexins

Neurobiology of neurexins and neuroligins
Neurexins (Nrxns) and Neuroligins (Nlgns) are synaptic cell adhesion molecules that are thought to
play an important role in the formation, maturation, and maintenance of synapses (Chih et al. 2005;
Varoqueaux et al. 2006; Sudhof 2008; Krueger et al. 2012; Kwon et al. 2012). They are type I
transmembrane proteins composed of an extracellular region responsible for transsynaptic
interactions and a smaller cytoplasmic domain that is involved in intracellular protein-protein
interactions and signaling processes. Nrxns and Nlgns are differentially localized to presynaptic and
postsynaptic terminals, respectively, and together they form a transsynaptic signaling complex
consisting of a central Nlgn dimer flanked by two Nrxn monomers.

There are five known isoforms of neuroligins in humans, NLGN1, NLGN2, NLGN3, NLGN4X and
NLGN4Y, while the rodent genome only encodes four isoforms, Nlgn1-4. The rodent Nlgn isoforms
differ notably in their subcellular distribution, with Nlgn1 and Nlgn2 being localized almost
exclusively to excitatory and inhibitory postsynapses, respectively (Sudhof 2008). In contrast, Nlgn3
is present at both inhibitory and excitatory synapses (Budreck and Scheiffele 2007; Levinson et al.
2010; Baudouin et al. 2012). Nlgn4 is functionally related to Nlgn2 and localizes to inhibitory
synapses in retina, spinal cord and several lower brain regions, but it may also be present at
excitatory synapses in hippocampus and cortex (Jamain et al. 2008; Hoon et al. 2011). Nlgns exist in
a number of splice variants, and they can form both homodimers and heterodimers (Poulopoulos et
al. 2012), which may further influence their localization and interactions.
The Nrxn protein family consists of three known members, Nrxn1-3, each of which is expressed as a
long alpha-isoform and a short beta-isoform due to the presence of two alternative promoters
(Sudhof 2008). Nrxn mRNA transcripts are subject to extensive alternative splicing, potentially
leading to the generation of thousands of alternative gene products, which differentially bind to the
different Nlgn isoforms and splice variants. As a consequence, Nrxn-Nlgn complexes have long been
thought to be predestined for a key role in the specification of synapse identity and connectivity,
leading to the notion of an Nrxn-Nlgn-based 'combinatorial interaction code' at synapses.

A number of molecular mechanisms have been proposed by which Nrxn-Nlgn complexes may exert
their effects on synapse development and function. These include the stabilization of transient axodendritic contacts, recruitment of postsynaptic machinery elements such as PSD95, AMPA receptors
and NMDA receptors at excitatory synapses and Gephyrin and GABAA receptors at inhibitory
synapses, and recruitment of presynaptic components such as Munc18, Synaptophysin, Bassoon, and
VGLUTs or VIAAT (see Krueger et al., 2012 for a recent review of these studies). Several, but not all,
of these processes are dependent on the activation of NMDA receptors, providing a mechanism by
which neuronal activity may affect synapse structure and function. Overall, it is likely that a complex
set of parallel but only partially redundant protein recruitment and synapse maturation pathways
seem to control the Nrxn-Nlgn-dependent assembly of the synaptic machinery in different neuronal
subcompartments.
Neurexins and neuroligins in autism spectrum disorders

The first evidence for a link between the NRXN-NLGN complex and ASDs was obtained from a study
in 2003, identifying mutations in the X-linked genes encoding NLGN3 and NLGN4 in siblings
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Table 2: Nlgn and Nrxn mouse models related to ASDs
Mouse
model

Behavioral phenotype

Physiological phenotype

Structural phenotype

Nlgn3
Knockout

- Hyperactivity, impaired social
interaction and
communication, impaired
olfaction, mildly altered
learning (Radyushkin et al.
2009);

- Loss of mGluR-dependent
LTD in cerebellum (Baudouin
et al. 2012);

- Unaltered number of
synapses in NL1/2/3
triple KO mouse
(Varoqueaux et al.
2006);

- Impaired motor coordination
(Baudouin et al. 2012)

Nlgn3
R451C
Knock-in

- Impaired social interaction
(Tabuchi et al. 2007; Etherton
et al. 2011), but see (Chadman
et al. 2008);

- Enhanced spatial learning
(Tabuchi et al. 2007);

- Mild developmental delays,
impaired acoustic startle
(Chadman et al. 2008)

Nlgn4
Knockout

N
Knockout
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- Impaired social interaction,
reduced ultrasonic
vocalization, increased
repetitive behaviors (Jamain et
al. 2008; El-Kordi et al. 2012),
but see (Ey et al. 2012)
- Decreased PPI, increased
grooming, impaired nest
building, improved
performance on rotarod
(Etherton et al. 2009);
- Anxiety, enhanced social
approach, increased aggression
(Grayton et al. 2013), but see
(Etherton et al. 2009)

- Altered tonic
endocannabinoid signaling at
CCK basket cell synapses in
hippocampus (Földy et al.
2013)

- Increased mIPSCs in
somatosensory cortex
(Tabuchi et al. 2007);

- Increased excitatory
transmission, altered NMDAR
kinetics, enhanced LTP in
hippocampus (Etherton et al.
2011);
- Impaired GABAergic
transmission at PV synapses,
altered endocannabinoid
signaling at CCK synapses in
hippocampus (Földy et al.
2013)
- Slower glycinergic mIPSCs in
retina (Hoon et al. 2011)

- Reduced mEPSC frequency in
hippocampus (Etherton et al.
2009)

- Decreased levels of
NL1 in whole-brain
homogenates (Tabuchi
et al. 2007);

- Ectopic synapse
formation in cerebellum,
altered GluA2 signaling
(Baudouin et al. 2012)
- Unaltered synapse
number, but decreased
NL1, increased VIAAT
and gephyrin in whole
brain (Tabuchi et al.
2007);
- Upregulation of NR2B,
increased branching,
altered synapse
structure in
hippocampus (Etherton
et al. 2011)

- Reduced GlyR levels in
retina (Hoon et al. 2011)

- No major impairments
in axon pathfinding or
Nrxn double Kos
(Dudanova et al. 2007)

with autism (Jamain et al. 2003). Since then, a substantial number of mutations and CNVs have been
reported, predominantly in NLGN4, but also in NLGN3 and NRXN1 (Yan et al. 2005; Sudhof 2008;
Lintas and Persico 2009). Accordingly, mutations in NLGNs and NRXNs are currently thought to be
among the most common monogenic causes of autism, although it should be noted that they still
encompass less than 1% of total autism cases (Caglayan 2010).

To date, the most extensively studied mutation with respect to its neurobiology is an arginineto-cysteine mutation in NLGN3 (Jamain et al. 2003). This R451C mutation leads to retention of NLGN3
in the endoplasmic reticulum and a marked decrease in β-NRXN-1 binding ability in the remaining
NLGN3 molecules (Comoletti et al. 2004; Chih et al. 2005). Interestingly, the remaining NLGN3
molecules at the surface are still able to induce synapse formation (Chih et al. 2004; Chubykin et al.
2005) and in fact appear to lead to a gain of function, rather than a loss of function, as evidenced by
the fact that the phenotype of the R451C knock-in (KI) mouse differs substantially from that of the
Nlgn3 knock-out (KO) mouse (Tabuchi et al. 2007). The precise consequences of the R451C mutation
appear to be highly dependent on synaptic context, affecting synapse structure and function in a
region- and circuit-specific manner (Etherton et al. 2011). In somatosensory cortex, for example,
increases in spontaneous inhibitory synaptic transmission and in inhibitory synaptic strength were
observed, accompanied by increases in the levels of the inhibitory presynaptic protein VIAAT (but no
change in synapse number) (Tabuchi et al. 2007). In contrast, in hippocampus, Nlgn3 R451C mice
showed an increase in AMPA receptor-mediated excitatory synaptic transmission, altered kinetics of
NMDA receptor-mediated synaptic responses and enhanced long-term potentiation, as well as an
increase in dendritic branching and altered synapse structure (Etherton et al. 2011). Even more
strikingly, a recent study indicated that the NLGN3 R451C mutation may differentially affect two
different types of presynapses onto the same postsynaptic neuron (Földy et al., 2013). The authors
demonstrated that in R451C KI mice, synaptic transmission at inhibitory synapses formed by
parvalbumin (PV) containing interneurons onto hippocampal CA1 pyramidal cells was impaired,
whereas synaptic transmission at synapses formed by cholecystokinin (CCK) containing interneurons
onto the same pyramidal cells was enhanced, likely as a result of alterations in endocannabinoid
signaling (Földy et al. 2013). In dissociated cultures of rat hippocampal neurons, expression of this
mutation was found to affect neuronal synchrony (Gutierrez et al. 2009). Behavioral studies revealed
that the R451C-KI mice display impaired social interactions, but enhanced spatial learning in a Morris
water maze (Tabuchi et al. 2007; Etherton et al. 2011). Together, these data indicate that differential
effects of the NLGN3 R451C mutation may account for various phenotypes associated with autism.
More recently, deletions in the NLGN3 gene have also been identified in individuals with autism
(Gilman et al. 2011; Sanders et al. 2011). In accordance with these findings, deletion of Nlgn3 in mice
results in reduced ultrasound vocalization and a lack of social novelty preference, phenotypes that
may be related to the core symptoms of autism (Radyushkin et al. 2009). Like the Nlgn3 R451C KI
mice, Nlgn3 KO mice show alterations in hippocampal endocannabinoid signaling, indicating that this
may represent a common mechanism of pathogenesis for several mutations associated with autism
(Földy et al., 2013). At other synapses, however, the physiological effects of Nlgn3 KO appear to differ
substantially from the R451C KI effect (Tabuchi et al. 2007) and include a de-regulation of
metabotropic glutamate receptor (mGluR) 1, mGluR-dependent long-term depression (LTD), and
aberrant synapse formation in the cerebellum (Baudouin et al. 2012). This observation is particularly
interesting in light of related findings in other mouse models of syndromic ASDs such as Fragile X
syndrome (Auerbach et al. 2011), demonstrating that it may be possible to identify convergent
pathways that may serve as targets for drug discovery, as discussed below.
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While the majority of studies to date have focused on NLGN3, a far greater number of autismassociated mutations have been identified in NLGN4X (Yan et al. 2005; Sudhof 2008; Lintas and
Persico 2009). Almost all of these mutations are believed to be loss-of-function mutations, leading to
retention of NLGN4 in the endoplasmic reticulum (Zhang et al. 2009) and preventing NLGN4-induced
synapse formation in culture (Chih et al. 2004), although in one case a potential increase in NLGN4X
transcription was also associated with an autism-like phenotype (Daoud et al. 2009). Deletion of
Nlgn4 in mice results in a number of behavioral phenotypes that are related to the core symptoms of
autism, including impairments in social communication, reductions in ultrasonic vocalizations, and
increased stereotypies as assessed by marble burying and circling behavior tests (Jamain et al. 2008;
El-Kordi et al. 2012). However, the cell biological mechanisms underlying these behavioral
phenotypes are currently unknown and remain an area of active research. Given that Nlgn4 is
targeted to glycinergic synapses in retina, and that loss of Nlgn4 results in aberrant inhibitory
transmission at retinal synapses (Hoon et al. 2011), it seems plausible to speculate that similar
processes may occur throughout the central nervous system (CNS), although this has yet to be
confirmed.

Unlike mutations in NLGN3 and NLGN4, which are currently believed to be mostly specific to ASDs,
mutations in NRXN1 appear to predispose to a wide range of neuropsychiatric disorders, including
autism and schizophrenia (Ching et al. 2010; Reichelt et al. 2012). A large number of these mutations
specifically affect the promoter and initial exons of α-NRNX1, while leaving β-NRXN1 coding
sequences intact (Reichelt et al. 2012). Interestingly, however, another cluster of mutations in the
later exons that are included in both α- and β-NRXN1 appears to be specifically associated with ASDs,
but not with schizophrenia. This suggests that there may be a differential involvement of β-NRXN1 in
these disorders (Lamolet et al. 2001; Feng et al. 2006; Kirov et al. 2008; Rujescu et al. 2009; CamachoGarcia et al. 2012; Schaaf et al. 2012).
In mice, deletion of α-NRNX1 results in a decrease in prepulse inhibition, an increase in grooming
behaviors, proposed to represent the stereotypies frequently observed in ASDs, and an impairment
in nest-building activity, thought to be a correlate of social behaviors (Etherton et al. 2009). These
behavioral phenotypes are accompanied by a specific defect in excitatory synaptic strength in
hippocampus, with no changes in inhibitory synapse strength (Etherton et al. 2009). To date, no βNRXN1 KO mouse model has been reported. Moreover, the lack of isoform- and splice variant-specific
antibodies has made it difficult to distinguish the roles of the different Nrxns in vivo, although a recent
study suggests that α-and β-NRXNs form structurally distinct complexes at synapses that may
contribute to their differential function (Tanaka et al. 2012). However, the detailed molecular
mechanisms by which NRXN mutations may result in phenotypes related to autism, schizophrenia or
other neurodevelopmental disorders, have yet to be determined.

CNTNAP2

Contactin-associated protein-like 2 (CTNAP2, Caspr2, NRXN4) is a type I transmembrane protein with
an extracellular domain that shares similarities with the NRXNs. It has also been designated as
neurexin 4 (NRXN4). The protein was originally discovered as an interacting protein of CNTN2 (a.k.a.
TAG-1), in analogy with the protein interaction of CNTN1 (F3/contactin) and CNTNAP1 (a.k.a. Caspr)
(Poliak et al. 1999). These two CNTNs and their associated proteins play an essential organizational
role for the paranodal and juxtaparanodal architecture in the nodes of Ranvier of myelinated nerves
by serving neuron-glia interactions and clustering of proteins (Poliak and Peles 2003). Surprisingly,
loss of CNTNAP2 was found in severe forms of neurodevelopmental disorders including autism,
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indicating that CNTNAP2 has separate neurodevelopmental functions before myelination occurs
(Abrahams et al. 2008). Such separate function is also indicated by the genetic fact that mutation of
CNTN2 is not implicated in cognitive neurodevelopmental disorders, and by the unrelated
phenotypes of CNTN2 null mice. It has been suggested that CNTNAP2 has a developmental function
that is essential for neural circuit assembly which is separate from its later function in nodal
microdomains of myelinated axons. Cntnap2-null mice display a number of phenotypes in cortical
neurons and autism-related behavioral consequences pointing to these early neurodevelopmental
defects (Peñagarikano et al. 2011). Ablation of Cntnap2 causes migration abnormalities of
glutamatergic pyramidal and GABAergic interneurons, and a reduction in the number of
interneurons. This results in an abnormal distribution of cortical neurons. Moreover, cortical neurons
show a highly asynchronous firing pattern. Mutant mice have an abnormal electroencephalography
(EEG) activity and epileptic seizures. Behavioral deficits include stereotypy in motor movements,
inflexibility, reduced ultrasound vocalization and social behavior. Risperidone treatment reversed
the abnormalities in repetitive, but not in social behavior in the Cntnap2-mutant mice. At the cell
biological level it has been shown that RNAi-mediated knockdown of Cntnap2 in cultured excitatory
neurons results in reduced dendritic arborization and spine development. Loss of Cntnap2 leads to a
reduction in the number of both excitatory and inhibitory synapses with consequences for neural
network activity (Peñagarikano and Geschwind 2012).
Knowledge on the molecular mechanisms of CNTNAP2 action is still limited. The short intracellular
C-terminus of CNTNAP2 contains a PSD95/DLG1/ZO-1 (PDZ) domain that binds band 4.1. protein and
participates in the clustering of potassium channels in the juxtaparanode (Horresh et al. 2008).

SHANK1, SHANK2 and SHANK3

Neurobiology of the SHANK family

The Proline-rich synapse-associated/SH3 domain and ankyrin repeats (PROSAP/SHANK) family of
postsynaptic scaffold proteins comprises three members: SHANK1, SHANK2 (also termed PROSAP1)
and SHANK3 (also termed PROSAP2). They were originally identified as interaction partners of
Cortactin and GKAP, respectively (Du et al. 1998; Boeckers et al. 1999; Naisbitt et al. 1999). These
large molecules (~ 200 kDa) are all enriched in the postsynaptic density (PSD) of excitatory synapses
and contain several conserved protein-protein interaction motifs: N-terminal ankyrin repeats, an SRC
Homology 3 (SH3) domain, a PDZ domain, proline-rich clusters and a C-terminal sterile alpha motif
(SAM) domain. Regarding their primary scaffolding role at the synapse, SHANK molecules build large
homo- and heteromeric molecular platforms in the PSD. In this context, local Zinc concentrations play
a decisive role as this metal ion promotes synaptic clustering of SHANK2 and SHANK3, but not
SHANK1 (Baron et al. 2006; Grabrucker et al. 2011a). At the synapse, SHANKs interconnect proteins
of the postsynaptic membrane with the actin cytoskeleton of the dendritic spine via their various
aforementioned domain structures. Major interaction partners include members of the NMDA
receptor complex such as GKAP, AMPA receptor subunits, members of the mGluR complex such as
Homer and actin-associated proteins such as Cortactin, α-Fodrin, Abp1, Abi-1, IRSp53, βPIX or the
Fezzin family. In general, SHANK proteins induce the formation of spines and excitatory synapses,
while recent in vitro and in vivo studies implicate that each family member has its distinct function
during these processes (Sheng and Kim 2000; Boeckers et al. 2002; Grabrucker et al. 2011b; Verpelli
et al. 2012). Some more detailed information on the neuronal cell biology of all three SHANK family
members is summarized in Table 3.
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SHANK1 in autism spectrum disorders
In 2012, Sato et al. identified deletions of the SHANK1 gene in two multiplex families with ASD. One
heterozygous SHANK1 deletion segregated in a four-generation family in which male carriers – but
not female carriers – have ASD without intellectual disability (high-functioning ASD). In a second
family, a de novo SHANK1 deletion was detected in a male individual with high-functioning ASD, but
not in his half-sister who is diagnosed with ASD. No equivalent SHANK1 mutations were found in
>15,000 controls (Sato et al. 2012). The discovery of apparent reduced penetrance of ASD in females
bearing inherited autosomal SHANK1 deletions provides a possible contributory model for the male
gender bias in autism. The data are also informative for clinical-genetic interpretations of both
inherited and sporadic forms of ASD involving SHANK1.

Hung et al. reported a Shank1 knockout mouse carrying a deletion of the PDZ domain, therefore
disrupting all known isoforms of Shank1. Biochemical analysis of forebrain PSDs revealed reduced
levels of Shank1 interaction partners GKAP and Homer1b/c, but no difference in the abundance of
NMDA receptor subunits, AMPA receptor subunits, mGluRs, or other scaffolds and actin-associated
proteins. Dendritic spine density in the CA1 stratum radiatum is slightly decreased in Shank1
knockout mice, but more strikingly, spines are smaller in size, implicating that Shank1 is crucial for
spine growth and/or maintenance in vivo. The input-output (I/O) curve at CA3-CA1 Schaffer collateral
synapses of Shank1 knockout mice is significantly shifted downward compared to controls, especially
at high stimulus intensities, demonstrating that Shank1 deficiency reduces basal synaptic
transmission, but does not affect the proportion of synaptic AMPA and NMDA receptors. Furthermore,
there is no significant difference in the average miniature excitatory postsynaptic current (mEPSC)
amplitude, but the mEPSC frequency is significantly reduced, suggesting that decreased basal
transmission is primarily caused by a reduction in the number of functional synapses in Shank1
knockout mice. Motor functions are reduced in the null mutants on open field activity, rotarod and
wire hang. In addition, the mice display impaired contextual fear memory. In contrast, they show
enhanced acquisition of spatial memory in the radial maze task, but with impaired long-term
retention of this memory after the training period has finished (Hung et al. 2008). In a follow-up study
on the behavior of the same line of Shank1 knockout mice, Silverman et al. (2011) found a partial
anxiety-like phenotype. With respect to ASD-related behavioral traits, no differences are observed
among genotypes neither in juvenile reciprocal social interactions nor in stereotypies (Silverman et
al. 2011). However, Wöhr et al. (2011) showed reduced levels of ultrasonic vocalizations and scent
marking behavior in Shank1 knockouts, indicating a failure to learn from a social experience (Wöhr
et al. 2011). The latter features are indeed consistent with a phenotype relevant to social
communication deficits in autism.
SHANK2 in autism spectrum disorders

Since 2010, the human SHANK2 gene has been linked to neurodevelopmental disease. The first study
identified mutations in SHANK2 including de novo CNVs in several unrelated individuals with ASD
and/or intellectual disability (Berkel et al. 2010). The association of SHANK2 with ASD could be reconfirmed by following investigations identifying further SHANK2 mutations in more patients
diagnosed with autism (Pinto et al. 2010; Leblond et al. 2012; Sanders et al. 2012; Chilian et al. 2013).
Interestingly, three patients having a de novo truncation of the SHANK2 gene also carry inherited
complex rearrangements on chromosome 15q including a duplication of the nicotinic receptor gene
CHRNA7 and a deletion of the ARHGAP11B (Leblond et al. 2012; Chilian et al. 2013). In addition, an
independent patient with a de novo deletion of SHANK2 is carrying a paternally transmitted deletion
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of the synaptic translation repressor CYFIP1 (Leblond et al. 2012). Altogether, these studies provide
support for a multiple hit model of ASD. The study also demonstrates that several SHANK2 variants
are capable of reducing synapse density in primary hippocampal cultures, predominantly those
affecting amino acids conserved among all SHANK proteins (Leblond et al. 2012). A further in vitro
study analyzed morphological effects of three selected mutations (R462X, a stop mutation, T1127M,
a missense variation, and an L1008_P1009 duplication) when overexpressed in primary hippocampal
neurons (Berkel et al. 2012). Contrary to wild type SHANK2, all three mutations fail to increase spine
volume and T1127M and L1008_P1009 display smaller clusters in dendritic spines. The R462X stop
mutation, which results in a truncated protein lacking the C-terminus of SHANK2, has lost its synaptic
clustering ability and exhibits the most severe phenotype including a failure in rescuing the spine and
arborization defects under Shank2 knockdown conditions, and a reduction of AMPA receptor cluster
sizes. In line with these findings, in vivo-overexpression of R462X in mouse hippocampus and cortex
leads to a reduction of mEPSC amplitude, densely packed filopodia instead of mature spines, and
cognitive abnormalities (Berkel et al. 2012).

Recently, loss of Shank2 was evaluated in vivo by the analysis of two different knockout mouse lines
– the first one harboring a disruption of exon 7 (Schmeisser et al. 2012), the second one a disruption
of exons 6 and 7 (Won et al. 2012) of Shank2, both targeting the PDZ domain and thus resulting in a
lack of all known Shank2 isoforms. Intriguingly, these two targeting strategies almost perfectly match
the genetic disruptions in two different patients with ASD from Berkel et al., 2010 thus being
“individualized” mouse models (Berkel et al. 2010). On the behavioral level, both mouse lines exhibit
a comparable phenotype: deficits in social interaction, impaired communication (measured via the
recording of ultrasonic vocalizations), extreme hyperactivity, enhanced self-grooming and increased
anxiety – all traits highly reminiscent of autism. Interestingly, NMDA receptor function in acute
hippocampal slices was shown to be increased in the exon 7 knockout and decreased in the exon 6/7
knockout, while both models exhibit up-regulation of NMDA receptor subunits on a biochemical level.
In this regard, it certainly has to be further clarified if loss of Shank2 in general leads to NMDA
receptor hyper- or hypofunction and if the observed NMDA receptor up-regulation can therefore be
interpreted as causative or compensatory with respect to the corresponding physiological phenotype.
Brain-region specific biochemical analysis of synaptosomes in the exon 7 knockout also revealed that
especially in the striatum, the loss of Shank2 results in synaptic up-regulation of Shank3. Most
interestingly, this phenomenon also happens after transient knockdown of Shank2 in rat primary
hippocampal cultures and is only seen on the protein (and not on the mRNA) level implying a local
regulatory mechanism, which could also be targeted for pharmacological intervention.
SHANK3 in autism spectrum disorders

SHANK3 deletions have been identified in more than 600 patients affected with chromosome 22q13
deletion syndrome, known as the Phelan–McDermid syndrome (OMIM number 606232), which is
characterized by neonatal hypotonia, moderate to severe intellectual disability, absent to severely
delayed speech, normal to accelerated growth, and minor dysmorphic features. In addition, more than
50% of these patients show autism or autistic-like behavior (Phelan and McDermid 2011). Durand et
al. (2007) identified the first de novo truncating mutations of SHANK3 in patients with ASD (Durand
et al. 2007). Thereafter, multiple studies have recurrently identified deletions and deleterious
SHANK3 mutations in patients with ASD and moreover in patients with other neurodevelopmental
disorders such as intellectual disability, schizophrenia and bipolar disorder (Moessner et al. 2007;
Gauthier et al. 2009; Gauthier et al. 2010; Hamdan et al. 2011; Denayer et al. 2012; Boccuto et al.
2012). Compared to SHANK1 and SHANK2, mutations in SHANK3 are highly penetrant and the vast
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majority of the patients carrying de novo truncating mutations present with severe cognitive deficits,
underlining a substantial and possibly central function of SHANK3 among all SHANK proteins.
Interestingly, the aforementioned study by Durand et al. (2007) was the first to initially characterize
mutations in SHANK3 in primary hippocampal cultures: two inherited missense variations modifying
highly conserved amino acids within the ankyrin repeats domain (R12C, R300C) and one de novo
truncating stop mutation (InsG3680) resulting in a loss of the protein’s C-terminus and therefore in a
reduced synaptic clustering ability (Durand et al. 2007). A second study by Durand et al. (2012)
extended these initial findings in primary cultures and additionally included a de novo missense
variation (Q321R) into the analysis primarily identified by Moessner et al. (2007) (Moessner et al.
2007; Durand et al. 2012). Interestingly, overexpression of all mutations results in a disruption of
several morphological, physiological and molecular effects directly related to Shank3 function. In this
context, the inherited mutations exhibit a less severe phenotype as the de novo ones. The de novo
truncating stop mutation has the most devastating effects on primary neurons such as a reduction in
the total number of dendritic spines, a decrease in spontaneous neuronal activity, and a loss of
Shank3’s ability to enhance spine volume, actin polymerization and axonal growth cone mobility.
Another study by Arons et al. (2012) extended these findings showing that the aforementioned
mutations not only impair synaptic transmission, but also Nlgn-Nrxn-mediated transsynaptic
signaling in primary hippocampal neurons (Arons et al. 2012). These findings were partially
confirmed by Shcheglovitov et al. (2013), who demonstrated that a reduced level of SHANK3 in iPS
cells of Phelan-McDermid Syndrome patients caused defects in excitatory synaptic transmission
(Shcheglovitov et al. 2013).
To date 5 Shank3 mutant mice are reported. They all carry independent mutations that affect different
isoforms (for a detailed review see Jiang and Ehlers 2013).

Bozdagi et al. (2010) targeted a portion located at the 5’ end of the gene (exon 4-9) encoding the
ankyrin repeats. This resulted in a complete and exclusive elimination of Shank3a and Shank3b. In
acute hippocampal slices, Shank3ab heterozygous mice exhibit reduced I/O curve, mEPSC amplitude
and LTP at CA3-CA1 Schaffer collateral synapses, pointing towards impaired basal synaptic
transmission and impaired synaptic plasticity. In line with this, reduced numbers of GluA1immunoreactive puncta are present in the Shank3ab CA1 stratum radiatum. On the behavioral level,
male Shank3ab heterozygotes display less social sniffing and emit fewer ultrasonic vocalizations
during interactions with estrus female mice (Bozdagi et al. 2010). In a second study, Yang et al. (2012),
studied Shank3ab homozygous mice from the same line. These animals show a more severe reduction
in synaptic transmission and LTP in the CA1 hippocampus than heterozygous mutants. However, only
mild social impairments were detected, primarily in juveniles during reciprocal interactions, while
adults display normal sociability across genotypes. Impaired novel object recognition and rotarod
performance were consistent across three cohorts of null mutants. Repetitive self-grooming, reduced
ultrasonic vocalizations, and deficits in reversal of water maze learning were detected only in some
cohorts, emphasizing the importance of replication analyses to delineate robust phenotypes (Yang et
al. 2012).
Peça et al. (2011) generated two different lines of Shank3 mutant mice. Shank3ab mutants (termed
Shank3A mutants in this study) carry a deletion of exons 4-7 only disrupting the two Shank3 isoforms
Shank3a and Shank3b. Homozygous offspring of this line does not show any difference in anxiety,
exploratory behavior or preference for close social interaction. These mutants only show a slight
reduction in social novelty recognition compared to controls. Shank3a-d mutants (termed Shank3B
mutants in this study) carry a deletion of all the exons (exons 13-16) encoding the PDZ domain. This
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Table 3: Neuronal and synaptic cell biology of SHANK family members
Isoforms (protein)
Tissue expression
profile
Brain expression
profile
Brain expression
peaks
Subcellular loc.
(mRNA)
Subcellular loc.
(protein)
Synaptic targeting
domain
Appearance at the
synapse
In vitro
overexpression
(hippocampal
neurons)
In vitro knockdown
(hippocampal
neurons)

Shank1
Shank1A-D
Brain

Shank2
Shank2A-C, Shank2E
Brain and other organs

Shank3
Shank3a-f
Brain and other organs

Soma/Dendrites (Hip,
Purkinje cells)
PSD

Soma/Dendrites
(Purkinje cells)
Growth cone, Neurite,
PSD
C-terminus, SAM-domain

Soma/Dendrites (Hip)

Ctx > Hip > Cer >> Str =
Tha
mRNA: P16, protein: P28

PDZ domain

Ctx = Cer > Hip > Str =
Tha
mRNA: P16, protein: P21

Ctx = Str = Tha > Hip >
Cer
mRNA: P16; protein: N/I
Growth cone, Neurite,
PSD
C-terminus, SAM-domain

„3rd“ Shank at the
„1st“ Shank at the synapse „2nd“ Shank at the
synapse
synapse
No effect on excitatory
Increase of excitatory
Increase of excitatory
synapse density
synapse density
synapse density
Spine density N/I
Spine density N/I
Increase of spine density
Increase of spine volume
Increase of spine volume
Increase of spine volume
Decrease of excitatory
Decrease of excitatory
Decrease of excitatory
synapse density
synapse density
synapse density
No effect on spine density No effect on spine density Decrease of spine density
Spine volume N/I
Decrease of spine volume Increase of spine length
In vivo knockout
Decrease of spine density Decrease of spine density Decrease of spine density
(CA1 stratum
(adults)
(adults)
(juveniles)
Decrease of spine volume Spine volume N/I
Increase of spine length
radiatum)
(adults)
(juveniles)
Ctx = Cortex, Cer = Cerebellum, Hip = Hippocampus, Str = Striatum, Tha = Thalamus; N/I: not investigated

resulted in the complete elimination of four major Shank3 isoforms. Shank3a-d knockouts indeed
display severe phenotypes. They exhibit self-injurious repetitive grooming and strong deficits in
social interaction. In striatal PSDs, the amount of SAPAP3, Homer, PSD93, GluA2, GluN2A and GluN2B
proteins are significantly reduced. Morphological and ultrastructural analysis of medium spiny
neurons (MSNs) in the Shank3a-d striatum further revealed increased neuronal complexity, loss of
dendritic spines and thinner/shorter PSDs. These findings were accompanied by reduced corticostriatal synaptic transmission on the physiological level. Taken together, this study introduced
cortico-striatal dysfunction as one of the core deficits when Shank3 is lost in vivo (Peça et al. 2011).

Wang et al. (2011) deleted exons 4-9 encoding the ankyrin repeats domain of Shank3 as in the mice
studied primarily by Bozdagi et al. (2010) and Yang et al. (2012). These Shank3ab mutants show
reduced levels of Homer1b/c, GKAP and GluA1 in whole brain PSDs and further exhibit attenuated
activity-dependent redistribution of GluA1-containing AMPA receptors in primary hippocampal
neurons. Subtle morphological alterations of dendritic spines were also observed (decreased spine
density, increased spine length), but predominantly at the juvenile stage. In concordance with later
studies, LTP at CA3-CA1 Schaffer collateral synapses is deficient in those mice, although synaptic
transmission stays unaltered. The mutants further display abnormal social interaction and
communication patterns, repetitive behaviors and impaired learning and memory. Interestingly, male
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Shank3ab mutants display more severe impairments in motor coordination than females (Wang et al.
2011).

Schmeisser et al. (2012) studied in depth the first Shank2 knockout model (see above), but also
compared the level of synaptic proteins in cortex, hippocampus and striatum between homozygous
Shank2 knockouts and homozygous Shank3a-c mutants (termed Shank3αβ mutants in this study).
First, the level of synaptic Shank3 protein (but not total mRNA) is increased in the striatum of Shank2
knockouts, while the level of synaptic Shank2 protein (but not total mRNA) is increased in the
striatum of Shank3a-c mutants. These results suggest that compensation between Shank2 and Shank3
proteins might take place on the protein level, probably in a brain-region specific manner. Second,
while synaptic protein levels of mainly NMDA receptor subunits are significantly increased in the
Shank2 homozygous knockouts (especially in the hippocampus and striatum, but not in the cortex),
only minor alterations of glutamate receptor levels are present in Shank3a-c synaptosomes, including
a trend towards reduced AMPA receptor subunits in the striatum. These results suggest that different
molecular alterations (almost opposite) might occur at synapses of Shank2 and Shank3a-c mutant
mice despite the structural similarity between Shank2 and Shank3 proteins. This observation could
be an important step towards the development of distinct future pharmacological strategies for
reversing the deficits in Shank2 and Shank3 mutants (Schmeisser et al. 2012).

PTEN

Phosphatase and tensin homolog (PTEN) is located at chromosome 10q23.3 and was originally
identified as a tumor suppressor gene (Steck et al. 1997; Li 1997). The PTEN protein acts in the
phosphatidylinositol 3 kinase (PI3K)/Akt pathway, where it has an inhibiting function. The PI3K/Akt
pathway is activated by receptor tyrosine kinases and mediates the effects of growth factors on
protein synthesis, cell growth, cell survival and cell proliferation. Activated PI3K catalyzes the
conversion of phosphatidylinositol-4,5-bisphosphate (PIP2), which is a regular component of the cell
membrane, to phosphatidylinositol-3,4,5-trisphosphate (PIP3). The PTEN protein is a negative
regulator in this step. It dephosphorylates PIP3 back into PIP2. PIP3 activates the serine/threonine
kinase Akt /PKB (protein kinase B). Through various downstream pathways, Akt inhibits apoptosis,
stimulates protein synthesis and cell growth and enhances proliferation (Figure 1). Moreover, the
PI3K/Akt pathway is involved in cell motility and cell migration (Maehama and Dixon 1999; Maehama
et al. 2001; Sulis 2003; Leslie and Downes 2004; Endersby and Baker 2008). PTEN thus constrains
Akt activation and therewith limits its functions. Disruption or reduction of PTEN results in
overactivation of Akt, which can result in hyperplasia, due unlimited proliferation and to unhindered
inhibition of apoptosis and hypertrophy, due to uncontrolled protein synthesis and stimulation of cell
growth. Seen its role in the inhibition of cell proliferation, it is not surprising that a loss of PTEN is
associated with various human cancers. The phenotypically distinct syndromes, Cowden Syndrome
(CS), Bannayan-Riley-Ruvalcaba Syndrome (BRRS), Lhermitte Duclos Disease (LD), Proteus
Syndrome (PS) and Proteus-like Syndrome share overlapping features, such as the formation of
hamartomas and result from germline mutations in PTEN. They are collectively referred to as PTEN
Hamartoma Tumor Syndromes (PHTS) (Orloff and Eng 2008; Blumenthal and Dennis 2008; Hobert
and Eng 2009). Loss of PTEN can affect virtually every organ, as PTEN is broadly expressed
throughout the body. Various neurological conditions are the consequence of PTEN loss in the brain,
amongst which macrocephaly, seizure activity, mental retardation and ASD are most prevalent (Zhou
and Parada 2012).
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Figure 1 Pten signaling and mTOR signal transduction routes Pten is involved in the feedback of tyrosine
kinase activated signal transduction (A) that feed forward to the mTOR. The mTOR-C1 complex is a hub in
signal transduction routes that lead diverse neuronal responses (B). These responses globally are promoting
proliferation, dendritic growth and protein synthesis. The latter involves the regulation of mRNA translation
and protein synthesis locally in dendrites.

Butler and colleagues (2005) were the first to report a direct link between PTEN and ASD. Previous
analyses showed that 12% of CS patients were mentally retarded (Hanssen 1995). Mental retardation
is one of the core features of BRRS, and autistic behaviors were observed in separate patients with
germline PTEN mutations. From 18 patients with ASD (15 with classical autism and 3 with pervasive
developmental disorders-not otherwise specified (PDD-NOS)) and macrocephaly, but without
features of CS or BRRS, three (17%) appeared to have a mutation in PTEN (Butler et al. 2005). After
this initial report, several studies confirmed a strong link between PTEN mutations and ASD with
macrocephaly, albeit with different prevalence rates due to relatively small sample pool sizes (2/16
(Herman et al. 2007); 1/88 (Buxbaum et al. 2007); 5/60 (Varga et al. 2009); 7/99 (McBride et al.
2010)).

PTEN is ubiquitously expressed in brain and peripheral tissues. As germline ablation of Pten in mice
causes embryonic lethality (Di Cristofano et al. 1998; Suzuki et al. 1998), conditional knock-out mouse
lines were created using different promoter-driven Cre transgene (Lesche et al. 2002). Thus, several
studies were conducted to examine the effects of Pten deletion in different subset of neuronal cells
and with different timing of ablation (Table 4). The data all share one result: hypertrophy of cells with
loss-of-function of Pten, sometimes with hyperplasia or macrocephaly as overall consequence (van
Diepen and Eickholt 2008). An overview of these studies is provided in Table 4.
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The PI3K/Akt pathway is involved in both integration of neurons into circuits of the brain during
embryonic development, as well as maintenance of these circuits and individual neurons (van Diepen
and Eickholt 2008). Brain-specific deletion of Pten at early developmental stages resulted in
premature death, disrupted lamination in several brain areas, severe seizures, and macrocephaly due
to increased cell number and predominantly increased soma size (Backman et al. 2001; Kwon et al.
2001; Groszer et al. 2001; Fraser et al. 2004; Fraser et al. 2008). Pten-ablation did not cause migration
defects (Zhu et al., 2012). Haploinsufficiency led to hypertrophy and subsequently macrocephaly, and
abnormal social and repetitive behavior (Napoli et al. 2012). These Pten conditional knock-out mice
were affected over the whole brain. Further studies have focused on restricted brain systems.
Independent of brain area, hypertrophy was a shared phenotype amongst all studies. In addition,
hyperplasia, decreased rate of apoptosis, increased number of dendritic arbors and thickened
dendrites were reported (Marino et al. 2002; Diaz-Ruiz et al. 2009). These studies indicate that
embryonic deletion of Pten provides cells with enhanced proliferative capacity. More importantly,
they suggest that even in post-mitotic stage cell morphology is critically regulated by the PTEN
protein. Particularly the latter effect may be implicated in the cause of autistic symptoms in the
postnatal brain. This suggestion is further addressed in conditional knock-out of Pten in postnatal
stages. Here, Pten deletion affected neurons in the postmitotic state, which resulted in hypertrophy
and increases in axonal branching, axon length, dendritic spine thickness and density (Kwon et al.
2006; Domanskyi et al. 2011). Postnatal deletion of Pten is shown to cause abnormal synaptic
plasticity, through an independent pathway. Defects of neuronal excitability and transmission are
common in syndromic forms of ASD, such as FXS, Rett, AS and TS (Sperow et al. 2012; Takeuchi et al.
2013). Interestingly, behavioral studies on Pten-cKO mice revealed strong aberrations in social
behavior, providing a link with behavioral symptoms seen in autism and ASD patients. Interest in
newly introduced mice was significantly reduced and not more apparent in comparison to their
interest in inanimate objects. In addition, abnormalities in sexual behavior, maternal care, responses
to sensory stimuli, anxiety levels and susceptibility to sporadic seizures were observed (Kwon et al.
2006). Postnatal disruption of PTEN in excitatory neurons of the hippocampus results in impaired
spatial memory (Sperow et al. 2012).

Taken together, the phenotypes of Pten deletion in the animal studies described above can be
explained by the unleashing of the PI3K/Akt pathway. The most apparent phenotype is hypertrophy,
an increase in cell soma size, which was found in every study, independent of brain region, cell type
or developmental stage of Pten ablation. The fact that specifically Pten-null cells were increased in
size, but not the neighboring cells, shows that the hypertrophy is a cell autonomous effect of loss of
Pten (Marino et al. 2002; van Diepen and Eickholt 2008). In some studies, hyperplasia was observed
(Groszer et al. 2001; Diaz-Ruiz et al. 2009). Most probably this effect is caused by the increase of Akt
activity as well. It could be partly explained by function of Akt as an anti-apoptotic factor; without
PTEN the rate of apoptosis is decreased. Depending on developmental stage and brain area, this might
become apparent as hyperplasia. Pten ablation at later stages of development showed that PTEN
restricts the number of dendrites, axonal length and thickness of dendritic processes (Marino et al.
2002; Kwon et al. 2006; Diaz-Ruiz et al. 2009; Domanskyi et al. 2011). The phenotype of post-mitotic
PTEN-null neurons can be explained by decreased activity of glycogen synthase kinase 3β (GSK-3β),
a downstream effector that is inhibited by Akt. GSK-3β acts on microtubule binding proteins in a
manner that reduces axon elongation among other effects. In absence of PTEN, GSK-3β will be overly
inhibited, disabling its inhibiting effect on axon elongation. In addition, increased levels of Akt lead to
enhanced protein synthesis, which can result in axonal and dendritic growth stimulation (van Diepen
and Eickholt 2008).
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Table 4: PTEN null mouse models and phenotypes
Cre
Promotor
-/-

germline

Cell
type/brain
areas
suffering
PTEN loss
NA

+/-

germline

NA

NA

NA

-/- Nestincre

Neuronal
cells in the
whole brain

~E11

E14, E18,
P0

-/- GFAPcre

Astrocytes
and neuronal
cells in the
whole brain

~E13

Postnatal
P6 to
several
weeks

-/-

En2cre

Midbrainhindbrain
border
Cerebellum

Initiati
on cre
expres
sion

Age of
experimen
t

Molecular
phenotype

Behavioral
phenotype

Reference

NA

NA

Abnormal
patterning of
cephalic and
caudal regions
Defective chorioallantoic
development
Development of
tumors
Hypertrophy
Lack of foliation of
the cerebellum
Decrease in
apoptosis
Degeneration of
Purkinje cells
Hypertrophy
Hyperplasia
Macrocephaly
Layering defects
in several brain
areas
Hypertrophy
Macrocephaly
Layering defects
in several brain
areas
Hydrocephaly
Increased number
of projections
Increased
dendritic spine
density
Enlarged
abnormal synaptic
structures
Myelination
defects
Hypertrophy
Hyperplasia
Increased number
and thickened
dendrites
Hypertrophy
Thickened
dendrites and
axons

Embryonic
lethality

(Di
Cristofano et
al. 1998;
Suzuki et al.
1998)

-

(Suzuki et al.
1998)
(Marino et
al. 2002)

Neonatal
death

(Groszer et
al. 2001)

Premature
death
Seizures
Ataxia

(Backman et
al. 2001;
Kwon et al.
2001; Fraser
et al. 2004;
Yue et al.
2005; Fraser
et al. 2008)

-

(Diaz-Ruiz et
al. 2009)

NA

(Marino et
al. 2002)

~E9

E15.5,
P1 to
adulthood

-/-

DATcre

Dopaminergi
c neurons

~E15

Postnatal

-/-

L7cre

Purkinje cells

~E17

Postnatal
7-16
weeks

Ataxia
Impairment
of balance
Decrease in
overall
activity
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-/- CamKIIαcre

-/-

NSEcre

+/-

NSEcre

-/-

Datcre-Ert2

Excitatory
neurons in
the forebrain
Subset of
postmitotic
neurons of
the cerebral
cortex and
hippocampus

P21

Subset of
postmitotic
neurons of
the cerebral
cortex and
hippocampus

P28

4 weeks to
adulthood

8 -10
weeks

Postnatal
>16 weeks

Dopaminergi
c neurons

P28

Postnatal
7-8 weeks

2 weeks to
adulthood

Degeneration of
Purkinje cells
Decreased
hippocampal LTP
and impaired LTD
Hypertrophy
Macrocephaly
Aberrant dendritic
arborization &
axonal growth
Enhanced thetaburst-induced LTP
Impaired mGluRdependent LTD
Hypertrophy
Macrocephaly

Hypertrophy
Increased axonal
density and length
Increased
dopamine content

Impaired
spatial
memory
Abnormal
social
interaction &
inappropriat
e response to
sensory
stimuli

(Sperow et
al. 2012)

Aberrant
social
behavior
Repetitive
behavior
(selfgrooming)
NA

(Napoli et al.
2012)

(Kwon et al.
2006;
Takeuchi et
al. 2013)

(Domanskyi
et al. 2011)

Anatomical abnormalities, mostly resulting in lamination defects, were found in studies in which Pten
was ablated in early developmental stages (Backman et al. 2001; Kwon et al. 2001; Groszer et al. 2001;
Fraser et al. 2004; Yue et al. 2005; Fraser et al. 2008). These layering defects are explained by
abnormalities in cell migration and positioning (Marino et al. 2002; van Diepen and Eickholt 2008).
The PI3K pathway functions in both tangential migration of cortical interneurons, but also radial
migration of precursors in the cerebellum (van Diepen and Eickholt 2008). It has been questioned if
these migratory defects are cell autonomous or non-cell autonomous. Results by Kwon et al. (2001)
and Bäckman et al. (2001) may suggest cell autonomous migratory deficits, as only the affected
granule cells in their mutants showed affected migration (Backman et al. 2001; Kwon et al. 2001; van
Diepen and Eickholt 2008). On the contrary, no migratory defects were observed in PTEN-null
granule cells in vitro (Yue et al. 2005), which suggests a non-cell autonomous mechanism. Moreover,
it has been shown that PTEN-null neurons in the rostral migratory stream were not affected in their
migration (Zhu et al. 2012).

Theta-burst-induced LTP and mGluR-dependent LTD were shown to be altered in postnatal Pten-cKO
mice. These abnormalities in synaptic plasticity preceded neuronal morphological abnormalities,
which suggests that there are independent processes at play (Takeuchi et al. 2013). Double mutant
mice, in which Pdk1, a positive regulator of the Akt pathway, is deleted under the same conditions
were created. Synaptic plasticity deficits were rescued (Sperow et al. 2012).
Studies on PTEN demonstrate the importance of the signal transduction cascade in which PTEN is
strategically positioned. An upstream effector, such as MET tyrosine kinase receptor, may exert its
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role as ASD gene product through PTEN (Campbell et al. 2008). Several other prominent ASD genes
are important targets in the PTEN pathway, particularly where this pathway connects to mTOR. The
one commonality these proteins share is their function in the branch of the Akt pathway that regulates
cell growth and protein synthesis (Figure 1). Several studies have shown that the effects from
disruption of one of these genes can be rescued by inhibiting mTOR, another player in the pathway
(Pten (Kwon et al. 2003; Zhou et al. 2009); TSC (Ehninger et al. 2008a)). The mTOR-inhibiting
heterodimeric tuberous sclerosis complex (TSC), consists of hamartin (TSC1) and tuberin (TSC2).
These are under control of the PTEN pathway. Mutation in each one of these genes results in TS, a
neurocutaneous disorder which accounts for 1-4% of autism cases. Moreover, 20-60% of TS patients
present with ASD symptoms (for detailed information see (Ehninger 2013)). TSC1-/- and TSC2-/- mice
display cellular, electrophysiological and behavioral abnormalities and have been used extensively as
animal models for autism. Review of these are beyond the scope of this article and has been covered
by excellent papers (Ehninger and Silva 2011; Sahin 2012; Ehninger 2013).

From neurobiological pathways to pathogenesis and drug targets

The ASD gene products discussed above give mechanistic outlooks on how different protein classes
can impact on the functioning of the synapse and lead to developmental abnormalities (Table 5).
These are the starting points to uncover drug targets and therapeutic strategies.

There are two recent concepts that drive the current attempts to develop pharmacotherapy for
ASDs. The first concept is “reversibility of neurodevelopment”. It tackles the long-standing
assumption that neurodevelopmental disorders are congenital in-born errors that leave the patient
with irreversible developmental abnormalities. This view was challenged by a study of Bird and
colleagues who induced reexpression of Mecp2 in a mouse model with silenced Mecp2 gene (Guy et
al. 2007). Restoration of Mecp2 expression, even in adult mice, robustly reversed behavioral and
electrophysiological abnormalities in a short period. Furthermore, the genetic findings of mental
retardation genes that still operate in the adult brain, and the insight that these genes often impact
synaptic functions that remain highly dynamic in adult stages in an activity-dependent manner,
have strengthened the concept that neurodevelopmental defects are reversible, and may therefore
be rescued by pharmacological agents. For example, work on animal models of TSC showed that
part of the behavioral phenotypes could be reversed by the mTOR inhibitor rapamycin (Ehninger et
al. 2008b; Ehninger and Silva 2011). Similarly, behavioral effects in animal models for FXS could be
reversed by treatment with mGluR antagonists (Bear et al. 2004; Michalon et al. 2012). Moreover,
neurotrophic factors such as Insulin-like growth factor I (Igf1) have been successfully used to
significantly ameliorate and/or reverse synaptic and behavioral phenotypes in models of Rett
Syndrome and Phelan McDermid Syndrome, respectively (Tropea et al. 2009; Bozdagi et al. 2013;
Shcheglovitov et al. 2013). The reversal in itself changed the traditional view of untreatability of
neurodevelopmental defects, and provides hope for therapies.

The second concept is “convergence of pathways”. Potential pharmacotherapy for ASDs, even for
distinct forms or subgroups, might circumvent the large heterogeneity of implicated genetic
mutations affecting a variety of different protein classes (Bill and Geschwind 2009; State and Levitt
2011). The emerging neurobiology of several classes of proteins prompts the notion that only a
limited number of pathways predominate in the pathogenesis. These are presently the most
promising and pursued targets.
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Shank3

Shank2

Shank1

Pten

Nrxn1α

Nlgn4

Nlgn3

Nlgn2

Nlgn1

Mutant mouse
models 
Phenotypes ↓

Cntnap2

Table 5: Phenotypic similarities between mutant mouse models of the genes of interest. The influence of
the selective group of genes elaborated upon in this review on 7 interesting phenotypes are listed. The
observations in mutant mouse models (including Cntnap2 -/-, Nlgn1-/-, Nlgn2-/-, Nlgn3-/-, Nlgn3R451C, Nlgn4-/-,
Nrxn1α-/-, PtenGFAP-Cre, PtenNSE-Cre, PtenDAT-Cre, PtenCamKIIA-Cre, Shank1-/-, Shank2-/-, Shank3-/-, Shank3Ex4-9,
Shank3Ex4-7, Shank3Ex13-16, Shank3Ex11) are presented. When opposing results are described (e.g. due to different
mutations or methods) the predominant result is presented here. Empty spot means that there are no data to
our knowledge (Varoqueaux et al. 2006; Kwon et al. 2006; Dudanova et al. 2007; Tabuchi et al. 2007; Jamain et
al. 2008; Radyushkin et al. 2009; Diaz-Ruiz et al. 2009; Blundell et al. 2010; Silverman et al. 2010; Etherton et
al. 2011; Wöhr et al. 2011; Anderson et al. 2012; Crawley 2012; El-Kordi et al. 2012; Napoli et al. 2012; Sperow
et al. 2012; Baudouin et al. 2012; Olexová et al. 2012; Takeuchi et al. 2013; Won et al. 2013; Argyropoulos et al.
2013; Shinoda et al. 2013; Jiang and Ehlers 2013; Wöhr et al. 2013).

Spine density
Dendritic
arborization
LTP
mGluRdependent LTD
Social
interaction
Communicatio
n
Repetitive
behavior
= Increase

= Impairment/decrease

= No change

Pathways and their convergence can be viewed at the molecular, cellular and systems level. Each of
these levels can thus provide clues for identification of drug targets and treatment strategies. Below
we discuss pathways at these three levels and indicate the present state of utilization in drug
development.
Molecular targets: Modulation of the mTOR pathway and protein synthesis

The mTOR pathway appears heart of several signal transduction and activity-dependent processes
that connect downstream or upstream to a number of important ASD genes. For example, via Akt,
PTEN is an upstream regulator of the mTOR pathway. Reversely, downstream events of mTOR
connect to protein synthesis regulators. The kinase mTOR, particularly as part of the mTORC1
complex, functions as a hub in several cellular responses relevant to ASD pathogenesis and symptoms
(Soulard and Hall 2007; Edge 2012) (Figure 1). It is not only engaged in receptor tyrosine kinase
activation via PI3K/PTEN, Akt and TSC1/TSC2, it is also involved in downstream events triggered by
mGluR1/5 activation via HOMER, PIKE and Akt. A number of downstream substrates of mTOR are

66

part of the activity-dependent protein synthesis machinery itself and are ASD gene products.
Particularly, the FXS gene product FMRP together with CYFIP1, located in the 15q11.2 ASD risk locus,
act as a complex that regulates local protein synthesis in neurons for selective population of mRNAs.
It is of further interest to note that mutations in the eukaryotic initiation factors eIF2γ, part of the
eIF2 complex, and eIF4E were found to cause respectively intellectual disability and ASD in man
(Neves-Pereira et al. 2009; Borck et al. 2012).
Importantly, downstream effects of mTOR impact on mRNA translation due to its control on
complexes required for initiation of protein synthesis (4E-BPs) and S6K1.

There is a body of evidence that mRNA translation also operates locally in dendrites and is linked to
activity of synapses (Kelleher and Bear 2008). Activity-dependent local protein synthesis operates in
dendrites on a selective population of mRNAs, regulates axodendritic functions and assists neuronal
circuits to integrate experience and environment (Ebert and Greenberg 2013). Dendrites and spine
dynamics are therefore central in the pathogenesis, and are considered to be a prominent cause of
neuronal disabilities that ultimately lead to behavioral abnormalities with autistic-like features. As
such, control of local dendritic protein synthesis can be considered a focal point of the pathogenesis
of many forms of ASD (Figure 2) (Bear et al. 2008; Napoli et al. 2008; Kelleher and Bear 2008; Wang
et al. 2009; Auerbach et al. 2011; Osterweil et al. 2013). A dramatic example of disturbed dendritic
functions is Timothy syndrome caused by mutation is in the L-type calcium channel CACNA1C.
Mutation of this channel results in dendritic retraction and ectopic activation of RhoA (Krey et al.
2013).
The mRNAs that are translated locally in dendrites are sorted and transported by RNA-binding
proteins. They include mRNAs for important synaptic components, such as receptors, channels and
scaffolding proteins. FMRP itself can serve as RNA-binding and -transporting protein. Notably, the
transcripts that are bound by FMRP include mRNAs for many known ASD genes, amongst which are
transcripts of FMR1 itself, MECP2, PCDH9, and also for SHANK1-3, NLGN3, PTEN, mTOR, TSC1 and TSC2
(Darnell et al. 2011; Ascano et al. 2012). This suggests that FMRP contributes to the regulation of
biosynthesis of these proteins.

The availability of inhibitors of mTOR is a great advantage in testing the potential of modulation of
this pathway. Such compounds like rapamycin, have been developed to prevent transplant rejection,
and are clinically available. They may be promising lead compounds for drug development in ASD.
The effectiveness of mTOR inhibition in affecting ASD-like symptoms has been demonstrated in a
number of ASD mouse models by reducing or reverting phenotypes caused by mutations in ASD
genes. These models concerned PTEN-/-, Tsc1-/-, Tsc1+/- and Tsc2+/- mice, and treatments with the
mTOR inhibitors rapamycin, RAD001 or CCI-779 (Ehninger et al. 2009; Ehninger and Silva 2011).
Interestingly, mice null for the eukaryotic translation initiation factor 4E-BP, an eIF4E repressor
downstream of mTOR, or overexpression of eIF4E itself exhibited autistic-like behaviors that could
be reversed by the eIF4E inhibitor 4EGI-1 (Napoli et al. 2008; Gkogkas et al. 2012; Santini et al. 2013).
This is in line with the notion that the pathogenesis of ASD involves deregulated translational control,
which can result in exaggerated protein synthesis, and that this is the target by which mTOR
inhibitors reverse these symptoms. The transcripts bound by FMRP further linked translation control
to expression of synaptic adhesion molecules and to synaptic activity (Ascano et al. 2012). Knockout
of 4E-BP led to overexpression of Nlgns and increased the ratio of excitatory to inhibitory inputs
(Gkogkas et al. 2012). A study in which it was demonstrated that the molecular, synaptic and
behavioral defects in FXS mice were corrected by S6K1 ablation, also concluded that deregulated
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translation, leading to excess of protein synthesis, is the cause of the abnormalities (Bhattacharya et
al. 2012).

Consequently, restoration of excess of protein synthesis seems a strategy that targets the core of
pathogenesis. One way is to inhibit synaptic activity at the cellular level through mGluR5 inhibition,
as outlined in the following paragraph. A more direct approach is to interfere with the molecular
machinery that drives protein synthesis. It has been shown that partial inhibition of the ERK1/2
pathway resulted in restoration of normal levels of protein synthesis in an Fmr1-null mouse
(Osterweil et al. 2010). Reasoning that reduction of Ras signaling by dislodging it from the membrane
may have the same effect, inhibitors of the farnesylation pathway have been tested (Osterweil et al.
2013). They discovered that farnesylthiosalicylic acid and lovastatin normalize excessive protein
synthesis in hippocampal slices of Fmr1 knockout mice. Lovastatin corrected exaggerated mGluRinduced LTD, prevented mGluR-induced epileptogenesis and reduced audiogenic seizures in the Fmr1
knock-out (Osterweil et al. 2013). Lovastatin is an inhibitor of the mevalonate pathway already
approved for use in humans. It may have therapeutic potential in the treatment of ASDs (Figure 3).

Cellular targets: Modulation of synaptic activity

A cellular strategy to improve ASD symptoms is to modulate synaptic activity directly with receptor
ligands. Particularly, targeting activity-dependent protein synthesis in animal models of FXS has
proven successful and has pointed to the group I metabotropic receptors mGluR1 and mGluR5 as
potential targets for ASD drug therapy (Bear et al. 2004; Dölen et al. 2007; Michalon et al. 2012). These
receptors are mainly present on the postsynaptic side of axondendritic glutamatergic terminals as
well as on glia cells. In astrocytes mGluR5 expression is driven by their activation state. It appears
that particularly their location on the postsynaptic side and their mediation of activation of the local
protein synthesizing complex, to which FMRP, CYFIP1 and eIFs belong, are important ingredients.

The value of mGluR5 as ASD target has come forward from initial animal models of FXS, in which
increased LTD of hippocampal neurons due to enhanced mGluR5 signaling occurs (Bear et al. 2004).
In line with the ‘mGluR theory’, knockdown of mGluR5 prevents the FMR1-null phenotypes to occur.
Chronic treatment of FMR1 null mice with an mGluR5 antagonist reverses phenotypes at the
behavioral, cellular and molecular levels, even when the treatments are started in adult animals
(Michalon et al. 2012; Pop et al. 2012).

The notion that mGluR5 is a target in ASD demonstrates that synaptic activity is a point of
convergence and a link to dendritic translation control. mGluR5 inhibitors, like MPEP, Fenobam and
CTEP, have been tested in several models of ASD (Antar et al. 2004; Spooren et al. 2012; Pop et al.
2012). Clinical studies in FXS patients have been reported for Fenobam (Berry-Kravis et al. 2009) and
AFQ056 (Jacquemont et al. 2011).

Another therapeutic approach targeting mGluR5 in ASD could be based on findings from loss-ofShank function studies. Knockdown of Shank3, for example, reduces mGluR5 levels and downstream
signaling, mEPSCs and surface GluA1 levels in primary hippocampal neurons. These phenotypes can
be effectively restored in vitro by application of CDPPB, an allosteric agonist of mGluR5 (Verpelli et
al. 2012). Moreover, the NMDA receptor hypofunction phenotype and the social interaction deficits
in the exon 6/7 knockout of Shank2 can be effectively improved in vivo via indirect re-activation of
the NMDA receptor by the aforementioned CDPPB (Won et al. 2012).
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Figure 2 Genes, cellular pathways and pathogenic mechanisms in ASDs Dysregulation of local dendritic
protein synthesis is one of the core features in the pathogenesis of ASDs; it leads to neuronal disabilities and
results ultimately in behavioral symptoms. Local dendritic protein synthesis involves an mRNA translating
machinery, is controlled by intracellular signal transduction routes, particularly mTOR (see figure 1), and is
dependent on glutamatergic neurotransmission at axo-dendritic contacts. ASD candidate genes,

represented by functional protein classes and their relationship to cellular processes involved in ASD
pathology are indicated.
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Endocannabinoids are synthesized as a downstream response to synaptic mGluR5 activation (Kano
et al. 2009). Rimonabant, an antagonist of the cannabinoid receptor type 1 (CB1R), could restore
several, but not all functional defects in Fmr1-/- mice (Busquets-Garcia et al. 2013). Other functions
were affected through the CB2R. This indicates the endocannabinoids participate in glutamateactivated pathways leading to ASD-like symptoms and that these pathways can partly be targeted
through the cannabinoid receptors. In the last decade pharmaceutical companies have seriously
worked on antagonists for the CB1R and CB2R and on inhibitors of endocannabinoid metabolism
(Blankman and Cravatt 2013). Thus, existing compound await evaluation as potential drug in novel
ASD treatments.
Other ways to modulate glutamatergic responsiveness at the dendrite, like acting on the
glutamatergic/GABAergic excitatory-inhibitory balance may provide further options to target ASD. In
FXS animal models components of GABAergic transmission are altered, while in other cases the GABA
excitatory/inhibitory shift can be affected. The cooperativity between GABAergic and glutamatergic
terminals in de regulation of dendritic spine morphology allows for diverse therapeutic strategies
(van Spronsen and Hoogenraad 2010; Spooren et al. 2012). It is of interest that the mixed GABA-A
agonist/mGluR5 antagonist Acamprosite improved symptoms in fragile X patients and in children
with ASD (Erickson et al. 2011; Erickson et al. 2013).
Targets at the systems level: Normalizing ion composition

The notion that dramatic changes in the excitatory/inhibitory balance occur during brain
development has stimulated ideas that effects of ASD gene products may be tackled at the systems
level. Particularly, the developmental shift of polarity of the action of the inhibitory neurotransmitter
GABA has been taken as starting point (Ben-Ari et al. 2012b; Ben-Ari et al. 2012a). In contrast to
postnatal stages, GABA acts as an excitatory transmitter on immature neurons due to the high
intracellular chloride concentrations. In embryonic stages chloride accumulates intracellularly as a
consequence of the early expression of the co-transporter NKCC1 that imports chloride. This allows
GABA to depolarize neurons and act excitatory. During neuronal maturation NKCC1 expression is
repressed and the chloride exporter KCC2 is induced. This causes the action of GABA to switch from
excitation to inhibition. It has been proposed that in neurodevelopmental disorders, like childhood
epilepsy but also ASDs, particular neurons can fail to go through this developmental switch (Ben-Ari
and Spitzer 2010; Ben-Ari et al. 2012a). Neurons prone to such failure are neurons affected in their
ion currents due to mutations in channels, and neurons that remain immature due to defects in
differentiation, migration and connectivity. This results in disturbed excitation/inhibition balances.
In case of knockdown of DCX, it has been shown that cortical neurons that fail to migrate retain
immature responses to GABA. In addition, they develop extensive axonal subcortical projections
(Ackman et al. 2009).

The hypothesis that the developmental GABA shift may provide a target for therapy was initially
tested by treating five autistic children with the NKCC1 antagonist Bumetanide (Lemonnier and BenAri 2010). Recently, significant improvement was observed in a trial with sixty ASD children
(Lemonnier et al. 2012). This compound is generally used as diuretic. If defects in differentiation,
migration and connectivity generally results in failure of neurons to undergo the developmental
GABA switch, the strategy to use simple and safe diuretic therapy may provide a means to suppress
ASD-associated symptoms in those patients that carry genetic variants that impact on the
developmental GABA switch.
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Figure 3 Drug targets in ASD based on pathways that control local dendritic protein synthesis Three
types of potential drugs for ASD are considered. Firstly, compounds that inhibit translation. Lovastatin, a
HMG-CoA inhibitor, reduces excess protein synthesis in a FMR1-null mutant (Osterweil et al. 2013). Secondly,
compounds that inhibit mTOR activity. Rapamycin is a prototype drug that has been shown to reverse
phenotypes in mouse models (Ehninger et al. 2008b; Ehninger and Silva 2011; Osterweil et al. 2013).
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Interconnection of pathways
As outlined above, convergence at the molecular, cellular or systems level can lead to targets for drug
therapy of ASDs. It is clear that these levels are related to each other and that mechanisms display
crosstalk. Taken together, the present state of neurobiological knowledge on the ASD gene products
and the deficits in mouse models of ASD, are providing more detailed views on pathophysiology of
ASDs that are necessary for further drug target identification.

Gene mutations that impact on the mTOR pathway, such as in PTEN, impact on local translation of
transcripts into neuronal proteins. Furthermore, other gene mutations, such as in FMR1, deregulate
translational control directly, having consequences for the expression of neuronal proteins like
mGluRs and cell adhesion molecules. For example, it has been shown that Tsc2+/- mice and Fmr1-/mice have opposite phenotypes in mTOR activity, mGluR-dependent LTD and behavioral
performance. These phenotypes are corrected by mGluR5 modulation in opposite directions or by
crossing both mutations (Auerbach et al. 2011). Thus, there seems to be an optimal tonus of mGluR5dependent protein-synthesis. Moreover, it has been suggested that the decreased protein synthesis
in Tsc2+/- mice is due to increased FMRP activity regulated via mTOR. Indeed genetic ablation of FMR1
can prevent the decreased protein synthesis and the functional downstream effects of it. Again, these
data set a central position for translational control in the mTOR- and FMRP-dependent defects, and
perhaps in the synaptic pathophysiology of ASDs.

Figure 4 Convergence of pathways of ASD gene groups in the synapse. Different protein families, such as
cell adhesion molecules (including Nlgns, Nrxns, Cntns and Cntnap2), scaffolding proteins (including Shanks
and PSD95), signal transduction proteins (including Pten, Akt, Tsc1/2 and mTor), receptors (including mGluR
and NMDA) and translational machinery (including FMRP/CYFIP, eIF4-complex) influence each other directly
and/or indirectly. Pathways converge and ultimately affect local dendritic protein synthesis.
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This may further relate to abnormalities seen in other ASD models. Like Fmr1-/- mice, Nlgn3-/- mice
display a loss of mGluR-dependent LTD and a disrupted hetero-synaptic competition in the
cerebellum, indicating a shared synaptic pathophysiology. These defects could be reversed by reexpression of Nlgn3, suggesting that de defects were caused by an activity state rather than a
permanent structural alteration (Baudouin et al. 2012).

Concluding remarks

While the genetics point to a multitude of culprit genes, comprising multiple protein classes, the
neurobiological mechanisms associated with many gene products converge on synaptic and
axodendritic pathology. Deregulated local dendritic mRNA translation into protein emerges as the
main pathogenic mechanism underlying the abnormalities (Figure 4). Many ASD gene mutations can
be grouped according to the engagement of their gene products in local protein synthesis. One group
of ASD genes codes for factors of the protein synthesis machinery itself or their immediate regulators,
like FMRP, a second for signal transduction components of the mTOR pathway that acts on
translation, like PTEN, and a third that directly or indirectly impacts on synaptic properties and
activity to which protein synthesis responds (Figure 3). The latter seems the largest group, including
cell adhesion molecules, scaffolding molecules, cytoskeletal modulators, receptors, and channels.
These factors may reshape synaptic contacts thereby ultimately affecting the dendritic responses to
neurotransmitter activation. These groups of gene products seem to be linked. For example, the FMRP
protein binds and transports transcripts of ASD genes coding for signal transduction and protein
synthesis components. It underscores a postulate that ASD gene products are dynamically linked in a
regulatory loop. Such a loop could be balanced by optimal synaptic activity and particularly depend
on tonic activation by group I mGluRs. A misbalance may occur when the loop is disturbed, for
instance by a gene mutation that affects one component, like in TSC1/2 or FMRP, while the loop
remains relatively in balance when both opposing components are lost simultaneously, like in a
TSC1/2-FMRP double mutant (Auerbach et al. 2011). Furthermore, GABAergic inhibitory activity may
interfere with the glutamatergic control at the level of the dendrite.
Most of our insights in the pathogenesis of ASD is based on only a few animal models,
particularly Fmr1-/-, Tsc1/2-/- and MeCP2-/- mouse lines, derived from syndromes with autism as
comorbidity. Consequently, these can only provide a limited view on the vast neurobiological
landscape of ASDs. The number of mouse models based on knockout of other genes is rapidly growing.
They include amongst others null mutants for all Shank genes, Nrxn’s and Nlgn’s, signal transduction
components like Pten, and ion channels like Scn1a (Delorme et al. 2013). Moreover, gene knockouts
have been introduced in rats providing animal models that will allow more sophisticated behavioral
and physiological analyses (Kas et al. 2013). Finally, the creation of iPS cells from ASD patients is in
high gear (Price et al, this issue). These can importantly contribute to detailing molecular and cellular
aspects of ASD pathogenesis and developing high-through put compound screens in the patient’s own
genetic background. With a large set of ASD genes in hand and the current outlook on ASD
pathogenesis and drug targets, the conditions are favorable to push for further development of
pharmacological treatments of ASDs.
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CHAPTER 4
Conditional knockout of Pten in the mesencephalic
dopaminergic system results in robust morphological
changes and a complex neurochemical adaptation
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Abstract

PTEN is one of the most protruding autism spectrum disorder (ASD) risk genes and mutations in
PTEN often cause macrocephaly. In order to study the effects of loss of Pten, we analyzed a mouse
model in which Pten was knocked out in a time- and space controlled manner. We generated a
conditional knockout (cKO) mouse in which Pten was deleted in the post-mitotic Pitx3-expressing
neurons of the mesencephalic dopaminergic (mesDA) system. The wealth of knowledge of the
development of this system allows for careful analysis of the consequences of Pten-deletion. We
describe a mesDA system, in which neurons, their nuclei and the axonal bundle are increased as a
consequence of loss of Pten. However dopamine (DA) content and turnover were unaffected, the
levels of striatal post-synaptic targets Drd1, substance P, dynorphin and enkephalin were decreased,
whereas levels of Drd2 were not significantly altered. Locomotor activity was measured and cKO mice
covered more distance in an open field. They did so at higher velocity. Interestingly, the cKO animals
showed decreased sensitivity to d-amphetamine. In conclusion, loss of Pten affects the mesDA system
in multiple ways, resulting in a system that is less sensitive to DA and the effects of d-amphetamine.
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Introduction

Autism spectrum disorder (ASD) is a neuropsychiatric disorder, in which the symptoms are very
heterogeneous in nature and severity. Besides the heterogeneity in symptoms, the genetic landscape
is even so variant. Hundreds of genes have been associated with ASD, which are most prominently
involved in signal transduction, protein synthesis, chromatin remodeling and synaptic functioning
(Bourgeron 2015a; Kleijer et al. 2017).

In the extensive pool of ASD risk genes, phosphatase and tensin homolog (PTEN) is one of the most
frequently found mutated genes and often co-occurs with macrocephaly (Kleijer et al. 2014;
Bourgeron 2015b). Originally identified as a tumor suppressor gene, PTEN controls pathways that
are well known. PTEN inhibits the PI3K/Akt pathway and therewith constrains the activity of mTOR
and its downstream effects. In this pathway multiple ASD risk proteins can be identified, such as the
tuberous sclerose complex (TSC1/2) and fragile X mental retardation (FMR1) (Kleijer et al. 2014;
Bourgeron 2015b).

PTEN is ubiquitously expressed in the brain and peripheral tissues in men and mice. Germline
ablation of Pten in mice leads to embryonic lethality (Di Cristofano et al. 1998; Suzuki et al. 1998) and
heterozygous loss in extremely complex phenotypes that cannot be dissected further than overall
macrocephaly (Clipperton-allen and Page 2014; Clipperton-Allen and Page 2015). The use of
conditional knockout (cKO) mice has provided the possibility to examine the function of Pten in
restricted brain regions and more specific neuronal populations. Described effects of Pten KO in
neurons include macrocephaly, hypertrophy, hyperplasia and thickened and elongated dendrites and
axon (Kleijer et al. 2014).
ASD research is in demand of animal models in which interventions can be assessed directly. The
mTOR pathway has been identified a promising target for treatments that can reverse
neurodevelopmental abnormalities in mice (Ehninger and Silva 2011; Ehninger 2013). We chose to
create an animal model that displays morphological phenotypes in a well-characterized neuronal
system upon a Pten mutation. We generated such a mouse by conditional knockout of the Pten gene
in the mesencephalic dopaminergic (mesDA) system in an early postmitotic state.

MesDA neurons are located in the retrorubral field (RRF, a.k.a. A8), the substantia nigra pars compacta
(SNc, a.k.a.A9) and the ventral tegmental area (VTA, a.k.a. A10), each forming specific connections
with forebrain structures. Besides strong neuropsychiatric implications of the mesDA system (DerAvakian et al. 2016), including ASD (Ernst et al. 1997; Clipperton-allen and Page 2014), the brain
regions, neural circuitry and functioning are very well described, and thus form a template for studies
into abnormalities caused by this mutation.

The development of the mesDA involves a switch to a post-mitotic stage and refinement of
neurotransmitter identity and connectivity, starting around E10 (Smits et al. 2006; Gale and Li 2008).
The transcription factor Pitx3 marks this stage and therefore is an appropriate driver of Cre
expression for targeting this system post-mitotically (Smidt et al. 1997; Smidt et al. 2012).
Neurons in the SNc project to the dorsolateral striatum via the nigrostriatal pathway and regulate
motor function. MesDA neurons in the VTA and RRF project to the ventromedial striatum and cortical
and limbic areas along mesocortical and mesolimbic pathways, respectively (Smits et al. 2006).
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The wealth of knowledge about the mesDA systems allows for careful analysis of the development of
this system in absence of Pten. Moreover, since chronically altered dopaminergic transmission in this
system is tightly coupled to adaptations in the target areas (Sibley and Monsma 1992), a shift of preand post-synaptic processes is expected. Using neurochemical parameters these adaptive shifts may
be characterized, as already indicated by several studies in which Pten knockout included the mesDA
neurons (Diaz-Ruiz et al. 2009; Clipperton-allen and Page 2014).

In order to dissect the consequences of loss of Pten for the brain further, we aimed to analyze the
mesDA system time-controlled. Therefore, we characterize the consequence of developmental
knockout of Pten at the molecular, morphological and neurochemical level. We also describe
abnormalities that may provide useful read-outs to use in potential ASD-drug target validation
studies.

Methods and Materials

Animals and generation of a new allele
PtenLoxp animals were obtained from The Jackson Laboratory (Stock 006440; Sacramento, CA, USA)
and crossed with Pitx3Cre animals, which were generated and described by Smidt et al. (2012) (Smidt
et al. 2012). With Pten being localized at 19:32,832,067-32,900,650 (+) and Pitx3 at 19:46,210,17546,222,815 (-), it was necessary to create a new allele on which the floxed Pten gene and the Pitx3Cre gene were present, by recombination on the long arm of chromosome 19. Since the distance of
the two genes was approximately 13cM, the frequency of the recombination event was estimated to
be about 1 in 7.5. Recombination was detected when the offspring was homozygous for one or both
mutations. After obtaining one female carrier, this mouse was used for further breeding of this new
allele. When a robust cohort was obtained, they were backcrossed with unrelated C57Bl/6J mice.

The conditional knock-out (cKO) PtenLoxp/LoxpPitx3Cre/+ mice were used as experimental animals and
will be referred to as cKO mice. Pten+/+Pitx3Cre/+ were used and will be referred to as controls. For the
experiments cKO animals and control animals were obtained from separate litters, due to the fact that
both genes are located on the same chromosome.
For Pten genotyping, primers (FW: 5’ CAA GCA CTC TGC GAA CTG AG 3’; RV: 5’ AAG TTT TTG AAG
GCA AGA TGC 3’) and PCR program were used following the advice of Jackson Laboratory. For Pitx3
genotyping we followed the protocol of Smidt and colleagues (Smidt et al. 2012).

During the generation of this mouse model, we found significant differences in body composition
between control and cKO animals. These data are described and elaborated upon in appendix A of
this thesis.
All experiments were approved by the Animal Experimentation Committee of Utrecht University and
all animals were housed and handled in agreement with the Dutch Laws (Wet op de Dierproeven,
1996) and European regulations (Guideline 86/609/EEC).

Tissue

Embryonic brains (E18.5) were dissected and postfixated in 4% PFA over night (O/N) at 4°C and
cryoprotected in 30% sucrose. The day of the vaginal plug was considered E0.5 and day of birth P0.
For the postnatal brains (P8 and adult) the animals received an intraperitoneal (ip.) injection with
pentobarbital (20mg/kg; Euthanimal, Alfasan, the Netherlands) and were transcardially perfused
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with PBS, followed by 4% PFA. The brains were dissected, postfixated (4% PFA, O/N, 4°C) and
cryoprotected in 30% sucrose. Brains were coronally and sagittally sectioned (40µm).
Morphological analysis

Immunohistochemistry (IHC) was performed on the sections according to a standard protocol,
including a blocking step (1h, 2.5% normal goat serum, 2.5% BSA, 0.3% Triton-X in PBS), incubation
with primary antibodies (O/N, 4°C) and incubation with secondary antibodies (2h, room temperature
(RT)). Rabbit-α-TH (1:1000, Millipore, CA, USA), mouse-α-TH (1:1000, Millipore, Temecula, CA, USA)
and rabbit-α-Pitx3 (1:500, generous gift from Prof.Dr. M.P. Smidt) were used as primary antibodies.
Appropriate secondary antibodies were selected from the Molecular Probes Alexa Series (1:1000,
Invitrogen, CA, USA). Pictures were taken using a fluorescent microscope and analyzed with ImageJ
software (1.49 P). To measure area, soma and nucleus size in coronal sections, TH staining was used
to demarcate the area, select cells and visualize soma and nuclei. Two experimenters (K.T.E.K and
A.H.), blind for the genotypes, carried out the manual area selection, cell and nucleus size
measurements.
For measurements of the medial forebrain bundle (MFB), one section containing the central aspect of
the MFB and two adjacent sections were used. A line was drawn perpendicular to the direction of the
bundle. Thickness was measured multiple times and averaged per animal.
Results were statistically analyzed by means of separate ANOVA analyses using IBM SPSS statistics
20 (2011).
Radio-active in situ hybridization

Adult brains were dissected and snap frozen in isopentane (2-methylbutaan; 55-60°C). The brains
were hemisected and one hemisphere was cryosectioned (16µm) and used for radioactive in situ
hybridization (RA-ISH). RA-ISH was carried out following standard procedure. In brief, the sections
were shortly fixated with fresh 4% PFA, washed in PBS and acetylated with 0.25% acetic anhydrite
in 0.1M triethanolamine. After dehydration in a series of ethanol concentrations, the sections were
hybridized in a hybridization mix containing the 33P-labeled RNA probed (72°C, O/N). Stringent
washes with 5x and 0.2x SSC were performed, after which the sections were dehydrated and air-dried.
The sections were exposed to BAS-MS 2340 imaging plated (Fuji Photo Film Co. Ltd, Tokyo, Japan) for
7 days, after which the plates were scanned by the FLA-5000 imaging system (Fuji Photo Film Co. Ltd,
Tokyo, Japan). Quantitative analysis was performed using AIDA Image Analyzer Software (Raytest,
Straubenhardt, Germany).
Gene expression was analyzed in rostral, medial and caudal parts of the striatum. For each genotype
7-8 animals were tested and for each regions three sections were measured. For statistical analysis,
IBM SPSS statistics 20 (2011) was used for a two-tailed Student’s t-test.

A 851-bp fragment containing bp 102–953 of the coding region from the rat D1 receptor, a 922-bp
fragment containing bp 345–1263 of the coding region from the mouse D2 receptor, a 488-bp
fragment containing bp 172–659 of the coding region from the mouse enkephalin gene, a 560-bp rat
substance P fragment (Smits et al. 2005) and a 1700-bp rat dynorphin fragment of the single exon
were used a for preparations of the probes (Civelli et al. 1985; Smits et al. 2005). In addition, the
probes were prepared with [α-33P] UTP (ICN Biomedicals, USA), and SP6, T7 or T3 RNA polymerase
(Roche, Mannheim).
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Quantitation of dopamine and metabolites
The second hemisphere of the snap frozen brains was used for tissue collection for the purpose of
high performance liquid chromatography (HPLC). Tissue punches were taken from 200µm thick
sections with a glass pipet with a diameter of 0.8mm. Area selection was based upon the Mouse Brain
Atlas (Paxinos and Franklin 2001) using the following coordinates: Prefrontal cortex; +1.94 +1.70mm from bregma (PrL and IL), rostral striatum; +1.54 - + 1.18mm from bregma (CPu), medial
and ventral striatum; +1.10 - +0.70mm from bregma (CPu and Acbc, respectively), caudal striatum;
+0.62 – +0.14 mm from bregma (CPu).
Tissue punches were homogenized by sonification in 0.1 N perchloric acid and 0.1% cysteine (Sigma
C-7755, Sigma Aldrich), containing 0.01N α-methyl-serotonin as internal standard. After sonification,
samples were incubated with 7.7 N KOH/ 6N HCOOH at 4°C for 10min. The samples were centrifuged
and the supernatant was used for high performance liquid chromatography (HPLC) measurements.
The pellet was suspended in 1M NaOH and used for protein determination establish the compound
levels per mg. of protein using the BCA kit (BCATM Protein Assay Kit, Thermoscientific, Rockford, USA).

HPLC measurements were performed to investigate tissue concentrations of dopamine (DA),
serotonin and their metabolites 3,4-dihydroxyphenylacetic acid (DOPAC), homovanillic acid (HVA)
and 5-Hydroxyindoleacetic acid (5-HIAA). Procedures were followed as described in (Klomp et al.
2014). HPLC ALEXYS 100 2D system was equipped with electrochemical detection (DECADE II) from
ANTEC Leyden (Zoeterwoude, The Netherlands). Samples were injected onto ALF-115 (150 mm×1
mm, 3 µm C18) columns, with a mobile phase consisting of 100 mM phosphoric acid, 1 mM KCl, 2.43
mM octanesulphonic acid (OSA) and 16% methanol in milliQ water adjusted to a pH of 3.30. The flow
rate was kept constant at 0.035 mL/min. Electrochemical potentials were set at 550 mV against an
Ag/AgCl reference in the ISAAC electrochemical cell. Separation occurred at 38°C. Clarity (3.0.3.358)
software was used to analyze the signals. The detection limits in a 5 µL sample (signal to noise
ratio = 3) were 0.07 nM for all neurochemicals.
Behavioral analysis

For baseline locomotor activity measurement, adult male mice were placed in a macrolon type IV cage
(595x380x200mm) containing sawdust for 80 min. The locomotor behavior was recorded and
tracked by software program Ethovision 7.0 (Noldus Information Technology, Wageningen).

To measure the effect of d-amphetamine administration the mice were first habituated to the
environment of a macrolon type IV cage (30 min). After habituation, mice were weighed and either
administered with d-amphetamine (ip; 2.5 mg/kg or 4mg/kg body weight) or saline. Following the
treatment, the mice were placed back into the testing arena and recorded and tracked for another 80
min. Four days later, the same procedure was applied with mice receiving the other substance (damphetamine or saline) than before.
Statistics
For all data, IBM SPSS statistics 20 (2011) was used for statistical analysis. A one-way ANOVA was
used to determine significance for locomotor activity in the baseline, d-amphetamine and saline
condition. As the variance in the locomotor activity did not always appear homogenous, equality of
variance was tested using a Levene’s test. In case of unequal variance between groups, a Welch followup test was performed with the one-way ANOVA. Two outliers (1 control & 1 cKO) were detected
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according to the outlier labeling rule (g=2.2; Hoaglin & Iglewicz, 1987; Tukey, 1997) and disregarded
from the data in the 4 mg/kg d-amphetamine condition.

Results

Pten expression is specifically deleted in the mesDA system.
In this study we created a genetically modified mouse model in which Pten is specifically ablated in
the mesDA system from early development onwards. Pitx3 expression starts around E11 and is
largely restricted to Th-expressing neurons of the VTA, SNc, RRF and the eye lens (Smidt et al. 2012).
To this end, animals carrying LoxP sites flanking exon 5 of the Pten gene (Lesche et al. 2002) were
crossed with Pitx3Cre transgenic mice (Smidt et al. 2012). Since Pten and Pitx3 are localized in close
proximity on chromosome 19, it was necessary to select for allelic crossovers between the modified
Pitx3 and Pten alleles. After generation of a mouse line carrying both PtenLoxP and Pitx3Cre on the same
allele of chromosome 19, cKO animals could be bred. We first investigated whether Cre knocked in in
the Pitx3 gene would delete exon 5 of the Pten gene in the midbrain. Genotyping brain tissue of the
cortex, striatum, hippocampus, ventral midbrain and cerebellum demonstrated excision of exon 5
(Δ5) in the mesDA (Fig.1A; lane 4). No excision could be detected in the other brain regions (Fig.1A;
lanes 1-3, 5), suggesting that the Pten deletion was specific for mesDA neurons.
Conditional Pten deletion increases soma and nucleus size.

In order to investigate the effect of Pten deletion on developing mesDA neurons, we performed a
morphological analysis, using TH as a marker at three developmental stages; E18.5 (Fig.2A), P8
(Fig.2B) and at adulthood (Fig.2C). TH-staining showed that the gross anatomy of the mesDA system
was intact. Soma size of individual cells was measured and found to be increased in cKO animals at
E18.5, P8 and at adulthood in both the SNc (Fig.2E) and VTA (Fig.2F) as compared to control animals.
Measurements of the nuclear diameter demonstrated a significant increase in size in adult cKO mice
in the VTA and SNc (Fig.2G). These data showed that deletion of Pten caused hypertrophy
accompanied with increased nuclear size in these neurons.

Conditional Pten deletion expands the VTA and SNc and affects mesDA projections towards the striatum.

Next, we aimed to investigate how Pten deletion and the corresponding cellular phenotype affected
the mesDA system and its projections. Area measurements were performed using TH-staining to
demarcate the VTA and SNc (Fig.1B-D). In cKO animals the VTA and SNc were significantly expanded
compared to controls at E18.5, P8 and at adulthood (Fig.1E). Compatibly, the width of the medial
forebrain bundle (MFB), running from the mesDA towards the striatum and prefrontal cortex, was
significantly increased in adult cKO mice compared to controls (Fig.3A-C).
Neurochemical adaptation of the dopaminergic system following conditional deletion of Pten.

To investigate the neurochemical adaptation of the mesDA system to deletion of Pten, we examined
the tissue levels of DA, serotonin, DOPAC, 5-HIAA and HVA in the striatum (CPu), ventral striatum
(NAcc) and the prefrontal cortex. DA levels were not significantly increased in any of the areas
measured (Fig.3D). Since DA levels may vary within the striatum, the dorsal striatum was divided into
a rostral, medial and caudal part. With this division of the dorsal striatum DA levels were not
significantly different (Fig.3E).
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Figure 1. Deletion of Pten causes an increase in the surface of TH-positive mesDA system. PtenLoxp/Loxp
genotype results in full deletion in presence of Pitx3-driven-cre, but not in other brain regions (A). The area of
TH-positive cells is expanded at E18.5 (p=0.31, n=4v5) (B), P8 (p=0.05, n=4v3) (C) and adulthood (p=0.00,
n=6v5) (D) in the cKO animals compared to controls (E). Scalebars: 200µm, *; p<0.05, **; p<0.01, error bars;
standard error of the mean, ctx; cortex, str; striatum, hip; hippocampus, mDA; mesencephalic dopaminergic
system, Cerb; cerebellum.

DOPAC (p=0.046) and HVA (p=0.026) were significantly increased in the medial striatum of cKO mice.
No other significant differences were detected (data not shown, n= 5 v 4).

Since DA secretion and turnover is very dynamic, we complemented the data with measurements of
the transcript levels of DA receptors (Drd1 and Drd2) and DA sensitive neuropeptides (substance P
and dynorphin, and enkephalin, respectively) using in situ hybridization. (Fig.4). Levels of Drd1
mRNA was significantly decreased in the rostral and medial striatum of cKO animals (Fig.4B).
Consequently, a distinct trend towards significance was detected in the level of Substance P mRNA in
the same areas (Fig.4D). Whereas the mRNA levels of dynorphin were not significantly decreased in
these areas, a trend towards significant reduction was observed in the caudal striatum (Fig.4F). No
significant differences were found in Drd2 mRNA levels (Fig.4C), but enkephalin mRNA was
significantly decreased in the rostral striatum (Fig.4E).
Conditional Pten deletion causes increased novelty-induced locomotor activity.

Locomotor activity is affected by striatal DA signaling (Beninger 1983). We used locomotor activity
as a read-out to explore the state and responsiveness of DA transmission in the cKO mice. Introduced
to a novel environment, cKO mice covered more distance to explore the environment (Fig.5A). The
increased novelty-induced motor activity levels normalized after habituation. On average the cKO
mice performed at significantly higher velocity (control, 3.64 cm/s; cKO 4.72 cm/s, n=6v9; p=0.008).
Conditional Pten deletion causes unresponsiveness to low doses of d-amphetamine.

Next, d-amphetamine-induced locomotor activity was examined. D-amphetamine affects
dopaminergic signaling through several presynaptic routes, resulting in maximum release and an
increased availability of DA in the synaptic cleft. Administration of 2.5 mg/kg d-amphetamine
increased locomotor activity of control animals (n=6), but had no significant effect on the cKO mice
(n=8) (Fig.5B). In the first 40 minutes mice of the control group was significantly more active than
the cKO animals that received d-amphetamine. Administration of 4 mg/kg d-amphetamine increased
locomotor activity in both the control (n=9) and cKO (n=11) group. The response to this dose did not
significantly differ between the groups. No significant difference between the control and cKO group
was found in the saline treated conditions (Fig.5C).

Discussion

Here we characterize a cKO mouse model in which Pten is deleted in the mesDA system. In this mouse
model Pten is deleted by Pitx3-driven Cre expression, which starts around E11. This means that Pten
is ablated in the cKO animals post-mitotically during mesDA differentiation (Smits et al. 2006; Gale
and Li 2008). We have explored this cKO model in order to provide robust read-outs for potential
ASD-drug target validation.
Morphological abnormalities in the Pten cKO

At first look the affected mesDA system revealed a significant increase in the area size of the SNc and
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Figure 2. Pten deletion causes an increase in soma and nucleus size. Soma size of TH-positive neurons in
the SNc (E) and VTA (F) are increased in the cKO compared to controls at E18.5 (A; SNc p=0.009, VTA
p=0.022, n=3v5), at P8 (B; ; SNc p=0.006, VTA p=0.002, n=4v4) and at adulthood (C; SNc p=0.001, VTA
p=0.000, n=6v6). The nucleus of adult cKO mice compared to controls is enlarged (G; SNc p=0.001, VTA
p=0.000, n=5v6). Scalebars; 50µm,*; p<0.05, **; p<0.01, error bars; standard error of the mean.

VTA (Fig.1B-E). Measurements of the soma diameter of TH-positive cells demonstrated that Pten
deletion led to hypertrophy (Fig.2A-E). In previously researched animal models, hypertrophy has also
been reported as a consequence of Pten deletion (Kleijer et al. 2014). It is hypothesized that
hypertrophy may be the direct consequence of the enhanced activity of the AKT pathway, which
stimulates growth and protein synthesis. This strong phenotype is very robust and easily to assess,
and could therefore serve as simple read-out for functionality of the AKT pathway.

In addition to the increased soma size, we demonstrated that the nuclei of Pten-ablated neurons was
almost twice as large as control neurons (Fig.2F). Interestingly, this may suggest that the neurons are
polyploid as a result of Pten deletion, an observation that has been described before in non-neuronal
cells (Gupta et al. 2009; Zhang et al. 2016). Firm establishment of polyploidy needs to be done using
centromeric markers. Progenitors of dopaminergic neurons in the mesDA system undergo mitosis till
around E10 when Nurr1 starts to be expressed (Smits et al. 2006; Gale and Li 2008). Shortly after, at
E11, Pitx3 expression is initiated, which results in co-expression of Cre recombinase and concomitant
Pten deletion in the cKO mice. (Hegarty et al. 2013). Numerical chromosome aberrations as a result
of loss of Pten have been suggested to be due to multiple defective mitotic checkpoints (Gupta et al.
2009). Additionally, it has been reported that Pten controls mitotic stability through the
phosphorylation of Polo-like kinase 1 (PLK1), which would be beyond the PI3K/Akt pathway (Zhang
et al. 2016). In our model, however, Pten is deleted in post-mitotic neurons, which suggests that
another mechanism is at play. It will be of interest to understand the consequences of polyploidy for
neuronal functioning and to know if ASD patients with loss of function alleles of Pten also display
polyploidy.
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Figure 3. Pten deletion affects the width of the MFB, but not DA tissue levels. MFB is visualized with TH
(A,B) and width was measured perpendicular to the axonal direction in control (A, A’) and cKO (B, B’). MFB
width is increased in cKO animals (n=4) compared to controls (n=4, p= 0.047) C). HPLC measurements revealed
no significant difference in DA tissue levels in the PFC (n=5v4), NAcc (n=5v5) and striatum (n=5v4) (D). When
divided into a rostral, medial and caudal striatum, no significant difference was detected (r,m,c n=5v5) (E). *;
p<0.05, scalebars; 200µm, error bars; standard error of the mean, MFB; medial forebrain bundle, DA; dopamine,
PFC; prefrontal cortex, NAcc, nucleus accumbens, CPu; caudate putamen, r; rostral, m; medial, c; caudal.
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Figure 4. Striatal levels of drd1 and enkephalin are decreased in cKO mice. With radio-active in situ
hybridization levels of drd1 (r,m,c n=7 v 8), substance p (r,m,c n=8v8), dynorphin (r,m n=8v7, c n=8v4), drd2
(r,m n=6v7, c n=7v8) and encephalin (r,m,c n=3v2) were analyzed in the rostral (r), medial (m) and caudal (c)
striatum (A). In the rostral and medial striatum levels of drd1 were significantly reduced (p=0.020, 0.036) (B).
Substance p followed the same trend in (p=0.099, 0.099) (D). Dynorphin showed a reduced level in the caudal
striatum (p=0.094) (F). Levels of drd2 were not significantly different (C). Levels of enkephalin were strongly
decreased in the rostral striatum (p=0.047) (E). _; p<0.10, *; p<0.05, error bars; standard error of the mean.
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Figure 5. Aberrations in novelty- and d-amphetamine induced locomotor activity. (A) Mean distance (cm)
moved at baseline condition in a novel environment by control (n=6) and cKO (n=10) mice during 80 minutes,
expressed in 10 minute bins. cKO animals show increased novelty-induced locomotor activity (per 10 min;
p=0.003, 0.006, 0.019, 0.062, 0.008, 0.078, 0.181, 0.854, total; p=0.08. (B) Mean distance moved after injection
of d-amphetamine (2.5 mg/kg) (control, n=6; cKO n=8) or saline (control, n=6; cKO n=8) in a familiar
environment during 80 minutes, expressed in 10 minute bins. d-amphetamine increased locomotor activity in
control animals, but has no effect on cKO mice. Control mice were significantly more active than cKO animals
(per 10 min; p=0.000, 0.000, 0.000, 0.057, 0.268, 0.348, 0.995, total; p=0.002). (C) Mean distance moved after
injection of d-amphetamine (4 mg/kg) (control, n=9; cKO n=11) or saline (control, n=9; cKO n=9) in a familiar
environment during 80 minutes, expressed in 10 minute bins. d-amphetamine increased locomotor activity in
both control and cKO animals, without significant difference (for all timebins p>0.05, total; p=0.310). Error
bars; standard error of the mean.

The mesDA system in our cKO model appears significantly enhanced at the morphological level.
Besides the enlarged soma and nuclei (Figure 2), the width of the MFB was increased (Figure 3C). The
MFB consists of axonal projections running from the VTA and SNc to the striatum and PFC. The
increased width may reflect thicker and/or more axons originating in the VTA and SNc. In any case,
these data suggest that functional activities of mesDA neurons may also be increased.
Changes in the neurochemical character of Pten ablated mesDA system.

The enhancement of the soma, nuclei and MFB was not accompanied by an increase in DA levels in
striatal and prefrontal tissue samples (Fig.3D,E). In the medial striatum of cKO mice metabolites
DOPAC and HVA were significantly increased, however, DA turn-over was not significantly increased.
Only in the prefrontal cortex of cKO mice an increased DA turn-over was suggested (DOPAC/DA;
n=5v4, p=0.0514, HVA/DA; n=5v4, p=0.0356). Although this result is significant and interesting, the
results of the HPLC were generally indefinite. The variance was high and the tissue appeared very
sensitive to temperature fluctuations. Therefore, although the results suggest that the mesDA tissue
content was not altered by loss of Pten, these data should be regarded with caution.

Further analysis of molecular DA activity markers showed that the dopaminergic signaling system
appears rigorously affected. In the rostral and medial striatum the number of Drd1 receptors was
significantly decreased in cKO mice compared to control mice (Fig.4B). An adaptive downregulation
of DA responsiveness was also reflected in trend-level decreases of the levels of Substance P and
dynorphin (Figure 4D). These neuropeptides are present in Drd1-expressing post-synaptic neurons
(Jaber et al. 1996). Such decrease in Drd1 and the neuropeptides also occurs in DA-/- mutant mice
(Zhou and Palmiter 1995). Whereas Drd2 levels were not significantly affected, the post-synaptic
target enkephalin showed a decrease in the rostral striatum of cKO compared to control mice (Figure
4E).
Altered locomotor behavior and d-amphetamine sensitivity in the Pten cKO.

When introduced to a novel environment the cKO mice covered more distance to explore the novel
environment (Figure 5A). Interestingly, they did so at higher velocity, which may have influenced the
distance covered as well. In this case the increased velocity may account for the significant increase
in distance covered by the cKO mice. Increased locomotor activity in a novel environment commonly
suggests higher DA transmission, but is also reported in response to downregulation of Drd1 (Jaber
et al. 1996). In this study, the HPLC measurements did not detect significantly increased DA levels or
turn-over, but downregulation of Drd1 was demonstrated.
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Interestingly, administration of 2.5mg/kg d-amphetamine did not influence the locomotor activity of
cKO mice, while control mice showed a predictable increase in activity conform literature data (Urs
and Caron 2014). D-amphetamine increases the availability of DA in the synaptic cleft by stimulating
the release of DA stored in synaptic vesicles and impeding DA re-uptake. Since basal DA tissue levels
were not changed in the cKO mice, we hypothesize that the resistance to this dosage of damphetamine is due to a reduced responsiveness at the level of receptors and downstream signaling.
The decrease in Drd1 as well as those of neuropeptide mRNAs is in line with this explanation. Drd1
mutant mice are shown to be less sensitive for psychostimulants (Jaber et al. 1996). Interestingly,
conditional knockout of GSK3β, which functions downstream of Pten, in Drd2-expressing striatal
neurons shows a similar phenotype. These animals did not show hyperlocomotion upon damphetamine administration (Urs and Caron 2014).

Conclusion

The current study demonstrates a severely affected mesDA system as a result of postmitotic Pten
deletion. Affected neurons showed an increase in soma size, nucleus size and enhanced projections.
While steady-state DA levels were not altered, the sensitivity of the system was decreased. The
distance covered in a novel environment significantly higher in cKO mice, but a decreased sensitivity
was to d-amphetamine was observed. In conclusion, the morphological phenotypes described would
be valuable in further studies involving ASD-drug validation. The neurochemical and locomotor
parameters are less appropriate due to the complex and composite nature of adaptive changes in the
dopamine system.
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Introduction

In the previous chapter, we described the effect of early embryonic Pten deletion in the
mesencephalic dopaminergic (mesDA) system. The consequences of Pten deletion included local
hypertrophy, signs of polyploidy, enhanced projections and an adaptation in the striatal
dopaminergic signaling system. In addition, an increase in locomotor behavior in a novel
environment was observed. This was interpreted as a result of the alterations in the mesDA system.
During the breeding of the Pten cKO mouse it was observed that adult cKO mice had a higher body
weight than control animals. As described in the previous chapter, embryonic Pten deletion was
realized by expression of the enzyme Cre, under the control of the Pitx3 gene1. Pitx3-Cre-mediated
Pten deletion occurs most prominently in the mesDA system and the eye, which is in accordance with
the tissue-specific expression of the Pitx3 gene. However, it has been reported that Pitx3 is also
expressed in the skeletal muscles of mice controlled by an alternative promotor1,2. Since such
expression may interfere with our experiments, we analyzed the peripheral changes in our Pten cKO
mouse. The conducted additional experiments are described in this appendiceal .

Methods and results
Animals

The experimental animals carried the genotype PtenLoxP/LoxPPitx3cre/+, referred to as cKO mice, and the
control group Pten+/+Pitx3cre/+. The animals were created and bred as described in chapter 4. At all
moments the mice were socially housed with 2-4 mice per cage. Water and chow was available ad
libitum. All experimental procedures were in accordance with the Dutch law (Wet op dierproeven,
1996) and European regulations (Guideline 2010/63/EU).
Statistics

For all data, IBM SPSS statistics 20 (2011) was used for statistical analysis. A one-way ANOVA was
used to determine significance for each parameter. Two outliers, both in the cKO group, were
disregarded from the data, based upon the the outlier labeling rule (g=2.2; 3,4)
Litter size

Because of the fact that both modified genes are situated in close proximity at the same chromosome,
it was not possible to analyze control and cKO mice from the same litters. To make sure litter size
was not a factor in the current study, the number and gender distributions of 11 control litters and
19 experimental litters were analyzed. No differences were detected in either parameter as
summarized (Table 1).
Body weight

Male mice were weighed twice a week from age P21 till P140. Control mice (n=8) and cKO mice (n=8)
were followed over a period of approximately 120 days. cKO mice had a significantly higher body
weight at the beginning of the experiment at P21 and from P35 onwards (Fig.1A, Table 1).
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Figure 1: Pten cKO mice have increased body weight and food intake. At the age of weaning (P21) and
from P36 onwards cKO mice weigh significantly more than controls (B; n=8v8) (A) and from P26 the food
intake of cKO mice is increased at most time points (with exception of P121-125) compared to controls (B;
n=8v8). * p<0.05, ** p<0.01, error bars; standard error of the mean.

Food intake

The mice were provide with sufficient chow in known amounts. Two times a week the remaining
food was measured. On average cKO animals (n=8) ate more than control mice (n=8) (Fig.1B, Table
1). The difference in food intake was significant at all time point except between P21-30 and P121125. Relative to the body weight, calculated as food intake per gram of body weight, the control and
cKO groups did not differ significantly on average during their lifetime.
Fat mass

As both body weight and food intake was increased for cKO mice compared to control animals, the
fat mass of the cKO mice was analyzed. After sacrificing the mice, white adipose tissue was collected
from underneath the skin of the shoulders, around the testicles, from the abdominal cavity and from
the capsule of the kidneys. Subcutaneous (SWAT), epididymal (EWAT), peritoneal (PWAT) and
perinephric (NWAT), respectively, was weighed for adult (~P140) control (n=8) and cKO (n=8) mice
and calculated relative to their total boy weight (mg/10gr BW). All types of white adipose tissue were
significantly reduced by approximately half in cKO mice (Fig.2A, Table 1).
Muscle weight

Next, the skeletal muscle mass was analyzed. The soleus and the extensor digitorum longus (EDL)
were dissected from both legs and weighed. The average of the right and left muscles was used for
analysis. Wild type mice (C57Bl/6J) served as control group (n=7). The weight of both the soleus and
the EDL (Fig.2B) was significantly increased in the cKO animals (n=8; Table 1).
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Figure 2: Pten cKO mice have less fat mass and more muscle mass. Compared to control mice,
cKO mice have significantly less SWAT, EWAT, PWAT and NWAT (A; n=8v8). Both the soleus and the
EDL muscle were significantly enlarged in cKO mice compared to controls (B; n=8v8). SWAT;
subcutaneous white adipose tissue, EWAT; epididymal white adipose tissue, PWAT; peritoneal white
adipose tissue, NWAT; perinephric white adipose tissue, EDL; extensor digitorum longus. * p<0.05,
** p<0.01, error bars; standard error of the mean.
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Discussion

In our cKO model Pten deletion is dependent on Cre recombinase expression driven by the Pitx3 gene
(PtenLoxP/LoxPPitx3cre/+). Brain expression of Pitx3 is highly selective for the mesencephalic
dopaminergic (mesDA) system 2,5. Besides the mesDA system, Pitx3 is known to be expressed
strongly in the developing eye 5,6 and weakly in skeletal muscles 5,7. The first skeletal fiber muscles
develop around E11 and express Pitx3. Thus, from the start of muscle development Pten is deleted in
our cKO model. Proliferating satellite cells express Pitx3, which makes it likely that Pten deletion
affects proliferation of the muscles 2,7,8.

In the current study, we found that Pten deletion driven by Pitx3-Cre affects the body composition.
Table 1 summarizes the results. Interestingly, the skeletal muscles of the leg, the soleus (Fig.2B) and
the EDL (Fig.2C) were significantly enlarged in the cKO mice. Furthermore, the total body weight has
increased, but white adipose tissue was diminished (Fig 2A). This is a remarkable phenotype of
superathleticism that bears similarities to Myostatin overproduction 9–11.
This is most likely a direct effect of peripheral Pten deletion, as a consequence of Pitx3 expression in
the skeletal muscles. Hypertrophy as an effect of Pten deletion has been described frequently in other
cKO models 12, including chapter 4. In some studies hyperplasia has been reported in addition 13,14.
Inhibition of myostatin, a key regulator of skeletal muscle mass, approximately doubled the muscle
mass throughout the body, including the soleus and EDL, in mice 10. This effect was due to a
combination of hypertrophy and hyperplasia 15. Hypertrophy and hyperplasia of the muscles may be
also be contributors to the increase in muscle weight observed in our cKO model. Interestingly
however, a study conducted on a Pten cKO model in which Cre-expression was driven by musclespecific creatine kinase (Mck) did not show significant differences in muscle mass 16. In this model
Pten was specifically deleted in the skeletal muscles and heart from E17 onwards 17.

Contradictory to the afore mentioned study 18, in our study male cKO mice had have significantly less
white adipose tissue (Fig.2A). How and whether muscle mass and adiposity relate to each other is
unknown. Pten deletion may have a direct effect on adiposity. Myocytes and adipocytes are derived
from the same mesodermal precursor cells 11. Myostatin, for instance, is shown to affect the
differentiation of adipocytes in vitro 19. A possibility may be that Pten regulates this differentiation,
and influences at the same time both muscle and fat mass. Alternatively, Pten deletion affects
adiposity indirectly. Its effect in the muscles may alter the energy metabolism. Skeletal muscles are
responsible for glucose uptake. We hypothesize that in absence of Pten there is increased glucose
uptake by the muscles, which is supported by the literature 16,20,21. An increased glucose uptake by
the muscles results in reduced adipose tissue and explains the reduced adiposity in our cKO model.
Such mechanism has been suggested for the phenotype of Myostatin mutation 10 and has been
described in transgenic mice overexpressing IFG-1 22 or Ski 23. Additionally, Pten deletion causes
overactivation of Akt, which in turn activates glycogen synthase by phosphorylating glycogen
synthase kinase 3 (GSK3). Glycogen synthase converts glucose into glycogen 24.

Despite very little adipose tissue, male cKO animals had a significantly higher body weight than
control mice (Fig.1A). Supposedly, the increase in body weight can be explained by the increased
muscle mass. Studies in the Myostatin mutant mouse showed approximately 25-35% increase in
body weight as a result of an almost doubling of the soleus 9–11, which leaves no reason to suspect a
different explanation in the current study.
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Table 1
Genotype
Litter Size (M/F)
Gender
Age (days)*
Body weight (g)*
Food intake (g)**
FI per BW (mg/g BW)**
SWAT (mg/10g BW)
EWAT (mg/10g BW)
PWAT (mg/10g BW)
NWAT (mg/10g BW)
Brain weight (g)
Genotype
Age (days)*
Soleus (mg)
EDL (mg)

Control
Pten+/+Pitx3cre/+ (n=8)
6.2 ±0.6 (3.6/2.6)
M
108.5 ±0.57
34.3 ±1.0
4.33 ±0.04
15.0 ±0.26
65.4 ±12.8
70.6 ±11.4
22.0 ±5.3
76.2 ±14.5
0.5 ±0.01
C57Bl/6J (n=7)
155 ±5
12.5 ±0.4
13.5 ±0.3

cKO
PtenLoxP/LoxpPitx3cre/+ (n=8)
5.8 ±0.6 (3.2/2.6)
M
108.4 ±0.79
38.6 ±0.6
4.77 ±0.02
14.86 ±0.27
29.6 ±3.2
30.6 ±4.8
7.0 ±1.3
43.7 ±6.0
0.5 ±0.02
PtenLoxP/LoxpPitx3cre/+ (n=8)
163 ±3
16.6 ±0.6
16.0 ±0.7

Group differences
n.a.
n.s (n.s.)
n.a.
n.s.
p = 0.003
P < 0.000
n.s.
p = 0.008
p = 0.006
p = 0.015
p = 0.04
n.s.
n.a.
n.s.
p < 0.000
p = 0.005

*Day of euthanasia, **Average during lifetime, ± Standard Error of the Mean, N; number, n.a.; not applicable
n.s.; not significant, M; male, F; female, g; gram, mg; milligram, FI; food intake, BW; body weight

Absolute food intake of cKO animals was higher than the food intake of the control group (Fig.1C).
This difference is, however, explained by the increase in body weight. When calculated how much
chow was eaten relative to body weight, there was no difference between the two groups (Table 1).

The clear phenotypes in body composition of our cKO mice may have affected parameters described
in chapter 4. There we reported that the cKO mice covered more distance when locomotor activity
was tested in a novel environment, which was interpreted as the result of alterations in the mesDA
system. Interestingly, cKO mice moved with significantly higher velocity, which may be due to the
increased muscle mass. This complicates the interpretation, since both the altered mesDA system as
the peripheral muscle phenotype may contribute to the outcome. Whether or not the difference in
body composition may influence d-amphetamine up-take and effect remains elusive.
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Abstract

The thalamus relays sensory information to the cerebral cortex through the thalamocortical system.
Abnormal sensory information processing has been implicated in the core of autism spectrum
disorders (ASDs), and developmental abnormalities of the thalamocortical system have been
proposed in ASD pathology. The thalamocortical tract is a complex system that is difficult to image in
the developing mouse brain. This study explores the possibility to analyze the system through
immunolabeling, solvent-based tissue clearing and whole brain imaging. By use of a Gbx2CreEr-ires-egfp
knockin mouse, we combined immunolabeling, 3DISCO tissue clearance and light sheet microscopy
to make three-dimensional (3D) images of the thalamocortical system. This provided attractive
images and valuable analytic possibilities. Next, we analyzed thalamocortical tract formation when
ASD-risk gene Pten was absent in the developing thalamus. Axons originating in thalamus appeared
delayed in E14.5 brains, but no gross anatomical abnormalities of the tract were detected at later
stages of embryonic development (E15.5 and E18.5). However, subtle axonal targeting abnormalities
were detected as sinuous cortical innervations. This was accompanied by abnormalities in barrel
formation in the primary somatosensory cortex. In conclusion, 3DISCO is a powerful technique
required for the detection of fine structural axonal abnormalities during development of the
thalamocortical tract as a result of Pten deletion.
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Introduction

Autism spectrum disorders (ASDs) include a subset of neurodevelopmental disorders, which share
the core symptoms in the realms of social interaction, communication, and restrictive and repetitive
behavioral patterns. This highly heritable disorder is heterogeneous in clinical appearance, severity
and comorbidities (Buxbaum et al. 2012; Kleijer et al. 2014). Yet, sensory information processing
may be at the core of ASD (Hazen et al. 2014). All sensory input to the body is eventually processed
through the thalamus, which relays the information mainly to the cerebral cortex, where higher
cognitive interpretation of information occurs (Sherman 2007). It may be inferred that alterations in
thalamocortical processing may result in behavioral and cognitive abnormalities like in ASD. Several
studies support a role for the thalamus in ASD, reporting abnormal connectivity and metabolic rates
(Tsatsanis et al. 2003; Hardan et al. 2006; Haznedar et al. 2006; Hardan et al. 2008; Nair et al. 2013).

The thalamus consist of various nuclei, each receiving particular sensory input and projecting their
axons to a specific region of the cerebral cortex. In rodents, neurons of the ventrobasal (VB) nucleus
of the thalamus, for instance, receive information coming from the whiskers. The axons project to the
primary somatosensory cortex (S1), where they connect to the barrel cortex. Here, the sensory input
form the whiskers is topographically represented and processed (López-Bendito and Molnár 2003).

In order to eventually gain insight into the contribution of the thalamocortical system in ASD, we
aimed to create and characterize an animal model that is selectively affected in this system. We chose
for a conditional mutation in an ASD risk gene with ubiquitous expression in the nervous system.
Mutations in phosphatase and tensin homolog (PTEN) are amongst the most frequent gene variations
in ASD (Zhou and Parada 2012). Activated Pten inhibits the PI3K/Akt pathway, which regulates axon
growth through glycogen synthase kinase 3 (GSK3), and protein synthesis and cell growth through
mammalian target of rapamycin (mTOR). In the latter pathway multiple ASD-risk gene products
converge, such as fragile X mental retardation protein (FMRP) and the tuberous sclerosis complex
(TSC1/2) (Kleijer et al. 2014). Pten attenuation has been demonstrated to have strong effects on
neuronal morphology and circuitries. Reported effects include hypertrophy, hyperplasia, thickening
of dendrites, spine density and axonal elongation and overgrowth (Zhou and Parada 2012; Kleijer et
al. 2014). Due to the strong link with ASD, it is important to examine further the role of PTEN in
specific brain systems and particularly in neural circuit formation.

In the current study, a mouse model is created in which Pten expression is spatiotemporally ablated
in thalamic neurons during embryonic development. To this end, a Gbx2CreEr-ires-egfp mouse line (Chen
et al. 2009) was crossed with floxed Pten animals, to excise exon 5 of the Pten gene upon
administration of tamoxifen (Lesche et al. 2002). Using this CreEr-driver, deletion is initiated at the
start of the development of the most prominent thalamic nuclei and continues through the
development of the thalamocortical system (Chen et al. 2009). Crossing the diencephalontelencephalon boundary (DTB), running through the internal capsule (IC), crossing the pallialsubpallial boundary (PSPB) and innervation of the cortical targets are crucial points in the
development of the thalamocortical tract. Mechanisms involved in these processes, such as axon
guiding, elongation and targeting are well-known (López-Bendito and Molnár 2003; Garel and
Rubenstein 2004; Molnár et al. 2012; Leyva-Díaz and López-Bendito 2013).
Many developmental studies are conducted in C. Elegans, Drosophila Melanogaster and zebrafish.
Offspring of these species share the feature of being transparent, which is beneficial in following the
development of organs, including the brain while intact. A new technique, which combines
119

immunolabeling with solvent-based tissue clearance (3DISCO), enables three-dimensional (3D)
analysis of embryonic mouse brains using light-sheet microscopy (Belle et al. 2014).
We aimed to explore the possibility of imaging the thalamocortical system with this technique. 3D
imaging supports the detailed analysis of this complex neural circuit. Next, we used this technique to
examine the effect of Pten deletion on the development of the thalamocortical tract. The results reveal
subtle deviations of thalamocortical axons.

Methods & materials
Animals

PtenLoxp animals were obtained from The Jackson Laboratory (Stock 006440; Sacramento, CA, USA)
and crossed with Gbx2CreEr-ires-egfp animals, which were generated and described by Chen et al. (2009)
(Chen et al. 2009). The crossed line was subsequently backcrossed (>3 times) into a CD-1/ICR
background, obtained from Harlan Laboratory (Horst, the Netherlands). The day the vaginal plug
was found, was designated embryonic day (E)0.5. At E10.5 pregnant dams were treated with 0.1
mg/gr body weight tamoxifen (Sigma-Aldrich Co., Zwijndrecht, the Netherlands) and 0.05 mg/g body
weight progesterone (Sigma-Aldrich Co., Zwijndrecht, the Netherlands) in corn oil (Albert Heijn,
Utrecht, the Netherlands) through oral gavage. Embryos were obtained at E14.5, E15.5 and E18.5.
Postnatally, brains were collected at P10. For Pten genotyping, primers and PCR program were used
following the advice of Jackson Laboratory. For Gbx2 genotyping we followed the protocol of Chen
and colleagues (Chen et al. 2009). PtenLoxp/LoxpGbx2CreEr/+ were used as experimental animals, which
will be referred to as PtenΔE10/ΔE10, and Pten+/+Gbx2CreEr/+ littermates served as controls, which will be
abbreviated to Pten+/+. Both groups received tamoxifen and progesterone prenatally at E10.5. All
experiments were approved by the Animal Experimentation Committee of Utrecht University and all
animals were housed and handled in agreement with the Dutch Laws (Wet op de Dierproeven, 1996)
and European regulations (Guideline 86/609/EEC).
Fluorescent labeling and 3DISCO

After fixation in 4% paraformaldehyde (PFA; 6h, 4°C) embryonic brains (E14.5, E15.5 and E18.5)
were carefully dissected from the skull. For clearing of the brain previously described protocols for
three-dimensional imaging of solvent-cleared organs (3DISCO) were followed with minor
modifications for specific conditions (Ertürk et al. 2012; Belle et al. 2014). Firstly, immunostaining
for EGFP on whole brains was performed. Brains were blocked in PBS-GT buffer, consisting of 0.2%
gelatin, 0.5% triton-X-100, 0.01% thimerosal in 1x PBS at room temperature (RT) for 24h (E14.5 &
E15.5) or 48h (E18.5). Next, incubation with rabbit anti-Egfp (1:2000; Abcam) was performed at 37°C
for seven days, followed by multiple extensive washing steps with PBS-GT (RT, 5x 1h and overnight
(O/N)). For secondary antibody incubation, goat anti-rabbit (1:750; Alexa Fluor 647, Invitrogen) was
used at 37°C for 48h, again followed by multiple extensive washing steps. Next the tissue was cleared.
First, brains were dehydrated by consecutive steps of 50%, 80% and 2x 100% tetrahydrofuran (THF;
Sigma-Aldrich) in H2O at RT 1h per steps. Samples were then delipidated with 100%
dichloromethane (DCM; Sigma-Aldrich) until lipids were dissolved, which could be detected by
sinking of the brain. Brains were incubated for at least 24h and stored at RT in dibenzyl ether (DBE;
Sigma-Aldrich) for an optimal refractive index.
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Figure 1: Egfp immunolabeling in 3DISCO-cleared whole embryonic mouse brain at E15.5. Egfp stains
Gbx2-positive brain areas and visualizes the thalamocortical system in a 3D-imaged E15.5 control brain seen
from a coronal (A), horizontal (B) and sagittal (C) viewpoint. Thalamocortical axons originating in the the
dorsal thalamus run through the IC that passes the MGE towards the cortex. TCA; thalamocortical axons, dTh;
dorsal thalamus, IC; internal capsule, MGE; medial ganglionic eminence. Scale bars; 200µm.

Light Sheet Microscopy

3D imaging of the whole brains was performed with an ultramicroscope (LaVision BioTec). Samples
were placed in a reservoir containing DBE. A light sheet was created, illuminating the sample from
two sites (wavelength 647nm). For image acquisition ImspectorPro software (LaVision BioTech) was
used. A minimal step size (2.5µm) was used for high resolution. Acquired 3D images were further
processed with Imaris x64 software (version 7.6.1, Bitplane). When required, air bubbles and crystals
were removed and brightness was evenly adjusted. Snapshots and movies were generated.
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Figure 2: Conditional Pten deletion in thalamic nuclei. Exon 5 of Pten is excised in heterozygous (A; lane 4)
and knockout (A; lane 7), but not in wild type (A, lane 1) thalamic tissue. Cortical and cerebellar tissue does not
show excision of exon 5 (A). Gfp staining shows localization of Gbx2 expression in the dorsal thalamus in both
control (Pten+/+ Gbx2+/Cre-ires-egfp) and cKO (Ptenloxp/loxp Gbx2+/Cre-ires-egfp) mice after tamoxifen administration at
E10.5. The area appears enlarged when Pten is deleted (B; left). Scale bars; 200µm, th; thalamus, ctx; cortex, cb;
cerebellum, dTh; dorsal thalamus.

Immunohistochemistry

Post-fixated coronal sections (40µm) from E18.5 control and PtenΔE10/ΔE10 were used for
immunohistochemistry following standard procedures, including a blocking step (2.5% normal goat
serum, 2.5% bovine serum albumin and 0.3% Triton-X in PBS RT; 1h). Chicken anti-Gfp (1:1000,
Abcam) was used to stain the Egfp produced by the CreEr-ires-egfp incorporated in the Gbx2 gene
(Chen et al. 2009). The primary antiserum was incubated at 4°C O/N. Appropriate secondary
antibodies conjugated to Alexa Fluor (1:1000, Invitrogen) were used at RT for 2h. Nuclei were
counterstained with DAPI (1:10.000).
Barrel cortex analysis

Left and right cortices were dissected from P10 brains and flattened between silicone-coated glass
slides with a 1mm separator and snap frozen on dry ice. Cytochrome C oxidase staining was
performed on 16µm sections. Incubation was performed with 0.25 mg/ml cytochrome c (SigmaAldrich), 40 mg/ml sucrose and 0.5 mg/ml DAB (Sigma-Aldrich) in 1x PBS at 37°C for approximately
2h. To stop the reaction the slices were washed with PBS.
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Barrels stained with a cytochrome c oxidase reaction in sections of Pten+/+ (n=4) and PtenΔE10/ΔE10
(n=4) littermates were quantified using ImageJ (1.49 P). Three to six sections were used per animal.
A subfield, consisting of barrel C3, C4, D3 and D4 was used for analysis. The surface of the individual
barrels was measured, and the sum was subtracted from the total area of the subfield to calculate the
area of the septa. The ratio between surface of the barrels and surface of the septa was calculated and
compared between control and PtenΔE10/ΔE10 mice. All manual measurements were carried out blind
for the genotype. Statistical analysis (independent student’s t-test) was performed using IBM SPSS
statistics 20 (2011).

Results

Immunolabeling in 3DISCO-cleared embryonic tissue provide 3D visualization of the thalamocortical
tract

To be able to fully analyze the formation of the thalamocortical system in a whole embryonic brain
(E15.5) we used a mouse model in which a CreErt-ires-egfp cassette was inserted in the Gbx2 gene,
thus expressing CreEr and Egfp under the control of the Gbx2 gene (Chen et al. 2009). Embryos
heterozygous for this knockin were prepared for light sheet microscopy. The CreErt-ires-egfp cassette
allowed for immunolabeling of Gbx2-positive, CreEr-expressing cells with Egfp. Using this marker,
three-dimensional imaging provided detailed overviews of the Gbx2-positive dorsal thalamus (dTh),
and of thalamocortical axons (TCAs) running through the internal capsule (IC) towards the cortex
(Fig.1; Movie 3D E15.5). Additionally, cells which originated in the medial ganglionic eminence (MGE)
and migrated to the ventral pallidum expressed Gbx2 (Chen et al. 2010) and were Egfp-stained in the
embryonic brain (Fig.1).
Pten is successfully ablated at E10.5

In order to study the effect of Pten deletion on the formation of the thalamocortical tract, we aimed
to develop a mouse in which Pten was conditionally deleted in the ventrobasal nucleus of the
thalamus (VB), amongst other thalamic nuclei. E10.5 was chosen as developmental time point of
tamoxifen administration in order to activate CreEr and delete Pten (hence nomenclature ΔE10). At
this time point the development of the VB, amongst other thalamic nuclei, starts and Gbx2 is strongly
expressed (Chen et al. 2009).
Firstly, we investigated whether CreEr was activated by tamoxifen and deleted exon 5 of the Pten
gene, specifically in Gbx2-expressing neurons, but not in other forebrain areas. Genotyping brain
tissue of thalamus, cerebral cortex and cerebellum demonstrated excision of exon 5 (Δ5) in the
thalamus of heterozygous (Pten+/ΔE10; Fig.2A, lane 4) and homozygous (PtenΔE10/ΔE10; Fig.2A, lane 4)
mice. No excision could be detected in forebrain tissue of Pten+/+ mice (Fig.1A, lane 1-3), nor in other
brain regions (Fig.2A, lane 5,6,8,9).

The CreEr-ires-Egfp cassette was used for visualization of the system. To strengthen the signal
immunohistochemistry using an antibody against Egfp was performed. Strong signals were detected
in the thalamus of both Pten+/+ and PtenΔE10/ΔE10 mice (Fig.2B). Notably, the area in the PtenΔE10/ΔE10
appeared to be enlarged with stronger Egfp staining. This validates the PtenΔE10/ΔE10 animal as an
appropriate mouse model to study the effect of Pten deletion in the thalamocortical system.

123

Figure 3: Thalamocortical axons in the embryonic mouse brain at E14.5 and effect of conditional Pten
deletion Thalamocortical axons in E14.5 Pten+/+ brain have passed the PSPB and reached the cortical subplate
(A,B, arrowheads). In two PtenΔE10/ΔE10 brains,most of the thalamocortical axons are paused at the PSPB (C,E)
and few have reached the cortical subplate (C-F). The thalamic nuclei appear to be similar in Pten+/+ and
PtenΔE10/ΔE10, with particular strong Gbx2 expression in the dLGN and less in the VB (B,D,F). PSPB; pallialsubpallial boundary, TCA; thalamocortical axons, dLGN; dorsal lateral geniculate nuclei; VB; ventrobasal
thalamic nucleus. Scale bars; 200µm.

124

Figure 4: Thalamic nuclei and thalamocortical axons development at E15.5 after conditional Pten
deletion. Thalamocortical axons run accurately through the designated path, reaching the cortical preplate at
E15.5 in both Pten+/+ (A) and PtenΔE10/ΔE10 brains (C). Gfp staining is most clearly present in the dLGN, were Gbx2
expression is highest at E15.5 and less in the VB. The thalamic nuclei appear to develop normally in both Pten+/+
(B) and PtenΔE10/ΔE10 (D). TCA; thalamocortical axons, dLGN; dorsal lateral geniculate nuclei; VB; ventrobasal
thalamic nucleus. Scale bars; 200µm.

At E14.5 thalamocortical axons appear delayed in PtenΔE10/ΔE10 animals

To compare thalamocortical tract formation between Pten+/+ and PtenΔE10/ΔE10 animals, brains from
E14.5 littermates were prepared for light sheet microscopy. Egfp visualized thalamic nuclei
(Fig.3B,D,F) projected their axons through the DTB and the IC (Fig.3A,C,E). In the Pten+/+ brain the
axons continued, passing the PSPB and reaching the cortical preplate (Fig.3A). In individual
PtenΔE10/ΔE10 brains deviations from this characteristic pattern were observed. In two brains of
PtenΔE10/ΔE10 mice, thalamocortical axons showed less progress and halted at the PSPB (Fig.3C,E). In
one of the PtenΔE10/ΔE10 brains few axons did reach the cortical subplate (Fig.3C), whereas in the other
PtenΔE10/ΔE10 brain none of the axons had left the PSPB yet (Fig.3D).

No gross abnormalities in E15.5 and E18.5 in PtenΔE10/ΔE10 mice

To follow the development of the thalamocortical tract further, brains from E15.5 and E18.5 Pten+/+
and PtenΔE10/ΔE10 littermates were immunolabeled, cleared and imaged. In all E15.5 brains,
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Figure 5: No gross anatomical abnormalities at E18.5 after conditional Pten deletion. At E18.5,
thalamocortical axons have grown into the cortical preplate in both Pten+/+ (A) and PtenΔE10/ΔE10 brains (C). Pten
deleted areas, such as the VB and dLGN seem enlarged in PtenΔE10/ΔE10 brains (D), compared to Pten+/+ (B). TCA;
thalamocortical axons, dLGN; dorsal lateral geniculate nuclei; VB; ventrobasal thalamic nucleus. Scale bars;
200µm.

thalamocortical axons had reached the cortical preplate following the designated path (Fig.4). At
E18.5, the tract was not different between Pten+/+ and PtenΔE10/ΔE10 (Fig.5). In both genotypes, axons
started to innervate the cortex (Fig.6A,B). The thalamic nuclei in which Pten was ablated in the
PtenΔE10/ΔE10 embryos suggested enlargement of the area compared to the Pten+/+ brains (Fig.5B,D).
Pten deletion affects intracortical axon targeting in E18.5 brains

A detailed look at the cortical innervation of thalamocortical axons revealed a difference between
Pten+/+ and PtenΔE10/ΔE10 brains. Whereas the axons of the Pten+/+ mice ran lineally to the upper layers
of the cortex (Fig.6A), the axons in the cortex of PtenΔE10/ΔE10 appeared sinuously (Fig.6B). This
difference was noticed in two brains per genotype and in multiple cortical areas. These observations
suggested that axon targeting was affected in PtenΔE10/ΔE10 mice
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Figure 6: Axon targeting during cortical innervation is affected in PtenΔE10/ΔE10 mice. Thalamocortical
axons innervate the cortex at E18.5. Cortical innervations in Pten+/+ brains are lineal (A,A’), whereas the
innervations in the PtenΔE10/ΔE10 appear sinuous (B, B’). The ratio between barrels and septa of the PMBSF is
decreased when Pten is deleted in the thalamus (n=4v4, p<0.001, C-F). Scalebars; 30µm (A,B), 10µm (A’,B’).
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Pten deletion results in disturbed organization of the barrel cortex

In order to investigate the organization of the cortex in PtenΔE10/ΔE10, the posteromedial barrel subfield
(PMBSF) of the primary somatosensory cortex (S1) was examined by cytochrome C oxidase staining
in Pten+/+ and PtenΔE10/ΔE10 mice. Whereas the total surface of the measured area did not significantly
differ between Pten+/+ and PtenΔE10/ΔE10 mice, the ratio between the barrels and the septa was
significantly decreased in PtenΔE10/ΔE10 mice (n=4v4, p<0.001; Fig.5C-F). This indicates that
PtenΔE10/ΔE10 animals had smaller barrels and/or bigger septa than Pten+/+ mice. This result indicated
the possibility that the barrel cortex in the S1 of PtenΔE10/ΔE10 animals was affected by abnormal axon
targeting of thalamocortical projections stemming from the Pten ablated VB.

Discussion

Immunolabeling before 3DISCO clearing and light-sheet microscopy of whole embryonic brains
allows detailed analysis of complex neuronal systems as we demonstrate here for the embryonic
thalamocortical system. As proof-of-principle we detected abnormalities in thalamic axonal
projections during specific embryonic stages of a mouse line with conditional deletion of Pten. In this
mouse model, recombination of the floxed Pten gene was driven by the Gbx2 gene expressing a CreErires-egfp cassette. Thus, Gbx2CreEr-ires-egfp-expressing cells were visualized by immunolabeling of Egfp
in the thalamus during embryonic development with a polyclonal Gfp-antibody.

A limitation of the current mouse model is that the spatiotemporal expression of the Gbx2 gene
driving Egfp is transient during development. At E10.5, when CreEr-ires-egfp was activated, Gbx2 is
strongly expressed in multiple nuclei of the thalamus, including the VB. At E15.5, Gbx2 expression
remains strong in various nuclei, but has completely declined in the VB (Chen et al. 2009). With a
half-life of approximately 26h (Corish and Tyler-Smith 1999) Egfp will become undetectable, a
number of days after silencing of Gbx2. At E14.5, Egfp is still clearly present in the VB (Fig.3), while
the signal had declined in E15.5 (Fig.4) and E18.5 (Fig.5). Therefore, the neurons that will be
visualized through Egfp will not comprise the total pool of Pten ablated cells. Additionally, which
neurons are stained will differ at various time points. Optimally, a different marker, like Rosa26loxPSTOP-loxP-tdTomato, will be used to visualize the Pten-ablated cells.
The thalamocortical system is difficult to image with classical histological approaches due to its
curved path. The axons originating from the thalamic neurons make a sharp turn at the DTB, funnel
through the IC, and continue towards the PSPB. In the pallium axons fan out to their target area in
the cortex (López-Bendito and Molnár 2003; Garel and Rubenstein 2004; Molnár et al. 2012; LeyvaDíaz and López-Bendito 2013). The tract followed by the thalamocortical axons does not fall into a
single sectioning plane. Consequently, coronal, sagittal and 45° tangential sectioning planes have
been used to analyze specific aspects of the thalamocortical tract. For example, the tangential view is
preferred for analysis of the IC (Bielle et al. 2011). Nevertheless, the portion of the thalamocortical
system that can be tracked in this manner is restricted. This limitation is resolved by 3D imaging of
the thalamocortical system as a whole and from all angles. A great advantage is that all axons can be
followed and no axons are cut. It facilitates the analysis of the fine structure of axonal connectivity.

In accordance with the described developmental trajectory (López-Bendito and Molnár 2003), in our
analysis developing thalamocortical axons reach the cortical preplate around E15.5 in mice (Fig.2 &
4). Shortly before birth most thalamocortical axons start to innervate the cortex (Leyva-Díaz and
López-Bendito 2013). Cortical innervation at E18.5 was clearly detectable in our 3D analysis
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(Fig.6A,B). Noteworthy was the advancement of the axons towards the upper layers of the cortex,
with some even completely crossing the cortex. This was the case in both the Pten+/+ as the
PtenΔE10/ΔE10 animals at E18.5 (Fig.6A,B).

At E15.5 and E18.5 no gross anatomical differences between PtenΔE10/ΔE10 and Pten+/+ animals were
detected (Fig.4 & 5). There was no indication for abnormalities in axon growth or guidance. However,
only at E14.5 the axonal tracts differed significantly between the Pten+/+ and PtenΔE10/ΔE10 brains
(Fig.3). Whereas axons in the Pten+/+ brain had already passed the DTB, IC and PSPB (Fig.3A), axons
in the PtenΔE10/ΔE10 brain seemed to have reached the PSPB (Fig.3A,E), and only few had continue the
further route (Fig.3C). At E14.5, thalamocortical axons are expected to pause at the PSPB (LópezBendito and Molnár 2003), as observed in the PtenΔE10/ΔE10 brain. Curiously, the axons in Pten+/+ brain
proceeded beyond the PSPB border. Caution is needed in interpretation of the results. In these initial,
explorative experiments, only few Pten+/+ and PtenΔE10/ΔE10 brains were analyzed. It cannot yet be
ruled out that this observation is due to variance in developmental stage. Although the studied
embryos shared the womb, the development of the one may have been more advanced than that of a
littermate. The experiment should be expanded in order to elucidate the origin of the observed delay
in axonal growth in the PtenΔE10/ΔE10 mouse.

Cortical innervation was clearly detectable at E18.5 in both the Pten+/+ and PtenΔE10/ΔE10 brains
(Fig.6A,B). Careful examination of axonal fibers suggested that axon targeting in the PtenΔE10/ΔE10 brain
was affected. While cortical axons in the Pten+/+ mice ran straight through the cortex, axons in the
cortex of PtenΔE10/ΔE10 were abnormally sinuous (Fig.6A,B). A cortical phenotype was confirmed by the
difference in barrel cortex organization (Fig.6C-F), where the ratio between the barrels and the septa
was significantly affected. Abnormalities in barrel cortex organization have been reported in a Tsc1
conditional knockout model. However, there the septa were found to be decreased (Normand et al.
2013) as opposed to our PtenΔE10/ΔE10. In order to conditionally knockout Tsc1, the same Gbx2CreEr-iresegfp was used. However, CreEr induction, causing Tsc1 deletion, was performed at E12.5. In the current
study, Pten was knocked out at E10.5. Gbx2 expression in different thalamic nuclei follows a slightly
different time course. At E10.5 Gbx2 is expressed in both the VB and the posterior group of thalamic
nuclei (Po). However, Gbx2 expression in the Po last longer than in the VB (Chen et al. 2009), meaning
that more cells projecting to the septa may have been hit in the Tsc1Δ12/Δ12, whilst in PtenΔE10/ΔE10 mice
more cells of the VB, projecting to the barrels, may have been hit. This could explain the variance
between the effects found in the Tsc1Δ12/Δ12 and PtenΔE10/ΔE10 mice.
This study demonstrates that Pten signaling is involved in axonal development. An effect of the
PI3K/Akt pathway and Pten in axonal development has been reported before (Zhou and Parada
2012; Kleijer et al. 2014). The suggested mechanisms included axonal overgrowth, activity
dependent pruning, ectopic axon formation and neuronal polarity. These effects could be mediated
through both the mTOR and the GSK3β pathway (Marino et al. 2002; Jiang et al. 2005; Kwon et al.
2006; Choi et al. 2008; Domanskyi et al. 2011; Normand et al. 2013).

In conclusion, immunolabeling, 3DISCO tissue clearance and light sheet microscopy beautifully
visualize the complex development of the thalamocortical system. Crossing Gbx2CreEr-ires-egfp with
Rosa26loxP-STOP-loxP-tdTomato mice would contribute to the analysis of the neural circuit. This combination
would be optimal to further explore the effects of Pten deletion on thalamocortical axon outgrowth
and targeting.
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Movie 3D E15.5: https://drive.google.com/file/d/0B7vli_1LyoR8dk5aaUlZMk50aWc/view
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Abstract

Autism is a disease of brain plasticity. Inspiring work of Willem Hendrik Gispen on neuronal
plasticity has stimulated us to investigate gene defects in autism and the consequences for
brain development. The central process in the pathogenesis of autism is local dendritic
mRNA translation which is dependent on axodendritic communication. Hence, most autismrelated gene products (i) are part of the protein synthesis machinery itself, (ii) are
components of the mTOR signal transduction pathway, or (iii) shape synaptic activity and
plasticity. Accordingly, prototype drugs have been recognized that interfere with these
pathways. The contactin (CNTN) family of Ig cell adhesion molecules (IgCAMs) harbours at
least three members that have genetically been implicated in autism: CNTN4, CNTN5, and
CNTN6. In this chapter we review the genetic and neurobiological data underpinning their
role in normal and abnormal development of brain systems, and the consequences for
behavior. Although data on each of these CNTNs is far from complete, we tentatively
conclude that these three contactins play roles in brain development in a critical phase of
establishing brain systems and their plasticity. They modulate neuronal activities, such as
neurite outgrowth, synaptogenesis, survival, guidance of projections and terminal branching
of axons in forming neural circuits. Current research on these CNTNs concentrate on the
neurobiological mechanism of their developmental functions. A future task will be to
establish if proposed pharmacological strategies to counteract ASD-related symptomes can
also be applied to reversal of phenotypes caused by genetic defects in these CNTN genes.
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Introduction

Willem Hendrik Gispen directed the research in what now is the department of Neuroscience
and Pharmacology, Rudolf Magnus Institute, UMC Utrecht, from 1988 to 2001. He inspired
his environment as ‘primus inter pares’ to think about the brain as a plastic organ adapting
to challenges, like spinal cord trauma, by engaging endogenous substances. His work on the
B50/Gap43 protein and the ACTH/MSH-related peptides in nerve regeneration were pivotal
for cellular and behavioral research on brain plasticity, a term that was already part of his
scientific eloquence early on (Gispen et al., 1986, 1991, 1994; Lopes da Silva et al., 1982).
Plasticity of the brain has become an ever-growing area of neuroscience, nowadays very
much pushed forward by genetic findings on human diseases in which plasticity has been
compromised. Autism in particular is a human trait that is characterized by restricted
abilities of the brain resulting in impaired social, communicative and in a third of the cases
intellectual abilities and stereotyped behaviors and interests. Autism is phenotypically
extremely diverse, and is basically a common term to very heterogeneous disorders. It is
therefore better addressed as Autism Spectrum Disorders (ASDs), a subset of
neurodevelopmental disorders. ASDs are highly inheritable and human molecular genetic
research has revealed a multitude of potential disease genes (Betancur, 2011; Buxbaum et
al., 2012; Devlin and Scherer, 2012). The identification of these potential culprits provide a
unique opportunity to gain novel insights into the development and plasticity of the brain.
This chapter focusses on the members of a small gene family that have stepped forward in
the genetics of ASD, the contactin (CNTN) subfamily of Ig cell adhesion molecules (IgCAMs).
We review the current state of knowledge on these Cntns in relation to ASD, brain
development, and plasticity inspired by Willem Hendrik’s heritage.

The genetics and neurobiology of ASD in short

Before 2006 genetic factors involved in ASDs were elusive. A few genes, like neuroligins, had
been pinpointed, but research on syndromes with ASD as comorbidity, particularly fragile X
syndrome (FXS), tuberous sclerosis (TSC) and Rett syndrome (RS), had already indicated
that the pathogenesis of ASD should be found at the level of the synapse and its plasticity
(Bourgeron et al., 2007; Zoghbi, 2003). Several genetic syndromes coincide with autistic
manifestations. Most frequent syndrome forms of ASD are FXS, RS, TSC, Angelman syndrome
(AS), neurofibromatosis type 1 (NF1), and PTEN hamartoma tumor syndrome (PHTS). The
involved genes are known: FMR1, MECP2, TSC1, TSC2, UBE3A, NF1, and PTEN, respectively.
These genes have been considered prototypical for research into the molecular and cellular
mechanisms of ASDs (Abrahams and Geschwind, 2008).
Next, the revolutionary advances in genome technologies have exponentially accellerated
the molecular genetics on sporadic cases of ASDs . We now have insights into the
contribution of rare and common gene variants, but it has proven difficult to substantiate
genes with relatively small effect sizes (Buxbaum et al., 2012; Devlin and Scherer, 2012).
However, the focus on de novo mutations and rare inherited variants, particularly in the form
of copy number variations (CNVs), has proven very productive in assigning culprit genes for
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ASD. Above all, it has delivered specific genes and clusters of genes on chromosomal intervals
that confer risk to ASD. The current number of candidate genes is staggering, with estimates
ranging from several hundreds to a thousand, supported by ample literature (Cooper et al.,
2011; Pinto et al., 2010; Sanders et al., 2011). The current advances in whole-exome
sequencing further enlarges our view on potential disease genes
About 15-25% of ASD cases can be explained by syndromic forms, and the rest of the cases
is sporadic. The list of candidate genes for the sporadic forms is still growing particularly due
to the current large scale sequencing of whole exomes and genomes of extended cohorts.
This will soon lead to more ASD risk genes and to estimates of the relative frequencies of
specific gene defects in sporadic ASDs (O'Roak and State, 2008; Stein et al., 2013; Yu et al.,
2013). The more genomic information is gathered about the genotypes in ASDs, the more we
may appreciate the heterogeneity of phenotypes, and recognize that cases that now are
designated as sporadic and non-syndromic, in fact can be classified as syndromic entities. An
example is a recent exome sequencing study that explains 1% of sporadic ASDs by disrupting
mutations in six genes including PTEN (O'Roak and State, 2008).

These syndromic forms of ASD have a well-established genetic cause and the affected gene
products have been pivotal in delineating neurobiological mechanisms involved (Zoghbi and
Bear, 2012). Particularly, FXS and the reduced expression of the FMRP protein due to repeat
expansion in the FMR1 gene has led the way to what now may be identified as the core of
ASD symptoms: excessive protein synthesis at axodendritic connections.
Dendrites have local protein machinery that responds to afferent synaptic activity involving
the mGluR5 receptor. The machinery contains well-known translation initiation factors, like
eIF4E, eIF4G, 4E-BP, and its regulators S6 and S6K (Auerbach et al., 2011; Bear et al., 2004,
2008; Kelleher and Bear, 2008). FMRP in a complex with the ASD-associated gene product
CYFIP1, is a critical inhibitor of the mRNA translation - protein synthesis machine (Napoli et
al., 2008). All we have learned about these mechanisms, the pathogenesis and even potential
treatments of ASD resides in mouse knock-out models of the Fmr1 gene (Bassell and Warren,
2008; Frank Kooy, 2003; Hoogeveen et al., 2002). The Fmr1-KO mouse displays excessive
protein synthesis and exaggerated mGluR-dependent long-term depression (LTD), has
dendritic spine phenotypes, is sensitive to generation of epileptoform activity, has a number
of behavioral abnormalities relevant for ASD and is prone to audiogenic seizures.

The notion that the process of local dendritic protein synthesis (LDPS) is at the core of
autistic-like phenotypes and symptoms, prompts to connect with other know ASD genes.
Firstly, ASD genes are coding for components of the protein synthesis machinery itself.
FMR1, CYFIP1, and EIF4E have been identified in genetic studies on ASD. Further connections
are actually found in two directions. First, LDPS is linked to synapse functions. Secondly,
LDPS is a downstream target of cellular signal transduction (Figure 1).
The synaptic connection of LDPS is important, since many ASD genes seem to connect via
this link. LDPS is responsive to the activity of glutamatergic synapses that mediate
axodendritic contacts, particularly through the mGluR5 receptor. Pre- and post-synaptic
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Figure 1: Pathways of pathogenesis in ASD, ASD genes and drug targets. Local dendritic protein synthesis
is the final common pathway that leads to dendritic abnormalities, and ultimately to neuronal and behavioral
disabilities. This process can be affected through impairments in the regulation and components of the protein
synthesizing machinery, in signal transduction routes, particularly the mTOR pathway and in axondendritic
synaptic communication. Many of the identified ASD genes code for protein classes that directly relate to these
processes. Furthermore, three types of drugs acting through these routes have been shown to ameliorate
autistic-like behaviors in mouse models of ASD.

proteins have been recognized amongst ASD genes. These can be distinguished as cell
adhesion molecules that mediate synaptic contacts and stability, e.g. neurexins, neuroligins,
CNTNAP2, IgCAMS (including the CNTNs) and (proto)cadherins, as scaffolding proteins that
hold pre-or postsynaptic complexes, e.g. PSD-95, Shank2 and Shank3, receptors, like VIPR
and GRIN2A, and proteins involved in actin dynamics, e.g. DIAPH3, DISC1 and DCX, that are
required for adequate morphological plasticity of the synapse (Kleijer, in press).

Cellular signal transduction pathways affect LDPS activity, and impairments in these
pathways have emerged as causes of ASD (Ebert and Greenberg, 2013). Particularly the
mTORC1 complex is an essential hub in signaling from receptor activation at the plasma
membrane to LDPS (Figure 1). Mutations in proteins that function in this route have been
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recognized. PTEN mutations are relatively frequent and are associated with macrocephaly
and ASD. TSC1 and TSC2 genes are associated with tuberous sclerosis, which has a high
comorbidity rate with ASD.

FMRP also links in a reverse way to the synapse and to signal transduction. FMRP is an RNAbinding protein. It binds mRNAS for many proteins engaged in synaptic function and signal
transduction that are the product of LDPS (Ascano et al., 2012).

Insights in these molecular relationships is critical for the identification of drug targets and
the development of potential therapeutics (Spooren et al., 2012). Lead compounds in the
pharmaceutical companies seem to follow three directions. First, the involvement of mGluR5
is explored with the use of mGluR5 antagonists. In the Fmr1-KO mice normalization of
phenotypes has been obtained and preliminary trials have been performed with promising
results (Spooren et al., 2012). Secondly, direct inhibition of the mTOR pathway has been
successful in reversing autistic phenotypes in Fmr1, Tsc1 and Tsc2 mouse models (Ehninger
and Silva, 2011). Rapamycin is an mTOR inhibitor that is clinically available. Very recently, a
third therapeutic approach was discovered that directly interferes with LDPS. Inhibition of
LDPS was achieved, together with normalization of Fmr1 phenotypes at the molecular,
cellular and behavioral level, by the statin Lavostatin (Osterweil et al., 2013). The mode of
action likely involved inhibition of the mevalonate pathway resulting in reduced Ras
signaling and reduced LDPS. These results and the finding that developmental disorders can
be reversed (Ehninger et al., 2008; Ehninger and Silva, 2011) create a hope that ASDs may
be treatable to a clinically relevant extent.

The contactin protein family

CNTNs are a six-member subgroup of immunoglobulin superfamily of cell adhesion
molecules (IgCAMs). They are closely related to Sidekicks, Dscams and NgCAM/L1-like
proteins evidently by the common domain organization between these CAMs. However, the
CNTNs are particular as they lack transmembrane and intracellular regions and are instead
tethered to the cell membrane by a glycophosphatidylinositol (GPI)-anchor. All CNTN family
members are over 1000 amino acids in size and share a distinct structure as they consist of
six N-terminal Ig domains, four fibronectin type III (FNIII) domains, and a C-terminal GPIanchor attached to the extracellular part of the cell membrane (Figure 2). The CNTNs share
40-60% identity at the amino acid level and interestingly the 4th and 5th Ig domains are the
most divergent repeats.

One important structural feature of the CNTN family is the U-shaped horseshoe
conformation of the four N-terminal Ig repeats (Bouyain and Watkins, 2010). This motif
facilitates interaction with several known binding partners, in particular the receptor
protein tyrosine phosphatases (RPTPs). The horseshoe region additionally allows
homophilic interactions of Cntn2 on opposing cells (Felsenfeld et al., 1994). An anti-parallel
folding of these domains has been shown to likely occur in members of the L1 family. This
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Figure 2: Architecture of contactins based on repeats of immunoglobulin (Ig) and fibronectin type III (FNIII)
domains along with amino acid identity between individual domains of human CNTN5 and -6 compared to
CNTN4 (100%; black numbers) and CNTN6 compared to CNTN5 (100%; red numbers). The CNTN family
consists of six members with similar structure. Each contains six Ig domains and four FNIII domains. This family
is structurally distinguished from other Ig cell adhesion molecules by the lack of a transmembrane domain.
CNTNs are GPI-linked to the cell membrane on the extracellular surface. Isoforms exist for CNTN4 and CNTN6
(Zuko et al., 2011). Alternative names for CNTNs are indicated as well as the length in amino acids.

has been confirmed for L1 and neurofascin by structural analyses (He et al., 2009; Liu et al.,
2010) and interestingly L1 is known to mediate homophilic cell adhesion and to bind several
contactin family members (Felsenfeld et al., 1994; Liu et al., 2010).

In contrast to the Ig domains, very little is known about the FNIII contributions of the FNIII
domains to biological functions of CNTNs. It has been postulated that the FNIII repeats could
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contribute to organizing or clustering of CNTNs on the cell surface. Indeed, GPI-anchored
receptors are often found in lipid rafts, which would suggest that CNTNs could be expressed
in these microdomains (Harris and Siu, 2002). A study on the chicken Cntn2 homologue
axonin has demonstrated impairment of homophilic cis-binding properties of axonin after
addition of monoclonal antibodies directed to the fourth FNIII repeat (Kunz, 2001).
However, the sequence identity between the fourth FNIII repeat of Cntn2 for Cntn3 to -6 is
relative low, 31-36% and 45% for Cntn1. Therefore, this property might only apply to Cntn2.

Genetic implication of Contactins in ASD: CNTN4, CNTN5, CNTN6

The notion that CNTNs are implicated in developmental disorders, particularly ASDs, resides
in findings in genetic studies on sporadic and syndromic cases of ASD. Accounts of mutations
in CNTN1 and CNTN2 associating with ASD or other neurodevelopmental disorders lack to
our knowledge. One case of a deletion in CNTN3 has been reported (Gispen et al., 1986, 1991,
1994; Lopes da Silva et al., 1982; Morrow et al., 2008). The current data point to CNTN4,
CNTN5 and CNTN6 as potential disease genes in ASDs and other developmental psychiatric
disorders.

The 3p deletion syndrome, in which ASD is a common clinical feature, is caused by loss of the
distal portion of the short arm of chromosome 3. The genes located on this tip concern a
small gene cluster composed of CHL1, CNTN6 and CNTN4, in this order (Betancur, 2011;
Buxbaum et al., 2012; Devlin and Scherer, 2012; Fernandez et al., 2008b). CHL1 codes for the
IgCAM close homologue of L1. Furthermore, disruption of CNTN4 itself has been shown to
result in neurodevelopmental delay and ASDs (Bourgeron et al., 2007; Cottrell et al., 2011;
Fernandez et al., 2008a; Glessner et al., 2009; Guo et al., 2012; Roohi et al., 2009; Zoghbi,
2003). It has been reported that there are three cases having a CNV in the CNTN4 gene in the
dataset of the Autism Genome Project (Abrahams and Geschwind, 2008; Pinto et al., 2010).
In the AGRE dataset (release 2008), comprising 3837 micro-array genome scans of 949
simplex and multiplex autism families, seven inherited CNVs where found in the CNTN4 gene
or its promotor region (two duplications and five deletions), three of which resemble
previously reported CNV’s (Buxbaum et al., 2012; Devlin and Scherer, 2012; Roohi et al.,
2009; de Jong, van der Zwaag and Burbach, unpublished).
One case with ASD having a CNV in the CNTN5 gene was identified in cohorts of ASD patients
at the UMC Utrecht (Cooper et al., 2011; Daalen et al., 2011; Pinto et al., 2010; Sanders et al.,
2011; van der Zwaag et al., 2009). In the first study (Daalen et al., 2011; O'Roak and State,
2008; Stein et al., 2013; Yu et al., 2013) an evaluation was performed of the clinical
significance of CNVs found in families with multiple affected children (multiplex) and
families with a single affected child (simplex) with ASD. The aim was to assess the
contribution of the CNVs that were identified in a cohort of 210 patients with a best estimate
diagnosis of ASD referred to the department of Child and Adolescent Psychiatry of the
University Medical Center of Utrecht. The families of nine probands, containing a CNV with
at least one gene transcribed in the brain, were evaluated with standard psychiatric and
medical genetic procedures. The co-segregation of the CNV with the disease in these families
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was used as a model to indicate that most CNVs may by themselves not be sufficient to cause
ASD, but still may contribute to the phenotype by additive or epistatic interactions with
inherited (transmitted) mutations or non-genetic factors. Considering especially CNVs in
CNTNs, in one family, a loss of CNTN5 cosegregated with disease (Daalen et al., 2011; O'Roak
and State, 2008). Four cases having a CNV in CNTN5 were present in the AGP data (Pinto et
al., 2010; Zoghbi and Bear, 2012). In the AGRE cohort twelve families with inherited CNVs
were found in CNTN5. They represented four different CNVs; three deletions and one
duplication (de Jong, van der Zwaag and Burbach, unpublished). One of these deletions was
recurrently identified in nine different families, another one in four families. Additionally,
CNVs in CNTN5 have also been found in patients with ADHD (Auerbach et al., 2011; Bear et
al., 2004; 2008; Kelleher and Bear, 2008; Lionel et al., 2011).
For CNTN6 one de novo CNV and one non-cosegregating inherited CNV were found in an
Utrecht cohort (Daalen et al., 2011; Napoli et al., 2008). The AGP data contained 4 cases of
CNTN6 deletion (Bassell and Warren, 2008; Frank Kooy, 2003; Hoogeveen et al., 2002; Pinto
et al., 2010), while the 2008 AGRE dataset contained nine cases with a CNV in CNTN6 (eight
duplications and one deletion) in ten families.

There are indications that CNTNs are also involved in other neuropsychiatric disorders.
Bipolar disorder with alcohol dependence and other co-morbidities was associated with SNP
rs2727943 (p = 3.3×10⁻⁸) located in the region between the CNTN4 and CNTN6 gene (Ascano
et al., 2012; Kerner et al., 2011). Genetic mappings uncovered several shared brainexpressed genes among substance use, stress response, obesity and hemodynamic traits,
which included CNTN4. It was suggested that these genes form networks of interacting
proteins, sharing synaptic function, possibly long-term potentiation (LTP) (Nikpay et al.,
2012; Spooren et al., 2012). CNVs disrupting the CNTN6/CNTN4 region on chromosome 3
have been found in several anorexia nervosa cases. One deletion only spanned the CNTN6
gene (Spooren et al., 2012; Wang et al., 2010). Another genomic region identified to be
associated with anorexia nervosa is a 20.2-kb interval (the haplotype block 11q22-#5),
spanning from the eighth to the ninth intron of the CNTN5 gene (Ehninger and Silva, 2011;
Nakabayashi et al., 2009).
CNTN4 has also been associated with cerebellar degeneration in spinocerebellar type 16
(Miura et al., 2006; Osterweil et al., 2013). These results strongly suggest that disruption of
CNTN4 renders individuals prone to these neuropsychiatric disorders, involving an
unknown common mechanism.
Recently, funded by the Dutch Brain Foundation, we initiated a deep sequencing analysis by
massive parallel sequencing in ASD patients in two phases: a first phase of ~210 cases, and
a second phase of ~300 cases collected at the UMC Utrecht (de Jong, van der Zwaag and
Burbach, unpublished). The intent is to identify inherited mutations in genes of the CNTN
and CNTNAP gene families. Analysis of variants identified in the first phase study showed
multiple probable deleterious changes in the CNTN5 and CNTN6 protein products, with
isolated changes identified in the genes coding for the other members of the families. Seeing
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that most of the promising changes are identified in single individuals/families, it is
imperative to enlarge the cohort size and to combine data through international
collaborations. This will enable us to definitively determine which of the CNTN(AP) genes
are recurrently associated with ASDs, which are merely sporadically changed, and which
genes are non-associated with ASDs.

The present genetic data make the strongest argument for CNTN4 as a disease gene in ASDs.
Additionally, the involvement of CNTN5 and CNTN6 is more and more supported by current
studies, with a remarkable number of inherited CNVs present in databases on ASD genetics
and an emerging roll for sequence variation at the basepair level in isolated and familial cases
of ASDs. It may be suggested that CNTN5 and CNTN6 could be recessive genes, or at least not
fully penetrant, or may predispose for more general neurodevelopmental weakness. Further
studies, particular in gene knockout mice, are needed to define the potential of these genes
to disrupt neurodevelopmental processes. Such studies will be reviewed below.

Expression of Cntn4, Cntn5 and Cntn6

Spatiotemporal expression patterns of Cntn4, -5 and -6 provide important information on
their potential role in the pathogenesis of ASD and on the brain systems involved. In rodents,
the three genes are prominently expressed in the central nervous system, where, in most
regions, the expression levels reach their peak shortly after birth. This indicates all three play
a role in, particularly the postnatal, development of the brain (Ehninger et al., 2008; Ehninger
and Silva, 2011; Zuko et al., 2011). Detailed descriptions of the spatiotemporal expression
patterns of Cntn4, -5 and -6 will be provided below.
Cntn4

Cntn4 expression is restricted to the nervous system and in mice it increases after birth,
reaching a maximum at adulthood (Bouyain and Watkins, 2010; Shimoda and Watanabe,
2009). The expression of this gene has not been extensively studied and limited data are
present in literature and the Allen Brain Atlas. In the rat, most of the thalamic nuclei were
found to be Cntn4 mRNA positive (Felsenfeld et al., 1994; Yoshihara et al., 1995). Except for
the CA1 field, Cntn4 expression in the hippocampus is weak. Other regions of expression
include the piriform cortex, limbic cortices, several hypothalamic nuclei, substantia nigra,
inferior colliculus, dorsal motor nucleus of the vagus nerve, the hypoglossal nucleus and the
cerebral cortical layers II-V. Cntn4 is expressed in an interesting pattern in the rat
cerebellum, with strong mRNA expression in the granular layer of the anterior folia (lobules
1-6), but weak expression in the posterior folia (lobules 7-10). In contrast, only in lobules 9
and 10 Purkinje cells positive for Cntn4 mRNA were found (He et al., 2009; Liu et al., 2010;
Yoshihara et al., 1995). In addition, Cntn4 is particularly strongly expressed in a subset of
olfactory sensory neurons (OSNs) in the olfactory epithelium from embryonic day 14 (E14)
onwards, reaching peak expression in this region at postnatal day 7 (P7). Its presence is
mostly restricted to the axons, and suggested to be involved in synaptogenesis or axon
guidance. Cntn4-positive glomeruli are distributed in a mosaic pattern (Felsenfeld et al.,
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1994; Kaneko-Goto et al., 2008; Liu et al., 2010; Mimmack et al., 1997; Saito et al., 1998).
Cntn4 expression can also be found in sublaminae of the inner plexiform layer of the retina
in chick embryos (Harris and Siu, 2002; Yamagata and Sanes, 2012). Northern blot analysis
of human brain tissue has revealed CNTN4 expression in several brain regions. CNTN4
expression was most prominently found in cerebellum, occipital lobe and frontal lobe, and
to a lesser extent in the thalamus, cerebral cortex, and the substantia nigra (Kamei et al.,
2000; Kunz, 2001).
Cntn5

Cntn5 is exclusively expressed in the central nervous system (Ogawa et al., 1996) and
expression is best detectable after birth in rats (Ogawa et al., 2001) and mice (Li et al., 2003),
reaching a maximum between P7 and P21 in the cerebrum. Most prominent expression,
which continued into adulthood, was found in restricted brain areas involved in the auditory
pathway with little variation between mice and rats, including the superior olivary complex
(SOC), inferior colliculus, lateral lemnicus (only in mice), medial geniculate nucleus (only in
rats) and auditory cortex (only in rats) (Li et al., 2003; Ogawa et al., 2001). Additional areas
of expression include thalamic nuclei, cerebral cortex, dentate gyrus of the hippocampus,
inferior olive, pontine nuclei, amygdaloid nucleus, caudate putamen, locus coeruleus,
cingulum, the accessory olfactory bulb and the cerebellum. However, in these areas
expression declines and does not continue into adulthood. Moreover, expression in the
cerebellum reaches its maximum at P3 (Li et al., 2003; Ogawa et al., 2001). In the auditory
brainstem, Cntn5 expression was exclusively observed in glutamatergic neurons and
enriched expression was found at glutamatergic synaptic terminals (Toyoshima et al., 2009a,
2009b). A close analysis on synaptosomal fractions revealed that Cntn5 is localized in
presynaptic terminals (Shimoda et al., 2012). In the retina of chick embryos, Cntn5
expression is found in specific sublaminae of the inner plexiform layer. It is expressed in
close proximity to Cntn4, but the expression patterns are largely mutually exclusive
(Yamagata and Sanes, 2012). In human brain tissue, CNTN5 mRNA was mostly present in
occipital lobe and amygdala, but was also found in the thalamus, cerebral cortex, frontal and
temporal lobes (Kamei et al., 2000).
Cntn6

Northern blot analysis on rat tissues revealed that the Cntn6 gene is expressed in the
cerebrum, cerebellum and spinal cord and that the expression is restricted to the nervous
system (Ogawa et al., 1996). Cntn6 expression is observed as early as E15.5 in mice (Ye et
al., 2008) and E17 in rats (Cui et al., 2004), and an evident increase in expression is reported
after birth, in both mice (Lee et al., 2000) and rats (Cui et al., 2004), reaching a maximum
expression at P7 in the cerebrum, whereas it continues to increase to adulthood in the
cerebellum. In situ hybridization and X-Gal staining in LacZ-knockin mice indirectly showed
expression in the cerebral cortex (layer II/III and V), anterior thalamic nuclei, accessory
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Figure 3: In situ hybridization data of Cntn6 on E18.5, P4 and P14. These data show Cntn6 mRNA
expression in the thalamus and cortex adjacent to the hippocampus at E18.5 (upper panels). This expression is
progressing over time to distinct structures in the cortex and thalamus at P14, supported by the expression
masks (bottom panels). These images are taken from the Allen brain atlas (Lein et al., 2007).

olfactory bulb, piriform cortex, locus coeruleus of the pons, mesencephalic trigeminal
nucleus and in the cerebellum (Lee et al., 2000; Takeda et al., 2003). Cntn6 mRNA expression
progresses from E18.5 to P14 in cortical layers and certain thalamic nuclei (Figure 3). In the
cerebellum of adult rats, protein expression was observed in a subset of granule cells in
lobules 1-8, whereas Cntn6 expression was present in Purkinje cells of lobule 9 and 10
(Takeda et al., 2003). Detailed analysis of Cntn6 expression in the granule cells of the
cerebellum, but also in the hippocampal formation has revealed a localization in
glutamatergic presynaptic terminals as opposed to GABAergic synapses and postsynaptic
terminals (Sakurai et al., 2009; Sakurai et al., 2010). In the cerebral cortex, a graded
expression pattern was seen at P7, with high expression levels in the caudal areas, including
the visual cortex and lower levels in the rostral region (Ye et al., 2008). In human tissue,
Northern blot analysis of CNTN6 mRNA showed most expression in the cerebellum, followed
by the thalamus and subthalamic areas (Kamei et al., 1998).

Neuronal and developmental phenotypes in knock-out mice
Cntn4

The spatiotemporal expression pattern of Cntn4, as described in a previous section, suggests
that Cntn4 plays a role in the formation of axon connections and maintenance of neural
circuits in these regions during the development of the nervous system (Yoshihara et al.,
1995). The few studies on the function of Cntn4 have focused on its role in the olfactory
system. For these studies, Cntn4 knockout mice have been generated. The authors mention
that disruption of exon 2 causes knockout of the gene (Kaneko-Goto et al., 2008), however
this information seems outdated. The latest NCBI data claim that exon 5 is disrupted in the
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Cntn4 gene of these knockout mice. They performed immunohistochemical staining of
mouse brain sections against various cell recognition and axon guidance molecules. Strong
expression of Cntn4 protein in the olfactory nerve layer and glomerular layer of the olfactory
bulb was found. Cntn4 protein is localized in axons of olfactory sensory neurons (OSNs) but
is not present in the dendrites and cell bodies, and also does not depend on the Neural Cell
Adhesion Molecule (NCAM/OCAM)-positive axons. Based on these data, they next examined
the overall distribution of Cntn4-positive and –negative glomeruli in the olfactory bulb (OB).
Mice homozygous for this knockout allele exhibit aberrant projections of olfactory axons to
multiple glomeruli in the olfactory bulb. The laminar organization of the olfactory epithelium
appeared to be normal and other Cntn4-related molecules were not changed in expression.
In contrast, in Cntn4 knockout mice the innervations of ectopic glomeruli were significantly
larger than in wild-type mice. To determine the relationships between the hemophilic
adhesion molecules including Kirrel2/3 or repulsive guidance partners including ephrinA5/EphA5 and Cntn4, OB sections were triple stained with antibodies against Cntn4, Kirrel2
and ephrin-A5. Cntn4 expression in the glomerular array of the olfactory bulb showed a
mosaic pattern distinct from Kirrel2 and ephrin-A5. Higher magnification revealed that
expression of Cntn4 in individual glomeruli showed no correlation with that of Kirrel2 but
significant positive correlation with ephrin-A5. Evidence emerged that a heterophilic
binding partner of Cntn4 exists on OSN axon terminals, but this protein remained
unidentified. From the different levels of Cntn4 expression on OSN axons and their
terminations onto distinct glomeruli, Cntn4 expression may correlate with odorant receptor
(OR) genes including MOR28, mOR-EG, OR-l7 and mOR256-l7. To clarify this hypothesis,
they double labeled the tissue using antibodies. Olfactory receptors including OR-l7 and
mOR-EG also appeared significantly increased in innervations of ectopic glomeruli in Cntn4
knockout mice. Cntn4 protein co-localizes with eprin-A5, which may have neural activity
functions in OSNs (Kaneko-Goto et al., 2008; Serizawa et al., 2006). Immunohistochemistry
results indicated that neural activity negatively regulates the expression of Cntn4. However,
anatomical screenings of Cntn4 knockout mice showed that the layer organization of the
olfactory epithelium appeared normal and expression levels/ patterns of other surface
molecules, such as NCAM, OCAM, NP-1, NP-2, Kirrel2 and ephrin-A5 showed no difference
from wild-type mouse. By investigating the correlation between the Cntn4 expression level
and the OR genes, immunohistochemistry showed that Cntn4 deficiency resulted in
increased numbers of MOR28 glomeruli. In addition, OR-I7-positive OSNs showed more
severe defects with abnormal multiple glomeruli. Finally, an overlay assay detected the
presence of an unknown heterophilic binding partner of Cntn4 on OSN axon terminals.
Taking these results together (Kaneko-Goto et al., 2008), Cntn4 was identified as an axon
guidance molecule required for establishment of olfactory neural circuitry during neural
development.
Cntn5

As described in the previous section, Cntn5 is most prominently expressed in brain regions
involved in the auditory pathway in mice and rats (Li et al., 2003; Ogawa et al., 2001).
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Therefore, Li and colleagues (2003) analyzed the response of Cntn5 knockout mice and wildtype animals to acoustic stimuli. Firstly, they discovered that Cntn5 knockout mice are less
prone to audiogenic seizures (AGS). Secondly, they examined brain activity by means of cFos staining after AGS-inducing stimuli in several areas of the auditory pathway. Less
induction was found in the inferior colliculus (IC), which encompassed a significant decrease
in the dorsal cortex of the inferior colliculus and the external cortex of the inferior colliculus,
but no significant difference in c-Fos staining in the central nucleus of the inferior colliculus
(CIC) and cochlear nucleus. In response to a pure tone stimulus, a narrow and organized
band of c-Fos staining was observed in the CIC and dorsal cochlear in wild-type animals,
whereas the pattern of c-Fos staining in Cntn5 knockout mice was broad and unorganized
(Li et al., 2003). The CIC is organized into narrow frequency-selective bands in adult animals.
The development of the IC into this organization is experience- and activity-dependent and
occurs through elimination of initially broadly distributed axon collaterals (Pierson and
Snyder-Keller, 1994). Therefore, this readout is broadly used as functional marker of
information transfer between pre- and postsynapses in the auditory pathway (Chen et al.,
2000). The pattern observed in the mutant mice suggests that Cntn5 is involved in the
maturation of the IC (Li et al., 2003).
A closer look at Cntn5 expression in the auditory cortex revealed two important facts. Firstly,
Cntn5 is preferentially expressed in the high-frequency regions of the auditory brainstem.
Secondly, Cntn5 is found in both VGLUT1- and VGLUT2-positive synaptic terminals
(Toyoshima et al., 2009a). During auditory development, glutamatergic synapses switch
from expressing VGLUT2 in immature stage to VGLUT1 in mature stage (Blaesse et al., 2005).
In addition, a reduction in the number of fibers and glutamatergic synapses in the auditory
regions of the brainstem of Cntn5 knockout mice was found (Toyoshima et al., 2009b;
Shimoda and Watanabe, 2009). The number of principal neurons and bushy neurons in
specific auditory brain regions was decreased as well. Investigation into the source of the
hypoplasia led to the discovery that failure to mature, and in particular defective calyces of
Held, caused apoptosis of both principal and bushy neurons (Toyoshima et al., 2009b). Taken
together, a role for Cntn5 in synaptic maturation in the central auditory system is strongly
supported.

Few studies have focused on other functions of Cntn5 than a role in the central auditory
system. In the retina, CNTNs, including Cntn4 and -5, among other members of the Ig CAM
superfamily, are suggested to be involved in a code that regulates laminar specificity. Both,
the mediation of transsynaptic interactions and the mediation of interaction between subtype specific dendrites might be involved (Yamagata and Sanes, 2012). In vitro, a neurite
outgrowth promoting effect of soluble and membrane bound Cntn5 has been for cortical, but
not for hippocampal, neuronal cells derived from rat (E17). This region-specific effect
indicates an interaction with a binding partner that is restrictedly expressed (Ogawa et al.,
2001). A homophilic interaction between Cntn5 proteins could not be detected. When
combining these results with the observation that Cntn5 is highest expressed after birth, and
not during early embryonic developmental stages, it may be suggested that Cntn5 may play
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a role in processes such as axon branching and synapse formation, rather than being
involved in the extension of long neurites towards their target regions (Ogawa et al., 2001).

Insight into binding partners of Cntn5 is sparse. Interaction with amyloid precursor-like
protein 1 (APLP1) in vitro has been demonstrated (Osterfield et al., 2008; Shimoda et al.,
2012) and spatiotemporal expression patterns are indicated to overlap in the cerebral
cortex, hippocampus and auditory regions (Shimoda et al., 2012). Interestingly, Cntn2 and
Cntn4 are known to bind amyloid precursor protein (APP) in vitro (Ma et al., 2008; Osterfield
et al., 2008). APP is the precursor of amyloid peptide Aβ, which is a major component of the
senile plaques in Alzheimer’s disease. Both APP and APLP1 are thought to be implicated in
synaptogenesis. Hence, the indication of a cis-binding between Cntn5 and APLP1 at
presynaptic terminals led to the speculation that Cntn5 affects dimerization of APLP1, which
in turn influences synaptogenesis (Shimoda et al., 2012).
In conclusion, strong support for a role of the Cntn5 protein in synaptic maturation has been
collected, mainly coming from studies focusing on the development of the central auditory
system. Nevertheless, research in neuronal cultures and into binding partners of Cntn5 point
in the same direction, supporting the suggestion that Cntn5 functions in synaptogenesis.
Cntn6

Cntn6 protein is upregulated mainly at the early postnatal stage during mouse development
and decreases after P15 (Cui, 2004; Sakurai et al., 2009), suggesting that it plays a role in the
postnatal maturation of the brain, in addition to embryonic functions. Mice deficient of Cntn6
show no significant difference in brain morphology compared to wild-type littermates at the
light microscopic level. Cntn6 has a particular spatiotemporal expression pattern in the
cerebellum. Consequently, the cerebellum has been studied intensively with respect to
developmental functions of CNTN6.
During postnatal development of the cerebellum at P14 Cntn6 knockout mice with a knockin
of LacZ demonstrated expression of the Cntn6 gene reported by X-Gal staining in the Purkinje
cells of lobules 9 and 10. This was followed by an expression shift from lobules 9 and 10 to
the internal granule cells of all the other lobules in the adult mice (Takeda et al., 2003). At P5
and thereafter, in lobule 3 of the cerebellum Cntn6 was expressed in the developing
molecular layer and granule cell layer, but not in Purkinje cells. During postnatal
development Cntn6 expression was found along the dendritic branches in the molecular
layer and the roots of the stem dendrites of Purkinje cells at P15 (Sakurai et al., 2009).

Taking a closer look, Cntn6 immunoreactivity in the cerebellum was observed in a zone
underneath the deep EGL not overlapping with the Cntn2-immunoreactive zone in the deep
EGL. This contrasts to L1-immunoreactivity which overlaps with both Cntn6 and Cntn2
zones simultaneously (Sakurai et al., 2009). L1 protein is expressed by postmitotic
premigratory granule cells that will migrate radially and extend axons horizontally and on
parallel fibers, which disappear at a later stage of cerebellar development (Persohn and
Schachner, 1987). Interestingly, in Cntn6 knockout mice the total area of L1
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immunoreactivity was increased in the IGL compared to wild-type mice at P5. Moreover,
there was a significant decrease of cells, indicating delayed development or increased
migration of granule cells in the IGL. In Cntn6 knockout mice at P5, VGLUT1 puncta were
scattered around the somata of Purkinje cells and during development until P15 they did not
reach the outer edges of dendrites of the Purkinje cells, in contrast to the wild-type mice
which displayed VGLUT1 puncta from the cell bodies to the outermost edges of dendrites of
Purkinje cells (Sakurai et al., 2009). In Cntn6 knockout mice, the VGLUT1-positive zone was
thinner at the tips of the dendrites and the density of the puncta was reduced. The mGlu1a
receptor-positive zone was similar to the VGLUT1-positive zone, reaching from the upper
limit of Purkinje cell bodies to the outer edge of dendrites. The thickness of VGLUT2 and
mGlu1a receptor-positive zones did not differ between Cntn6 knockout and wild-type mice
(Sakurai et al., 2009). However, the density of the mGlu1a receptor-positive puncta in Cntn6
knockout mice was reduced by 18% compared to wild-type mice. In addition, the number of
caspase-3 positive cells in the IGL was increased by 60% in the Cntn6 knockout cerebellum
when compared to wild type (Sakurai et al., 2009). Thus, Cntn6-deficiency causes reduction
in synapse density between parallel fibers and Purkinje cells and also increases granule cell
death during cerebellar development. The reduction of synapse formation might be related
to the increase of the immature granule cells in the IGL, detected by L1 expression in Cntn6
deficient mice.

As a consequence elimination of Cntn6, mice demonstrated profound motor coordination
deficits. However, no significant differences in the short-term plasticity of either climbing
fiber or parallel fiber synapses between Cntn6 knockout and wild-type mice were observed,
indicating that Cntn6 is not involved in excitatory synaptic transmission to Purkinje cells. It
is important to note that output from Purkinje cells to the vestibular nucleus may be
impaired without influencing climbing or parallel fiber EPSCs (Takeda et al., 2003). A reason
for the motor impairments could be mossy fiber innervation, which posses a significant
amount of Cntn6 transcripts (Lee et al., 2000). So lack of Cntn6 might affect the excitatory
synaptic transmission to either granule cells or Golgi cells.
Cerebellar Cntn6 protein was found in the synaptosome fraction by Western Blot (Sakurai et
al., 2009). In tissue, Cntn6 colocalizes with the mGlu1a receptor and VGLUT1immunoreactive puncta in the molecular layer of the cerebellum of P10 mice, indicating
glutamatergic synapses between parallel fibers and Purkinje cells. In Cntn6 knockout mice
the number of VGLUT1 puncta is reduced significantly and this difference is largely
compensated in adult mice. In addition, Cntn6 did not overlap with VGLUT2-immunoreactive
punta in the presynaptic terminals of parallel fibers in the deep molecular layer of P21 mice
(Sakurai et al., 2009).

In the hippocampal formation, Cntn6 immunoreactivity has been shown in the synapses of
the parallel fibers (Sakurai et al., 2010). At P5, Cntn6 expression was found in the subiculum,
the stratenum lacunosum-moleculare of the CA1 region, but not with the inhibitory
presynaptic marker VGAT. In Cntn6 knockout mice, the density of VGLUT1- and VGLUT2positive puncta was reduced by 20-30% in the regions where Cntn6 protein is strongly
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expressed in wild-type mice. Interestingly, the VGAT puncta were not affected by Cntn6
deficiency (Sakurai et al., 2010). In short, Cntn6 has an important function at the
glutamatergic presynaptic termini of parallel fibers forming synapses with Purkinje cells in
the cerebellum and glutamatergic synapses of parallel fibers of the hippocampal formation.
This indicates a contribution of Cntn6 in glutamatergic, but not GABAergic, synapse
formation during postnatal development in the hippocampus as well as the cerebellum.

A recent study has shown that Cntn6 is involved in neuritogenesis (Mercati et al., 2013). Coculturing primary cortical cultures with HEK293 cells secreting a soluble form of Cntn6
demonstrated different effects depending on the days of in vitro culture. At stages DIV4-8,
Cntn6 caused an increase in the length of the longest neurites, and at DIV6 the number of
roots per neuron was significantly increased as well as the total number of segments at DIV78 (Mercati et al., 2013). In addition, wild-type cortical neurons cultured on Cntn6 substrate
exhibited a significantly increased number of cells with neurite outgrowth and an increase
of neurite length compared to cultures on BSA substrate. Cntn6-deficient cultures did not
show this effect on either substrate (Huang et al., 2011), indicating that Cntn6 enhances
neurite outgrowth, most likely through homophilic mechanisms.

The Cntn6 gene is predomintanly expressed in layer V of the cortex in the soma and
processes of cortical neurons including dendrites and axons (Lee et al., 2000). Except for
layer V of the visual cortex, the distribution of layer V pyramidal neurons in the Cntn6
knockout mice was indistinguishable from that of wild-type littermates. In this area, the
apical dendrites were misorientated, although they did reach layer I and formed apical tufts
(Ye et al., 2007). Mice heterozygous for both Cntn6 and Chl1 showed reduced Cntn6 and
CHL1 protein levels compared with those of wild-type littermates. Layer V pyramidal
neurons in the visual cortex of the compound heterozygous mice showed a more severe
misoriented dendrite phenotype than the single-heterozygous mice and their wild-type
littermates (Ye et al., 2007). These data indicate that Cntn6 and CHL1 may cooperate in
generating this morphological phenotype in the cortex, and suggest that functional
molecular interactions may exist between these two related proteins.
In addition to neurite outgrowth and synapse development, Cntn6 is also involved in the
normal projection and terminal branching of developing corticospinal tract (CST). During
development from E16.5 until P14 X-Gal staining of Cntn6 knockout mice showed expression
in the cortex which was more prominent in pyramidal neurons of layers V-VI of the cortex in
addition to layers III-IV at P14 (Huang et al., 2012; Lee et al., 2000; Sakurai et al., 2010;
Takeda et al., 2003). However, there was no difference in development of pyramidal neurons
in the motor cortex of Cntn6 knockout mice. In addition, from P7 onwards X-Gal staining
shows that Cntn6 was expressed throughout the gray matter of the developing spinal cord
from the cervical to the lumbar cord (Huang et al., 2012). Cntn6 is specifically expressed in
CST axons in a spatiotemporal fashion from P0 to P14, including in the CST projecting axons
in the pons, pyramidal decussation and in the dorsal funiculus of the spinal cord.
Abnormalities in CST trajectories were not detected in Cntn6 knockout mice. Interestingly,
there was a delayed projection of developing CST axons in prenatal and neonatal Cntn6
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knockout mice. Also, the CST axon length at P1 and spinal CST at P7 and P14 were
significantly decreased compared to wild-type mice (Huang et al., 2012). Until P45,
innervation of CST branches in dorsal spinal cord was not observed in the Cntn6 knockout
mice, whereas CST terminations were abundant in the dorsal spinal cord in wild-type mice.
However, at P21 the formation of the CST in the spinal cord of Cntn6 knockout mice became
gradually normal and at age P28 it seems completely normalized (Huang et al., 2012). These
data suggest a role of Cntn6 in projecting and terminating axons of the CST.

Further studies into the functions of Cntn6 have concerned the role in neuroprotection from
damage in vivo and in vitro. Twelve hours after induction of focal cerebral ischemia a
decreased level of Cntn6 in the ischemic hemisphere compared to the intact hemisphere was
found by Western blot analysis. In addition, Cntn6 knockout mice demonstrated a larger
infarct volume of the ischemic area and a larger neurological deficit score compared to wildtype mice (Huang et al., 2011). When day E18 cortical neurons were grown on a surface
coated with Cntn6 protein, neurite outgrowth and neuronal survival of primary neuronal
cultures increased as compared to BSA as substrate. Cultured neurons from Cntn6 knockout
mice showed a reduction in the amount of neurons with neurites, shorter neurite length and
reduced neuronal survival compared to cultured neurons derived from wild-type mice
(Huang et al., 2011). Morphological features of Cntn6-deficient cortical neurons treated after
oxygen-glucose deprivation displayed more cell body shrinkage, neurite retraction and
neural process fragmentation compared to those from wild-type control. In addition, cell
death induced by this treatment was significantly increased in cultures derived from Cntn6
knockout mice compared to wild-type mice (Huang et al., 2011). These results suggest Cntn6
has a neuroprotective role in ischemic injury by enhancing neuronal survival and neurite
outgrowth.

Behavioral phenotypes in knock-out mice

The studies reviewed above outline molecular and cellular functions of CNTN4, -5 and -6 that
can impact on the developing brain, and may ultimately affect behavior. Gene variants in
these genes thus may underlie neurodevelopmental and behavioral abnormalities such as
seen in ASDs. Understanding the functional relationship between gene variants and the
development of aberrant behavior in humans is complex due to individual differences in
genetic background and environmental history. Therefore, systematic and longitudinal
studies of behavioral domains in mice with controlled genetic and environmental
background are needed to assess genotype-behavioral phenotype relationships (Kas et al.,
2007; Schughart et al., 2012). These behavioral observations can be related to
neurodevelopmental processes that are affected as a consequence of these genetic variants
and may provide new directions towards the development of etiology-directed treatment.
Thus far, mouse studies in strains that are deficient for Cntn4, Cntn5, and Cntn6 are sparse.
For example, there are no current reports on the behavioral profile of Cntn4 knockout mice
compared to their wild-type littermate controls. Cntn4, -5, and -6 knockout mice were found
to be born with expected Mendelian frequency, were viable and fertile. Cntn5 knockout mice
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show normal growth and no gross behavioral abnormalities. Cntn5 knockout mice have a
decreased susceptibility to audiogenic seizures with subsequently reduced c-Fos expression
at auditory brain regions (Li et al., 2003). Additional experiments revealed that Cntn5
knockout mice are not hard of hearing, but do suffer from delayed auditory brainstem
response wave latencies (Sakurai et al., 2009). The features observed in Cntn5 knockout mice
may be related to the impairment of sensory information integration that is often observed
in ASD (Collignon et al., 2012; Magnée et al., 2011; Marco et al., 2011).

Cntn6 knockout mice have been tested in a behavioral test battery that aims to identify motor
coordination and muscle strength deficits. This behavioral phenotyping study was initiated
on the basis of the relatively high expression of Cntn6 in the cerebellum (Takeda et al., 2003)
where Cntn6-deficiency affects synapse formation during postnatal cerebellar development
(see section 6.3.). Studying both motor coordination and muscle strength in these mouse
mutants revealed that Cntn6 knockout mice learned slower than wild types to stay on the
rotating rod in the rotorod test during repeated trials. Furthermore, they showed
dysfunction of equilibrium and vestibular senses in the wire hang and horizontal rodwalking tests. No differences were found between Cntn6 knockout and wild-type mice in
grasp force during a wire-hang and inverted grid test, as well as by a direct measurement
using a force gauge (Takeda et al., 2003). Based on these findings, it was concluded that
Cntn6-deficiency leads to defects in motor coordination, but not in muscle strength. If and
how these impairments relate to motor function disturbances in ASD and whether other ASD
domains (such as social interaction, social communication, repetitive and restricted
behavior) are affected in this genetic mouse model needs to be further determined. Studies
in this direction are ongoing.

Concluding remarks: neurobiological mechanisms

Of the CNTN subfamily members the neural functions of CNTN1 and CNTN2 have been best
studied, hence the neurobiological mechanisms that underlie these functions. CNTN1 and
CNTN2 play separate roles in the formation and architecture of the juxtaparanodal and
paranodal junctions of the nodes of Ranvier in myelinated nerves, and these functions are
mediated by cis- and trans-interactions between CNTNs and protein partners such as the
CNTN-associated proteins (CNTNAPs) (Peles et al., 1995; Peles and Salzer, 2000; Poliak et
al., 1999; Poliak and Peles, 2003). The functions of CNTN4, CNTN5, and CNTN6 that arise
from the studies reviewed above appear to be distinct and more related to embryonic and
early postnatal development than to structure. The finding of these three CNTN genes
amongst ASD genes indicates that the developmental effects are significant and part of the
pathogenenis of ASDs. Meanwhile the neurobiological mechanisms in which CNTN4, -5 and
-6 are part remain elusive, particularly at the molecular level. These proteins share several
effects on neuronal aspects, such as neurite outgrowth, synaptogenesis, survival, guiding
projections and terminal branching of axons in forming neural circuits. It has been reported
that all CNTNs have laminar specificity in the inner plexiform layer of the retina, with
exclusion of Cntn6 (Yamagata and Sanes, 2012) and similar functions in neuritogenesis in
vitro (Mercati et al., 2013).
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Figure 4: Hypothesized ways in which CNTN4, -5, and -6 interact with other proteins. Since CNTNs are
tethered to the membrane by a GPI-link, interaction to other proteins is required to convey its functions. This
could be in cis or trans by homo- or heterophilic interactions and thereby inducing signal transduction inside
the cell. This way CNTNs can act either as a co-receptor with the cis-interacting partner, or as a ligand
interacting with a trans-interacting transmembrane receptor. Alternatively, interactions with soluble ligands
are possible as well.

Several gaps of knowledge need to be filled in order to elucidate the neurobiological
functions in more detail. Firstly, detailed neuroanatomical analysis of the proteins is
required in order to map neuronal tracts in the developing and adult brain and to determine
the identity of afferent and efferent neurons. Reliable antibodies for such studies are in
demand. Secondly, in analogy to CNTN1 and -2, interacting partners need to be identified.
Several have been characterized for Cntn4, -5, and -6 (Table I).

These interactors may provide important clues to the molecular mechanisms and
prerequisites of action of CNTN6. It has not been established if GPI-anchored CNTNs interact
in cis with a transmembrane protein to form a receptor complex, and what ligand may bind,
or that it acts as a membrane-bound ligand itself, and what receptor it activates (Figure 4).
This requires extensive proteomic analyses of complexes of CNTNs obtained from cell lines,
cultures and brain tissue. Preliminary data obtained by this approach indicate that CNTN5
and CNTN6 differ significantly in their interacting partners (Zuko, unpublished). The
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Table 1: Proteins interacting with Cntn4, Cntn5, and Cntn6
Contactin protein
Cntn4

Cntn5
Cntn6

Binding partner
Amyloid precursor protein
(APP)
APPsα
APLP1
Protein tyrosine phosphatase
receptor γ (PTPRγ)
APLP1
PTPRγ
CHL1
PTPRα
Notch
PTPRγ

Reference
(Osterfield et al., 2008)
(Bouyain and Watkins, 2010)
(Osterfield et al., 2008)
(Bouyain and Watkins, 2010)
(Ye et al., 2007)
(Cui, 2004; Hu et al., 2006)
(Bouyain and Watkins, 2010)

function of such interactions needs to be evaluated in follow-up studies. Thirdly, the
functional link to processes implicated in the pathogenesis of ASD is an essential element in
the neurobiology of CNTNs. Since the pathogenesis centers around the regulation of local
dendritic protein synthesis and dendritic functions, the contribution of CNTN4, -5 and -6 to
these processes will have to be scrutinized.

Taken together, the neurobiology of autism centers around processes that provide the brain
with plasticity, particularly at the level of axodendritic communication. These are required
to build neuronal networks during development that can mediate complex cognitive brain
functions as in social behavior. CNTNs, particularly the members 4, -5, and -6, appear to
contribute to normal brain development and behavior, since their deletion or mutation has
been associated with ASDs. Current research on these CNTNs concentrate on the
neurobiological mechanism of their developmental functions. A future task will be to link
these to dendritic processes and to establish if proposed pharmacological strategies that
interfere with these dendritic processes, and counteract ASD-related symptomes, can also
be applied to reversal of phenotypes caused by genetic defects in these CNTN genes.
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Abstract

The gene encoding the neural cell adhesion molecule Cntn5 (a.k.a. NB-2) has been put forward as a
candidate in neurodevelopmental disorders, like autism spectrum disorder (ASD), by recent genetic
findings. Little is known about the expression pattern and function of the gene, and its functional
involvement in brain development has remained elusive. So far, most research has focused on its
early postnatal expression in the auditory system, where absence of Cntn5 causes abnormal
responses to acoustic stimuli and a decrease in fiber density. The current study shows that the Cntn5
gene is expressed in forebrain structures during embryonic development, starting at E15.5, and that
it continues to be expressed into adulthood. Sites of strong expression included the thalamus, the
caudate putamen (CPu) and to a lesser extent layer Va of the cerebral cortex. Cntn5-positive thalamic
nuclei include the laterodorsal (LD), ventrolateral (VL) and posterior group (Po), which contain
glutamatergic neurons. Visualization of the expression pattern through the Tau-LacZ fusion protein
coded by an insert in the Cntn5 gene, demonstrated that Cntn5-positive nuclei of the thalamus project
to the cortex, based on co-localization with thalamocortical markers L1 and Calretinin. These results
indicate that the cell adhesion functions of Cntn5 are exploited for circuit formation and connectivity
in early development and for synaptic maintenance during adulthood. Subtle alterations in the
formation of the thalamocortical circuit may contribute to neurodevelopmental disorders, such as
ASD.
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Introduction

Contactin-5 (Cntn5; a.k.a. NB-2) is a member of the immunoglobulin superfamily of cell adhesion
molecules (IgCAMs). Like its family members, it consists of six Ig-domains, four fibronectin-III
domains and is anchored to the membrane by a glycophosphatidylinositol (GPI) –link (Ogawa et al.,
1996; Zuko et al., 2013). Cntn5 is exclusively expressed in the central nervous system (Ogawa et al.,
1996) and primarily postnatal expression has been reported in rats (Ogawa et al., 2001) and mice (Li
et al., 2003).

Copy number variations (CNVs) in members of the contactin (CNTN) and contactin-associated
protein-like (CNTNAP) family have been found in patients with autism spectrum disorder (ASD)
(Fernandez et al., 2008; Morrow et al., 2008; Burbach and van der Zwaag, 2009; Roohi et al., 2009;
van Daalen et al., 2011; Zuko et al., 2011, 2013; Nava et al., 2013). Although a recent study (Murdoch
et al., 2015) could not provide any evidence for a strong contribution of rare heterozygous missense
mutations in any of the CNTN and CNTNAP genes, including CNTN5, to the population risk of ASD,
CNVs in CNTN5 have earlier been associated with ASD (Burbach and van der Zwaag, 2009; Nava et
al., 2013). Furthermore, a paternally transmitted loss of CNTN5 was found to be sufficient to cause
ASD (van Daalen et al., 2011). Additionally, other neuropsychiatric traits have been associated with
CNTN5, such as attention deficient hyperactivity disorder (ADHD) (Lionel et al., 2011), anorexia
nervosa (Nakabayashi et al., 2009) and substance abuse (Nikpay et al., 2012).

So far, research on Cntn5 has mainly focused on its postnatal expression and function in the auditory
pathway (Ogawa et al., 2001; Li et al., 2003), while other areas of expression are mostly left
untouched. The aim of this study was to further explore the spatiotemporal expression pattern of
Cntn5 and the wiring of Cntn5-expressing systems in order to gain insight into its involvement in
neuropsychiatric disorders, such as ASD. To this end, mice with a Tau-LacZ-Neo cassette inserted in
the Cntn5 gene were used (Cntn5LacZ/LacZ) (Li et al., 2003). This inactivates Cntn5 expression and
allows visualization of Cntn5 expression patterns by use of an antibody against β-galactosidase. Due
to fusion with Tau, β-galactosidase is transported through the axons of Cntn5 expressing neurons,
which empowers analysis of the projections and morphology of these cells. The current study shows
that Cntn5 is strongly expressed in the thalamus, caudate putamen (CPu) and to a lesser extent in the
cerebral cortex. Moreover, we found that this expression starts earlier and lasts longer than expected
based on previously described findings. As these brain regions and connecting networks are
important brain systems in ASD pathology, we analyzed the spatiotemporal expression pattern of
Cntn5 in detail, focusing on the thalamocortical circuit.

Experimental procedures
Animals

Brain tissue was obtained from Cntn5+/+, Cntn5+/LacZ and Cntn5LacZ/LacZ littermates at embryonic stages
(E13.5, E15.5 and E18.5) and postnatal ages (P2, P7 and P56). E0.5 refers to the day the vaginal plug
was detected; P0 refers to the day of birth. The mouse line was generated by insertion of a Tau-LacZNeo cassette into intron 2 of the Cntn5 gene, as described by Li and colleagues (Li et al., 2003). All
animal procedures were approved by the Animal Experimentation Committee of Utrecht University
and were carried out in agreement with Dutch Laws (Wet op de Dierproeven, 1996) and European
regulations (Guideline 86/609/EEC).
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Figuur 1 β-Galactosidase is expressed in Cntn5LacZ/LacZ mice. Cntn5 mRNA in Cntn5+/+ mice (A,B) is found in
the same dorsal thalamic nuclei as β-galactosidase in the Cntn5LacZ/+ and Cntn5LacZ/LacZ mice (E-H) at P7. βGalactosidase was not endogenously expressed in Cntn5+/+ mice (C,D). The antibody specifically stains βgalactosidase in Cntn5LacZ/+ and Cntn5LacZ/LacZ mice and diffused through the thalamocortical axons, as shown
by double staining with Calretinin (I-K) and L1 (L-N). BGal: β-galactosidase, Calr: Calretinin, TCA:
thalamocortical axons, LD: laterodorsal nucleus, AV: anteroventral nucleus, AD: anterodorsal nucleus, LP:
lateral posterior nucleus, VL: ventrolateral, Po: posterior thalamic nuclear group. Scale bars: 200µm.
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Figure 2. Expression in glutamatergic thalamic nuclei. β-Galactosidase staining is present in P7
Cntn5LacZ/LacZ mice in the LD and to a lesser extent in the AV and AD nuclei (A, D), where it co-localizes with
VGluT2 (C, D; arrowheads). More caudally, β-galactosidase is expressed in the LP and the VL and the Po nucleus
(I, M), which are VGluT2-positive thalamic nuclei (J) and overlapping expression is detected (K, L; arrowheads).
Pvalb is seen in the RT nucleus (F, N), where β-galactosidase-positive fibers cross, but no cellular expression is
detected (H, P; empty arrowheads). LD: laterodorsal nucleus, AV: anteroventral nucleus, AD: anterodorsal
nucleus, RT: reticular thalamic, LP: lateral posterior nucleus, VL: ventrolateral, Po: posterior thalamic nuclear
group, BGal: β-galactosidase, VGluT2: Vesicular Glutamate Transporter 2, Pvalb: Parvalbumin. Scale bars: 50µm
(A-C, E-G, I-K, M-O), 30µm (D, H, L, P).

Immunohistochemistry

Embryonic (E13.5, E15.5 and E18.5) brains and brains from P2 pups were dissected, fixed with 4%
paraformaldehyde (PFA) overnight (O/N) and cryoprotected in 30% sucrose. P7 pups and adult mice
were intraperitoneally injected with pentobarbital (20mg/kg; Euthanimal, Alfasan, the Netherlands)
and transcardially perfused with PBS, followed by 4% PFA. Brains were removed and postfixed with
4% PFA O/N and cryoprotected in 30% sucrose. 50µm thick coronal sections were obtained. Staining
was performed following standard procedures, including a blocking step (1h, 2.5% normal goat
serum, 2.5% BSA, 0.3% Triton-X in PBS), incubation with primary antibodies (4°C, O/N, rocking) and
incubation with secondary antibodies (2h, room temperature, rocking). Primary antibodies were
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used as follows: Mouse anti-β-galactosidase (1:2000, Promega Corp., WI, USA), rat anti-L1 (1:200,
Merck Millipore, Darmstadt, Germany), rabbit anti-Calretinin (1:1000, Swant, Marly, Switzerland),
guinea pig anti-VGluT2 (1:2500, Millipore, Darmstadt, Germany), rabbit anti-Parvalbumin (1:250,
Immunostar, WI, USA), rabbit anti-Cux1 (1:200, Santa Cruz, CA, USA) and rat anti-CTIP2 (1:500,
Abcam, UK). Appropriate secondary antibodies were used from the Molecular Probes Alexa Series
(1:1000, Invitrogen, CA, USA). Pictures were taken using a fluorescent and a confocal microscope.
In situ hybridization

Brains from P7 mice were dissected, snap frozen and sectioned coronally (16µm). After drying, the
sections were postfixed for 10 minutes with 4% PFA. In situ hybridization was performed according
to standard procedures. In brief, the sections were acetylated before incubation (2h, room
temperature) with hybridization mix. The digoxigenin (DIG)-labeled RNA probes containing a Cntn5
template encoding Ig domains III–VI in the pGEM-11Zf vector (Promega Corp., WI, USA) were
synthesized using either T7 or SP6 polymerase. The probes were diluted in hybridization mix for
incubation (O/N, 68°C). Sections were washed with 2x, and subsequently 0.2x SSC. The slides were
blocked with 10% HI FCS and then incubated with anti-DIG AP diluted in 1% HI FCS buffer (O/N,
4°C). Signals were visualized by adding filtered color solution (BCIP/NBT, Levasimol). At last, the
sections were dehydrated and embedded. Pictures were taken with a light microscope.

Results

β-Galactosidase, as marker of endogenous Cntn5, is expressed in glutamatergic cells of the thalamus

We first investigated if β-galactosidase, expressed by the knock-in of a Tau-LacZ gene in the Cntn5
locus, appropriately marked Cntn5 expression. Analysis was conducted at P7, a reported period of
high expression (Li et al., 2003). β-Galactosidase staining was present in the cerebral cortex, CPu and
thalamus of Cntn5LacZ/+ and Cntn5LacZ/LacZ mice (Fig.1E-H), amongst other brain regions, such as those
involved in the auditory pathway (e.g. superior colliculus; data not shown). No β-galactosidase
staining could be detected in Cntn5+/+ littermates (Fig.1C,D), but Cntn5 mRNA was present in the
same thalamic nuclei (Fig.1A,B). The intensity of β-galactosidase staining was milder in the
anterodorsal (AD) and anteroventral (AV) nuclei compared to the laterodorsal (LD) nucleus (Fig.1E,
G). This distinction could not be observed in mRNA levels in Cntn5 +/+ brains (Fig.1A). These data
show that β-galactosidase is specific and suitable for examining Cntn5 expression in cell bodies and
their efferent projections, although the dynamics on mRNA and protein level may differ.

In order to specify the β-galactosidase-positive neurons, double stainings with specific markers were
performed. Co-localization with thalamocortical markers calretinin (CR) (Fig.1I-K) and L1 (Fig1.L-N)
established that β-galactosidase was present in thalamocortical axons (TCA), running from specific
thalamic nuclei to the cerebral cortex. In the thalamus, all nuclei, except for the reticular nucleus of
the thalamus (RT), are known to be glutamatergic (Puelles et al., 2012). Accordingly, VGluT2 staining
was detected in all glutamatergic thalamic nuclei, though the levels of expression varied widely from
e.g. low in the lateral dorsal (LD) nucleus (Fig.2B, D) to high in the lateral posterior (LP) nucleus
(Fig.2J, L). Double staining of VGluT2 and β-galactosidase (Fig.2A-D, I-L) demonstrated co-expression
in the LD (Fig.2D; arrowheads), anterior ventral (AV), LP (Fig.2L; arrowheads), ventrolateral (VL)
and posterior (Po) thalamic nuclei. The only GABA-ergic cells of the thalamus were located in the RT,
as demonstrated by parvalbumin staining. These did not express β-galactosidase (Fig.2E-H, M-P). β168

Figure 3. Cortical expression in layer Va. Mild β-galactosidase staining is detected in one layer of the
somatosensory cortex of P7 Cntn5LacZ/LacZ mice (A, D). Double-staining with markers Cux1 (Layer II-IV; A-C, G)
and Ctip2 (Layer Vb-VI; D-F, H) define that β-galactosidase is located in layer Va of the cerebral cortex. βGalactosidase is expressed in the soma of cortical neurons in layer Va (I-K; arrowheads), as well as in TCAs
arriving in layer Va (I-K; empty arrowheads). Scale bars: 100µm (A-F), 50µm (G-K).

Galactosidase-positive fibers crossed the RT, but expression did not overlap with parvalbumin
(Fig.2P). These data show that Cntn5 in the thalamus is solely expressed in glutamatergic neurons.
Cntn5 is expressed in layer Va of the cerebral cortex

In addition to expression in glutamatergic thalamic nuclei, staining with β-galactosidase indicated
Cntn5 expression in the cerebral cortex. Next, we investigated cortical Cntn5 expression in more
detail. Mild expression of β-galactosidase was consistently detected in the cortex (E15.5-adulthood
(Fig.4)). Double-staining of β-galactosidase with Cux1 (layer II-IV; Fig. 3A-C, G) and Ctip2 (Layer Vb,
Fig.3D-F, H) in P7 Cntn5LacZ/LacZ mice demonstrated that the expression was restricted to layer Va. A
closer look at the staining (Fig.3I-K), suggested that β-galactosidase is present both in TCAs arriving
in cortical layer Va (e.g. efferents of Po-group) and in the somata of cortical neurons in layer Va.
Cntn5 is expressed from E15.5 to adulthood
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Figure 4. Spatiotemporal expression pattern of Cntn5. β-Galactosidase staining is present in Cntn5LacZ/LacZ
mice in the thalamus (here shown: LD, LP, VL, Po), CPu and cerebral cortex at E15.5 (B), E18.5 (C), P2 (D), P7
(E) and in adulthood (F), but not at E13.5 (A). Th: thalamuc, LD: laterodorsal nucleus, LP: lateral posterior
nucleus, VL: ventrolateral, Po: posterior thalamic nuclear group. Scale bars: 200µm.

Clear expression of Cntn5 in the thalamic nuclei and input-receiving cortex, suggest a potential role
in the formation of the thalamocortical tract in embryonic development. To examine when Cntn5 is
expressed during development, we determined its expression pattern at six different time points. βGalactosidase was detected at E15.5 (Fig.4B), E18.5 (C), P2 (D), P7 (E) and at adulthood (F), but not
at E13.5 (Fig.4A). At E15.5 expression was observed broadly throughout the dorsal thalamus with
the highest density being lateral. At E18.5 the expression was more concentrated in lateral dorsal
nuclei of the thalamus. The ganglionic eminence at E15.5 displayed immunoreactivity that was
confined to the CPu at later time points. These data indicate that Cntn5 expression starts around E15
and continues into adulthood.

Discussion

Cntn5 is a cell adhesion molecule, from which the postnatal expression and function in the auditory
pathway in the rodent brain has been reported more than a decade ago (Ogawa et al., 2001; Li et al.,
2003). Due to the implication of Cntn5 in ASD (Burbach and van der Zwaag, 2009; van Daalen et al.,
2011; Nava et al., 2013) the interest in this cell adhesion molecule has been revived particularly
concerning its role in the developing brain. In this study we analyzed the developmental expression
and wiring of Cntn5-expressing forebrain systems in more detail. To this end we used a Tau-LacZ
knockin in the Cntn5 gene (Li et al., 2003). Fusion of β-galactosidase with Tau provides the advantage
of visualization of the axonal projections of Cntn5-positive neurons. In view of the low expression of
the Cntn5 gene, we needed the signal provided by the Cntn5LacZ/LacZ mice, which lack Cntn5. We found
that there were no neuroanatomical deviations in the most intense β-galactosidase signals between
Cntn5LacZ/+ and Cntn5LacZ/LacZ mice (Fig.1E-H).
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Table 1: Cntn5+ thalamic nuclei and their cortical targets
Thalamic Nuclei
Anterior group

AV, AVVL, AVDM
AM, AMV
AD

Medial group
Lateral group

Ventral group

Intralaminar group
Midline group
Posterior group

IAD, IAM

LD, LDDM, LDVL
LP, LPMR, LPLR
LPMC, LPLC
VA
VL
VM
VPM, VPL
VPPC
Sub
Po

AngT, Eth, ReEth, PIL,
PoT, PF, Sc, SG

Cntn5 expression
+
+/-

+++
++
+
++
++
-

Cortical target
Medial frontal
Cingulate,
retrosplenial
Cingulate,
retrosplenial
V1, V2
V1, V2
Motor

S1BF

AV: anteroventral, AVVL: anteroventral ventrolateral, AVDM: anteroventral dorsomedial, AM: anteromedial,
AMV: anteromedial ventral, AD: anterodorsal, IAD: interanterodor, IAM: interanteromedial, LD: laterodorsal,
LDDM: Laterodorsal dorsomedial, LDVL: laterodorsal ventrolateral, LP: lateral posterior, LPLR: lateral
posterior laterorostral, LPMR: lateral posterior mediorostral, LPMC: lateroposterior mediocaudal, LPLC:
lateroposterior laterocaudal, VA: ventroanterior, VL: venmtrolateral, VM: ventromedial, VPM: ventroposterior
medial, VPL: ventroposterior lateral, VPPC: ventroposterior posteriocaudal, Sub: submedius thalamic nucleus,
Po: posterior thalamic nuclear group, AngT: angular, Eth: ethmoid, ReEth: retroethmoid, PIL: posterior
intralaminar, PoT: posterior nucleus, triangular part, PF: parafascicular, Sc: scaphoid, SG: suprageniculate, V1:
primary visual cortex, V2: secondary visual cortex, S1BF: barrel field primary somatosensory cortex (Puelles
et al., 2012).

The current study adds new information to the existing literature. Previous studies have shown that
Cntn5 is exclusively expressed in the central nervous system (Ogawa et al., 1996; Zuko et al., 2013)
and primarily postnatal expression has been reported in rats (Ogawa et al., 2001) and mice (Li et al.,
2003), reaching a maximum between P7 and P21. Most prominent expression has been found
previously in restricted brain areas of the auditory pathway (Ogawa et al., 2001; Li et al., 2003).
Additional areas of expression included thalamic nuclei, cerebral cortex, dentate gyrus of the
hippocampus, the accessory olfactory bulb and the cerebellum. Here, we detailed the nuclei, the
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axonal trajectory and the developmental expression of Cntn5 in the thalamus. The thalamus is an
active regulator of sensory information transmission to the cortex and has been implicated with ASD
and other neuropsychiatric disorders (Hardan et al., 2008; Fitzgerald et al., 2011; Saalmann and
Kastner, 2011; Nair et al., 2013). Cntn5 expression was found in a limited and coherent set of nuclei:
the anterior, lateral, ventral and posterior group of the thalamus (Table 1).

Strongest expression was present in the lateral dorsal nuclei (LD), which project their axons to the
cingulate and retrosplenial cortex (Puelles et al., 2012). Like the LD, the anterior dorsal group (AD)
has projections the cingulate and retrosplenial cortex (Puelles et al., 2012). The lateral posterior
nuclei (LP) project to the primary and secondary visual cortex (V1, V2) (Puelles et al., 2012) and were
found to be Cntn5-positive. In addition, the ventrolateral nucleus (VL), projecting to motor areas and
the posterior group (Po), which projects to the somatosensory cortex (S1BF) (Puelles et al., 2012)
showed strong Cntn5 expression (Table 1). Previously Cntn5 expression was associated with
glutamatergic neurons of the auditory system and spinal cord (Toyoshima et al., 2009; Ashrafi et al.,
2014). Here we show that Cntn5 expression in the thalamus is also restricted to glutamatergic
neurons, pointing to a role of Cntn5 in development and maintenance of glutamatergic systems

For this reason it was surprising that Cntn5 expression at E15.5 was found in the ganglionic
eminence, from where neurons migrate and become cortical GABA-ergic interneurons (Wonders and
Anderson, 2006). However, since the expression was still present in the CPu at E18.5 and all later
time points, it is unlikely that the Cntn5-positive neurons belong to this category. Rather this
indicates that there is Cntn5 expression in glutamatergic striatal neurons of the CPu.

Intriguingly, Cntn5 is expressed in several areas involved in sensory information processing. Cntn5
expression in the auditory pathway of wild type mice has been elaborately described (Li et al., 2003).
Recently, Cntn5 was reported to be involved in axoaxonic microcircuit formation in specifically
sensory neurons in the spinal cord (Ashrafi et al., 2014). Here, we report Cntn5 expression in the
relay center of sensory information, which nuclei project to additional sensory cortical areas (S1BF,
V1, V2). Moreover, these sensory cortical regions express Cntn5 as well. Abnormal information
processing, particularly sensory information processing, has been suggested to be at the origin of
ASD symptomatology (reviewed in Hazen et al., 2014) (Hazen et al., 2014).

Thus far, studies have focused on early postnatal stages when expression is high and it was thought
not to continue into adulthood, except for nuclei of the auditory pathway (Ogawa et al., 2001; Li et
al., 2003). However, here we show that Cntn5 expression already occurred in stages of embryonic
development (E15.5 and E18.5; Fig. 4B, C), in addition to postnatal stages (P2 and P7; Fig.4D, E) and
in adulthood (Fig.4F). The finding that Cntn5 is expressed in the thalamus from circa E15 onwards
provides new insights into additional functions of the gene. An important event in thalamocortical
tract development is the pause and encounter with corticothalamic axons around E15, after which
the TCAs transverse the pallial-subpallial boundary (PSPB) and proceed towards their target. At E18
all axons have reached the cortex and axonal branching into the cerebral cortex starts and synaptic
terminals are formed (López-Bendito and Molnár, 2003). During this period of embryonic
development Cntn5 may serve a function in tract formation. At E15.5, Cntn5 is expressed in neurons
of layer Va of the cortex, in neurons of the thalamus and around the PSPB in the CPu (Fig.4B). A role
for Cntn5 in the pause of the thalamocortical axons, awaiting the encounter with the corticofugal
axons before continuing, might be one of its potential functions. Additionally, Cntn5 may be involved
in processes such as synapse formation and arborization during early postnatal development and/or
synaptic maintenance in adulthood. It has, fittingly, been shown that the number of fibers and
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synapses appeared to be reduced in the auditory regions of the brainstem of Cntn5-deficient mice
(Shimoda and Watanabe, 2009). Recently, it has been reported that Cntn5, in a complex with
Cntnap4, promotes and stabilizes axoaxonic contacts in the spinal cord sensory neurons (Ashrafi et
al., 2014). To unravel the functions of Cntn5 more extensive and quantitative analyses of cellular and
molecular phenotypes will be necessary.
In sum, the current study shows that Cntn5 is expressed in specific thalamic nuclei and the
thalamocortical tract, in embryonic and postnatal stages of the developing mouse brain, as well as in
the adult brain. In addition, it is expressed in cortical layer Va and the CPu. Insight into the function
of Cntn5 in the formation and/or maintenance of neural circuits is significant in the pursuit of
understanding the neurobiological mechanisms behind ASD.
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Abstract

Contactin-5 (Cntn5) is an immunoglobulin cell adhesion molecule that is exclusively expressed in the
central nervous system. In view of its association with neurodevelopmental disorders, particularly
autism spectrum disorder (ASD), this study focused on Cntn5-positive areas in the forebrain and
aimed to explore the morphological and behavioral phenotypes of the Cntn5 null mutant (Cntn5-/-)
mouse in relation to these areas and ASD symptomatology. A newly generated antibody enabled us
to elaborately describe the spatial expression pattern of Cntn5 in P7 wild type (Cntn5+/+) mice. The
Cntn5 expression pattern included strong expression in the cerebral cortex, hippocampus and
mammillary bodies in addition to previously described brain nuclei of the auditory pathway and the
dorsal thalamus. Thinning of the primary somatosensory (S1) cortex was found in Cntn5-/- mice and
ascribed to a misplacement of Cntn5-ablated cells. This phenotype was accompanied by a reduction
in the barrel/septa ratio of the S1 barrel field. The structure and morphology of the hippocampus
was intact in Cntn5-/- mice. A set of behavioral experiments including social, exploratory and
repetitive behaviors showed that these were unaffected in Cntn5-/- mice. Taken together, these data
demonstrate a selective role of Cntn5 in development of the cerebral cortex without overt behavioral
phenotypes.
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Introduction

Contactin-5 (CNTN5, also referred to as NB2) is a cell-adhesion molecule (CAM), that belongs to the
Contactin family of immunoglobulin (Ig)-CAMs. At least three members of the Contactin-family
(CNTN4, -5, and -6) and two members of the Contactin associated protein-like family (CNTNAP2 and
-4) have been implicated in ASD genetically through copy number variation analysis 1–5. CNTN4, -5,
and -6 share 40-60% of their amino acid sequence. As far as known, they have characteristic, and
distinct expression patterns and appear to serve unique functions in the brain and its development
6,7.

In addition to ASD, the CNTN5 gene has been associated with multiple neuropsychiatric traits,
including attention-deficient hyperactivity disorder 8 anorexia nervosa 9 and substance abuse 10.
Additionally, genome wide association studies have indicated CNTN5 as genetic risk factor for
Alzheimer’s disease 11,12. The biological basis of these associations, however, remains unknown.

So far, phenotypes caused by deletion of Cntn5 have been studied in the auditory system on the
guidance of the high expression of Cntn5 in auditory nuclei 13–15. Cntn5 null mutant mice (Cntn5-/-)
display an unorganized electrical activity pattern in the auditory system. Interestingly, ASD patients
carrying CNTN5 mutations display an increased occurrence of hyperacusis 4. It remains to be
determined if in these patients additional behavioral symptoms arise from other brain systems, and
whether Cntn5-/- mice have phenotypes other than abnormal auditory functioning. Therefore, we
aimed in this study to determine additional sites of Cntn5 transcript and protein expression in the
forebrain and to examine structural and behavioral phenotypes in Cntn5-/- mice. The data reveal a
selective role of Cntn5 in development of the cortex without ASD-related behavioral deficits.

Methods and materials

Animals: The Cntn5 knockout mouse line, a generous gift of K. Watanabe and Y. Shimoda, was bred
on a C57Bl/6J background in the Brain Center Rudolf Magnus, UMC Utrecht, the Netherlands. In the
mutant Cntn5 was disrupted by an insertion of a Tau-LacZ-Neo cassette in intron 2 of the gene 13. All
mice were group-housed in a Makrolon type III cage (425x266x185mm) and received food and water
ad libitum. For brain analysis, adult and P7 mice were either intraperitoneally injected with
pentobarbital (20 mg/kg; Euthanimal, Alfasan), followed by transcardial perfusion or the brains
were directly dissected and snap frozen. Behavioral tests were performed with Cntn5-/- and Cntn5+/+
male littermates at three months of age. For habituation, they were kept in a reversed light-dark cycle
two weeks in advance of the experiments. Experiments were performed blinded, even as manual
scoring. All experimental procedures were in accordance with the Dutch law (Wet op dierproeven,
1996) and European regulations (Guideline 2010/63/EU).
Antibody generation: An antibody against Cntn5 was raised in rabbits against purified protein
spanning fibronectin-III domains 1 to 3 (7, a kind gift of Dr. S. Bouyain). The antiserum was produced
by Harlan (Oxford, United Kingdom). This resulted in two antisera, from which Cntn5 H4543 was
most promising. Consequently, this antiserum was tested and validated.

Immunocytochemistry: HEK293 cells were cultured and transfected with pcDNA3.1-HA-Cntn5 or
pcDNA3.1-HA-Cntn6, using polyethylenimine (PEI) as transfection agent. After 48h the cells were
fixed with 4% PFA (15min), washed with PBS and blocked with a blocking buffer (2.5% normal goat
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serum, 2.5% bovine serum albumin and 0.3% Triton-X). Rabbit anti-Cntn5 H4543 (1:1000) and rat
anti-HA (1:500, Sigma-Aldrich) were used (overnight (O/N), 4°C) to detect the expressed proteins.
Species-specific secondary antibodies conjugated to Alexa Fluor (1:2000, 2h, room temperature
(RT)) were used and nuclei were stained DAPI (4',6-diamidino-2-phenylindole; 1:10.000).

Immunoblotting: Brain lysate was prepared from Cntn5+/+ and Cntn5-/- mice using a lysis buffer (20
mM Tris-HCl, 150 mM KCl, 1% Triton X-100, 1 mM PMSF and complete protease inhibitor cocktail
(Sigma-Aldrich)). Tissue was homogenized by means of sonification and after centrifugation
supernatant was collected and β-mercaptoethanol was added at a concentration of 5%. Samples were
boiled at 90°C for 5min. Proteins were separated in an 8% SDS-PAGE gel and transferred onto a
nitrocellulose membrane (Amersham Hybond-C Extra). The membranes were blocked at RT for 1h
with 5% milk powder in Tris-buffered saline and tween (TBS-T) and incubated with primary
antibody (rabbit anti-Cntn5 H4543, 1:1000) overnight at 4°C. Secondary antibody (goat anti-rabbit
peroxidase) was applied at RT for 1h. Blots were incubated with SuperSignal West Dura Extended
Duration Substrate (Pierce) and exposed to an ECL film (Pierce).
Real-time PCR: mRNA was isolated from wild type mice at embryonic stage E12.5, E14.5, E16.4 and
E18.5 and postnatal stages P7 and adulthood. One-step qPCR was performed using a Quantifast SYBR
Green and RT PCR kit (Qiagen) and a LightCycler (Roche) according to the manufacturer’s
instructions. The primers were used as follows. GAPDH: Fw CATCAAGAAGGTGGTGAAGC, Rv
ACCACCCTGTTGCTGTAG. Cntn5: Fw CAGCAACGTGAGTGGAAGAA, Rv CCTCAAAGGGTGTGAGAGGA.

Immunohistochemistry: Sagittal and coronal sections (40µm) were obtained from fixed P7 and adult
brains. A standard protocol was followed for immunohistochemistry, including a blocking step (1h;
room temperature; 2.5% normal goat serum, 2.5% bovine serum albumin and 0.3% Triton-X in PBS).
Sections were incubated with primary antibodies at 4°C O/N. Appropriate secondary antibodies
conjugated to Alexa Fluor (1:1000, Invitrogen) were used at RT for 2h. Primary antibodies were used
as follows; rabbit-anti-Cntn5 H4543 (1:500), mouse anti-β-Galactosidase (1:2000, Promega Corp.);
rabbit anti-Parvalbumin (1:250, Immunostar), rabbit anti-Synaptoporin (1:1000, Synaptic Systems),
mouse anti-Calbindin (1:3000, Swant). Nuclei were visualized with DAPI (1:10.000).

In situ hybridization: Fresh frozen brains from P7 mice were cryosectioned coronally (16µm) and
postfixed with 4% PFA (10 min). In situ hybridization was performed according to standard
procedures. Digoxigenin (DIG)-labeled RNA probes were used for Cntn5 mRNA or β-galactosidase
mRNA. Sections were acetylated and prehybridized, before hybridization was performed with
denatured DIG-labeled probe (Cntn5; 800ng/ml, β-Gal; 1200ng/ml). Anti-DIG labeled Fab fragments
conjugated to alkaline phosphatase (AP) (Boehringer) and AP-labeled antibody, containing
levamisole and NBT/BCIP (Roche) were used to detect and visualize the DIG-labeled probes

Nissl staining and structural analysis: Fresh frozen brains from adult Cntn5+/+ and Cntn5-/- animals
were cut into coronal sections of 16µm. The sections were dehydrated in ethanol series, subjected to
0.5% cresyl violet for 10 minutes and dehydrated in ethanol again. Cortical thickness was measured
in the primary motor cortex (M1; +0.5mm to bregma), primary somatosensory cortex (S1; -1.70mm
to bregma) and primary visual cortex (V1; -2.80mm to bregma). In addition, the upper (I-IV) and
lower (V-V1) were measured separately. The surface size of the hippocampus was measured at 1.70mm to bregma. Measurements were blindly performed by two researchers. ImageJ software
182

(1.49 P) was used to measure the areas and IBM SPSS statistics 20 (2011) was used for statistical
analysis (independent student’s t-test).

Cytochrome C oxidase staining and barrel field analysis: Both cortices were dissected from P7 brains,
flattened between silicone-coated glass slides with a 1mm separator and snap frozen on dry ice. The
flattened cortices were cryosectioned at 16 µm thickness. Cytochrome c oxidase staining was carried
out by incubation with 0.25 mg/ml cytochrome c (Sigma-Aldrich), 40 mg/ml sucrose and 0.5 mg/ml
DAB (Sigma-Aldrich) in 1x PBS at 37°C for 6h. To stop the reaction the slices were washed with PBS.

The barrel field stained with a cytochrome c oxidase reaction in sections of Cntn5+/+ and Cntn5-/- P7
littermates were quantified using ImageJ (1.49 P). Total surface of the posteromedial barrel sub-field
(PMBSF) was measured. The surface of the individual barrels was measured, and the sum was
subtracted from the total area to calculate the area of the septa. The ratio between surface of the
barrels and surface of the septa was calculated and compared between Cntn5+/+ and Cntn5-/- mice. All
manual measurements were carried out by two researchers (K.T.E.K., D.v.N.), who were blind for the
genotype. Statistical analysis (independent student’s t-test) was performed using IBM SPSS statistics
20 (2011).
Hippocampal formation analysis: Brain sections from Cntn5+/+ and Cntn5-/- mice containing the
hippocampus (-1.70 mm to bregma) were stained using antibodies against synaptoporin and
calbindin to visualize the mossy fibers and their synapses. Analyses were performed as described in
Zuko et al., 2016 16. In brief, the length, area size and fiber density of the supra- and infrapyramidal
bundles (SPB, IPB) were measured. Analyses were performed in three sections per hemisphere and
at least 28 microscopic images were randomly selected for analyses.
Behavioral tests

Social discrimination: To investigate exploration behavior and memory in a social context, a social
discrimination task was performed, as described in Molenhuis et al., 2014 17. In short, social
exploration time was measured upon introduction of a novel intruder mouse. After being exposed to
one intruder mouse during the initial exploration period, short-term (5min) and long-term (24
hours) social memory was tested by introducing both a familiar and a novel mouse in the testing
arena. Based on novelty induced exploration behavior, more interest in the novel mouse is expected.
The ratio between time spent exploring the novel mouse compared to the familiar mouse was
calculated to express social discrimination. A/J male mice (~P90) were used as social intruders and
shifted to the reversed light-dark cycle at least one hour prior to testing. Due to aggressive behavior,
four Cntn5+/+ mice were excluded from the study at time point T0, two Cntn5-/- mice at T5 and one
Cntn5-/- mouse at T24. Intervention and exclusion was necessary to prevent harm to the A/J mice and
disruption of the interpretation of the social discrimination task.
Object recognition: To examine the exploration behavior and memory for non-social stimuli, an object
recognition test was performed, as described in Molenhuis et al., 2014 17. In brief, object exploration
time was measured upon introduction of two similar objects. After being exposed to one type of
object during the initial exploration period, short-term (1 hour; T1) and long-term (24 hours; T24)
memory for objects was tested by introducing both familiar and novel objects in the testing arena.
Based on novelty induced exploration behavior, more interest in the novel object is expected. The
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Figure 1: Rabbit-α-Cntn5 specifically binds Cntn5 in wild type brain tissue. Rabbit-α-Cntn5 binds
specifically to Cntn5 transfected in HEK293 cells, while it does not bind Cntn6 transfected in HEK293 cells. Both
transfections were confirmed by staining of the HA-tag. HEK293 that did not receive any transfection were not
recognized by either antibody (A). Real-time PCR analysis different developmental stages demonstrates high
levels of Cntn5 RNA at E18.5 and P7 (B). On Western blot, the antibody only shows Cntn5 protein in brain tissue
from Cntn5+/+ animals, but not in tissue from Cntn5-/- mice (C). Known areas of expression are stained by rabbitα-Cntn5 in Cntn5+/+, but not in Cntn5-/- mice (D-I), except from mild background staining in the IC (G). Scalebars;
20µm (A), 200 µm (D-I), abbreviations IC; inferior colliculus, SOC; superior olivary complex, LD; laterodorsal
thalamic nucleus, AD; anterodorsal thalamic nucleus, AV; anteroventral thalamic nucleus.

ratio between time spent exploring the novel object compared to the familiar objects was calculated
to express object recognition.

Open field: The open field experiment was performed as described in Molenhuis et al., 2014 17. In
addition to total distance moved, as a measure of novelty-induced activity, the amount of time spent
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in the inner, middle and outer zone was compared as a parameter for anxiety. Ethovision software
(Noldus Information Technology) was used to record and measure the parameters.

Food burying: To confirm the capability to smell, a food burying test was performed. Mice were food
deprived for 24 hours before the experiment. One piece of chow was randomly hidden in one of the
four corners of a Makrolon type IV cage (595x380x200mm), just below the upper layer of sawdust.
Latency to find the food was measured.
Grooming behavior: To investigate the occurrence of (stress induced) restrictive and repetitive
behavior in these mice, Cntn5+/+, Cntn5+/- and Cntn5-/- were placed in a clean Makrolon type III cage
(425x266x185mm). Their behavior was recorded at baseline for 5min. To examine a potential
difference in reaction to stress, presented as either a social intruder (age-matched A/J male), a novel
object (green piece of Duplo) or nothing, one of these conditions was introduced for two minutes.
After removal, five minutes were recorded for manual scoring of grooming behavior. In order to
increase the efficacy, the mice were subjected to all three conditions in a randomized manner, with a
period of a week in between. Statistical analysis of the data showed that the order of conditions did
not influence the data.
Scoring: All experiments (except for the open field test) were recorded and manually scored using
The Observer XT 4.0 software (Noldus Information Technology) afterwards. The experimenter was
blinded for the genotypes. To rule out potential bias, a second experimenter scored a random sample
of the videos to calculate the intraclass correlation coefficient.
Statistical analyses: For statistical analyses, IBM SPSS statistics 20 (2011) was used to perform
separate one-way ANOVA analyses for each behavioral study. Outlier were determined using the
outlier labeling rule (g=2.2), which resulted in the removal of 5 data points from different conditions
in the grooming experiment. Significance level was set on p<0.05. Intra-rater reliability was analyzed
using the intraclass correlation coefficient (ICC = (MSB/MSW)/(MSB+(R-1)MSW), in which MSB is
mean square between, MSW is mean square within and R is the number of scorers) in SPSS and found
to be 0.99 and therefore acceptable.

Results

Expression pattern of Cntn5 protein
In order to characterize the expression pattern of Cntn5, an antibody against the fibronectin-III
domains of Cntn5 (H4543) was generated in rabbits. The specificity was validated in three ways:
immunocytochemistry, -histochemistry and -blotting (Fig.1). HEK293 cells transfected with a Cntn5HA expression plasmid were recognized by the newly generated antibody, whereas native cells and
cells transfected with Cntn6-HA expression plasmid were not (Fig.1A). Both proteins were expressed
as demonstrated by an antibody against HA
For further in vivo analyses we first determined the temporal peak of Cntn5 expression
Determination of temporal expression of Cntn5 by qPCR indicated that levels of Cntn5 peaked around
birth (Fig.1B). Postnatal day (P) 7 was taken in further studies.

Brain lysates from P7 Cntn5+/+ and Cntn5-/- mice were used for immunoblotting. In the Cntn5+/+
sample a band just above 130kDa was detected, whilst this band was absent in the Cntn5-/- sample
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Figure 2: Additional areas of characteristic Cntn5 expression. Besides well described areas of expression,
such as nuclei in the auditory pathway and the dorsal thalamus, A,B) Cntn5 protein and mRNA is present in the
DG and CA1. In the cerebral cortex, C-F) Cntn5 expression is restricted to layer IV-V, where the protein seems
to most prominently localize in the septa between the barrels and the mRNA localizes to the barrels. G,H). Clear
and strong expression of Cntn5 is observed in the MN and mt. Scalebars; 200µm. Thal; thalamus, CA1; field CA1
of the hippocampus, DG; dentate gyrus, MN; mammilary nucleus, mt; mammilothalamic tract.

(Fig.1C). Immunohistochemistry using H4543 showed staining in the inferior colliculus (IC), superior
olivary complex (SOC) and the dorsal thalamus of P7 wild type mice. This is in agreement with earlier
reports 13,18. This staining was absent in Cntn5-/- mice at age P7 (Fig.1F-H). These data show that Cntn5
antibody H4543 is suitable to use in a spatial expression analysis.

This antibody was used for elaborate expression analysis of Cntn5, comparing Cntn5 mRNA and
protein localization (Table 1 & 2). The expression analysis showed a limited number of systems with
relatively high expression of Cntn5 and a broad expression of Cntn5 at low levels. Cntn5 mRNA and
protein were present in the auditory nuclei and dorsal thalamus, in which Cntn5 expression has been
described before (Fig.1, Table 1; 13,18).

Sites of notably strong and specific expression included the hippocampus, cerebral cortex and
mammillary nucleus (MN) (Fig.2). In the hippocampus Cntn5 mRNA was specifically localized in the
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Figure 3: Structural abnormalities in the S1 in Cntn5-/- mice. Cortical thickness is reduced in Cntn5-/- mice
(B) compared to control littermates (A) in S1 (C; n=5, 4, total p=0.019, upper p=0.289, lower p=0.012), but not
in M1 (C; n=5, 4, total p=0.995, upper p=0.755, lower p=0.819) and V1 (C; n=4, 4, total p=0.440, upper p=0.967,
lower p=0.410). Cntn5 mRNA is located in layer IV of S1 in adult wild type mice (D, D’). bGal mRNA is found in
layer V of S1 in adult Cntn5-/- mice (E, E’). PMBSF was measured in P7 Cntn5+/+ mice (F) and compared to the
PMBSF in P7 Cntn5-/- mice (G) a greater ratio between barrel and septa surface was detected (H; n=4, 4,
p=0.001). Scalebars A-B, D-E, F-G; 200 µm, D’-E’; 50 µm. Data is represented as mean ± SEM. M1; primary motor
cortex, S1; primary somatosensory cortex, V1; primary visual cortex, bGal; beta-galactosidase, PMBSF;
posteromedial barrel sub-field.

granular layer of the dentate gyrus (DG) and the pyramidal layers of the CA1 region. In agreement
with this site of expression, Cntn5 protein was found in the molecular layers containing the dendrites

of these cells (Fig.2A-B; Table 1). In the cerebral cortex, Cntn5 mRNA was detected in layer IV, where
patches of increased density suggested localization in the barrels of the S1. The protein was found to
be located in the lower part of layer IV and layer Va, seemingly localized in the septa between the
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barrels of S1 (Fig.2C-F; Table 1). Strong expression of Cntn5 mRNA and protein was also found in the
MN. Notably, Cntn5 protein was localized in the mammillothalamic tract (mt) (Fig.2G-H; Table 1 &
2), which connects the MN to the anterior thalamic nuclei 19.
Anatomical and structural phenotypes in Cntn5-/- mice

The expression of Cntn5 in the cerebral cortex and hippocampus lead us to examine the organization
of these regions in Cntn5-/- animals in comparison to wild-type littermates.

Structural abnormalities in S1 of Cntn5-/- mice

Morphometry of the cerebral cortex of adult male littermates revealed a reduction in the thickness
of the primary somatosensory cortex (S1) in the Cntn5-/- animals (Fig.3A-C) This thinning was not
observed in the primary motor (M1) and primary visual cortex (V1) (Fig.3C). The significant
reduction in the S1 was particularly due to a significant decrease in thickness of layers IV-VI (Fig.3C).

In S1, Cntn5 mRNA showed patches of increased density, suggesting localization to the barrels of
layer IV of the S1 (Fig.2F), whereas the Cntn5 protein seemed to be localized in the septa between
the barrels (Fig.2D,E). The septal localization of Cntn5 suggested the possibility of synaptic
expression originating from Cntn5-positive afferent neurons in the posterior nuclear group of the
thalamus (Po) (Table 1). To compare the localization of cortical Cntn5-expressing cells between null
mutants and wild-type mice, we performed in situ hybridization in adult Cntn5+/+ and Cntn5-/- mice.
Advantage was taken of the Tau-LacZ-Neo cassette incorporated in the Cntn5-gene in the Cntn5-/animals, to localize Cntn5-expressing cells by presence of β-galactosidase mRNA 18. An apparent
difference was observed. In Cntn5+/+ animals, Cntn5 mRNA was detected in layer IV of the S1 (Fig.3D,
D’), whereas in Cntn5-/- mice β-galactosidase mRNA was detected in layer V of the S1 (Fig.3E, E’). Since
β-galactosidase was expressed instead of Cntn5 in Cntn5-/- mice, it shows that Cntn5-ablated cells
were misplaced. The ectopic Cntn5-/- cells found in the lower layers of the S1, may suggest that in the
absence of Cntn5 neuronal migration is affected.

Analysis of expression of Cntn5 in cortical cell-types using the cell taxonomy tool offered by the Allen
institute (http://casestudies.brain-map.org; 20), showed that Cntn5 was expressed in pyramidal
neurons, and in neuron-derived neurotrophic factor-positive and parvalbumin-expressing
interneurons. In order to determine whether both pyramidal neurons and interneurons were
affected by Cntn5-deletion, co-staining for β-galactosidase and parvalbumin was performed on
Cntn5-/- brains. Both parvalbumin-positive interneurons (Fig.3F) and parvalbumin-negative cells
(Fig.3G) were found amongst the Cntn5-ablated cells in layer V.

Changes in the barrel field of Cntn5-/- mice

Cntn5 is expressed in the rostral and medial parts of the thalamic Po (Table 1) which innervate the
septa of the PMBSF 19. The expression of Cntn5 in the thalamocortical system, in particular the
expression in the Po, as well as the cortical layer-specific expression lead us to examine the
organization of the PMBSF in Cntn5-/- mice. Cytochrome C oxidase staining in P7 littermates showed
no significant difference in the pattern and total surface of the PMBSF (data not shown). However,
the ratio between barrel surface and septa was significantly larger in the Cntn5-/- mice (Fig.3H-J; n=4,
4, p=0.001), indicating that the organization of the PMBSF was affected by Cntn5 deficiency.
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Figure 4: Normal mossy fiber distribution in the hippocampal formation of Cntn5-/- mice. Total surface
area measurements of the hippocampal formation in Nissle staining (A,E) revealed no abnormalities (I; n=3, 5,
p=0.541). Visualized with staining of Spo and Calb, the IPB and SPB of Cntn5+/+ (B-D) and Cntn5-/- (F-H) mice
were measured. Length (J; n=3, 5, IPB p=0.800, SPB p=0.880) and area (K; n=3, 5, IPB p=0.864, SPB p=0.695)
of the IPB and SPB were not different, even as the ratio between the two (data not shown). Fibers crossing the
SP were quantified in Cntn5+/+ and Cntn5-/- mice. No significant difference was found (L; n=3, 5, p=0.698).
Scalebars A-H; 500µm, B’, E’; 50µm. Data is represented as mean ± SEM. Spo; synaptoporin, Calb; calbindin, HC;
hippocampus, SPB; suprapyramidal bundle, SP; stratum pyramidale, IPB; infrapyrimidal bundle.

Absence of abnormalities in hippocampal formation of Cntn5-/-mice

Next, we analyzed the hippocampus in view of Cntn5 expression in CA1, CA2 and the DG (Table 1).
Nissle staining in the hippocampus of adult male littermates (Fig.4A,E) allowed measurements of the
surface area of the hippocampal formation. No significant difference was found in hippocampal size
(Fig.4I). It is known that several CAMs affect the integrity and fasciculation of the IPB and SPB,
including close homologue of L1 (Chl1), a relative of contactins 21,22. General parameters of the IPB
and SPB were measured using established markers. Synaptoporin (Spo) is robustly expressed as a
presynaptic marker of the IPB and SPB. Calbindin (Calb) was used as second marker and visualizes
cell bodies in the DG granule cells and axons. No difference in length (Fig.4J) and area (Fig.4K) of the
IPB, SPB, or in the ratio of length and area between the bundles (data not shown) was found. Only
few mossy fibers of the IPB crossed the stratum pyramidale (SP) before the IPB is terminated.
Quantification of the fibers crossing the SP revealed no differences between Cntn5+/+ and Cntn5-/animals (Fig.4L). The data demonstrate that these aspects of the hippocampal formation are not
affected in Cntn5 mutant mice.
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Table 1. Cntn5 mRNA and protein localization in the mouse brain.
Area

Cntn5
mRNA

Telencephalon
Accessory olfactory bulb
- Mitral layer
- Granular layer
Olfactory bulb
- Mitral layer
- Glomerular layer

- Granular layer
Anterior olfactory nucleus
Piriform cortex
Neocortex
- Layer II/III
- Layer IV
- Layer V
- Layer VI
Entorhinal cortex
Hippocampal formation
- Parasubiculum
- Postsubiculum
- Presubiculum
- Subiculum
- CA1
Lacunosum
moleculare
Pyramidal layer
- CA2
- CA3
-

+
+

+

+

+

+

+

+
+

+

++

++

+
+/-

+
+

+
+
+
+

+
+
+
+

+

+

Lacunosum
moleculare
Pyramidal layer

+

+

+/-

Lacunosum
moleculare
Pyramidal layer
Stratum lucidum

- Dentate gyrus
Molecular layer
Granular layer

Cntn5
Protei
n

+
+

+

Area

Cntn5
mRNA

Cntn5
Protei
n
+
+

Amygdala
Caudate putamen
Accumbens nucleus
Diencephalon
Thalamus
- Lateral dorsal nucleus

++

++

- Lateral habenula
- Lateral geniculate complex

+
+

+

- Lateral posterior nucleus

- Medial geniculate complex
- Centrolateral nucleus
- Anteroventral nucleus
- Mediodorsal nucleus
- Anteromedial nucleus
- Anterodorsal nucleus
- Posterior nuclear group
- Other
Hypothalamus
- Ventromedial nucleus
- Zona incerta
- Premammillary nucleus
- Mammillary body
Medial mammillary
nucleus
Lateral mammillary
nucleus
Supramammillary nucleus
Diffuse
Midbrain
Inferior colliculus
Pons

SOC
Ventral nucleus of lateral
lemniscus
Cerebellum
Purkinje cell layer

+
+
+

+

+
+
+

+
+
+/+
+
+

+

+
+
+
+
+

+
+/+

++

++

++
+/-

+
+/-

++

++

++
+

++

+

+

++

++

Behavioral analyses of Cntn5-/- mice
To gain insight into the function of Cntn5 and a potential effect of a mutated variant on behavior, a
set of behavioral paradigms was selected that provided relevant read-outs with regard to both the
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sites of expression as the association with neurodevelopmental disorders. These paradigms included
social exploration and interaction, object and environmental exploration, anxiety, odor detection and
memory.
Social exploration and recognition

To test social behavior, a social exploration and recognition task was performed. To examine social
exploration behavior, an age-matched A/J male mouse was introduced to Cntn5+/+ and Cntn5-/- mice
for two minutes. The time for exploration of the novel mouse did not significantly differ between
Cntn5+/+ (n=12) and Cntn5-/- (n=12) mice (Fig.5A), suggesting similar interest in novel social
encounters. With a comparable baseline level of exploration time the genotypes could be compared
on their short-term (5 minutes) and long-term (24 hours) memory for social interaction. Both
genotypes showed preference for exploring the novel mouse after 5 minutes (WT n=12, KO n=10)
(Fig.5B), with no significant difference in performance. After 24 hours the mice spent slightly more
time exploring the novel mouse. This did not differ between genotypes (WT n=12, KO n=9) (Fig.5B).
Object exploration and recognition

To investigate whether novelty seeking behavior was affected, one of three types of inanimate objects
(a glass, a plastic or a metal bottle) was placed in the cage of Cntn5+/+ and Cntn5-/- mice. Exploration
time did not significantly differ between Cntn5+/+ (n=16) and Cntn5-/- (n=12) mice (Fig.5C). To test
whether Cntn5 deficiency influences learning and recognition memory processes, a novel object
recognition test was performed. Both Cntn5+/+ (n=15) and Cntn5-/- (n=12) animals were capable of
recognizing the familiar object after a short period (1 hour) and a prolonged period (24 hours). They
did not perform significantly different (Fig.5D).
Environmental exploration, anxiety and odor detection

In order to test environmental exploration levels, anxiety and odor detection in the mice, and to
simultaneously confirm the general health parameters of locomotion and smell, two tests were
selected. As a measure of environmental exploration, movement patterns and distance traveled in a
round open field arena were analyzed. No difference between the genotypes (WT n=16, KO n=12)
was detected (Fig.5E). Cntn5+/+ and Cntn5-/- mice spent most time in the outer and least time in the
inner zone, without significant difference between the genotypes. This result suggested that both
Cntn5 genotypes had similar anxiety levels (Fig.5F). Although Cntn5-/- (KO; n=12) took slightly longer
to find the food buried in a corner, their performance did not significantly differ with Cntn5+/+ (WT;
n=15) mice (p=0.254).
Grooming behavior

As a measure for repetitive and restrictive behavior, we analyzed novelty-induced grooming
behavior in the Cntn5-/- mice and their Cntn5+/- and Cntn5+/+ littermates. During the first five minutes
in a clean cage (baseline), Cntn5+/+ (n=10), Cntn5+/- (n=13) and Cntn5-/- (n=17) spent similar time
grooming (Fig.5G). In order to measure grooming behavior as a reaction to different stressful
situations, a novel social intruder, an object or nothing was introduced for two minutes. The
genotypes responded similarly to any of the conditions, though the time spent on grooming tended
to increase after intrusion, in all three conditions compared to baseline. However, significance levels
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Figure 5: Cntn5-/- show no abnormalities in this set of behavioral experiments. No significant difference
was detected in the time spent exploring a newly introduced animal (A; n=12, 12, p=0.214), nor in the
recognition of the familiar mouse after 5 min (B; n=12, 10, p=0.524) and 24h (B; n=12, 9, p=0.853). Both
genotypes spent comparable amount of time exploring a newly introduced object (C; n=16, 12, p=0.461) and
showed to recognize the familiar object after 1h and 24h (D; n=15, 12, 1h p=0.812, 24h p=0.172). In an open
field both genotypes traveled the same distance (E; n=16, 12, p=0.292) with the same velocity (data not shown).
No difference was seen in anxiety level based upon zone distribution in the open field (F; n=16, 12, outer
p=0.632, middle p=0.817, inner p=0.351). At baseline no significant difference was found between Cntn5+/+,
Cntn5+/- and Cntn5-/- in grooming behavior (G; n=10, 13, 17, p=0.997). Similarly, after stressful intrusion, either
by an object, novel social intruder or nothing no significant difference in grooming behavior was observed
between the genotypes (H; n=10, 13, 17, object p=0.395, intruder p=0.281, nothing p=0.472). Data is
represented as mean ± SEM.

were not reached (Fig.5H). No effect on frequency and therefore bout duration was detected (data
not shown).

Discussion

In genetic studies, CNTN5 has been associated with neurodevelopmental disorders, in particular with
ASD. However, understanding of functions of CNTN5 in the development of the brain is to this date
very limited. To this purpose, we have investigated the consequences of Cntn5 deficiency in mice on
brain morphology and behavior related to ASD in mice with focus on the forebrain.

We first determined the expression pattern of Cntn5 in the mouse brain. Our data show that Cntn5
mRNA is present at high level around birth and remained high in the first postnatal week (Fig.1B),
confirming previous findings. This temporal course coincides with the highly dynamic phase of
maturation of brain circuits involving neuronal wiring, synaptogenesis and pruning 13,18,23. The
detailed spatial expression pattern presented here (Table 1 and 2) demonstrate that high Cntn5
expression is restricted and confined to specific brain systems. Similar restricted expression exists
for Cntn4 and Cntn6, the most related contactins 16,24. Notably, neurons expressing these genes are
sometimes in close proximity to Cntn5 expression, for instance in the cortex and thalamus, but are
barely overlapping. This suggests non-redundancy in brain functioning.

In addition to the function of Cntn5 in auditory nuclei of the brain 13, the current study indicates a
multifold role of Cntn5 in the development of the cortex, in particular the S1 region. The expression
of Cntn5 in subsets of pyramidal neurons and in thalamic nuclei innervating the S1 constitutes a
complex organization. Clear phenotypes in absence of Cntn5 were detected in the S1. Cortical
thickness was significantly reduced, Cntn5-ablated cells were misplaced and the PMBSF was affected
(Fig.3). How and whether these phenotypes are related and stem from the same cause remains
undetermined due to the complex integration of Cntn5-expressing systems in the cortex.

One hypothesis may involve immature synaptic connections between cortically expressed Cntn5 and
Cntn5-positive presynaptic afferents from the thalamus. The PMBSF represents the five major rows
of mysticial vibrissae and is innervated by projections from the thalamus. Previous studies have
shown that Cntn5-deficiency leads to a disorganized activity pattern in the IC. Narrow frequency
selective bands were developed in the IC in an activity-dependent manner 13. Further studies
revealed that disruption of Cntn5 leads to immature synaptic terminals in the auditory regions of the
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Table 2. Cntn5 protein localization in fiber tracts in the mouse brain.
Fiber tract
Internal capsule
External capsule
Anterior commissure
Intrabulbar anterior commissure
Ventral hippocampal commissure
Dorsal hippocampal commissure
Thalamocortical tract
Principal mammillary tract
Mamillothalamic tract
Medial lemniscus
Lateral lemniscus
External medullary lamina of thalamus
Cingulum
Superior thalamic radiation
Fasciculus retroflexus
Corpus callosum
Fimbria
Fornix
Cerebral peduncle

Cntn5
+
+
+
+
+
+
++
+
++
+

+
+
++
+
+

brain. As a consequence of the failure to mature, the cells went into programmed cell death, leading
to significantly increased apoptosis and a decrease in cell number 14. In Cntn6-deficient mice an
abnormal distribution of neurons in the cerebral cortex was described and interpreted to be due to
an increase in apoptosis 16. A failure to mature the presynaptic terminals coming from Cntn5-positive
thalamic nuclei, such as the Po, and therewith a failure to connect to cortical neurons may explain the
reduction in cortical thickness and increased barrel/septa ratio of the PMBSF. The migration deficit
observed in the S1 of Cntn5-deficient mice would in this hypothesis stand on its own. Alternatively,
the PMBSF may be affected by the evident misplacement of Cntn5-ablated cells in the S1 (Fig.3D-E).
The paralemniscal pathway, in which neurons from rostral and medial Po innervate the septal
columns of the PMBSF, is dependent on the state of the corresponding cortex 25. As a consequence of
the misplacement of the Cntn5-ablated neurons, innervation, and therewith the proportions, of the
septal columns may be influenced.

Interestingly, cortical thinning was only detected in the S1, whilst the Cntn5-positive M1 and V1 were
unaffected in absence of Cntn5. This has been observed with regard to other CAMs as well. In Cntn6deficient mice disturbed neuronal distribution in V1 was described 16. Though the current data are
not sufficient to explain the restricted effect on the S1, we hypothesize that projections from the
Cntn5-deficient thalamic nuclei may be responsible. The V1 receives input from the thalamic
geniculate nuclei. These nuclei do not express Cntn5. Projections from the Po and VL both reach the
S1 and M1, however, it may be hypothesized that only the cells projecting to the S1 are Cntn5 positive
19. This may explain the restricted effect on the S1 in Cntn5-deficient mice.
Several IgCAMs have shown to be involved in the development of the dentate gyrus (DG) of the
hippocampus. Analysis of the SPB and IPB have shown that deletion of ChL1 21,22, NCAM 26 and Cntn6
16, for instance, affect the distribution of the mossy fibers of the hippocampus, likely due to impairing
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fasciculation. Cntn5 was shown to be expressed in the CA1, CA2 and DG (Fig.2A-B, Table 1). The
structural analysis of the hippocampus did not indicate any abnormalities in the Cntn5-/- mice (Fig.4),
showing that Cntn5 does not have an essential function in this axonal bundle.

With regard to the association with ASD and the regions with strong expression, an effect of Cntn5deficieny on behavior needed to be determined. To date there are no studies that describe the
behavior of Cntn5-deficient mice 7. We selected a set of relevant behavioral paradigms to model
quantifiable behavioral phenotypes, such as a social exploration and grooming behavior, related to
ASD domains, respectively social interaction and repetitive behavior. Furthermore, we focused on
behavioral paradigms which were prone to express abnormalities on the basis of the observed
expression pattern of Cntn5 (Table 1). Impaired social exploration and interaction are included in
the diagnostic criteria for ASD, but no indication for an abnormality in Cntn5-deficient mice was
found (Fig.5A). Other novelty seeking behavior, such as object and environmental exploration levels
have been reported to be reduced in individuals with ASD 27,28 and in mouse models of ASD 29. No
such impairment was found in Cntn5-mutated mice (Fig.5C, E). One of the key characteristics of ASD
is repetitive and restrictive behavior, which may be represented by grooming behavior in rodents 30.
Cntn5-deficient animals did not show aberrant grooming behavior (Fig.5G-H). Other behavioral
parameters, were selected based upon strong sites of expression or for the relation to ASD. For
example, the social and object recognition was chosen because of Cntn5 expression in the
hippocampal formation and perirhinal cortex (Fig.2A,B, Table 1, 31), and anxiety and odor detection
were chosen for their relation to ASD 32. However, none of these were indicated to be altered by
Cntn5-deficiency (Fig.5). No aberrations were detected with the current selection of behavioral tests.
The normal behavior of Cntn5-deficient animals may suggest that a genetic compensatory
mechanism might be at play, reducing the effect of the mutation. Secondly, by selecting a set of
behavioral experiments, other behavioral paradigms were excluded. Deficiency of ASD-risk gene
Cntn4 in mice was found to cause no aberrations in autism-like behavior, but did affect sensory
behavior and cognitive performance 33. Elaboration of the set of behavioral experiments and
including a set of experiments during the development, may bring a subtle behavioral phenotype to
view. These data suggests that disruption of Cntn5 has no or limited influence on social, explorative
and repetitive behavior in our mouse model.
The current study provides an expression map of Cntn5 in P7 mice. The morphological phenotype
found in the S1 and PMBSF, may be caused by synaptic or migratory defects. Though the very specific
expression pattern of Cntn5 suggests functional non-redundancy and deletion results in a clear
structural phenotype in the S1, no consequential behavioral phenotype was detected.
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Contactin-5 interacts with Teneurin-3
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Abstract

Contactin-5 (Cntn5) is an immunoglobulin cell adhesion molecule which consist only of an
extracellular domain that is anchored to the synaptic membrane. Its association with
neuropsychiatric disorders and spatiotemporal expression pattern suggest a role in brain
development and plasticity. Cntn5 requires a binding partner with a trans- and intracellular domain
to be able to induce signal transduction in the cell. Here we introduce Teneurin-3 (Tenm3) as a
potential binding partner of Cntn5. A ligand binding assay shows that Cntn5 and Tenm3 interact in
vitro. Furthermore, in situ hybridization demonstrates the overlapping expression patterns in the
mouse brain. In addition, Cntn6 seems to bind Tenm3 as well. Albeit preliminary, these data strongly
suggest that Cntn5 interacts with Tenm3 in the developing mouse brain.
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Introduction

Contactin-5 (Cntn5, a.k.a. NB-2) is an immunoglobulin (Ig) cell adhesion molecule (IgCAM) that
belongs to the six-membered contactin-family. Cntn5 is associated with various neuropsychiatric
disorders (Oguro-Ando et al. 2017), amongst which autism spectrum disorder (Burbach & van der
Zwaag 2009; van Daalen et al. 2011; Nava et al. 2014; Mercati et al. 2016), attention deficit
hyperactivity disorder (ADHD) (Lionel et al. 2011; Mercati et al. 2016), anorexia nervosa
(Nakabayashi et al. 2009) and substance abuse (Nikpay et al. 2012). This suggests that Cntn5 plays a
role in the development and plasticity of the nervous system.
Though the mechanisms behind such neuropsychiatric disorders remain elusive, it is evident that
intracellular signaling pathways are involved. However, Cntn5 is located at the extracellular
membrane and lacks an intracellular domain required for signal transduction. It consist of six Igdomains and four fibronectin type III (FN-III) like-domains which are anchored extracellularly to the
membrane by a glycosylphosphatidylinositol (GPI-) link (Zuko et al. 2013). Therefore, in order to
trigger intracellular signaling cascades, Cntn5 requires an interactor with a transmembrane domain,
either a receptor or a co-interactor to form a receptor complex.

To identify potential interacting proteins of contactins, Zuko and colleagues (Zuko 2015) transfected
tagged Cntn5 in Neuro2A cells, performed immunoprecipitations and analyzed the result by mass
spectrometry. In these studies Teneurin-3 (Tenm3, a.k.a. Odz3) was identified as potential interactor
of Cntn5. Tenm3 (a.k.a. Odz3) is a type II transmembrane protein, with an extracellular C-terminal
domain that consists of eight epidermal growth factor (EGF)-like repeats, tyrosine and aspartate (YD)
repeats and five NHL (NCL-1, HT2A and Lin-41) repeats and a large intracellular N-terminal able to
signal (Beckmann et al. 2013). Tenm3 belongs to the highly conserved Teneurin family, which consist
of four paralogs. Its prototype has been named after the homology to the extracellular matrix protein
tenascin-m (ten-m) in Drosophila and its predominant neuronal expression (Minet et al. 1999). In the
mouse Tenm3 is prominently but not exclusively expressed in the central nervous system during
development, as well as in the adult mouse brain (Zhou et al. 2003). Teneurins have been suggested
to play a role in cell adhesion, axon guidance and neurite outgrowth in the developing brain (Young
& Leamey 2009; Antinucci et al. 2013).

Teneurins, including Tenm3, are known to be highly hemophilic. The homophilic interaction is
suggested to function in axon guidance in the visual tract (Leamey et al. 2007). In vitro studies have
revealed that the intracellular domain of Tenm3 is necessary to strengthen homophilic cell-cell
adhesion, but not for recognition of their homophilic counterpart (Beckmann et al. 2013). A
microarray suggested nuclear proteins as potential binding partners, which suggest an additional
nuclear function (Sansom et al. 2005; Kenzelmann et al. 2007). The intracellular domain of Teneurin2 (Tenm2) is released upon homophilic interaction and then translocates to the nucleus. Here it
represses Zic-1 regulated transcription (Bagutti et al. 2003).
Furthermore, Teneurins are known to bind to Latrophilin (Lphn), which is a G-coupled
transmembrane cell adhesion molecule. This interaction was first described for Tenm2 and Lphn1
(Silva et al. 2011) and later also confirmed for Tenm4 and Lphn1 (Boucard et al. 2014). With Lphn
located on the pre-synaptic membrane and Tenm on at the postsynapse, this complex spans the
synaptic cleft and supports neural integrity and maintenance of the synapse (Woelfle et al. 2016;
Boucard et al. 2014).
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The aim of this study was to validate the potential interaction of Cntn5 and Tenm3 and to explore
their co-expression in the brain. Here we report preliminary results, which confirm the potential
interaction of Cntn5 and Tenm3 in vitro. In vivo expression patterns were compared in the postnatally
developing mouse brain. Furthermore, we suggest a possible mode of action, which integrates current
knowledge about Cntn5 and Tenm3.

Methods and Materials
Cell surface binding assay

HEK293 cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM 1 g/L glucose, Gibco,
Invitrogen) supplemented with heat-inactivated fetal calf serum (HIFCS, Lonza, BioWhittaker), LGlutamine (PAA), and penicillin/streptomycin (pen/strep, PAA). Cells were transfected with either
HA- or GFP-tagged expression vectors encoding Cntn5, Cntn6, Tenm3 or Lphn1 using polyethylimine
(PEI). After transfection cells were cultured in Optimem supplemented with HIFCS, L-Glutamine, DGlucose and Pen/strep for 48h. Then FLAG-tagged Tenm3 protein dissolved in serum-free DMEM
supplemented with 20mM NaOH-HEPES, ; pH7.4, L-Glutamine, D-Glucose and Pen/strep. The FLAGtag was either attached to the C-terminal (Tenm3-C) or the N-terminal (Tenm3-N) of the extracellular
domain of the protein.
Cell medium containing FLAG-tagged Teneurin3

To generate Teneurin3-containing medium, cystatin secretion signal-containing plasmids encoding
the extracellular domain of Teneurin3 (aa515 – 2915) with a N- or C-terminal FLAG tag were
transfected into Epstein-Barr virus nuclear antigen I expressing, N-acetylglucoaminyltransferase Ideficient HEK293 cells (HEK293-ES, U-Protein Express, Utrecht, the Netherlands) using
polyethylenimine. Medium was harvested at 5 days after transfection and stored at -80 °C until
further use.
Immunocytochemistry

Cells were fixed with 4% PFA for 15 min. at RT, washed with PBS and blocked with a blocking buffer
containing normal goat serum, bovine serum albumin and Triston-X. Rat anti-HA (1:500, SigmaAldrich), rabbit anti-FLAG (1:250, Sigma) and chicken anti-GFP (1:1000, Abcam) were used for
incubation overnight (O/N) at 4°C. Species-specific secondary antibodies conjugated to Alexa Fluor
(1:2000, 2h, room temperature (RT)) were used. Nuclei were stained with DAPI (4',6-diamidino-2phenylindole; 1:10.000).
In situ hybridization

Brains from P7 C57BL/6j mice were dissected and snap frozen. 16 µm sections were prepared, airdried and post-fixed with 4% PFA for 10 min. Next, the sections were acetylated for 10 min. and
hybridized for 2h at RT. Digoxigenin (DIG)-labeled RNA probes containing a Cntn5 template
(80ng/ml) or a Tenm3 template (20ng/ml) in the pGEM-11Zf vector (Promega Corp., WI, USA) were
synthesized using either T7 or SP6 polymerase. The probes were diluted in hybridization mix for
incubation O/N at 68°C. The sections were washed with SSC and subsequently blocked with 10%
HIFCS. Anti-DIG AP (1:2500) was diluted in 1% HIFCS and used for incubation O/N at 4°C. Signals
were visualized by adding filtered color solution (BCIP/NBT, Levasimol). Finally, the sections were
dehydrated and embedded.
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Figure 1: Cntn5 binds with Tenm3 in vitro. HA-tagged Cntn5 binds to Tenm3 containing a FLAG tag at the Nterminal of the extracellular domain (A) and to Tenm3 with a FLAG tag at the C-terminal of the extracellular
domain (B). HA-tagged Cntn6 binds to both FLAG-tagged Tenm3 proteins (C,D). Known interactor Lphn1 (GFPtagged) binds FLAG-tagged Tenm3 (E). GFP-tagged Tenm3 forms a homophilic complex with both FLAG-tagged
Tenm3 proteins (F,G). Scale bars; 20µm.

Results

Cntn5 and Tenm3 interact in vitro

Previously Tenm3 was identified by mass spectrometry in immunoprecipitates of tagged Cntn5
proteins expressed in Neuro2A cells, but no further characterization of this significant finding has
been performed (Zuko 2015). To determine if Cntn5 and Tenm3 are able to bind together on the cell
surface, a cell surface binding assay was used employing FLAG-tagged form of the Tenm3
extracellular domain.
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Figure 2: Tenm3 is strongly expressed in specific brain areas. In situ hybridization in sagittal sections of P7
mouse brain demonstrates strong Tenm3 expression in the dLGN (A), VTA (B) and cerebellar purkinje cells (C)
amongst other areas. dLGN; dorsolateral geniculate nucleus, VTA; ventral tegmental area. Scale bars; 200µm.

Figure 3: Cntn5 expression overlaps with Tenm3 expression in the mouse brain. In situ hybridization in
adjacent sagittal sections of P7 mouse brains shows that in layer IV of the cerebral cortex Cntn5 mRNA (A), but
no Tenm3 mRNA (D) was found. In the hippocampus, Cntn5 and Tenm3 mRNA overlap in the CA1 area (B,E).
Cntn5 and Tenm3 mRNA are both detected in thalamic nuclei, such as the LD and VL (C,F). L4; layer 4, CA1;
cornu ammonis 1, DG; dentate gyrus, LD, laterodorsal, VL; ventrolateral. Scale bars; 200µm.

The binding of Tenm3 to Lphn1 and the homophilic binding of Tenm3 served as positive controls in
these experiments. De results confirmed the binding properties of these proteins and showed that
proteins and assay conditions were appropriate to detect interaction (Fig.1E-G).

HEK293 cells transfected with HA-tagged-Cntn5 were exposed to soluble FLAG-tagged-Tenm3
proteins. An antibody against HA demonstrated the membrane expression of Cntn5 in the HEK293
cells (Fig.1A,B). To prevent the FLAG-tag potentially from blocking the binding site of Tenm3, two
variants were used: Tenm3-N had the FLAG-tag located at the N-terminus of the extracellular domain
(Fig.1A,C,E,F), whereas Tenm3-C contained a FLAG-tag at the C-terminus (Fig.1B,D,G). Using an
antibody against FLAG demonstrated the presence of Tenm3 extracellular domain at the surface of
Cntn5-expressing cells. Both Tenm3 fusion proteins bound to Cntn5 equally well (Fig.1A,B).
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Table 1: Cntn5 and Tenm3 mRNA overlap in several brain areas
Area
Telencephalon
Accessory olfactory bulb
- Mitral layer
- Granular layer

ISH C5

ISH T3

+
+

+
+

Olfactory bulb
- Mitral layer
- Glomerular layer
- Granular layer

+
+
+

+
+

Anterior olfactory nucleus
Piriform cortex

+
++

+
++

Neocortex
- Layer 2/3
- Layer 4
- Layer 5
- Layer 6
Entorhinal cortex

+/+
+/+
+

+
+/+
+/+

+
+
+
+

+
+
+
+

+

+

Hippocampal formation
- Parasubiculum
- Postsubiculum
- Presubiculum
- Subiculum
- CA1
- Pyramidal layer
- CA2
- Pyramidal layer
- CA3
- Pyramidal layer
- Dentate gyrus
- Granular layer
Amygdala
Caudate putamen
Accumbens nucleus

+
-

+
+
+
+

Area
Diencephalon
Thalamus
- Lateral dorsal nucleus
- Lateral habenula
- Medial geniculate complex
- Dorsolateral geniculate nuclei
- Ventrolateral geniculate nuclei
- Anteroventral nucleus
- Mediodorsal nucleus
- Lateral posterior nucleus
- Anterodorsal nucleus
- Ventrolateral nucleus
- Posterior group
- Other
Hypothalamus
- Ventromedial nucleus
- Zona incerta
- Premammillary nucleus
- Mammillary body
- Medial mammillary nucleus
- Lateral mammillary nucleus
- Supramammillary nucleus
- Diffuse
Midbrain
Superior colliculus
Inferior colliculus
Ventral tegmental area
Pons

ISH C5

ISH T3

++
+
+
+
+
+
+
+
++
++
+/-

++

+
+
+

+
+
+

++

+
+
++

SOC
Ventral nucleus of lateral
lemniscus

++
+

+
+

+

++

+
+
+
+/-

+
++
+
+
++
++
+

+
+
+
+/-

++
-

+
+
+

Cerebellum
Purkinje cell layer
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Surprisingly, interaction between Cntn6 and Tenm3 was suggested in our ligand binding assay
(Fig.1C,D). Using HA-tagged Cntn6 as specificity control it was found that Cntn6 bound to the Tenm3
extracellular domain.
These data indicate that Cntn5 and Tenm3 are indeed binding partners and suggest that this is not
exclusive for Cntn5. Cntn6 appears to share this property with Cntn5.
Cntn5 and Tenm3 co-localize in the mouse brain

In order to investigate whether the binding of Cntn5 and Tenm3 is reflected by their expression in
the brain, in vivo colocalization of mRNA expression was examined. The expression of Cntn5 has been
shown to be restricted to specific brain regions. Highest expression is found in the auditory pathway,
including the superior olivary complex, inferior colliculus and auditory cortex. Additional areas of
expression include the thalamic nuclei, hippocampus and other cortical areas (Kleijer et al. 2015;
Zuko et al. 2013; Kleijer et al. 2017). Tenm3 is found to be expressed in restricted areas, such as
specific thalamic nuclei (Fig.2A, Fig.3D), ventral tegmental area (VTA; Fig.2B) and the purkinje cells
in the cerebellum (Fig.2C). In various brain areas both Cntn5 mRNA and Tenm3 mRNA were
colocalized (Fig.3). Colocalization occurred in the CA1 of the hippocampus (Fig.3B,E) and the
laterodorsal (LD) and ventrolateral (VL) thalamic nuclei (Fig. 3C,F). Whereas Cntn5 mRNA was also
found in layer 4 of the cortex (Fig.3A) and in the dentate gyrus (DG) (Fig.3B), these brain areas did
not show Tenm3 expression (Fig.3D,E). Expression data of both Cntn5 and Tenm3 are summarized in
Table 1.

Discussion

The current study strongly suggests Tenm3 as a binding partner for Cntn5. Mass spectrometry
analysis put forward Tenm3 as a potential interactor (Zuko 2015). In vitro the two proteins were
shown to bind in a ligand binding assay (Fig.1A,B) and in vivo the proteins colocalize in the mouse
brain (Fig.2, Table 1). Surely, it needs to be emphasized that the in vitro data are preliminary. The cell
surface binding assay requires reproduction and inclusion of negative controls before the data should
be published. In order to securely conclude an interaction between Cntn5 and Tenm3, primary
neuronal cell cultures needs to confirm the findings of the cell surface binding assay.

Looking at the mRNA expression patterns, this study confirms hippocampal area CA1 (Fig.3B,E) and
thalamic nuclei LD and VL (Fig.3C,F) as areas in which both Cntn5 and Tenm3 are expressed (Zuko et
al. 2013; Kleijer et al. 2015; Li et al. 2006). Cntn5 expression was confirmed in layer 4 of the cerebral
cortex (Fig.2A) (Kleijer et al. 2017). In the cortex, a rostral (low) to caudal (high) gradient of Tenm3
mRNA expression was found (data not shown), confirming the data of Li and colleagues, who reported
Tenm3 expression in layer 4 of the primary somatosensory cortex and layer 5 of the primary visual
cortex (Li et al. 2006). Interestingly, besides the co-expression in the brain, Tenm3 and Cntn5 are both
expressed in the developing eye (M Yamagata & Sanes 2012; Antinucci et al. 2013; Antinucci et al.
2016) and in spinal cord (Ashrafi et al. 2014; Ben-Zur et al. 2000). Other areas of strong Tenm3 mRNA
expression included the dorsolateral geniculate nuclei (dLGN), VTA and Purkinje layer of the
cerebellum (Fig.2).
Interestingly, both Cntn5 and Tenm3 affect neurite growth and branching (Mercati et al. 2013;
Kenzelmann et al. 2007) and both are suggested to be involved in sensory signaling (Li et al. 2003;
Woelfle et al. 2016). As such both proteins are involved in the auditory (Li et al. 2003; Wang et al.
2005) and visual system (Ben-Zur et al. 2000; Li et al. 2006; Antinucci et al. 2013; Antinucci et al.
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2016; Masahito Yamagata & Sanes 2012). The expression of Cntn5 and Tenm3 in thalamic nuclei and
cortical areas suggests a broader involvement of sensory processing, which draws the attention to
their potential role in neuropsychiatric disorders, such as ASD.

The interest for binding partners of Cntn5 is shared amongst researchers. Earlier studies have shown
that Cntn5 binds the synaptic proteins APLP1 (Osterfield et al. 2008; Shimoda et al. 2012) and
Cntnap4 (Ashrafi et al. 2014). The hypotheses about the functions in interaction with those protein
varies. Shimoda and colleagues (2012) (Shimoda et al. 2012) suggest that Cntn5 affects the
dimerization of APLP1. In this manner it influences the function of APLP1 during synaptogenesis. In
the spinal cord, Cntn5 in interaction with Cntnap4 is suggested to promote or stabilize axoaxonic
contact by Ashrafi and colleagues (Ashrafi et al. 2014).
Several models could be proposed. Firstly, Cntn5 and Tenm3 may be co-receptors and form one
functional complex. Cntn5 and Cntnap4 (Ashrafi et al. 2014) and Cntn4 and APP (Osterhout et al.
2015) are known to function in such manner. Disruption of either one of the two genes in the complex
results in the same defects.

An alternative model would propose that Cntn5 is a regulatory ligand of Tenm3, inhibiting the
potential of Tenm3 to bind other cell adhesion molecules by blocking its binding sites. Such a
mechanism has been suggested for the interaction between Cntn5 and Aplp1 (Shimoda et al. 2012)
and for Lphn1 and Cntn6 (Zuko et al. 2016) and may hold for this newly discovered interaction as
well.

In addition to Cntn5, Zuko and colleagues (Zuko 2015) were interested in potential binding partners
for Cntn6. Since no evidence for an interaction between Cntn6 and Tenm3 was found in the mass
spectrometry analysis, Cntn6 was included in the current study to serve as negative control. However,
the current study suggest an interaction between the two proteins in vitro (Fig.1C,D). A previous study
has shown that Cntn6 interacts with Lphn1 (Zuko et al. 2016), a known binding partner of Teneurins
(Woelfle et al. 2016; Boucard et al. 2014). The current findings provide a new insight in the complex
interaction between Teneurins, Lphns and Cntns.

The study as presented here, does not answer the question whether Cntn5 and Tenm3 bind in cis or
trans. Since the genes are found to be expressed in the same brain areas, cis interaction may be
possible. Additionally, areas of expression may project to Cntn5 and/or Tenm3 expressing areas. A
trans interaction cannot be ruled out.
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General Discussion
Kristel T.E. Kleijer
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Introduction

With a growing number of diagnoses, the urgency to understand ASD in its core is apparent. The
heterogeneity in symptomatology complicates research into the disorder and the extreme number of
genes associated with this disorder adds to the complexity. Only by deciphering the contribution of
the individual genes to the phenotypic outcome and comparing these data at large, we will head
towards understanding the underlying mechanisms.
The drive to unravel the neurobiological mechanisms behind autism spectrum disorder (ASD) is at
the heart of this thesis. The studies described in this thesis all aimed to, directly or indirectly,
underwrite this ambition. From the hundreds of ASD-risk genes, two genes were selected in order to
add pieces to the puzzle from two different directions: PTEN and CNTN5.
These genes were chosen in particular because of their differences in molecular and cellular
functions. Whereas PTEN is expressed ubiquitously in the body, CNTN5 shows a restrictive and
noteworthy expression pattern, which is confined to the nervous system. PTEN functions
intracellularly, where it is a key component of several signal transduction pathways. CNTN5 is
anchored to the presynaptic membrane and lacks an intracellular domain (1, 2).

Despite of the difference, both PTEN and CNTN5 are associated with ASD. Precisely the differences
between the genes was the rationale of the selection.

Because of the differences, however, each of these genes asked for an appropriate research approach.
We used genetic mouse models for both research approaches. To study Pten we created to conditional
knock-out (cKO) models to be able to control the spatiotemporal expression of the gene. For research
into Cntn5 we chose to study the full null mutant.

Pten

Quite some knowledge has been collected on the function of Pten over the years. However, most of
this research has focused on the involvement of Pten in tumorigenesis. Only after the strong
association with ASD and macrocephaly, more attention was directed to its function in the brain (1).

To be able to learn more about the function of Pten in ASD development at the level of a neuronal
system, a detailed approach was required. We, therefore, created a mouse model in which Pten was
deleted in the mesencephalic dopaminergic (mesDA) system. A pragmatic approach, since the general
understanding of this system is far-reaching. The precise location in the brain, its development and
function have been well studied and described. Clear, but also subtle changes in the brain as a
consequence of Pten deletion can easily be detected, when the normal, control situation is well known.
In this manner we were able to detect hypertrophy, axonal abnormalities and an adaption in
dopaminergic transmission at the postsynaptic site as a result of Pten deletion.
Secondly, we generated a cKO mouse model in which Pten was deleted in the developing thalamus.
This model proved very suitable for examination of influence of Pten deletion on neural circuit
formation. With a three dimensional imaging techniques the thalamocortical tract was beautifully
visualized and all aspect could be studied in unprecedented detail.
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Hypertrophy in Pten mutant mice

In Kanner’s first report of autism, the association between autism and macrocephaly was already
mentioned (3), which was later confirmed by many studies (4, 5). Initially, an association between
mutations in PTEN and macrocephaly was described in a family with Cowden syndrome (6). Later
analyses confirmed this correlation (7–10) and it was reported that 10-20% of patients with ASD and
macrocephaly carry a mutation in PTEN (11–13). Overgrowth of the brain during early development
has even been suggested to play an important role in the pathogenesis of ASD (14–16).

Macrocephaly may be caused by an increase in cell size or number. In mouse models of Pten,
macrocephaly has been reported (1, 17–19), as a consequence of hypertrophy (1, 17–23) and
hyperplasia (17, 22). In chapter 4, a strong increase in the volume of the area containing Ptendepleted neurons was observed and hypertrophy was established.

Brain overgrowth may be one of the causal factor in the behavioral abnormalities observed in patients
with a mutation in PTEN (14, 15) and Pten mouse models(16, 24, 25). So far, in all genetic Pten mouse
models, that were viable and tested, hypertrophy was shown to be accompanied by social
impairments (1, 16, 18, 19, 24–26), including a Pten cKO in the dopaminergic system (24). Moreover,
ASD-like behavioral deviations, such as restrictive and repetitive behavior, mood/anxiety
abnormalities and increased occurrence of seizures, have been reported in combination with
hypertrophy as well (1, 16, 18, 24, 26).

In a neuron-specific cKO mouse model, hypertrophy could be reversed by administration of
rapamycin, an mTOR inhibitor. The effect on the behavior of the mice was beneficial; reducing anxiety,
increasing social interest and decreasing the frequency and duration of seizures. In addition,
rapamycin reversed the increase in dendritic size and thickening of axonal bundles (16). These
studies were important for two reasons. Firstly, they showed that the behavioral consequences of loss
of Pten were not due to proliferation of neuronal populations, and, secondly, they showed that the
developmental abnormalities in behavior could be reversed in an adult stage.

Axonal phenotypes in Pten mutant mice

Abnormal connectivity has been suggested to be a key factor in ASD. Both over- and under
connectivity have been reported in the brains of ASD patients (27, 28). In ASD patients with a germline
mutation in PTEN hyperconnectivity has been established and shown to be selectively associated with
cognitive abilities (29). In chapters 2 and 3, the function of the synapse has been emphasized and
ASD has often been considered a disorder of the synapse (30, 31). Hyperconnectivity has been
reported in Pten mutant mice (32–34).

In both chapters 4 and 6, abnormalities in axonal projections have been demonstrated. A thickened
axonal bundle, a delay in axonal tract formation and impairments in axon targeting were shown as a
consequence of conditional Pten deletion. Although some data need further confirmation, I will take
the reported results for discussion.

As mentioned in the previous section, chapter 4 demonstrated thickening of the bundles of axons
running from the mesDA to the striatum and prefrontal cortex. This may have several causes. The
occurrence of hyperthrophy in the Pten-ablated mesDA neurons suggests increased protein
synthesis. An increase in protein synthesis may result in thickening of individual axons. This has been
shown before in the axons of Purkinje cells (20, 21, 26, 35). Secondly, increased number of axons or
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increased branching has been reported as a consequence of loss of Pten (19, 23, 36). This may result
in thickening of the bundle as well.

In chapter 6, we show that the formation of axons originating in the thalamus and running towards
the cortex is delayed in E14.5 embryonic brains. At E15.5 and E18.5, no apparent difference between
the cKO and control could be detected. I therefore conclude that though the neural circuit formation
may have been delayed, it did catch up. Interestingly, increased axon elongation has been reported in
absence of Pten (19, 37), which contradicts the suggestion that axonal growth would be delayed. This
may, however, be dependent of the time point in development.

In both Pten cKO models described in this thesis the axonal bundles followed normally the tract
towards their goal, and did not deviate into other directions. Therefore, I conclude that axon guidance
was not affected by loss of Pten in the two investigated systems. Cortical specific layer targeting of
axons, however, appeared affected. Thalamocortical axons innervating the cortex seemed to run more
sinuously than in control animals. This observation was interpreted to be due to defects in axon
targeting, which could either be regulated through mTOR or GSK3β. Ectopic axons, most likely as a
result of defective axon guidance, have been observed in several genetic mouse models (19, 38).

Complications in the Pten mouse models

Unfortunately, the models have proven themselves more complicated than expected. Deletion of Pten
in the thalamus was induced by administration of the estrogen antagonist tamoxifen to the dam in
very high doses. This complicated pregnancy and especially delivery of the embryos.

When Pten was deleted in the mesDA system, unexpected phenotypes troubled the understanding of
the findings (chapter 4). For instance, in addition to the soma, the nucleus of Pten-depleted neurons
was increased in size. This finding suggests the occurrence of polyploidy, which has been described
before in Pten-depleted cells (39, 40). The time point of Pten-deletion, shortly after mitosis has ceased,
is especially interesting with regard to polyploidy (41). To my knowledge, polyploidy as a result of
Pten-deletion in neurons has not been reported. A connection between aneuploidy and autism, in
addition to schizophrenia and Alzheimer’s disorder (42), have been reported (43). In a cohort of 116
autistic children, in 16% somatic mosaicism involving aneuploidy was found, which was significantly
more than in the control group. However, these cases of aneuploidy most often encompassed
monoploidy, and were measured in peripheral blood lymphocytes (44). Nonetheless, aneuploidy may
cause a change in genetic expression, which may lead to neuropsychiatric condition, such as ASD.

During the study of the brain of this same mouse model a hidden phenotype in the periphery was
revealed, as described in chapter 5. An increase in body weight led us to examine the body
composition and revealed an increase in muscle mass accompanied by a decrease in fat mass. The
occurrence of this could be explained by the fact that the Cre-driver Pitx3 is in addition to the mesDA
system is also expressed in the skeletal muscle. The subsequent consequences of the change in the
body composition for, for instance, locomotor activity are hard to disentangle.

Cntn5

As emphasized in both chapters 2 and 3, the number of genes associated with ASD is enormous. As a
result, most ASD-risk genes only occur in a handful of patients. Contactin-5 (CNTN5) is such a gene;
copy number variations (CNVs) have been identified rarely, but recurrently in ASD patients, providing
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a robust association (45–48). Moreover, as described in chapter 7, family members of CNTN5 have
been associated with ASD as well(45–52).

The current thesis aimed at investigating the function of Cntn5 by examining the spatiotemporal
expression pattern in the mouse brain (chapters 8 and 9), studying morphological and behavioral
phenotypes in the Cntn5 null mutant (chapter 9) and evaluating a potential binding partner (chapter
10).

Expression of Cntn5

Its brain expression is highly restricted, in contrast with many other ASD genes that display a wide or
even a ubiquitous expression, like PTEN. In the human brain, CNTN5 is expressed in the occipital lobe,
amygdala, several thalamic nuclei and cerebral cortex, amongst other areas (53). In rodents it is
known that Cntn5 is prominently expressed at the presynaptic membrane of both glutamatergic and
GABA-ergic neurons. In chapters 8 and 9 it was shown that Cntn5 has a defined expression pattern
from early development (<E15.5) onwards, with peak expression around P7. Besides previously
described expression in regions of the auditory pathway, such as the inferior colliculus (IC) and the
superior olivary complex (SOC) (54), the most prominent expression was found in thalamic nuclei,
specifically the laterodorsal (LD), lateroposterior (LP), ventrolateral (VL) and posterior group of
thalamic nuclei (Po). Other sites of strong expression included the CA1 and dentate gyrus (DG) of the
hippocampus, the cerebral cortex and the mammillary bodies.

The sensory relay center

Research about brain areas involved in ASD is abundant. Many brain systems, amongst which the
corticostriatal (55) and cerebellolimbic pathways (56, 57), have been associated with ASD. The
cerebral cortex and the thalamus have been connected to ASD as well (58–62). Since the thalamus is
the relay center for all sensory information and contains hotspots of Cntn5 expression we have
chosen to focus on the thalamocortical system with respect to Cntn5 functioning.

The restricted expression of Cntn5 in some, but not all, thalamic nuclei is remarkable. Additionally,
family members Cntn4 and -6 show an even so restricted expression pattern, occurring in
neighbouring, but never overlapping thalamic nuclei (63, 64), suggesting a function for all three ASDrisk genes in relaying the sensory input to the cortex.
We have shown in Chapter 9 that cortical organization is affected when Cntn5 is lost (65). This is
either a result of the loss of Cntn5 in neurons of the cerebral cortex, or the loss in neurons of the
thalamic nuclei projecting to the cortex, or both. A closer look at the expression pattern of Cntn5 has
provided us with a striking insight which I furher outline below.

Involvement of Cntn5 in sensory signaling

The DSM-V notes a “hyper- or hyporeactivity to sensory input or unusual interests in sensory aspects of
the environment” as one the diagnostic criteria of ASD (General introduction, box 1;(66)). In the
original reports by Kanner (3) and Asperger (67), abnormal sensory processing was described (Box
1). More reports followed (68–72) and it was suggested that the abnormalities in sensory processing,
especially in the auditory pathway, may underlie communication impairments (48) as well as the
restrictive interest and repetitive behaviors (73, 74) and anxiety (72, 75). Cntn5 appears to be present
in many of subsequent regions in sensory pathways in the brain, which all have a connection to ASD.
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Somatosensory information
In men and mice tactile stimuli to the skin, even as to the
whiskers in mice, are transported through the spinal cord,
via the thalamus and to the primary and secondary
somatosensory cortex. Interestingly, as shown in chapter
9, Cntn5-/- mice show disrupted representation of the
whiskers. The distance between the barrels, the septa, was
larger than in the wild type animals (65). Moreover, the
laminar organization of the primary somatosensory cortex
was affected. Cortical thickness was decreased and Cntn5expressing cortical neurons were misplaced when Cntn5
was absent (65). Although hypersensitivity to touch is
common in ASD patients, the neural level at which the
impairment originates remains uncertain (76). One study
reported disrupted cortical representation of the face and
hand. The distance between certain sensory areas, such as
the lip and thumb, were larger in ASD patients than in the
control group (77). Whether or not comparable
mechanisms are at play in humans and mice is unclear, but
the similarity between the sensory defects in humans and
the organization of Cntn5-expressing systems in the mouse
brain is noteworthy.

Box 1: Sensory signaling in ASD
Somatosensory information
Amongst sensory impairments observed in ASD,
are tactile sensitivities. Patients may react
abnormally to touch, pain, cold, heat, itch and
tickle and try to avoid physical contact. ASD
patients may be aversive to certain clothes as the
light touch while wearing them is overwhelming
(74, 76, 127, 128). Differences in the primary
somatosensory cortex in response various
sensory stimuli have been reported (129, 130).

Auditory information
Besides somatosensory abnormalities, ASD
patients are often diagnosed with hypo- or
hypersensitivity to sound (hypo-, hyperacusis),
which is reflected in e.g. covering of the ears to
seemingly benign sounds. The aberrant sensitivity
and uncommon behavior may the related to
atypical processing of auditory information. This
may underlie the language and communication
impairments (48, 71). Neurophysiological studies
have analyzed the auditory brainstem response
and cortical processing of auditory stimuli.
Findings have been varied and contradictory, but
correspond in the fact that auditory processing
seems atypical in ASD (71).
Visual information
Research conducted on visual processing in ASD
yielded opposing results (72). Some studies did
not detect any differences in motion perception,
contrast sensitivity or form perception (131, 132),
whereas other studies did report subtle
abnormalities in either motion discrimination
(133), object boundary – (134) or contrast
boundary detection (135).

The proprioceptive pathway in mice includes the dorsal
root ganglia, spinocerebellar tracts, vestibular nuclei,
thalamus, sensory cortex, pontine nucleus and cerebellar
granule neurons (78). Part, but not all of these brain areas
express Cntn5 (65). In the dorsal root ganglia, Cntn5 is
Olfactory information
reported to fulfill an essential function. In interaction with
Less research has been conducted into the taste
Cntnap4, Cntn5 stabilizes the axoaxonic contacts (79). and smell perception in ASD. Abnormal responses,
hypersensitivity and reduced odor detection have
GABAergic boutons connect to presynaptic terminals. This
been reported in children with ASD compared to
mechanism provides a filtering system for incoming
the control group (74, 136).
sensory information (80). Despite frequently occurring
motor difficulties in ASD (81), proprioceptive ability seems
to be intact (82, 83). Impairments in multi-sensory integration may be at the core of motor difficulties.
It has been suggested that individuals with ASD rely more on proprioceptive than on visual input, in
contrast to controls (81).
Auditory information

Cntn5 is expressed in multiple regions of the auditory pathway in the mouse brain. Depletion of Cntn5
in mice results in abnormalities within this pathway. Although Cntn5 null mutants are not hard of
hearing (84), they do show a decreased response to acoustic stimuli (54). Interestingly, Mercati et al.
(48) reported a hypersensitivity to sounds (hyperacusis) in almost all human ASD patients with a
mutation in CNTN5. Whereas the auditory brainstem response wave latency was found to be
increased in Cntn5 null mutant mice (85), auditory brainstem response wave latency was
demonstrated to be shortened in human patients with a CNTN5 mutation (48). Seizures are a common
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co-morbidity of ASD (27). Cntn5 null mutant mice are less susceptible to audiogenic seizures (54).
Despite the fact that disruption of CNTN5 in mice and men affects the auditory response in opposing
directions, the resemblance is striking. An abnormal gene dosage of CNTN5 represents a risk factor
for auditory problems which are frequently reported in patients with ASD (86–90)
In our studies, we have not focused on the auditory pathway nor on behavior related to auditory
information processing. With regard to the impairments in ASD and earlier findings in Cntn5 null
mutants, analysis of ultrasonic vocalizations in a social situation would be an interesting addition to
the behavioral data set.
Visual information

In the human brain, high levels of CNTN5 expression can be found in the lingual gyrus, a brain region
involved in visual processing (48). In mice, Cntn5 is detected in the primary visual cortex, the dorsal
geniculate nucleus and also at high levels in the retina (2, 65, 91). In the retina, Cntn5 is suggested to
function in laminar organization of retinal dendrites(91).
Olfactory information

Cntn5 expression is high in the olfactory bulb and found in rodents at several levels of the olfactory
and accessory olfactory pathway (2, 65, 92). It has been shown that its family member Cntn4 functions
as an axon guidance molecule crucial for the formation and maintenance of functional odor maps in
the olfactory bulb (93). This molecular olfactory function has not been investigated for Cntn5. As
described in chapter 9 of this thesis, we only know that in the Cntn5 null mutants no significant
difference in the capacity to smell was discovered (65), which does not necessarily rule out an
organizational role in the olfactory pathway at the level of the olfactory bulb.

Role of Cntn5 in sensory systems

Interestingly, as can be seen from the expression data presented in chapters 8 and 9, Cntn5 is
particularly present in interconnected regions of several sensory pathways (Table 1). A further
argument implicates Cntn5 in sensory systems in a more indirect way. Cntn5, as all members of the
Cntn family, interacts with other membrane proteins. In principle these interactions can be homo- or
heterophilic, in cis or in trans (2). Occurrence of homophilic interaction of Cntn5 is highly unlikely.
Ogawa and colleagues (2001) (95) reported that they could not detect homophilic interaction and
despite multiple efforts in our own lab we have never been able to establish Cntn5 homophilic binding
in vitro. Interestingly, the potential binding partner Teneurin-3 (Tenm3) has been found in most of
the Cntn5-positive regions (chapter 10). Since Cntn5 is present at the presynaptic membrane (79,
96) and Tenm3 at the postsynaptic membrane (97) a trans-synaptic interaction is expected. As table
1 shows, based upon expression patterns, such trans-synaptic interaction between Cntn5 and Tenm3
could be present at interconnected regions of the auditory, somatosensory, olfactory and visual
pathway. Moreover, both Cntn5 and Tenm3 are expressed in the dorsal horn of the spinal cord on
axons of sensory neurons (79, 98).

Young and Leamey (99) also noted the expression of Tenm3 in interconnected regions within the
visual pathway (99, 100). Furthermore, research in drosophila and mice has been implicated Tenm3
in the visual and olfactory pathway (101, 102).

The remarkable expression pattern of Cntn5 and the aberrant sensory processing observed in the
Cntn5 null mutant mice may relate to abnormal sensory information processing that is often seen in
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Table 1: Cntn5 and Tenm3 are often expressed in subsequent regions of sensory pathways.
Abbreviations: CN; coclear nucleus, SOC; superolivary complex, IC; inferior colliculus, MGN; medial geniculate
nucleus, AuC; auditory cortex, PrV; principle sensory trigeminal nucleus, SPV; spinal trigeminal tract, VB;
ventrobasal, Po; posterior group, S1 IV; primary somatosensory cortex layer 4, S1 V; primary somatosensory
cortex layer 5, dLGN; dorsal lateral geniculate nucleus, SC; superior colliculus, V1; primary visual cortex, MOB;
main olfactory bulb, OT; olfactory tubercle, PIR; piriform cortex, VNO; vomeronasal organ, AOB; accessory
olfactory bulb, BED; bed nucleus of the accessory olfactory tract.

Auditory
pathway
Cntn5
Tenm3
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pathway
Cntn5
Tenm3
Visual
pathway
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Yes

Y/N

Yes

Unknown
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ASD. It is worth exploring how axonal connections in other sensory regions are disturbed, in addition
to the abnormalities described in somatosensory thalamocortical connections in chapter 9.
Furthermore, whether or not Cntn5, or perhaps Tenm3, is required in the pre- or postsynapse or both
in these pathways for appropriate sensory signaling is an intriguing subject for further research.

Hypothetical protein complex including Cntn5 and Tenm3

As described in chapter 10 of this thesis, Cntn5 is suggested to bind Tenm3. This would be a key
aspect in exploring the cellular mode of action of Cntn5. Since Cntn5 lacks an intracellular domain, a
binding partner is required for conferring Cntn5 signaling to cellular signal transduction. The
identification of binding partners will reveal a lot of information on the intracellular pathways which
may be directing or directed by Cntn5 functioning.

Although a few membrane proteins that form a heterophilic complex with Cntn5, such as Cntnap4
(79) and Aplp1 (103) Tenm3 is a novel candidate from an entirely different class of membrane
proteins. Tenm3 is a highly conserved type II transmembrane protein, which can exert various
functions in the brain (97, 104). Teneurins (TENMs) are associated with mood disorders, anxiety,
stress and addiction (97). And as touched upon in the previous section, Tenms play important roles
in the sensory systems of the brain, such as the auditory, visual and olfactory system (99, 100, 102,
105–111).

A well-known interactor of Tenm is the adhesion G-protein-coupled receptor Latrophilin (Lphn). The
first described interaction of Tenms entailed a trans-synaptic binding between the extracellular
domains of Tenm2 and Lphn1, which was named LPHN-1-associated synaptic surface organizer
(Lasso) upon discovery (112). Later the interaction between Tenm4 and Lphn1 was confirmed (113).
Interestingly, Zuko and colleagues (114) have described interaction between Lphn1 and Cntn6, a
close family member of Cntn5. Here, cis interaction between Cntn6 and Lphn1 appears to prevent
neuronal apoptosis (114).

Perhaps the competence of those four proteins, Lpnh1, Tenm3, Cntn5 and Cntn6, to interact points
towards a complex network organization between multiple membrane proteins (65, 114, 115).
Combinatorial variations in cell adhesion networks have been found in the brain which may also
apply to Cntn5 (116, 117). Additionally, ASD-risk gene Neurexin (Nrxn) and its ligand Neuroligin
(Nlgn) may be implicated in such complex as well. Nrxn1 is known to bind Lphn1 (118) and in
Drosophila mutations in nrxn and nlgn1 result in the same phenotypes as mutations in teneurin (119).

As mentioned in Chapter 10, the results are preliminary and need to be confirmed with additional
experiments. The data so far do not reveal whether Cntn5 and Tenm3 interact in cis or trans and
which functions are exerted by the complex. Nevertheless, the data are promising and with regard to
the existing knowledge about the two proteins, this newly discovered interaction could provide new
insights into an important, but complex synaptic protein organization. Speculative models could
either incorporate Cntn5 and Tenm3 as co-receptors, in a similar manner as Cntn5 and Cntnap4 are
known to function (79), or interpret Cntn5 as an inhibitory factor to Tenm3 functioning, similar to the
interaction between Cntn5 and Aplp1 (96).

Evaluation

The heterogeneity of ASD remains a critical aspect to consider. Already in the early 70’s autism was
recognized to be a behavioral syndrome that may have different etiologies (120). This makes the
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identification of unifying neurobiological mechanisms underlying ASD very difficult. The large
number of genes that may be involved in ASD complicates the matter even more. Nevertheless, the
identification of ASD-risk genes has made it possible to approach ASD research from different angles
(121). The current studies have provided new, valuable insights in this direction. The two selected
genes, differed considerably, especially in their molecular mode of action and in the models in which
they were studied.

It should be noted, though, that besides the context of ASD, fundamental research into the two genes
is very useful. There is still a lot to explore in the pathways of Pten and Cntn5. In addition to being an
ASD-risk gene, Pten functions in DNA repair, is involved in tumor suppression and germline
mutations in PTEN lead to syndromes such as Cowden Syndrome (CS), Bannayan-Riley-Ruvalcaba
Syndrome (BRRS), Lhermitte Duclos Disease (LD), Proteus Syndrome (PS), and Proteus-like
Syndrome (1, 122, 123). Cntn5 belongs to an interesting family of immunoglobulin cell adhesion
molecules with multiple links to brain disease (63). Discovery of interacting proteins would provide
a lot insight into the mechanism. Tenm3 may be such a binding partner for Cntn5. Although the
knowledge about the Contactins remains relatively little, it seems the family members are noneredundant (2, 63).

Both genes, Cntn5 and Pten mutant mice, proved valuable as a model for ASD. Despite the substantial
differences is protein structure, function, cellular localization and expression pattern, disruption in
both these genes may result in ASD. Therefore, a broad phenotypic comparison of not only these two,
but a bigger set of ASD-risk genes, is essential. It may lead to pinpointing the overlapping and
converging mechanisms between ASD-risk genes and to deciphering the crucial processes of healthy
neurodevelopment.
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Nederlandse samenvatting
Gedurende de ontwikkeling van de hersenen volgen vele biologische processen elkaar zorgvuldig op,
zodat elk essentieel eiwit, elke cel en elke verbinding op zijn plaats terecht komt. Tijdens deze
processen kan er van alles mis gaan, wat kan leiden tot zeer ernstige tot vrij milde
ontwikkelingsstoornissen.
Ontwikkelingsstoornissen
die
gekenmerkt
worden
door
communicatieproblemen, gebreken in de sociale omgang en veelvuldig repetitief en restrictief gedrag
zijn verzameld onder de noemer autisme spectrum stoornissen (ASS).
Patiënten met ASS kunnen onderling sterk verschillen. Zo kan ASS gepaard gaan met ernstige mentale
retardatie, maar ook juist met hoge intelligentie. De symptomen kunnen ver uit elkaar liggen, zeker
omdat de stoornis vaak gepaard gaat met comorbide problematiek, zoals stemmingswisselingen,
agressiviteit, epilepsie of slaapstoornissen. Tot nu toe zijn het vooral de comorbide problemen die
met medicatie aangepakt kunnen worden. En al kan cognitieve gedragstherapie veel verschil maken,
een medicijn tegen de kernsymptomen van ASS zou in veel gevallen uitkomst bieden.

Om een medicijn te ontwikkelen is het noodzakelijk om inzicht te hebben in het biologische
mechanisme dat schuil gaat achter de kernsymptomen. Onderzoek heeft uitgewezen dat ASS erfelijk
is, waarna de zoektocht naar de oorzaak zich gericht heeft op de genetica. In de afgelopen decennia
zijn er honderden genen geassocieerd met ASS door middel van verschillende types experimenten.

Dit proefschrift beschrijft neurobiologische eigenschappen van twee zeer verschillende genen, die
ieder met de ontwikkeling ASS geassocieerd zijn. Zorgvuldig gekozen muismodellen en geschikte
technieken leveren inzicht in de functie van deze twee genen, wat bijdraagt aan een beter begrip in
het algemeen van de neurobiologische oorzaak van ASS. De genetische muismodellen zijn nauwkeurig
gekarakteriseerd om de functies van de genen en de gevolgen van mutaties in deze genen vast te
stellen.

Hoofdstuk 2 geeft een overzicht van de strategieën die zijn gebruikt om de genetica van ASS te
achterhalen. Verschillende genen dragen bij aan eenzelfde biologisch mechanisme. Dus de vele genen
die met ASS geassocieerd zijn, komen mogelijk samen in enkele biologische mechanismes die
betrokken zijn bij de ontwikkeling van ASS, dat naast de verscheidenheid ook vaste kernsymptomen
heeft. Gedachtes en theorieën hierover staan uitgewerkt in hoofdstuk 3. Dit hoofdstuk introduceert
ook het gen PTEN, dat in ongeveer één procent van de ASS patiënten is gemuteerd. Mutaties in dit gen
gaan vaak gepaard met een vergroot brein, ook wel macrocephalie genoemd. Het eiwit PTEN komt
voor in het hele lichaam. Het is een zogenaamd signaal transductie molecuul, dat hoog in de hiërarchie
zit van cellulaire processen die signalen van buiten omzetten in een reactie van de cel.
Hoofdstuk 4 beschrijft een muismodel waarin het gen Pten op gecontroleerde wijze was
uitgeschakeld in het dopaminerge systeem van het brein. Door een genetisch trucje maakten de
dopaminerge neuronen het eiwit Pten niet meer aan vanaf de elfde dag na de bevruchting. Dit
resulteerde in een vergroting van de celkernen, de cellichamen en het hersengebied waarin de
dopaminerge neuronen dicht op elkaar liggen. Ook de zenuwbaan waarin de uitlopers van deze
neuronen zich bundelen was in dikte toegenomen. Er leek geen toe- of afname te zijn in de productie
van de signaalstof dopamine, maar wel was het aantal receptoren dat dopamine ontvangt veranderd.
De muizen waren minder gevoelig voor d-amfetamine, wat was af te lezen aan hun beweeglijkheid na
toediening van de drug. Uit deze gegevens blijkt dat gebrek aan het eiwit Pten grote gevolgen heeft
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voor het neuron zelf, maar ook voor de hersensystemen waarmee het communiceert. Zo zijn muizen
waarin Pten ontbreekt minder gevoelig voor dopamine en voor de effecten van d-amfetamine.

In hetzelfde muismodel was meer aan de hand. Dit staat beschreven in hoofdstuk 5. De muizen
maakten ook in de skeletspieren het eiwit Pten niet meer aan. De gecontroleerde uitschakeling van
het gen Pten veroorzaakte afwijkingen in de lichaamsbouw van de muizen.De muizen hadden een
grotere massa van skeletspieren en een afname van het vet. De atletische bouw kan invloed hebben
gehad op de beweeglijkheid van de muizen, wat de interpretatie van de resultaten in hoofdstuk 4
compliceerde.

Het Pten-gen werd ook selectief uitgeschakeld in de thalamus met dezelfde genetische aanpak. De
thalamus is een gebied in de hersenen dat zintuiglijke informatie verwerkt en doorgeeft aan de cortex.
Zo worden prikkelingen van de snorharen van de muis via de thalamus doorgeven aan de cortex, waar
de activatie in een zeer specifiek patroon aangetoond kan worden. In hoofdstuk 6 is beschreven hoe
dit hersensysteem zich ontwikkelt wanneer het Pten-eiwit in de thalamus ontbreekt. Een recent
ontwikkelde techniek maakte het mogelijk om het gebied en zijn verbindingen in 3D in intacte
embryonale breinen zichtbaar te maken en in detail te analyseren. Hierdoor kon het systeem vanuit
verschillende perspectieven in kaart gebracht worden. De verbindingen liepen in grote lijn waar ze
verwacht waren, al was er twijfel of de groeisnelheid van de uitlopers wellicht vertraagd was in de
aangedane muizen. Bij het binnendringen van de cortex leken de uitlopers niet direct in een rechte
lijn de doelgebieden te benaderen, maar ze liepen er kronkelend heen. De specifieke gebieden in de
cortex die activatie van de snorharen representeren weken af in de gemuteerde muizen, wat kan
wijzen op afwijkingen in de verbindingen tussen de thalamus en de cortex.

Hoofdstuk 7 introduceert het gen CONTACTINE-5 (CNTN5), dat net als zijn familieleden CNTN4 en
CNTN6 is geassocieerd met ASS. CNTN5 codeert een heel ander eiwit dan PTEN. CNTN5 komt alleen
voor in het brein en bevindt zich op het celmembraan van neuronen op de plaats waar de uitlopers
contact leggen met andere neuronen. Eén van de aspecten die dit eiwit interessant maakt, is dat het
zich geheel aan de buitenkant van de cel bevindt. Het kan dus geen directe signalen doorgeven naar
de binnenkant van de cel, maar heeft hiervoor andere eiwitten nodig.

In hoofdstuk 8 wordt aangetoond in welke gebieden Cntn5 functioneert in het muizenbrein. Cntn5
maakte zijn eiwit niet in het hele brein aan, maar in afgetekende gebieden. Interessante Cntn5positieve gebieden met het oog op ASS, zijn onder andere de thalamus en de cortex. Al vanaf de
vijftiende dag na bevruchting maakte het muizenembryo het eiwit Cntn5 aan in deze gebieden. Kort
na de geboorte werd er het meeste eiwit aangemaakt, en dit nam weer af, maar stopte niet gedurende
de verdere ontwikkeling van de muis.
Vervolgens is gekeken naar neurobiologische functies van Cntn5 door na te gaan welke veranderingen
er in het brein optreden wanneer het gen vanaf de geboorte afwezig is . Hoofdstuk 9 beschrijft de
gevolgen van uitschakeling van Cntn5. De grove anatomie van het muizenbrein was niet van normaal
te onderscheiden, op een afname in de dikte van de somatosensorische cortex na. Dit gebied ontvangt
via de thalamus sensorische informatie van onder andere de snorharen. De patronen die de activatie
van de snorharen representeren, waren afwijkend. Dit kan wijzen op afwijkingen in de verbindingen
tussen de thalamus en de cortex. Maar dit keer waren er ook neuronen misplaatst in de cortex. Cellen
die nu geen Cntn5 aanmaakten migreerden niet naar de corticale laag waar ze normaal gesproken
eindigen. Dit kan ook tot de afwijkingen hebben geleid. De muizen zonder Cntn5 gedroegen zich niet
anders in de geselecteerde gedragstesten.

238

Om de processen binnen in de cel te kunnen beïnvloeden, heeft Cntn5 een ander eiwit nodig waarmee
het kan binden. Hoofdstuk 10 draagt het eiwit Teneurin-3 (Tenm3) aan als potentiële partner van
Cntn5. De genen Cntn5 en Tenm3 waren allebei actief in onder andere de cortex, de hippocampus en
in dezelfde kernen van de thalamus. In gekweekte cellen bleken de eiwitten aan elkaar te binden. Al
is dit nog niet genoeg bewijs, deze resultaten en gegevens uit eerder gepubliceerd werk zijn
veelbelovend voor inzicht in de werking van Cntn5.

Honderden verschillende genen zijn in verband gebracht met ASS, maar door de genen te
categoriseren op onder meer functie kunnen bepaalde biologische processen naar voren komen als
verdachte bij het veroorzaken van deze stoornis. Het is daarom zaak om individuele ASS genen te
karakteriseren om het neurobiologische mechanisme dat de kernsymptomen van ASS veroorzaakt op
te helderen. In dit proefschrift heb ik mij gericht op twee van deze genen: PTEN en CNTN5. Hoewel
PTEN en CNTN5 veel van elkaar verschillen in structuur, functie en anatomische lokalisatie, hebben
ze één ding met elkaar gemeen; van beide eiwitten zijn mutaties in de genen geassocieerd met ASS.
De ontwikkeling van het muizenbrein in afwezigheid van deze eiwitten was nauwkeurig
gekarakteriseerd. In deze gekarakteriseerde muismodellen zouden farmacologische behandelingen
kunnen worden getest om te zien of de geobserveerde afwijkingen teruggedraaid of voorkomen
kunnen worden.
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