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INTRODUCTION

INTRODUCTION

Autism (or Autism Spectrum Disorders, ASD) describes a group of
developmental deficits that affect approximately 1% of the population. Since its
first description by Hans Asperger and Leo Kanner, a multitude of studies have
contributed to the understanding of the underlying pathomechanisms (Asperger,
1944; Kanner, 1943). Advanced gene analyses have shown that the
development of ASD appears to have a strong genetic component of about 60-
90%, and the association with several hundred different genes and gene
variants could explain the heterogeneity of the symptoms (Sahin and Sur, 2015).
A major contribution to the etiology of ASD is an aberrant frontostriatal circuitry
and functional connectivity, leading to an imbalance of excitation and inhibition.
Specific cellular sites that structurally contribute to ASD phenotypes remain

poorly understood.

The overall goal of this work was to investigate the underlying functional and
morphological changes in striatal and cortical neurons in mouse models of ASD.
We aimed to contribute to the general understanding of ASD as a
developmental deficit to support further investigation and the development of
new therapeutic options. To this end, the focus was placed on a distinct neuronal
domain, the axon initial segment, in two rodent models of ASD, of which one
was a pharmacologically induced model (Valproic acid, VPA), and the other was
a genetic model (FOXP1 heterogeneity, FOXP1*").

We investigated putative changes in two ASD-relevant anatomical circuits:
firstly, the dorsal striatum, which mainly controls automated motor sequences
and habitual behaviors and secondly the whisker-related barrel field in primary
somatosensory cortex (S1BF), which projects to the dorsal striatum (Burke et
al., 2017; Burton et al., 2015). As structural and functional implications of ASD
at a single neuron level remain elusive, we set out to investigate structural and
functional integrity and maturation of the AIS in VPA-exposed and FOXP1+*-

mice.
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2.1 Autism Spectrum Disorders

Autism is a complex neurodevelopmental disorder that manifests itself in a
broad spectrum of impairments in social interaction, communication, and
behavior (American Psychiatric Association, 2013; Figure 1). Elsabbagh et al.
propose a median prevalence of 62/10.000, with a range of 30-116/10.000 for
all pervasive developmental disorders including all ASD phenotypes and Rett's
syndrome. This indicates that 0.9-1.1% of the population are affected (Global
Burden of Disease Study 2015, GBD Collaborators, 2016; Elsabbagh et al.,

2012).
Persistent deficits in social interaction Restricted, repetitive patterns of
& communication interest or behaviour
Reduced sharing of interests, emotions or affect Stereotyped or repetitive motor movements
Failure to initiate social interactions Repetitive use of objects and speech
Failure to respond to social cues Inflexible adhearence to routines, rigid thinking patterns
Deficits in non-verbal communication Restricted interests, abnormal intensity of focus
Deficits in maintaining and understanding relationships Hyper- or hyporeactivity to sensory input
Severity Level:
1) requiring support 2) requiring substantial support 3) requiring very substantial support

Symptoms must be present in early
developmental period

Symptoms cause significant impairment
in important areas of functioning

Circumstances can not be otherwise
explained by intellectual disability or
global developmental delay

Figure 1: DSM-V criteria for the classification of ASD (299.0)

In the Diagnostic and Statistical Manual of Mental Disorders, 5th Edition (DSM-V), all autism
subtypes are now united into one single diagnosis of ASD (299.0). To be diagnosed with
ASD, the person must show symptoms of all categories (green), each including a severity
level depending on individual support needed (American Psychiatric Association, 2013).
Symptoms commonly appear during the first two years of life. If they are more severe,
children are earlier diagnosed earlier with ASD than children that show with more subtle
symptoms.

While autism is known to have a strong genetic component (Sahin and Sur,
2015), epigenetic changes via environmental factors must be considered when
discussing ASD etiology. To date, several thousand associated genes, gene
variants, copy number variations, single nucleotide polymorphisms or variable
number of tandem repeats have been identified to increase autism susceptibility

(Xu et al., 2012). These are roughly grouped into causal genes or ‘syndromic
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autism-related genes’ that lead to syndromes including autistic features such as
Fragile-X or Rett’'s syndrome (Clifford et al., 2007), and ‘non-syndromic autism-
related genes’, which are mostly susceptibility genes (Dykens et al., 2004;
Wassink et al., 2004). The most enriched pathways found in those genome-wide
studies include genes for axon guidance, synaptic formation and transmission,
neuronal signaling, ion channel function, and a form of synaptic plasticity termed
long-term potentiation (Chang et al., 2015; Geschwind, 2011). FOXP1, which is
discussed in this thesis, is considered as a syndromic gene although copy
number variation related evidence exists (Stessman et al., 2017).

Regardless of the etiology, imbalance of excitation, inhibition and altered
synaptic strength seem to be the favored hypotheses regarding a common
denominator underlying ASD (Goncalves et al., 2017; Rubenstein and
Merzenich, 2003; Yizhar et al., 2011). Abnormal synaptic homeostasis
represents a risk factor as well (Bourgeron, 2009). This hypothesis is supported
by findings of Fang and colleagues, that increasing numbers of excitatory
neurons in layer II/lll of the neocortex cause autistic phenotypes (Fang et al.,
2014). Neuroanatomical changes to neuronal and synaptic infrastructure

appear to be region-dependent (Goncalves et al., 2017).

The prevalence of patients diagnosed with ASD shows a strong bias towards
males, with ratios of approximately 4:1 (male/female) for all autism spectrum
disorders, whereas In Aspergers’ syndrome, this ratio extends up to 10:1
towards males (Fombonne, 2012).

Genetic, endocrine and neurodevelopmental effects have to be considered as
well as comorbid psychopathologies and diagnostical difficulties when trying to
find an explanation for this bias (Kirkovski et al., 2013). For example, common
endocrine theories speculate that increased foetal testosterone (fT) levels
during the embryonic period could be directly correlated to autistic traits
(Auyeung et al., 2009). Elevated fT levels show an inverse correlation to eye
contact and vocabulary development in early childhood (Baron-Cohen et al.,
2011).

The fact that females often require a greater etiologic load to manifest typical
phenotypes led to speculation of protective mechanisms of the female sex

10
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(Robinson et al., 2013). From all areas so far investigated, social interaction
seems to be the most sensitive domain to be affected in a sex-specific manner
(Jeon et al., 2018). Decreasing male/female ratios (down to 3:1) observed
during the past years could be attributed to increased diagnosis and
understanding of ASD presentation in females (Jensen et al., 2014). As females
tend to express symptoms differently than males, less obvious signs of social
impairment and altered presentation could therefore camouflage clinical
symptoms and complicate adequate diagnostics (Kirkovski et al., 2013; Wiggins
et al.,, 2014).

2.2 The FOXP1 transcription factor and its role in ASD

Transcription factors such as the forkhead box transcription factors 1 and 2
(FOXP1; FOXP2) control gene expression patterns that are crucial for proper
brain development (Ayhan and Konopka, 2019). Multiple mutations of FOXP1
and FOXP2 have been linked to cognitive disorders such as ASD, Intellectual
Disability and Huntington’s Disease (Bowers and Konopka, 2012; Siper et al.,
2017). Both FOXP1 and FOXP2 are close relatives, showing 64% total protein
sequence identity and 89% identity in the forkhead domain (Bacon and Rappold,
2012). Although they seem very similar, mutations in these genes show distinct

effects and characteristic phenotypes.

Target genes of FOXP2 control mostly language and fine motor control (Lepp
et al., 2013). Symptoms of FOXP2 mutation include the impairment of
expressive, receptive, comprehensive as well as written language, and
numerous studies implicate that it is causative for inherited language disorder
(Lai et al., 2001).

FOXP1 target genes are not restricted to language but control global cognitive
development and gross motor function (Anderson et al., 2020; Co et al., 2020).
The spectrum of symptoms following mutations includes broader
neurodevelopmental deficits, such as motor and speech delay, social
withdrawal, reduced anxiety, learning and memory deficits, and other key

11
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features of ASD (Bowers and Konopka, 2012). FOXP1 knockout mice
(FOXP1-) stand out by showing restrictive and repetitive patterns of behavioral
output, learning and memory deficits, impairments in social interaction, and
reduced anxiety (Table 10). Those symptoms could be correlated to
neuroanatomical malformations. FOPX1”- mice showed a significant reduction
of the striatal area, with enlargement in lateral ventricles (Bacon et al., 2015).
Surface deformation of the basal ganglia could also be found in boys diagnosed
with ASD, associating those anatomical changes with ASD-typical features (Qiu
et al., 2010).

Expression of FOXP1 and FOXP2 appears earliest at embryonic day 12.5
(E12.5) and persists into adulthood. The highest levels of FOXP1 and FOXP2
mMRNA and protein expression are found in the developing and mature basal
ganglia except for the globus pallidus (GP). The combination of in situ
hybridization and immunohistochemistry revealed the presence of FOXP1 in
projection neurons, but not in interneurons in the striatum of adult mice
(Precious et al., 2016; Tamura et al., 2004). The expression of FOXP1 and
FOXP2 in striatal spiny projection neurons (SPN) is differential and therefore
aids the study of their distinct roles in circuit function. Over two-thirds of FOXP2
positive neurons co-expressed dopamine D1 receptor (D1R) mRNA and only
21-26% co-expressed dopamine D2 receptor (D2R). This might implicate a
stronger correlation of FOXP2 to the direct pathway. FOXP1 positive neurons
co-expressed D1R and D2R mRNA almost equally with no preference towards

either of the pathways (Fong et al., 2018).

Apart from the basal ganglia, FOXP1 is expressed throughout layers IlI-V of the
neocortex, the CA1 region of the hippocampus, and the thalamus (Co et al.,
2020). Contrary to FOXP2, which is found in the deepest layer of the cortex,
layer VI, and the cerebellum, FOXP1 expression is absent in rodent and only
slightly expressed in human Purkinje cells of the cerebellum (Ferland et al.,
2003; Hisaoka et al., 2010).

As implicated before, FOXP1 expression seems to play an important role in
early striatal and cortical development. FOXP1*- cortical neurons showed
delayed migration and altered dendritic morphology (Li et al., 2018) and
FOXP1-- caused loss of striatal SPN in vitro (Precious et al., 2016).
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In this thesis, one aim was to investigate structural changes in SPN due to
FOXP1 heterogeneity in order to find possible anatomical correlations to the
autistic phenotype. The influence of FOXP1 expression for cortex and basal
ganglia development makes this model suitable to investigate changes in both
areas. Similarities between behavioral and morphological changes between the
rodent model and humans enable us to enhance our understanding of the
underlying pathomechanisms of ASD.

2.3 The VPA model of ASD

VPA is an anticonvulsant drug used in the treatment of epilepsy to control
absence seizures, grand-mal, and partial seizures. It is also commonly used as
a mood-stabilizer in bipolar disorder and therapy-resistant migraine (DGBS e.V.,
2019; Diener et al., 2018; Elger et al., 2017). At the same time, VPA is highly
teratogenic (Meador et al., 2008; Weston et al., 2016). The pharmacological
mechanisms of action and their effects that cause autistic-like behaviors both in

humans and animals are not yet fully understood.

For the past 40 years, numerous studies have contributed to collecting evidence
of its teratogenicity (Brown et al., 1980; Tanoshima et al., 2015). The European
Medicines Agency’s Pharmacovigilance Risk Assessment Committee only
recently agreed on strengthening current restrictions on VPA usage during
pregnancy, because even though previous recommendations and the current
status of research indicated significant issues, many women of childbearing age
are still being prescribed VPA (European Medicines Agency, 2018).

Children exposed to VPA in utero show various congenital malformations
including a 20 times higher incidence for neuronal tube defects such as spina
bifida (Alsdorf and Wyszynski, 2005), cleft palate (Jackson et al., 2016), atrial
septum defects (Jentink et al., 2010), and specific minor facial features,
characterized as the fetal valproate syndrome (Guveli et al., 2017), as well as
psychomotor delays (DiLiberti et al., 1984; Lammer et al., 1987; Stadelmaier et
al., 2017). Other teratogenic effects of VPA, such as significantly lower 1Q
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scores in early childhood, appear to be dose-dependent (Meador et al., 2009;
Weston et al., 2016). Above all, there is a significantly increased risk of
developing childhood autism and ASD (Christensen et al., 2013). The
prevalence of neurodevelopmental disorders including ASD in children exposed
to VPA monotherapy is 12% (adjusted Odds Ratio (aOR) 6), with VPA
polytherapy at 15% (aOR 10) compared to control children that show a total
prevalence of 1.87% (Bromley et al., 2013).

In utero exposure of VPA has similar effects in rodent models (Nicolini and
Fahnestock, 2018; Roullet et al., 2013). The fact that rodents mirror typical
behavioral and cognitive features of humans with ASD has helped to establish
in utero exposure of VPA as a common model of ASD. Previous studies showed
that VPA exposure causes many of the symptoms that are set to define ASD in
the DSM-V (Diagnostic and Statistical Manual of Mental Disorders, 5" Edition;
American Psychiatric Association, 2013; Figure 1). Exposed rodents show a
decreased number of social explorations and interactions as well as altered play
behavior (Kataoka et al., 2013; Markram et al., 2008; Moldrich et al., 2013;
Schneider and Przewtocki, 2005). Furthermore, they show a decreased number
of ultrasonic pup vocalizations, which implicate difficulties in social
communication (Gandal et al., 2010; Moldrich et al., 2013). Repetitive and
stereotyped patterns of activity such as repetitive grooming or digging could be
reproduced in a multitude of studies using the VPA model (Gandal et al., 2010;
Markram et al., 2008; Mehta et al., 2011; Moldrich et al., 2013; Schneider et al.,
2008; Schneider et al., 2007).

14
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Persistent deficits in social interaction Restricted, repetitive patterns of
& communication interest or behaviour
Altered play behaviour
Decreased number of social interactions Repetitive self grooming activity
Lower interests in social cues Repetitive digging activity and marble burrying
Decreased number of explorations Stereotyped routines in Y-maze explorations
Decreased and altered USV vocalisations

Symptoms must be presentin early
developmental period

Symptoms cause significant impairment
in important areas of functioning

Circumstances can not be otherwise
explained by intellectual disability or
global developmental delay

Figure 2: Core behaviors in VPA exposed rodent models based on the DSM-V manual
Core behavior and phenotypes that are seen in rodent models of ASD, according to DSM-V
(Figure 1).

Contrary to the general population of ASD patients showing a strong bias
towards males with a general ratio of 4:1 (male/female), the effects were not
replicated in VPA models (Fombonne, 2012). In humans as well as in animals,
a 1:1 sex ratio was seen after exposure to VPA (Rasalam et al., 2005). However,
differences in behavior and neuroanatomical changes could still be detected
between both sexes. VPA exposure leads to increased sniffing behavior in
males, but not females, during social interaction tests (Kataoka et al., 2013).

Mechanisms of action

One possible mechanism of action of VPA is the elevation of regional gamma-
aminobutyric acid (GABA) levels by increasing its synthesis and inhibiting its
metabolism via GABA transaminase (Owens and Nemeroff, 2003). Impaired
murine inhibitory neurotransmission mediated by GABA can lead to seizures,
whereas the elevation of GABA levels has an anticonvulsant effect (Loscher,
1989). These effects appear to be region-specific, as the application of VPA
showed a significant increase in cortical GABA and striatal glutamate levels
(Chapman et al., 1982), but could not be reproduced in other brain areas such
as the hypothalamus (Baldino and Geller, 1981). Providing evidence to support
the hypothesis that autism is the result of imbalanced glutamatergic and

15
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GABAergic neuronal differentiation and disturbed postsynaptic maturation,
lijima et al. showed that the number of excitatory glutamatergic synapses
increases, whereas the number of inhibitory GABAergic synapses decreases in
cultured neocortical neurons exposed to VPA. Additionally, murine GABAergic
neurons showed a retardation of axonal growth (lijima et al., 2016; Kim et al.,
2013).

While VPA exposure did not affect the formation of the vesicular glutamate
transporter 1& 2 (VGLUT 1& 2), the vesicular GABA transporter (VGAT) was
decreased as well as the number of VGAT positive synapses (Kumamaru et al.,
2014). Several brain regions, such as the striatum, displayed reduced levels of
glutamic acid decarboxylase (GAD65 and GADG67), markers for GABA neurons,
after VPA exposure (Wei et al., 2016).

Deregulation of gene expression has emerged in the context of the etiology of
other neuropsychiatric disorders such as schizophrenia (Tang et al., 2011),
Huntington’s disease (Lee et al., 2013) and ASD (Sun et al., 2016). VPA inhibits
histone deacetylase (HDAC) activity, causing transient hyperacetylation of H3
and H4 histones immediately after exposure (Kataoka et al., 2013).
Corresponding to those findings, in utero exposure to Valpromide, a VPA
analogue lacking HDAC inhibitory activity, failed to evoke any changes at
behavioral, histological or biochemical levels (Moldrich et al., 2013). Hence, the
influence of VPA at the level of gene transcription seems to be one of the

reasons why postnatal social behaviors are affected (Kawanai et al., 2016).

Another possible explanation of VPA'’s teratogenic effects might result from the
substance serving as a non-competitive binding partner to folate receptors,
resulting in folate-deficient conditions in pregnant women. Folate-deficiency is
discussed as the cause of several congenital defects (Fathe et al., 2014). It has
been shown that the intake of folic acid during pregnancy may reduce the risk
of children developing ASD (Schmidt et al., 2012). Folate is critical for neural
tube closure that takes place around E12.5 in rodents (Rodier et al., 1996). This
hypothesis is supported by the fact that the time of VPA exposure is critical to
evoke postnatal effects. Rodents appeared to be most sensitive at E12.5,
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exposure at earlier (E9) or later (E14.5) time points failed to cause similar effects
(Kataoka et al., 2013).

Neuroanatomical correlations

Hallmarks of neuroanatomical alterations after the influence of VPA include
changes in neuron number and packing density or volume in various regions of
the mammalian brain (Edalatmanesh et al., 2013; Kataoka et al., 2013). Daily
application of high doses (720 mg/kg bw) of VPA during pregnancy causes
decreased total cortical and brainstem volumes in rats, which could later be
correlated with learning deficits (Frisch et al., 2009). Enhanced short- and long-
term synaptic plasticity, induced by elevated long-term potentiation (LTP) in the
medial prefrontal cortex (MPFC), consolidating fear memories was shown to
contribute to increased anxiety (Sui and Chen, 2012).

Significant reduction in the number of cells in layer Il/lll and V of the mPFC and
the somatosensory cortex (SSC) are presumably due to the induction of an
apoptotic-like cell death that appears 24 h after the application of VPA. This is
followed by reduced proliferation and migration of newly born neurons (Kataoka
et al., 2013). This effect seems to be sex dependent as the number of neurons
in SSC of female mice remains unchanged, underlining the argument that
morphological abnormalities in the SSC might be involved in the development
of the sex-dependent ASD symptoms (Hara et al., 2012).

Whole cell patch-clamp recordings in layer V of rat SSC revealed several
neuroanatomical changes after VPA exposure, leading to a decrease in the
intrinsic excitability of that network (Rinaldi et al., 2008). Although there is a
significant increase in connection probability and direct connections between
neighboring cells, the strength of those connections weakens. Ultimately, the
current required to reach the action potential (AP) threshold increases, which
makes AP firing less probable (Rinaldi et al., 2008).

Basket cells and Chandelier cells (ChC) are two types of parvalbumin (PV)
positive neurons that critically regulate the cortical excitation/inhibition (E/I)
balance (Ferguson and Gao, 2018). These fast-spiking GABAergic interneurons
modulate the activity of nearby neurons by either contacting the soma or
proximal dendrites (basket cells) or forming inhibitory synaptic complexes
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specifically at the AIS (ChC) (Kawaguchi and Kubota, 1997; Somogyi et al.,
1982; Figure 3).

If the main effect of ChC at the AIS is mainly excitatory or inhibitory is still a
matter of discussion (Woodruff et al., 2010; Woodruff et al., 2011), but a critical
role in maintaining a physiological E/l balance in the neuronal network is very
likely. Unsurprisingly, abnormal ChC development and dysfunction have been
implicated in the underlying pathomechanisms of neuropsychological diseases
such as ASD, schizophrenia, and epilepsy (Lewis et al., 2005; Wang et al.,
2016).

Gogolla et al. reported a decrease of PV neurons and therefore decrease in
inhibition in the parietal and occipital cortex after VPA exposure. The fact that
this PV cell reduction was seen asymmetrically between both hemispheres
could contribute to dysbalanced neuronal circuits (Gogolla et al., 2009).
Interestingly, those effects could not be reproduced by others, neither in mPFC,
SSC or the auditory cortex (Anomal et al., 2015; Lauber et al., 2016). Although
there seems to be a disagreement whether or not changes to PV cell numbers
in the cortex do appear, a 15% reduction of PV cells in the striatum was
observed recently (Lauber et al., 2016). VPA exposure also caused aberrations
of the striosomal compartment and of corticostriatal pathways as well as fewer
putative corticostriosomal synapses of striosomal neurons (Kuo and Liu, 2017).
Decreased proEnkephalin (pENK) mRNA levels measured in the dorsal striatum
might be an indicator of overall increased activity in the enkephalinergic system,
which could contribute to increased anxiety, one of the key features of ASD
(Schneider et al., 2007).

2.4 The axon initial segment

The AIS constitutes the site of AP generation in neurons and thus plays an
important role in the regulation of cellular excitability (Kole and Stuart, 2012;
Figure 3). The position of the AIS in relation to the soma and dendrites is
characteristic for different cell types and uniquely reflects the physiology and
function of the cell (Hausser et al., 1995; Martina et al., 2000; Thome et al.,

2014). The ability to maintain plasticity during development and in adulthood
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determines the AIS as a new site for dynamic regulation of neuronal circuit
function (Grubb and Burrone, 2010; Gulledge and Bravo, 2016; Jamann et al.,
2021; Kuba, 2010; Wefelmeyer et al., 2015).

AL 7
synaptic input terminals
X noR myelin
E
B

“— AP >

Figure 3: Cellular localization and function of the AIS.

A: The axon initial segment (AIS, green) is an unmyelinated region located at the proximal
axon, regardless of axon onset (somatic/ dendritic). PV-positive interneurons (ChC) form
GABAergic synapses along the AIS. B: Synaptic input (light blue) is received and integrated
along the somatodendritic domain. Upon reaching the required threshold, an AP is initiated
at the distal end of the AIS. APs are propagated along the axon. In myelinated axons, this
propagation relies on saltatory conduction (dark blue arrows) from one node of Ranvier (noR)
to the next, which increases conduction velocity. Ultimately, neurotransmitters are released
at axon terminals.

In the context of ASD, very little is known so far about changes in structure and
function of the AIS. In a recent study utilizing a mouse model of Angelman’s
syndrome, the authors unveiled significant changes of AIS morphology and
intrinsic membrane properties in CA1 hippocampal neurons (Kaphzan et al.,
2011). However, despite the intriguing findings of this study, surprisingly little
data has been collected regarding putative ASD-driven effects on AlS biology,

ultimately prompting the aims of the current thesis (see section 2.7— Objectives).
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Molecular composition of the AIS

Specialized membrane scaffolding proteins and cytoskeletal components,
particularly proteins of the Ankyrin family, constitute the backbones of the AIS.
Ankyrins are membrane adaptor proteins that help to target other proteins such

as ion channels to plasma membranes (Rasband, 2010; Figure 4).

N

—5

soma proximal AlS distal AIS

——— microtubuli == RIV-spectrin ' neurofascin (D NAv1.2 “ Kv1.x
g actin rings Cl] ankyrinG = gephyrin “Nav1.6 (DK\/?_X

= gasn. oav @ oheaR

Figure 4: Molecular structure of the AIS

The membrane scaffolding proteins Ankyrin G and RIV-spectrin anchor various ion channels
on the surface to the cytoskeleton of the axon. For more details, please refer to section 2.4.1.
Modified after (Engelhardt et al., 2019).

AnkG is part of the family of ankyrin proteins, together with Ankyrin-R and
Ankyrin-B, encoded by the three genes ANK1 (ankR), ANK2 (ankB) and ANK3
(ankG) (Mohler et al., 2002). From its three spliced isoforms, the two isoforms
of ankG, with a molecular weight of 270kDa and 480kDa, are involved in
clustering transmembrane proteins such as voltage-gated sodium (Nav) (Akin
et al., 2015; Zhou et al., 1998) and potassium channels (Kv) (Pan et al., 2006).
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By binding to BIV-spectrin, which in turn links to the actin cytoskeleton, ion
channels are ultimately anchored at the AIS (Fréal et al., 2016; Pan et al., 2006;
Figure 4). Apart from ion channels, ankG links the cell adhesion molecules
(CAMs) Neurofascin-186 kDa (NF-186) and neuron-glia related CAM (NrCAM)
to axonal microtubules. These help to assemble the specialized brevican-
containing extracellular matrix (Hedstrom et al., 2007). RIV-spectrin on the other
hand connects to the actin cytoskeleton at the AlS and nodes of Ranvier (noR)
(Yang et al., 2007). The assembly of ankG at the AIS and noR precedes all
other necessary components. It is assumed that other parts of the AIS as well
as the extracellular matrix fail to co-localize in the absence of ankG (Bennett
and Chen, 2001; Hedstrom et al., 2007; Jenkins and Bennett, 2001).

Deficiency or malfunction of ankG disrupts AlS composition and function, thus
demonstrating that ankG is crucial for AIS assembly; this has been shown both
in vivo and in vitro (Hedstrom et al., 2007; Jenkins et al., 2015; Kordeli et al.,
1995; Leterrier et al., 2015). Mutant mice with cerebellar ankG knock-down
suffered from ataxia as a consequence of disrupted AP initiation and rapid,
repetitive firing at the AIS (Zhou et al., 1998).

In addition to its axonal role, the 480kDa ankG isoform plays an important role
in stabilizing GABAergic synapses at the somatodendritic domain (Tseng et al.,
2015). Abolishing the interaction between ankG and the GABAa receptor-
associated protein (GABAARAP) in a knock-in mouse model did not only cause
a reduction in the number of inhibitory synapses at the AlIS and somatodendritic
domain, but also led to hyperexcitable pyramidal neurons and therefore
disrupted network synchronization (Nelson et al., 2018).

Apart from its role as a scaffolding protein for AlIS assembly, ankG plays an
important role in maintaining neuronal polarity and functions as a diffusion
barrier (Hedstrom et al., 2008; Sobotzik et al., 2009; Zhang et al., 2019). In the
absence of ankG, neurons lose their polarity and axons start to acquire
cytoplasmatic and membrane properties typical of dendrites (Hedstrom et al.,
2008). Dendritic features, such as spines and postsynaptic densities of
excitatory spines were observed in vitro (Hedstrom et al., 2008) and in vivo
(Sobotzik et al., 2009) after the depletion of ankG.
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Clinical implications of elevated susceptibility for mental disorders in relation to
ankyrin have recently been noted (Igbal et al., 2013). Increased anxiety, one of
the key features of ASD, has been observed in ANK3 knockout mice (van der
Werf et al., 2017).

Several studies correlating gene polymorphisms and ANK3 mutations to
families with a strong association to ASD implicate a shared molecular
pathophysiology between several mental disorders (Bi et al., 2012; Kloth et al.,
2017). Furthermore, mutations in ANK3 have been linked to several mental
disorders such as bipolar disorder (Schulze et al., 2009; Zhu et al., 2017),
schizophrenia (Harrison, 2016; Prata et al., 2019) and ASD (Bi et al., 2012).

RIV-spectrin

As mentioned before, ankG binds to BIV-spectrin, which then connects to the
actin cytoskeleton of the axon (Figure 4). Multiple cross-links between those
proteins contribute to maintain the highly stable complex that builds the scaffold
of the AIS and participates in ion channel clustering (Berghs et al., 2000). BIV-
spectrin-null neurons fail to cluster voltage-gated sodium channels and ankG
(Komada and Soriano, 2002) and disrupted AP generation due to Nay
dysfunction leads to quivering and motor neuropathies in mutant mice
(Parkinson et al., 2001).

Less profound effects following loss of BIV-spectrin compared to loss of ankG
indicate ankG as the main scaffolding protein (Hedstrom et al., 2007; Yang et
al., 2007). Nevertheless, RIV-spectrin plays an important role in regulating nodal
structural integrity and the molecular organization of the AIS (Yang et al., 2004).
This actin/spectrin complex is periodically organized: actin forms rings that are
evenly spaced with a distance from 180-190 nm along the axon in cultures rat
hippocampal neurons and peripheral nerves (D'Este et al., 2016; Xu et al.,
2013), 180 nm in retinal ganglion cells (Schliter et al., 2019), and slightly less
(170 nm) in axons of avian nucleus magnocellularis (Akter et al., 2020). Spectrin
tetramers, with a length of 190 nm function as spacers between actin rings, thus
providing elasticity and flexibility to the cytoskeleton while maintaining a certain
degree of stability (Leterrier et al., 2015; Unsain et al.,, 2018; Zhang and
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Rasband, 2016). Furthermore, Nay channels, NF-186 and ankG seem to be

organized in the same periodic arrangement (Leterrier et al., 2015).

lon channels and action potential generation at the AIS

Voltage-gated sodium channels are the structural basis for AP generation at the
AIS (Figure 5). The isoforms Nay1.1, Nav1.2, and Nay1.6 are enriched at the
AIS. While most of the cortical excitatory neurons express Nav1.2 and Nay1.6,
others, including inhibitory neurons, exchange Nav1.2 for Nav1.1 (Lorincz and
Nusser, 2008). Distinct configuration of ion channel properties, therefore, seems
to distinguish between several cell types present in the nervous system
(Yoshimura and Rasband, 2014).

Nav1.6 is the primary voltage-gated ion channel involved in AP initiation as they
activate more rapidly and at lower thresholds (Colbert and Pan, 2002; Hu et al.,
2009; Katz et al., 2018; Rush et al., 2005; Van Wart et al., 2007). The maximum
Na* current is observed at the distal AlS, approximately 50 um (30-70 ym) away
from the soma, which happens to be the site of the maximum Nay1.6 channel
density (Hu et al., 2009). The fact that these channels often localize towards the
distal end of the AIS, isolating them from the capacitive load of the soma,
underlines the assumption that they are critical for AP generation rather than
backpropagation (Baranauskas et al., 2013; Hu et al., 2009; Kole and Brette,
2018; Lorincz and Nusser, 2008). This task falls to Nay1.2 channels that have
been reported to be accumulated towards the proximal end, closer to the

somatodendritic domain (Hu et al., 2009; Figure 5).
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Figure 5: lon channel distribution at the AIS

A: In interneurons (IN), Nav1.1 channels (dark blue) accumulate at the proximal AIS. Nav1.6
(light blue) and Kv1.x (orange) are distributed uniformly. B: In pyramidal neurons (PNs) of
cortical layer V, Nav1.2 replaces Nav1.1. C: In PNs of cortical layer Il/Ill, Nav1.6 accumulates
at the distal AlS. Kv7.x and Kv1.x channels are expressed additionally (green: AIS). Modified
after (Gutzmann, 2015).
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Voltage-gated potassium (K*) channels (Kv) localized at the AIS play a crucial
role for membrane potential repolarization during an AP. They allow a prompt
influx of potassium ions in order to repolarize membrane potential and directly
counteract the depolarizing effect of Nav channels during an AP (Doyle 1998).
They are active at resting potential and inactivate with slow subthreshold
potentials. The most common isoforms expressed at the AIS in the cortex are
Kv1.1, Kv1.2, Kv7.2, and Kv7.3 (Goldberg et al., 2008; Inda et al., 2006; Kole et
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al., 2007; Lorincz and Nusser, 2008). Kv1-type channels can be found in both

pyramidal neurons and interneurons (Goldberg et al., 2008).

Patch-clamp recordings showed that pyramidal neurons mostly express Kv1.x
channels with the ability to be activated at a low threshold and mediating a fast-
activating, yet slowly inactivating outward potassium current. The Kvy1.x
mediated current counterbalances depolarization and has a big influence on AP
waveform and repetitive firing (Shu et al., 2007). Kv1.x modify the AP waveform
by modulating AP width, which ultimately leads to altered neurotransmitter
release at axon terminals: inactivation of Kvy1.x channels through slow
subthreshold depolarization led to an increase of AP width in cortical pyramidal
neurons of layer V (Kole et al., 2007). Likewise, blockage of Kv1.2 channels in
acute brain slices with a selective blocker led to an increase in spike duration
(Shu 2007). Each neuron type has its unique distribution pattern of potassium
channels. Purkinje cells completely lack Kv1 channels, mitral cells and retinal
ganglion cells only express Kv1.2 channels. This could contribute to the unique
firing pattern of different neuronal populations (Van Wart et al., 2007).

Kv7.2 and Kvy7.3 channels are enriched at the AIS and noR and preferentially
expressed in a gradient towards the distal part of the AIS (Kole and Stuart, 2012;
Pan et al., 2006; Figure 5). They mediate the “M-current” (M= muscarine), a
slow non-inactivating current that activates just below AP threshold (Halliwell
and Adams, 1982). Generally, Kv7 channels are attributed to raising the AP
threshold and altering the resting membrane potential and thus reduce neuronal
excitability and repetitive firing. If Kv7 channels are blocked, spike frequency
increases and repetitive firing is promoted (Aiken et al., 1995). They also
contribute to stabilizing resting membrane potential, which is crucial to enhance
Nav channel availability. Ultimately, this leads to an increase in the AP
amplitude. In contrast to Kv1 channels, Kv7 channels adapt to firing frequency
(Petersen et al., 2017). In fact, heterozygous mutations of Ky7 channels
(encoded by the KCNQ2 gene) have been associated with autistic features such
as hyperactivity, repetitive behavior, and reduced sociability in mice (Kim et al.,
2019). Interestingly, single-cell RNA sequencing revealed, that homozygous
knockdown of FOXP1 in D2 SPN of the striatum causes the downregulation of
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two important potassium currents, inwardly rectifying and leak current. This
ultimately results in higher intrinsic excitability of exclusively D2 SPN and could
provide another clue for alterations of neuronal function in ASD (Araujo et al.,
2015; Khandelwal et al., 2021).

Axial current follows the basic principle of Ohm’s law: The voltage gradient
between the soma and the AIS is dependent on input current and axial coupling
resistance, which in turn is dependent on the geometry of the AIS (Kole and
Brette, 2018). Following those principles, there happens to be a unique optimal
position and constitution of the AIS for every neuron in relation to its morphology,
constituting the compromise between a minimum threshold current and isolation
from the somatic load (Goethals and Brette, 2020). According to theoretical
models, the following baseline structure/function relation for the AlS have been
postulated: The longer and more distally located the AIS is, the more excitable
the neuron is, as it becomes easier for Na* and K* conductance to overcome
the electrical load of the soma. This constitution becomes preferable for large
neurons. In comparison, small neurons prefer more proximal located AlIS of
intermediate length to be more excitable (Goethals and Brette, 2020; Gulledge
and Bravo, 2016; Kole and Brette, 2018).

Interestingly, a close functional relationship between the somatodendritic
domain and the axon has been shown experimentally and theoretically
(Goethals and Brette, 2020; Hamada et al., 2016). In this context, the current
that is required to reach AP threshold is higher when the diameter of the apical
dendrite is larger, and this relation is scaled (Kole and Brette, 2018).
Consequently, cells with thin axons show reduced current to threshold and need
fewer sodium channels to initiate AP generation. The ability to adapt AIS to
variable dendritic loads ensures the generation of uniform somatic APs
(Hamada et al., 2016; Figure 6).
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Figure 6: Plasticity of the AIS

A: Large neurons have a longer AlS, more distally located, so Na® and K* conductance can
overcome the electrical load of the soma more easily. B: This is different to small neurons,
that have AIS of intermediate length that are located more proximal to increase excitability.
C: Neurons with large axonal diameter show high current to threshold, cells need a longer
AIS with more sodium channels for AP generation. D: Neurons with small axonal diameter,
however, need fewer channels and a shorter AlS. The ability of the AIS to adapt to variably
dendritic loads helps to ensure uniform somatic AP generation.

N

2.4.4 AIS plasticity

In cortical neurons, AIS first appear around E14.5 (Gutzmann et al., 2014).
During the development of pyramidal cells in the visual cortex, the AIS
assembles and then gradually increases its length until the onset of sensory
input changes network state, which ultimately results in AIS shortening
(Gutzmann et al., 2014; Schluter et al., 2017; Figure 7A). Maturation of AIS and
formation of neuronal circuits occur during so called critical periods (CP), which
serve to build optimal cortical networks via sensory stimuli and experience
during development (Hensch, 2005). This process of activity-dependent
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plasticity has been shown in visual cortex (Gutzmann et al., 2014; Schluter et
al., 2017), auditory brainstem neurons (Kuba, 2010; Kuba and Ohmori, 2009)
and only recently in somatosensory cortices (Jamann et al., 2021). The ability
of neurons to modulate their AlS to respond and adapt to changes of network
state, however, is not restricted to early postnatal development but persist
throughout adulthood (Jamann et al., 2021). Of note, this mechanism of has
only been observed in S1BF, not in the visual cortex (Gutzmann et al., 2014).
About 10 years ago, two hallmark papers provided the first evidence for both in
vitro (Grubb and Burrone, 2010) and in vivo (Kuba, 2010) AIS plasticity.
Providing depolarizing conditions to the extracellular medium of cultured
hippocampal neurons by adding KCI to the solution, resulted in distal relocation
of the AIS, which correlated with reduced intrinsic excitability (Grubb and
Burrone, 2010). In similar experiments, Wefelmeyer and colleagues showed
that this relocation process of the AlIS along the axon was not accompanied by
changes of the position of the axo-axonic synapses from inhibitory ChC
(Wefelmeyer et al., 2015). The following mismatch between synapses and the
AIS ultimately contributes to decreasing the excitability of the neuron
(Wefelmeyer et al., 2015; Figure 7B).

Another form of AIS plasticity was first investigated in in vivo deprivational
studies of the auditory cortex. Depriving chicks of auditory input caused a
lengthening of the AIS, accompanied by elevation of the number of sodium
channels, which increased cellular excitability (Kuba, 2019; Figure 7C).

Since then, a multitude of papers provided evidence of the impact of AIS
geometry on cellular excitability: Changes in location (Chand et al., 2015;
Hamada and Kole, 2015; Hatch et al., 2017), length (Baalman et al., 2013;
Evans et al., 2015; Kim et. al., 2019), and ion channel constitution (Kuba et al.,
2010; Lezmy et al., 2017) resulted in intrinsic functional changes of neurons in
different brain regions.

All these AIS changes seem to serve one purpose: adapting the excitability of
individual neurons to changes in presynaptic input. If the input is lost, the neuron
increases its excitability via AIS elongation to maintain homeostasis within
neuronal circuits. If the neuron experiences increased synaptic input, AIS

shorten or relocate distally.
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Figure 7: Plasticity of the AIS pt. 2

A: During early postnatal development, AIS of the rodent somatosensory cortex elongate
continuously. Upon onset of active whisking and therefore sensory processing in S1BF, AIS
shorten abruptly and eventually elongate again to a mature length (based on data in Jamann
et al., 2021). B: Chronic depolarization leads to relocation or shortening of the AIS. The
distance between AIS and the cell somaincreases. Those changes cause a decrease in overall
excitability of the cell (based on data in Grubb & Burrone, 2010). C: Low activity e.g., through
sensory deprivation, leads to elongation of the AIS, relocation towards the soma and/or
increase of sodium channel expression at the AIS (based on data in Gutzmann et al., 2014;
Kuba et al., 2010).
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2.5 The rodent basal ganglia

The striatum is the input nucleus of the basal ganglia and integrates information
from cortical, thalamic, and limbic regions as well as the midbrain. As there are
only limited cognitive and motor resources, it acts as a selection device to
separate appropriate from inappropriate behaviors (Redgrave et al., 1999). Its
function therefore lies in behavioral learning and motor planning (Burke et al.,
2017).

Based on histological markers and anatomical hallmarks, the dorsal striatum
can be roughly subdivided into two main areas: the dorsomedial (DMS;
Caudate) and the dorsolateral striatum (DLS, Putamen) (Yin et al., 2009).

The DMS receives input from associative areas such as the anterior cingulate
area, ventral hippocampus, amygdala, visual, and auditory cortices. It therefore
processes and transfers visual, spatial, auditory, and somatic information to the
ventromedial PFC and mediates goal-directed behaviors, habits and habit
formation (Yin et al., 2009), spatial learning (Devan and White, 1999), and
reward expectancy (Hikosaka et al., 2006). The DMS is especially relevant for
the development of action-outcome associations during learning and

conditioning (Burke et al., 2017; Figure 8).

The DLS receives its main inputs from sensory and motor cortices, insular and
orbital areas and is involved in motor planning, action selection, stimulus-
response habit learning (Burke 2017), and establishing automated motor
sequences (Graybiel, 2008; Yin et al., 2006). Lesions of DLS disrupt habitual
behaviors and affect skill learning throughout training (Burton et al., 2015; Figure
8). Retrograde tracing indicated that thalamostriatal and nigrostriatal projections
are topographically organized (Lanciego et al., 2004; Pan et al., 2010). Lesions
of the trunk region of DLS disrupt the implementation of the stereotyped
grooming sequence in rodents (Cromwell and Berridge, 1996). However, there
is much overlap between those areas regarding function (Isomura et al., 2013).
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Figure 8: Input and output of the dorsal striatum

DLS and DMS receive input (green) from various cortical regions. The DLS receives its main
input from sensory, motor, insular, and orbital cortices. The DMS receives its input from
associative areas, including ventral hippocampus and visual cortex. Main output (grey) of the
DLS play a major role in motor planning and action selection, whereas the DMS is more
involved in goal-directed behavior and reward expectancy.

Approximately 95% of striatal neurons are GABAergic medium spiny neurons
(MSN) e.g. spiny projection neurons (SPN; Gravel and Difiglia 1985). They can
be subdivided into three groups, depending on their dopamine receptor
expression patterns and neurochemical content. Double staining of transgenic
mice showed that the overall density of dopamine receptor 1 (D1) expressing
SPN is just slightly higher than the density of dopamine receptor 2 (D2)
expressing SPN (approx. 51% compared to 46% of all SPN, respectively). The
latter are evenly distributed throughout the striatum (Gagnon et al., 2017; Ren
et al., 2017). D1 expressing SPN express the neuropeptides substance P (SP)
and dynorphin (DYN) and project mainly to substantia nigra pars reticulata (SNr)
and the entopeduncular nucleus (EP), which is the rodent equivalent to the
internal pallidum (GPi). Those are the GABAergic projections of the direct
pathway (Figure 9). D2 expressing SPN contain enkephalin (ENK) and send
GABAergic axonal projections mainly to the external pallidum (GPe), which then
forwards projections onto the GPi/SNr, this resulting in the indirect pathway. A
small population of SPN (2-5%) in dorsal striatum expresses both D1 and D2
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receptors. They were found to have a smaller cell body, shorter dendritic
arborization and 37% lower spine density (Gagnon et al., 2017). The function of
those SPN is yet not fully understood. Neurons in substantia nigra, pars
compacta (SNc) release dopamine, which activates D1 and inactivates D2
receptors (Tritsch and Sabatini, 2012).
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Figure 9: Basal ganglia circuits

A: Anatomical location of important components of the basal ganglia and its functional
circuits. Sagittal section of the adult mouse brain modified after (Paxinos). B: Both pathways
(direct and indirect) exhibit their influence on the thalamus via the globus pallidus internus
(GPi) and substantia nigra pars reticulate (SNr), an equivalent to the rodent entopeducular
nucleus (EP). GPi/SNr sends inhibitory GABAergic afferents to the thalamus to inhibit
movement and behavior. The direct pathway inhibits the GPi/SNr via GABAergic inputs from
the striatum (CPu), which ultimately promotes thalamic function. The indirect pathway has
additional synapses, passing through globus pallidus externus (GPe) and STN. This last
glutamatergic synapse promotes the inhibitory function of GPi/SNr. The hyperdirect pathway
sends glutamatergic projections through the subthalamic nucleus (STN) to GPi/SNr.

In the case of the direct pathway, neurons of the GPi/SNr are inhibited by
GABAergic input from the striatum, which ultimately promotes thalamic function.
The indirect pathway has an additional GABAergic synapses while passing from
the striatum through GPe and STN to GPi/SNr. This additional last glutamatergic
synapse leads to inhibition of thalamic function and thus presents an opponent
to the direct pathway (Figure 9). The third, hyperdirect pathway, acts as a
suppressor of ongoing automated body movements, allowing planned
movements to be initiated properly (Isoda and Hikosaka, 2008). Excitatory
projections from the thalamus back to the cortex form a feedback-loop. Rather

than controlling voluntary movement in an antagonistic manner, the indirect and
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the direct pathways show much overlap in function and tend to work
cooperatively to integrate information and facilitate behaviors (Barbera et al.,
2016). Fiberoptics and time-correlated single-photon counting revealed
concurrent activation of both pathways especially during the initiation of actions
(Cui et al.,, 2013). Also, both pathways are necessary for the smooth
execution/coordination of actions (Tecuapetla et al., 2016). While D1 neurons
are responsible for executing the movement, D2 neurons suppress antagonistic
muscular movement, and the impairment of any of the two pathways disrupts

ongoing function in both pathways (Isomura et al., 2013).

Only 5% of all striatal neurons are interneurons, either cholinergic (CIN) or
GABAergic (Tepper et al., 2018). Anterograde tracing revealed that CIN receive
more thalamic than cortical input (Lapper and Bolam, 1992). During conditioned
motor tasks, CIN pause their tonic firing, which was shown to be important for
sensorimotor learning and coordination (Zhou et al., 2002).

There are three main types of GABAergic interneurons: fast-spiking (FSI), low-
threshold spiking (LTSI), and calretinin-expressing (CRI) interneurons. They
receive mostly cortical input (Lapper et al., 1992). FSI express parvalbumin (PV)
and fire AP at high frequencies, thereby inhibiting SPN. PV knockout mice show
abnormalities in social interaction, communication, and repetitive behavior, all
of which are key symptoms of ASD. Heterozygous mice also show symptoms,
showing that reductions of PV levels already are sufficient to reproduce core

symptoms and altered E/I synaptic transmission (Wohr et al., 2015).

Increased levels of synaptic DA transmission in DLS promotes autistic-like
behavior such as social deficits and repetitive grooming in rodents (Lee et al.,
2018). The AP frequency of SNc dopaminergic neurons sets the baseline DA
level in the brain. In vivo recordings followed by computational modelling
indicated that the spontaneous tonic firing rate of nigral neurons is dependent
on AIS length and distance from the soma (Meza et al., 2018). Modulating the
size and proximity of the AlS, which is known to modulate AP frequency and
excitability, could therefore contribute to altered DA levels that influence the
motor, cognitive, and behavioral output of the striatum (Meza et al., 2018).
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Similar patterns of connectivity between rodents and humans implicate that they
are evolutionarily conserved in mammalians, justifying rodent models to study
human ASD correlates (Keifer et al., 2015). Taken together, there is a lot of
evidence promoting striatal processing abnormalities as a neural correlate of
ASD core symptoms, with disruptions of dorsal striatal function leading to the

display of autistic features (Chang et al., 2015; Lee et al., 2018).

2.6 The rodent somatosensory cortex

The whiskers are of great importance for rodents, as they are nocturnal animals
and depend on their tactile sensors to compensate poor visual acuity. The
rodent primary somatosensory cortex receives input from the thalamocortical
axons of the ventroposterior medial nucleus (VPM), which is organized in a

somatotopic manner (Pan et al., 2010).

Distinct cytoarchitectonic units in layer IV, called “barrels”, are topographic
cortical representations of rodent facial whiskers of the contralateral side of the
snout (Erzurumlu and Gaspar, 2012; Woolsey and Van der Loos, 1970). This
resulted in naming this cortical structure based on its somatotopic organization
principal the somatosensory barrel field (S1BF).

For sensorimotor integration and sensory perception, S1BF sends long-range
connections to other regions, such as the secondary somatosensory cortex,
motor cortex, thalamus, and the striatum (Aronoff et al., 2010). Projections to
the DLS derive mainly from infragranular layers and exhibit their influence on
motor control and action selection (Aronoff et al., 2010). The long subcortical
loop is completed by axons that project from the striatum to the thalamus and

back to the neocortex.

S1BF, like other parts of the neocortex, consists of six layers, that have been
first described by Santiago Ramén y Cajal (Cajal, 1899; Figure 10). The most
superficial is layer |, mostly consisting of dendrites and axons that extend
upwards from lower layers. Layers Il and Il contain pyramidal neurons that
project to the thalamus and form the origin and termination of intracortical
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connections. Layer IV is the main input layer of the cortex, receiving connections
from the thalamus and is very prominent in primary sensory cortices such as
S1BF. The distinct organization of layer IV in barrel and septal regions, that is
exclusive for the somatosensory cortex, is maintained in layer V (Wright and
Fox, 2010) and even further downstream in the brainstem and the thalamus,
where the patterns are termed “barrelettes” and “barreloids”, respectively (Van
Der Loos, 1976). Layer V contains large pyramidal cells, which constitute the
origin of projections to the basal ganglia, the brain stem, the spinal cord and
other extracortical regions. In S1BF, the information that is processed and the
projections are depending on the location in barrel and septal regions: neurons
of septal columns encode the frequency and kinetic features of active whisker
movements and primarily send information to the motor cortex as well as they
form bilateral connections with the contralateral barrel cortex (Alloway, 2008).
Barrel-related neurons encode the spatio-temporal information of whisker
movement. Together, they send projections to the secondary somatosensory
cortex (Chakrabarti and Alloway, 2006). However, layer V is subdivided into two
layers Va and Vb. Dense thalamical input from the ventral posteromedial
nucleus (VPM) sends information to layer Va neurons, whereas the posterior
medial thalamic nucleus (POm) sends its information to layer Vb, both carrying
different lemniscal and paralemniscal information to the cortex (Bureau et al.,
2006). Layer Va neurons in turn send their projections to the striatum, layer Vb
to pontine nuclei in the brain stem (Mercier et al., 1990).

The deepest layer, layer VI, forms the transition to the white matter and consists
of mixed granular and pyramidal neurons. Its projections are primarily to the

thalamus.
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Figure 10: The cytoarchitecture of the barrel cortex

A: Drawing of the layers of the human sensory cortex by Santiago Ramon y Cajal, published
in “Comparative study of the sensory areas of the human cortex” (Cajal 1899). Six layers form
distinct input and output zones. Further details are described in Chapter 2.5. B: Schematic
illustration of the different intracortical projections in S1BF.

At birth, the somatosensory system is still immature. Cortical circuits shape and
fine-tune during distinct CPs, in which connections are adaptive to changes of
sensory input (Jamann et al., 2018). Deprivation of sensory information input
during CPs due to vibrissectomy contributes to changes in the cortical
representation of the affected and adjacent whiskers and reshaping of
somatotopy (Melzer and Smith, 1995). This is very important for perceptual
learning, but also as an adaption mechanism due to injuries or disease. This
effect is not limited to S1BF but extends to other sensory areas in the cortex
(Gutzmann et al., 2014; Kuba and Ohmori, 2009; Schliter et al., 2017).

It has been previously shown that the AIS undergoes significant structural

remodeling during the development of sensory systems. AIS length steadily
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increases until the sudden onset of sensory input. This has been shown in the
visual cortex, where AIS shorten after eye opening at P14 (Gutzmann et al.,
2014) and in the somatosensory cortex after the onset of active whisking at P12
(Jamann et al., 2021; Figure 6).

Impaired somatosensory processing such as hyperreactive and/or aversive
response to tactile stimuli is associated with ASD and Fragile-X Syndrome
(Cascio, 2010). Deficits in tactile perception and hypo-responsiveness
contribute to the presentation of ASD-associated symptoms and are correlated
with increased impairment in social communication and repetitive behavior
(Foss-Feig et al., 2012). Deprivation of tactile information due to whisker-
trimming also impacts the amygdala and leads to increased responsiveness to
fear- and anxiety-related stimuli, common comorbidities of autism (Soumiya et
al., 2016).

2.7 Objectives

As outlined above, the AlS plays an important role in the dynamic regulation of
cellular excitability and neuronal circuit function (Engelhardt et al., 2019;
Jamann et al., 2018; Kole and Brette, 2018). An imbalance of excitation and
inhibition in the fronto-striatal circuitry has been implicated in the development
of typical ASD phenotypes. In this context, the hypothesis of the AlS serving as
a homeostatic regulator of intrinsic excitability might provide a novel
experimental basis to further our understanding of underlying mechanisms in

the development of ASD.

The following questions were therefore addressed in this thesis:

- Does VPA-exposure have an impact on the development of the AIS in
supragranular and infragranular pyramidal neurons in mouse S1BF?

- Is the axo-axonic innervation pattern at the AlS altered after VPA-exposure?

- Does VPA-exposure affect intrinsic neuronal excitability in S1BF?

- Does the AIS also exhibit structural changes in a genetic model of ASD?

37



INTRODUCTION

- What are differences and commonalities regarding AIS development

between pharmacologically induced and genetical mouse models of ASD?

Taken together, the data show that the maturation of the AIS is impacted by
VPA-exposure in a layer-specific manner in S1BF, while inhibitory synaptic
innervation patterns at the AIS remain unchanged. AIS remodeling occurred as
a result of VPA exposure and FOXP1 heterogeneity. Morphological and
electrophysiological data suggest that layer V might be involved in homeostatic
changes due to VPA exposure and that this might affect downstream pathways.
Lastly, morphological changes of the AlS of the DLS in both rodent models might

present a commonality in the etiology of ASD typical phenotypes.
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3 MATERIAL AND METHODS

Detailed information about equipment and software used can be found in the
appendix.

3.1 Experimental Animals
3.1.1 FOXP1 heterozygous mice

All procedures were approved by the Institutional Animal Care and Use
Committee (IACUC) of University of Texas Southwestern Medical Center,
Dallas, TX, USA.

To obtain congenic animals, homozygous-floxed Foxp1 (Foxp17°Xfex) mice were
backcrossed with wildtype C57BL/6J, Emx1-Cre (Jackson Laboratory, 005628)
mice for at least generations as previously published (Araujo et al., 2015; Usui
et al., 2017). Both female and male mice were used in this study. Mouse brains
were obtained in fixed, frozen condition from the lab of Prof. Genevieve
Konopka, Department of Neuroscience, UT Southwestern Medical Center,
Dallas, TX, USA.

3.1.2 VPA exposure

All experiments were conducted according to the guidelines on the care of
laboratory animals of Heidelberg University, Medical Faculty Mannheim and the
present European animal welfare being laws. Protocols were reviewed and
approved by Heidelberg University, Medical Faculty Mannheim as well as the
administrative council of the State of Baden-Wuirttemberg, Karlsruhe
(Reference Number G67/16). Pregnant wildtype mice of the C57/BL/6 stain
(Janvier Labs, France) were purchased at gestation day 6, then injected with
VPA at gestation day 13. Mothers and their mixed-gender offspring were kept
in the animal house under regular supervision and were maintained with water
and food ad libitum and on a regular 12 h/12 h light/dark cycle, at a temperature
of 22+ 2 °C and relative humidity of 45-65%. Young mice (P3, P15) were kept
with their mothers; older animals (for experiments at P45) were separated from
their mothers as usual at P28.
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Prenatal exposition with valproic acid (VPA) was conducted as previously
published (Mehta et al., 2011). NaVPA salt was diluted in 0.9% NaCl to a
concentration of 300 mg/ml, pH 7.3 (Table 1). According to body weight,
mothers were injected with 600 mg/ kg (2 ml/ kg bw) NaVPA i.p. at gestation
day 13. Mothers of the control group were injected with an equivalent amount
of 0.9% NaCl. All tissue preparation and staining protocols were identical in both

groups.

Table 1: Chemicals and Solutions for VPA Exposure

Chemical/ Solution Composition Source

IsofluoranCP CP Pharma, Burgdorf, Germany
NaVPA Sigma-Aldrich, St.Louis, USA
NaCl (0.9%) 0.9% NaCl Carl Roth, Karlsruhe, Germany

NaVPA: sodium valproate

Table 2: Experimental groups

Age group Experimental n for IF n for WB n for
group Electrophysiology
E18 VPA 6 animals 6 animals -
NaCl 6 animals 6 animals -
P3 VPA 6 animals 6 animals -
NaCl 6 animals 6 animals -
P15 VPA 11 animals 6 animals -
NaCl 11 animals 6 animsl -
P13-17 VPA - - 16 cells from 8 animals
NaCl - - 21 cells from 8 animals
P45 VPA 6 animals 6 animals -
NaCl 6 animals 6 animals -
>P45 Foxp1*- 6 animals 3 animals -
Foxp1** 6 animals 3 animals -

IF: immunofluorescence, WB: Western blot
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Immunofluorescence

3.2.1 Tissue preparation for developmental series

Mothers at gestation day 18 of both experimental groups were deeply
anaesthetized by intraperitoneal injection of Ketamine (Ketavet, 65 mg/kg bw;
Table 5) and Xylazine (Rompun®, 13 mg/kg bw, Table 5) diluted in 0.9% NaCl.
Embryos were manually extracted from their mothers and instantly decapitated.
The brains were isolated in ice-cold phosphate buffered saline (PBS, Table 6)
under optical guidance and immersion fixed by incubation in 2%
paraformaldehyde (PFA, Table 6) for 4h at room temperature (RT).

Animals at P3 were decapitated and brains were dissected in in ice-cold 0.1M
PBS, then fixed by immersion in 4% PFA (in 0.1M PBS, pH 7.4, 5 min, 4°C,
Table 6). After fixation, all tissue was cryoprotected by sequential incubation in
10% sucrose solution overnight and in 30% sucrose solution for another 48 h at
4 °C (Table 6).

Animals at P15 and older were deeply anaesthetized with Ketamine (Ketavet,
65 mg/ kg bw; Table 5) and Xylazine (Rompun®, 13 mg/kg bw; Table 5) diluted
in 0.9% NaCl (Table 6). After insertion of the cannula through the left heart
chamber to the aorta, animals were exsanguinated with 0.9% NaCl under
pressure, followed by 15 min perfusion with ice-cold 2% PFA solution. The
brains were then extracted from the skull without any further fixation steps, then
cryoprotected by sequential incubation in 10% sucrose solution overnight and
in 30% sucrose solution for another 48 h at 4 °C.

The Tissue was embedded in TissueTek® (Sakura Finetek; Table 5) and
immediately frozen in liquid Isopentane (2-Methylbutan, Table 5) cooled by
liquid nitrogen. The blocks were stored at -20 °C continuously until further

processing.
After electrophysiological recording, acute slices of animals at P15 were fixed

free-floating for 30 min in 4% PFA at RT, then stored in PBS at 4°C until further

processing (Table 5).
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Immunostaining procedures

For immunofluorescence, 20 um sections were cut using a cryostat and were
either collected directly on slices or stored in cryoprotective solution (Table 6)
as free-floating sections. As previous studies in our lab showed no difference in
AIS length using these different methods (Gutzmann et al., 2014), both were

used in this study.

Slices were washed 3 x 5 min in PBS, then incubated in fish skin gelatin blocking
buffer (1% BSA, 0.2% fish skin gelatine, 0.1% Triton; Table 6) at RT for 60 min
in order to block all non-specific binding sites. Incubation with primary antibodies
(Table 3) diluted in dilution buffer (1% fish skin gelatine, 0.1% Triton, diluted in
1x PBS; Table 6) was carried out over night at RT. On the next day, sections
were washed 3 x 5 min in PBS to remove redundant primary antibodies, then
incubated with secondary antibodies for 2 h (Table 4) at RT and in the dark.
Finally, sliced were immersed in mounting medium (Roti-Mount Fluor Care,

Carl-Roth; Table 5) and protected by a cover slip for confocal microscopy.

For acute slices, in order to increase the penetration of the antibodies, sections
were incubated in PBS containing 0.2% Triton-X100 for 2h. Blocking time in
blocking buffer (1% BSA, 0.2% fish skin gelatine, 0.2% Triton; Table 6) was to
2h. The incubation time of the primary antibodies was also increased to 24 h at
4°C, followed by thorough washing steps in PBS (2 h, changed every 30 min).
Secondary antibodies were applied over night at 4 °C. After washing for 2 h,
sections were transferred to slides and allowed to dry over night at 4 °C. Lastly,
sections were covered in mounting medium (Roti-Mount Fluor Care, Carl-Roth;
Table 5) and stored at 4°C until processing.

For immunohistochemistry, tissue was prepared as outlined in section 3.2.1.
Free floating sections were washed 3 x 5 min in PBS, then incubated in blocking
buffer (1% BSA, 0.2% fish skin gelatine, 0.1% Triton; Table 6) for 20 min.
Sections were then incubated with the primary antibodies (Table 3) overnight at
RT, then washed twice for 5 min in PBS before applying 3% H20> for 5 min to
block the endogenous peroxidase. After further washing (3 x 5 min in PBS),
sections were incubated with the secondary antibodies (Table 4) for 30 min at
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RT, washed again (3 x 5 min in PBS), followed by incubation with Streptavidin-
peroxidase (Streptavidin-POD; Table 6) for 30 min at RT. 3’3’-Diamonibenzidine
(DAB)-staining of the peroxidase was carried out under visual control. Slices
were incubated with DAB-buffer solution (1:10; Fa-Roche; Table 6) until the
color and intensity of the staining was appropriate. This step was followed by
dehydration and clearing in ethanol (3 x >99% ethanol; Table 6), Tissue Clear
(2x, Sakura Finetek; Table 6), and n-Butyl acetate (Carl-Roth; Table 6) prior to
permanent mounting in Histofluid (neoLab; Table 6).
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Table 4: Secondary antibodies

Antibody Coupled to Dilution Source
(host species)
ToPro3 To-Pro-3-iodide 1:1000 Life Technologies, Carlsbad, USA
Anti-rb IgG (gt)  Alexa Fluor® 488 1:1000 Life Technologies, Carlsbad, USA
Anti-ms I1gG (gt) Alexa Fluor® 488 1:1000 Life Technologies, Carlsbad, USA
Anti-ch IgG (gt)  Alexa Fluor® 488 1:1000 Life Technologies, Carlsbad, USA
Anti-rb IgG (gt)  Alexa Fluor® 568 1:1000 Life Technologies, Carlsbad, USA
Anti-ms I1gG (gt) Alexa Fluor® 568 1:1000 Life Technologies, Carlsbad, USA
Anti-gp IgG (gt)  Alexa Fluor® 568 1:1000 Life Technologies, Carlsbad, USA
Anti-gp IgG (gt) Alexa Fluor® 647 1:500 Life Technologies, Carlsbad, USA
Anti rt 1I9G (gt) Alexa Fluor® 647 1:500 Life Technologies, Carlsbad, USA
Anti-ms I1gG (gt) Alexa Fluor® 647 1:500 Life Technologies, Carlsbad, USA
Anti-ms IgG (gt) Alexa Fluor® 514 1:500 Life Technologies, Carlsbad, USA
Anti-rb HRP (gt) Rabbit IgG Fc fragment 1:100 Linaris, Dossenheim, Germany
conjugated to
polyclonal
Anti-sh HRP Biotylinated, IgG 1:100 GE Healthcare UK Limited,
(dk) Buckinghamshire, UK
Anti-ms  HRP Biotylinated, IgG 1:100 GE Healthcare UK Limited,
(sh) Buckinghamshire, UK
Anti-rb IgG (gt)  Horseradish 1:2000  Dako products, Santa Clara, USA
Peroxidase (HRP)
Anti-ms IgG (gt) Horseradish 1:2000  Dako products, Santa Clara, USA
Peroxidase (HRP)
Streptavidin Alexa Fluor® 568 1:500 Life Technologies, Carlsbad, USA

Gt: goat, dk: donkey, sh: sheep

Table 5: Chemicals used for IF and IHC

3.2.3 Chemicals and solutions

Chemical Name Source

Xylazine Rompun® Bayer AG, Leverkusen, Germany
Ketamine Ketavet Zoetis, Florham Park, USA
Isopenthan - AppliChem, Darmstadt, Germany
IsofluoranCP - CP Pharma, Burgdorf, Germany
Embedding media TissueTek® Sakura Finetek, Alphe, Netherlands

Mounting medium

Roti®-Mount FluorCare

Carl Roth, Karlsruhe, Germany
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Table 6: Solutions used for IF and IHC

Solution Composition Source
NaCl 0.9% NaCl Carl Roth, Karlsruhe, Germany
PBS In ddH20
10 mM Na2HPO4*2H20 Carl Roth, Karlsruhe, Germany
1.47 mM KH2PO4 Carl Roth, Karlsruhe, Germany
130 mM NaCl Carl Roth, Karlsruhe, Germany
2.68 mM KCI AppliChem, Darmstadt, Germany
pH 7.4
PFA In 1x PBS
2%/ 4% PFA Merck, Darmstadt, Germany
Filtered, 4 °C,pH 7.4
Stored at -20 °C
Sucrose In 1x PBS
10%/ 30% Sucrose Sigma-Aldrich, St. Louis, USA
Blocking/ dilution buffer In 1x PBS

standard IF

1% normal fish skin gelatine
0.1% Triton X-100

Sigma-Aldrich, St. Louis, USA

Carl Roth, Karlsruhe, Germany

Blocking/ dilution buffer

acute slices

In 1x PBS
1% normal fish skin gelatine
0.2% Triton X-100

Sigma-Aldrich, St. Louis, USA

Carl Roth, Karlsruhe, Germany

Cryoprotective solution

25% ddH20

25% glycerine

25% ethylene glycol
25% 0.2 M PBS

Biorad, Hercules, USA
AppliChem, Darmstadt, Germany

H202 (3%)

In PBS

Streptavidin-POD

1:100 in PBS

GE Healthcare UK Limited,
Buckinghamshire, UK

Ethanol

Ethanol 99%

Carl Roth, Karlsruhe, Germany

Tissue Clear

Sakura Finetek, Alphe,

Netherlands

n-Butylacetat

Carl Roth, Karlsruhe, Germany

Histofluid

neoLab Migge GmbH,
Heidelberg, Germany

PBS: phosphate-buffered

saline,

Immunofluorescence, POD: peroxidase

PFA: paraformaldehyde,

POD= peroxidase, IF:
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3.3 Western blot
3.3.1 Tissue preparation

Tissue samples of striatum and cortex were obtained from the brains of adult
FOXP1*- and FOXP1** mice as well as VPA-injected and control mice at 4
different developmental stages. At P3, the striatum and cortex were not
separated due to anatomical limitations. Whole brains of animals at P3 were
immediately extracted from the skull and frozen. Brains from older animals were
carefully cut into 1 mm slices using a tissue matrix slicer (Zivic Instruments,
Table 22). The slices were then placed into PBS, were the striatum and S1BF
were dissected under visual control using a binocular microscope. Animals at
P15 and older were transcardially perfused with ice-cold 0.9% NaCl as
described previously (Section 3.2.1) before the brains were extracted.

The samples were diluted in ice-cold homogenization buffer (20 mM Tris, 0.5 M
NaCl, 8 mM CHAPS, 6.4 mM EDTA, pH 7.5; Table 8) together with protease
inhibitor (Complete mini, ThermoFisher Scientific; Table 8) and phosphatase
inhibitor (Phosstop, ThermoFisher Scientific; Table 8). Samples were then
homogenized by pulsed ultrasonication and completely lysed for 60 min under
constant agitation on an orbital shaker (4°C, 350 rpm). After centrifugation for
45 min (4°C, 13.000 rmp) to remove insoluble components of the sample, the
supernatant was aspirated and stored in an ice-cold fresh tube, while the pellet
was discharged. The tubes were then frozen in liquid nitrogen and stored until
further processing at -80 °C.

Protein concentration was evaluated via Bradford protein quantification assay.
The calibration solution to produce a calibration scale was produced by
attenuating BSA in aqua dest. in the following concentrations: 100 pg/ml, 80
pg/ml, 60 pg/ml, 40 pg/ml, 20 pg/ml, 10 ug/ml and 0 ug/ml as a control. 5 ml
Roti nanoquant (Carl Roth; Table 7) was diluted in 20 ml aqua dest.
Measurements were carried out in transparent 96-well plates. The lysates were
thawed and diluted in aqua dest. to a concentration of 1:100. For subsequent
gradient gels, tubes containing 20 pg of tissue sample and Laemmli buffer (2%
SDS, 60 mM Tris-Cl, 10% glycerol, 5% B-mercaptoethanol, 0.01% bromphenol
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blue; Table 8) were heated up to 70°C for 10 min. Tubes were then stored ad -
20 °C and blotted on the following days.

Gradient gels (3-8% Tris-Acetat protein gels, ThermoFisher Scientific; Table 7)
were used to allow the visualization of large proteins (e.g. 480kDa ankG) and
small proteins (e.g. 40kDa actin) simultaneously on one membrane. Gels were
loaded and run in Tris-Tricine buffer (50 mM Tris, 50 mM Tricine, 0.1% SDS;
Table 8) for 55 min. at 150V/300mA.

The blotting membrane was activated in 100% methanol for 1 min. After

separation by gel electrophoresis, the samples were transferred onto the

blotting membrane. According to the estimated molecular weight, the membrane
was cut into three separate stripes according to previously published protocols

(Engelhardt et al., 2017, Jamann et al., 2021). All Western blot buffers were

diluted in 1000 ml aqua dest. and cooled at -20 °C for at least 30 min. The

blotting chamber was placed in a plastic bowl filled with ice and placed ina 4 °C
temperature-controlled room. Blotting was performed at 550 mA in Tris-Glycine
buffer at constant 4°C:

The following blotting protocol was applied:

1) Tris-Glycine buffer 1 (25 mM Tris-base, 192 mM Glycine, 20% methanol,
Table 8. After this first step, the membrane strip with the protein of the
smallest molecular weight was removed. The membrane strip was stored
in PBS.

2) The buffer was exchanged to Tris-Glycine buffer 2 (25 mM Tris-base, 192
mM Glycine, 15% methanol, 0.05% SDS; Table 8) and run for 30 min.
After the second step, the middle membrane strip was removed and
stored in PBS.

3) Blotting buffer was then again exchanged for Tris-Glycine buffer 3 (25
mM Tris-base, 192 mM Glycine, 0.1% SDS; Table 8) and the last strip
was blotted for 90 min.

Membranes were blocked in PBST at RT for 2 h on a shaker, then the primary
antibody was applied at 4 °C overnight (Table 3). On the next day, membranes

were washed 3 x 5 min in PBS, then incubated with the secondary antibody
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(Table 4) diluted in PBST for 90 min at RT, again under agitation. Before
development, the membranes were washed again (3 x in PBS).

Ultimately, protein signals were revealed using an ECL Kit (Western Bright ECI
HRP substrate, Advansta; Table 8) and imaged (Fusion solo, Vilber Lourmat;
Supplementary Table 22).

3.3.2 Chemicals and Solutions

Table 7: Chemicals used for Western Blot

Chemical Name Source

Bradford quantification Roti® Quant Carl Roth, Karlsruhe, Germany

assay

High molecular weight HiMark™ Pre-stained ThermoFisher Scientific, Waltham,

protein ladder Protein Standart USA

Tris-Acetat Gel NuPAGE™ 3-8% Tris- ThermoFisher Scientific, Waltham,
Acetat Gel USA
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Table 8: Solutions used for Western Blot

Solution

Composition

Source

Homogenisation
Buffer

in 100 ml ddH,O

20 mM Tris pH

0.5 M NaCl

0.5% CHAPS

0.6.4 mM EDTA
Protease Inhibitor
Phosphatase Inhibitor
pH 7.5, Store at -20 °C

BioRad, Hercules, USA

Carl Roth, Karlsruhe, Germany
ApliChem, Darmstadt, Germany

Serva, Heidelberg, Germany
ThermoFisher Scientific, Waltham, USA
ThermoFisher Scientific, Waltham, USA

Tris-Tricine

running buffer

In ddH20
50 mM Tris-base

BioRad, Hercules, USA

50 mM Tricine BioRad, Hercules, USA
0.1% SDS Carl Roth, Karlsruhe, Germany
Store at 4°C

Tris-Glycine in ddH,O

buffer 1 25 mM Tris-base BioRad, Hercules, USA

192 mM Glycine

20% methanol

BioRad, Hercules, USA
AppliChem, Darmstadt,Germany

Blotting Buffer 2

in ddH,O

25 mM Tris-base
192 mM Glycine
15% methanol

0.05% SDS

BioRad, Hercules, USA
BioRad, Hercules, USA
AppliChem,Darmstadt, Germany

Carl Roth, Karlsruhe, Germany

Blotting Buffer 3

in ddH,O
25 mM Tris-base
192 mM Glycine

BioRad, Hercules, USA
BioRad, Hercules, USA

0.05% SDS Carl Roth, Karlsruhe, Germany
Blocking buffer in 1x PBST

5% BSA PAN Biotech, Aidenbach, Germany
Laemmli  buffer 4% SDS Carl Roth, Karlsruhe, Germany
(2x) 20% glycerol Carl Roth, Karlsruhe, Germany

0.004% bromphenol blue  Carl Roth, Karlsruhe, Germany

0.125 M Tris-HCI, pH 6.8 BioRad, Hercules, USA

10% 2-Marcaptoethanol Carl Roth, Karlsruhe, Germany
PBST In 1x PBS

0.1% Triton X-100 Carl Roth, Karlsruhe, Germany
ECL-Kit Advansta WesternBright Advansta, San Jose, USA

ECL HRP substrate

Abbrev.: PBST: Phosphate-buffered saline + Triton
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3.4 Electrophysiology

3.4.1

3.4.2

Preparation and solutions

Artificial Cerebral Spinal Fluid (ACSF: 125 mM NacCl, 2,5 mM KCI, 1.25 mM
NaH2PO4, 25 mM NaHCO3, 1 mM MgClz, 2 mM CaClz, 25 mM Glucose; Table
16) was freshly prepared on the day of the recordings and continuously
supplemented with carbogen gas (95% O3, 5% CO.). After preparation of the
sucrose-based cutting solution (206 mM sucrose, 2.5 mM KCI, 1.25 mM
NaH2P04, 25 mM NaHCOs3, 25 mM Glucose, 3 mM MgCl, 1 mM CaClz, pH 7.4;
Table 16) it was supplemented with carbogen gas (95% O2, 5% CO-) on ice for
60 min, this solution was then frozen for 30 min at -80 °C. The frozen solution
was briefly blended to achieve a slushy consistency.

To prepare acute slices, mice were deeply anesthetized with Isoflurane (Table
5) then swiftly decapitated and the brains placed into the ice-cold sucrose-based
cutting solution. Full brains were trimmed to 300 ym thick slices in a rostral to
caudal coronal manner using a vibratome (VT 1200 S, Leica Biosystems; Table
30). Slices were transferred to a slice holder and incubated in carbonated ACSF

for at least 30 min at RT before recordings began.

Recordings

Measurements were carried out at RT. Patch pipettes were pulled out of
borosilicate glass capillaries (outer diameter 1.5 mm, inner diameter 0.8 mm)
using a Flaming/Brown Micropipette puller to the tip resistances of 3.5-5 mQ (for
Equipment and Software: Supplementary Table 23), then filled with the
intracellular solution (140 mM K-gluconate, 3 mM KCI, 4 mM NaCl, 10 mM
HEPES, 0.2 mM EGTA, 2 mM MgATP, 0.1 mM NaGTP; Table 9). For post-hoc
identification of the recorded neuron, 3 mg/ml biocytin was added to the
intracellular solution. Slices were transferred into the recording chamber and
held in place using a harp. An upright Nikon Eclipse FN1 microscope with an
IR-DIC contrast filter (Table 23) was used to visualize pyramidal neurons of
layer I/l and V. The identification of neurons and correct allocation to their

specific layer was confirmed via post-hoc immunofluorescence. Measurements
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were conducted using a HEKA EPC10 USB amplifier controlled by Patchmaster
Software (HEKA Electronics, Germany, Table 23).

The recordings were lowpass filtered at 3kHz (Filter 2) and 10kHz (Filter 1) and
sampled at 50kHz. Liquid junction potential was corrected for measurements
(estimated for -12mV). Resting membrane potential (RMP) was taken directly
after rupture of the cell membrane in current-clamp mode prior to any stimulus
injections. In current-clamp mode, intrinsic firing properties were measured with
a protocol of incremental series of current steps, starting at a holding current of
[=0. Increasing steps of 10 pA and a duration of 20 ms were applied to elicit
changes in membrane voltage and ultimately to trigger APs. AP current
threshold was defined at the first pulse of 20 ms that produced reliable APs. The
threshold rate of 50mV/ms was determined as the starting point of the rising
phase of the AP and therefore set as voltage threshold. AP amplitude was
defined as the difference between voltage threshold to peak voltage, AP half
width was defined as width at the middle voltage of AP amplitude. To analyze
firing patterns and produce series of AP, 500 ms pulses incrementing in 50pA
steps were applied.

Only cells with a series resistance (Rs) <30 mQ and less than 15% change
during recording were included in the analysis. Spontaneous excitatory
postsynaptic currents (EPSPs) were recorded for 2 min at -70 mV.

After recordings were completed, sliced were fixed in 4% PFA for 20 min at RT,

then stored in PBS until further processing.

53



MATERIAL AND METHODS

3.4.3 Chemicals and Solutions

Table 9: Solutions used for electrophysiology

Solution

Composition

Source

Sucrose-based

cutting solution

In ddH,O

206 mM Sucrose

2,5 mM KCI

1,25 mM Na2PO4
25 mM NaHCO3

3 mM MgCI2

1 mM CaCl2

25 mM Glucose
Oxygenated constantly with
95% 02/5% CO,
Approx. 300 mosmol.

Carl Roth, Karlsruhe, Germany
AppliChem, Darmstadt, Germany
Carl Roth, Karlsruhe, Germany
Carl Roth, Karlsruhe, Germany
Merck, Darmstadt, Germany
AppliChem, Darmstadt, Germany

Carl Roth, Karlsruhe, Germany

ACSF

In ddH,O

125 mM NaCl

2,5 mM KCI

1.25 mM NaH2PO4
25 mM NaHCO3

1 mM MgClI2

2 mM CaCl2

25 mM Glucose
Oxygenated constantly with
95% 02/5% CO-
Approx. 300 mosmol.

Carl Roth, Karlsruhe, Germany
AppliChem, Darmstadt, Germany
Carl Roth, Karlsruhe, Germany
Carl Roth, Karlsruhe, Germany
Merck, Darmstadt, Germany
AppliChem, Darmstadt, Germany

Carl Roth, Karlsruhe, Germany

Intracellular solution

In ddH,O

140 mM K-Gluconate
3 mM KCI

4 mM NaCl

10 mM HEPES

0.2 mM EGTA

2 mM Mg ATP

0.1 mM Na3 GTP
260-280 mosmol
pH 7.2 with 1 M KCI
+3mg/ml Biocytin

Carl Roth, Karlsruhe, Germany
AppliChem, Darmstadt, Germany
AppliChem, Darmstadt, Germany
Carl Roth, Karlsruhe, Germany
AppliChem, Darmstadt, Germany
AppliChem, Darmstadt, Germany

Carl Roth, Karlsruhe, Germany

Sigma-Aldrich, St. Louis, USA

Approx.: approximately, ACSF: artificial cerebral spinal fluid, HEPES: 4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid, EGTA: ethylene glycol-bis-(3-aminoethyl ether)-N,N,N’,N"-

tetraacetic acid
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3.5.1

3.5.2

MATERIAL AND METHODS

Analysis
Confocal Laser Scanning Microscopy

Confocal imaging was carried out using a C2 Nikon laser scanning confocal
microscope (Nikon Instruments, laser lines: 642, 543, and 488 nm, Table 21)
with an 60x objective (oil immersion, numerical aperture of 1.4) and a SP5
confocal microscope (Leica, Mannheim; laser lines: Ar 488 nm/ 20 mW and 514
nm /20 mW, DPSS 561 nm/ 20 mW, HeNe 633 nm /10 mW, Table 21) with a
63x objective (oil immersion, numerical aperture of 1.4). Detector and amplifier
offsets were individually adapted due to pixel intensities and staining quality at
following conditions: scan sped %4, scan size 1024x1024 pixels. Maximum
intensity projection overlay images were created from z-stacks to increase the
probability of capturing immunoreactive structures such as full length AIS in
focus. Stacks were scanned using a step size of 0.5 um per optical slice.

AIS length analysis in AlSuite

AlSuite is a self-written morphometrical software (Roos & Engelhardt,
unpublished; open-source link: github.com/jhnnsrs/aisuite2; Table 25), which
enables the user to manually select AlS according to the following parameters:
- proximal and distal end of the AlS could be clearly identified

- AlS emergence from one specific soma could be clearly distinguished

- immunosignal showed no disruptions or gaps along the length of the AIS

A line was drawn through the length of the AlS extending into the soma as well
as the distal end (Figure 11). By making sure that the line exceeded the actual
AIS length, the measurements were then provided by the software only and not
affected by personal selection bias. The plotted line was straightened, and
fluorescence intensity was plotted against the length of the selected line.

The maximum intensity of each individual selected AlS was defined as 100%,
the threshold was then set at 20%. To cut off background noise due to staining
artefacts, threshold could manually be adapted as needed for adequate
analysis. The first pixel to reach threshold level determined the beginning of the
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AIS, the last pixel determined the end. AIS length in pixel was then converted
to um according to the settings and calibration of the confocal microscope. (at
60x = 0.21 um/pixel). The software then provides an automated read-out of

various AIS parameters such as length and distance to the soma.
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Figure 11: AIS length analysis with AlSuite

A: Original maximum intensity projection image in AlSuite, arrow: AIS, example used for
further analysis in (B-E). Image size: 1024 x 1024 px, also applies for B. B: Selection and
marking of the AIS. Box indicates 200 x 200 px. C: Straightened AIS. D: Fluorescent intensity
profile from AIS selected in C. The intensity was plotted against the length of the selected line
in (C). Maximum intensity was detected for each individual AIS and defined as 100%,
threshold was set at 20% of the maximum intensity. Beginning and end of the AIS were
detected whenever threshold was reached first and last (*). Length in pixels was converted
to um based on the calibration of the confocal microscope settings at 60 x (0.21 um/pixel).
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Multi-channel immunostaining of GABAergic synapses

Images for multi-channel immunofluorescence were acquired using a Leica SP5
MP combined multi-photon and confocal laser scanning microscope with a 63x
objective (Section 3.5.1). Lasers and excitation wavelength were adjusted
according to the optimum of each slice. Stacks of images were produces,
increasing the number of in-focus structures, then fused into maximum intensity
projections and saved.

Acquired z-stacks were edited to optimize analysis and identification of synaptic

structures. Z-stacks were subjected to deconvolution using AutoQuant X3®

(Media Cybernetics, USA; Table 25) software. After 3D deconvolution, the

images were transferred to and Imaris® (Bitplane, Switzerland; Table 25)

software for further 3D reconstruction of the AlIS and its synaptic structures. All

reconstruction procedure was followed as instructed by the software, including
adjustments regarding background noise subtraction.

GABAergic synapses were manually selected after image deconvolution and

processing using the following criteria:

- AIS must be clearly identified as such (see criteria from 3.5.2)

- GABAaRaz and VGAT puncta must be easily and clearly distinguishable
from background noise.

- GABAxRa: are situated in direct contact with the membrane of the AIS with
approximately one half of the object being located at the inside of the AIS
and the other on the surface. GABAaRa2 cannot be completely located on
the inside of the AlS.

- VGAT and GABAaRa: clusters must display close approximation (the
synaptic cleft is approx. 40 nm in vivo, so for our analysis, the clusters had
to interlace and not be separated by a visible gap considering the limitations
of resolution in confocal z-stack images).

If all criteria were met, reconstructed GABAergic synapses were counted along

the AIS to compare total synapse numbers between VPA-exposed and control

mice.
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3.5.5

3.6

MATERIAL AND METHODS

Analysis of electrophysiological recordings

Data was analyzed using the following programs: Fitmaster Software (HEKA
Electronics, Germany; Table 25), OriginPro 8 (Origin lab cooperation, USA;
Table 25) and AxoGraph (AxoGraph Scientific, John Clements, USA; Table 25).

Analysis of gradient gels

Data was analyzed using Image J software (Table 25). Samples were
normalized against the internal loading control (actin).

Data presentation and statistics

For each experimental group, the mean value and standard deviation (SD) of
the AIS length was calculated in at least 6 animals, at least 100 AlS per animal
(n = 6). Data were analyzed using SigmaPlot 12.5 Software (Systat Software
GmbH; Table 25) and GraphPad Prism 8 software (GraphPad Software, Inc.;
Table 25). According to literature, only AIS >10 ym were considered for
statistical analysis. For the comparison of two parametric and non-parametric
groups, t-test and Kruskal-Wallis test were carried out, respectively. For
normally distributed comparisons of more than two groups, an ordinary One-
way ANOVA was carried out, followed by post-hoc correction (Tukey’s multiple
comparisons). If the samples were not normally distributed, a One-way ANOVA
on ranks was performed. Details are given in the legends of the figures. Results
are given as P values with significant differences indicated as * = P < 0.05). The
specific tests, P values and number of samples and animals are stated in each

figure legend.
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4 RESULTS

4.1

In this thesis, we examined the morphology of the AIS in two well-established
mouse models of ASD. Different properties of the AIS such as length, ion
channel distribution, and the number of inhibitory synapses were investigated
and compared to wildtype controls. With this characterization of AIS plasticity,
we aim to find structural and functional correlates that possibly contribute to the

autistic phenotypes on a single neuron level.

Implementation of the AIS staining protocol

The AIS can be visualized through immunofluorescent staining with antibodies
against its main scaffolding proteins ankG and [IV-spectrin. Antibodies and
staining protocols have been previously tested and established in our laboratory
(Gutzmann et al., 2014; Hofflin et al., 2017; Jamann et al., 2021; Schluter et al.,
2017). In this thesis, primary and secondary antibodies (Table 3; Table 4) were
chosen depending on suitable combinations of host species to achieve optimal
staining results. Using the well-established staining protocols guaranteed
reproducible and consistent results. However, while previous protocols were
tested for specific cortical areas of the mouse brain such as the visual cortex
(Gutzmann et al., 2014), motor cortex (Benedetti et al., 2020) or hippocampus
(Thome et al., 2014), appropriate protocols for striatal areas had to be
established.

Testing antibodies in different concentrations, combinations and from different
host species lead to the following conclusions:
- Ms anti-ankG and rb anti-BIV-spectrin antibodies consistently stained the
AIS in striatal areas throughout all ages tested (P3, P15, P45, >P45).
Both are suitable to stain the AIS for AIS length measurements.
- Co-staining of ms anti-ankG with rb anti-enkephalin produced evenly
stained AIS in both main cell types of the striatum: enkephalinergic D1-
MSN and DYN-containing D2-MSN (Figure 12).
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- Co-staining of the Nay1.6 sodium channel isoform with BIV-spectrin
revealed the same co-localization at the AIS as found previously in the
cortex and is supported by the literature (Zhou et al., 1998). These
stainings served to measure fluorescent intensity of ankG and Nav1.6
along the mean length of the AIS for correlation analysis (Figure 13).

|

/ENK/TOPRO

ok
s

- a TS
Figure 12: Implementation of AIS staining protocol in the striatum

Representative immunostainings of ankG (green; A1-A3), ENK (purple; B1-B3) and the
nuclear counterstain TOPRO (blue; C1-C3) in FOXP1*" striatum. Staining with anti-ENK allows
the classification to either one of the both pathways: enkephalinergic D1-MSN (white arrow) or
DYN-containing D2-MSN. AIS of both indicated by (*). There appears to be no difference in
staining quality of the AIS between both cell-types. Scale bar in C1 for A1- C1 = 20 uym. Scale
bar in C3 for A2 — C3 =20 um.
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Figure 13: Voltage-gated sodium
A1 ankG | ‘AZ ankG | channels are localized along the

AIS
Representative immunostainings of
e ankG (green; A1, A2) and Nav1.6
8 e (purple; B1, B2) in FOXP1*-
Y Sl striatum. Scale bar in B2 for A and
: B = 20 um. C: Co-localisation of
voltage-gated sodium channels at
the AIS with ankG. Pearson-
Correlation, *P < 0.0001.
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After the protocol was established, the following combination proved to be the
most reliable to reproduce for the AlS length analysis in the cortex and striatum:
rb anti-R1V-spectrin to indicate the AIS, ms anti-NeuN as a marker for the soma
and TO-PRO-3 as a nuclear marker.

4.2 The rodent VPA-model of ASD
4.2.1 AIS length development in S1BF

AIS length has been shown to adapt to altered sensory input and the AIS itself
can serve as a sensitive indicator for changes in network state (Jamann et al.,

2018). We, therefore, set out to investigate AIS length development and
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remodeling in rodent ASD models, which have been associated with altered E/I
balance and hence, changes in network activity (Kumamaru et al., 2014). We
chose three different time points throughout development: an early postnatal
(P3), a juvenile (P15), and an adult stage (P45). These timepoints also coincide
with important developmental CPs. At P3, barreloids in VPM are already visible
and axon terminals from the thalamus appear in the cortex to form barrel rows
(Erzurumlu and Gaspar, 2012). The windows for CP plasticity, following whisker
trimming or infra-orbital nerve damage, are beginning to close (end at P4).
During the next few days, neurons form the typical barrel patterns in S1BF (Rice
and Van der Loos, 1977). Active whisking starts at around P12 (Arakawa and
Erzurumlu, 2015; Landers and Zeigler, 2006; Weston et al., 2016). Thus, P15
marks a time point at which sensory input emerges as a driving force for
neuronal development. P45 was chosen as a time point at which murine
neuronal circuits have reached adulthood (Erzurumlu and Gaspar, 2012;
Jamann et al., 2018).

The immunofluorescent staining of the scaffolding protein RIV-spectrin was
used to determine the length of the AIS. Length measurements were carried out
using AlSuite, a self-written software (Ernst et al., 2018; Roos & Engelhardt,
unpublished; Rotheneichner et al., 2018; Schluter et al., 2019). Individual results
of AIS length measurements are listed in Table 11.

As outlined in the introduction (2.4.4), AIS in rodent sensory cortices undergo a
specific developmental pattern of elongation and shortening (Gutzmann et al.,
2014; Jamann et al., 2021). During the early postnatal period, AlS of S1BF
pyramidal neurons in layer II/lll elongate continuously until the onset of sensory
input is thought to initiate a fine-tuning of neuronal excitability which ultimately
causes shortening of the AIS to a medium length (Jamann et al., 2021). To
analyze, if this pattern was influenced by the exposure of VPA, we plotted AIS
length over time (Figure 14, C-F). Indeed, AlS of layer II/lll and V of both groups
undergo a process of elongation during P3 to P15, then shorten towards a
medium length at P45. Differences between the timepoints were almost always
significant, except in layer Il/lll of the VPA group. Here, AlIS length was just
slightly decreased after P15 (Figure 14, D).
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Figure 14: VPA does not affect the typical phasic pattern of AIS development in S1BF
Representative immunostaining of AlS of NaCl and VPA group at P3, P15 and P45 in layer
[I/11l (A) and Layer V (B). Scale bar in B for A-B = 20 ym. (C-F): AIS length development over
time. AIS elongate from P3 to a peak length at P15, then increase until P45. This
developmental pattern was seen throughout both layers and in both groups. One-way ANOVA,
*P<0.05.

Next, we analyzed if any differences between the medium AIS length between
the groups could be found due to the exposure to VPA. The layers of S1BF are
interconnected (Aronoff et al., 2010; Erzurumlu and Gaspar, 2012). The first
layer to receive input from the thalamus is layer IV. Information is pre-
processed, then projected to layer Il/111.
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Figure 15: Representative immunostaining of layer Il/lll neurons

Representative immunostainings of pyramidal neurons in S1BF layer II/lll at P3, P15 and P45
of NaCl and VPA exposed mice. Staining against NeuN (magenta) and RIV-spectrin (green).
Scale bar in F for A-F = 20um.

At first, we analyzed AIS length in layer Il/lll. At P3, average AIS length was
20.32 £ 1.91 ym (Figure 17) in the VPA-exposed group, and therefore not
significantly different to the AlS length measured in controls that presented an
average length of 19.08 £ 0.67 um (One-way ANOVA, P = 0.3205; Figure 17,
Table 12).

At P15, data showed an average length of 32.57 + 1.49 ym (Figure 17) in
controls. AIS of the VPA group were just slightly, but not significantly shorter
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with an average AlS length of 31.53 £ 4.26 ym (One-way ANOVA, P = 0.5878;
Figure 17, Table 12).

Until adulthood (P45), AIS shortened compared to P15, however, no apparent
differences between the groups were observed (NaCl: 30.0 + 1.35 um; VPA:
28.61 + 2.46 ym; One-way ANOVA, P = 0.2897; Figure 17, Table 12).

Layer V
NaCl VPA
| NeuN/ 1V-spectrin ||l?>|V—spectrin‘ | NeuN/ BIV-spectrin ||I3IV—spectrin|
Al 1 R 71 R
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Figure 16: Representative immunostaining of layer V neurons

Representative immunostainings of pyramidal neurons in S1BF layer V at P3, P15 and P45
of NaCl and VPA exposed mice. Staining against NeuN (magenta) and RIV-spectrin (green).
Scale bar in F for A-F = 20um.

The aim of this study was to investigate changes of the cortico-thalamical loop
after VPA exposure, consequently subsequent processing steps had to be
analyzed. After being processed in layer Il/lll, signals are propagated onto layer
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V neurons. From there, information is passed over to subcortical structures
involved in action planning and movements such as the thalamus and basal

ganglia. Therefore, AlS length was analyzed in layer V next.

Interestingly, differences between both groups were observed in layer V after
the juvenile age. First at P3, average AIS length was 20.66 £ 3.37 uym in the
NaCl group. AIS length in the VPA group was not different at an average of
20.52 + 2.37 ym (One-way ANOVA, P = 0.9308; Figure 17, Table 12). A
tendency of AlS shortening in VPA neurons was seen following P15. AlS of the
control group had an average length of 35.68 + 2.83 um (Table 12) while AIS of
the VPA group were significantly shorter, presenting an average length at 30.17
1 2.77 ym (One-way ANOVA, **P = 0.0067; Figure 17, Table 12).

In adult mice, where cortical circuits have been established and AIS are fully
developed, the differences between both groups still exist, although they
become smaller (NaCl: 26.14 £ 1.19 ym; VPA: 23.99 = 1.67 ym; One-way
ANOVA, *P = 0.0396; Figure 17, Table 12).
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VPA treatment has no effect on axo-axonic innervation patterns in 1l/1ll of S1BF

The imbalance of inhibition and excitation is discussed to be one of the main
reasons contributing to the development of ASD (Goncalves et al., 2017). Since
the innervation patterns specifically localized at the AlS is of importance for the
control of input/output parameters, we therefore set out to analyze the axo-
axonic innervation pattern in layer ll/lll pyramidal cells in adult S1BF (P45).

Quadruple immunostaining was applied to enable visualization of complete
GABAergic synapses at the AIS. AnkG (ms, ALEXA-405) was used for staining
of the AIS, NeuN (ms, ALEXA-647) for the soma, VGAT (rb, ALEXA-568) as a
presynaptic marker and GABAaRa2 (gp, ALEXA-488) to stain the postsynapse
(Figure 19 A). Images were then deconvoluted and AIS reconstructed using
IMARIS, to create 3D models of the AIS. This allowed for an accurate and
manual quantification of synapses that were located along the AIS of individual

neurons.

For layer Il/lll, a total of 83 AIS per group were reconstructed and the number
of synapses at the AIS manually counted. VPA-exposed mice showed
approximately 11 GABAergic synapses per AlS and a higher variation (10.8 £
5.1) than those of the control group that displayed 9 synapses per AlIS (9.3 £
3.8). The minimum number of synapses counted per AIS was 2, the maximum
number was higher in the VPA group (23) than in the control group (19).
However, in statistical analysis, no significant differences were found to exist

between the groups (unpaired t-test, P = 0.092; Figure 18).
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Figure 18: The GABAergic innervation pattern remains unchanged

A- E: Representative immunostainings of layer II/lll mouse S1BF. Staining against BIV-
spectrin as a marker for the AIS (green; A), NeuN as a neuronal marker (magenta; B),
GABAAR«2 as a postsynaptic marker (red; C) and VGAT as a presynaptic marker (blue;
D). Scale Bar = 20 ym. Scale Bar in D for A-D. F: Representative image of 3D reconstruction
of an AIS with IMARIS software. AnkG (red) marks the AIS, GABAaRa2 (green)
the postsynapse and VGAT (blue) the presynapse. Scale bar = 1uym. The pictures show the
same AIS from different rotation angles (45°, 0°, 90°) C: No difference between the number
of inhibitory synapses located at the AIS in layer II/lll. Bars indicating 5.- 95.%. t-test, n=3
animals, 83 AlS/group.

4.2.3 The protein expression profile of ankG does not reflect the developmental AIS
length increase

After AlIS length changes were observed, we investigated if the increase in AIS
length was mirrored by an upregulation of ankG isoforms and 3IV-spectrin in
S1BF lysates derived from P3 (Figure 19), P15 (Figure 20) and P45 mice (Figure
21). Additionally, protein expression of sodium channels (using a pan anti-Nay
antibody) was analyzed, as these channels have direct functional implications
for neuronal function. Western blot analysis at P3 was conducted using whole
cortical samples to ensure sufficient amounts of material. For P15 and P45
samples, S1 was dissected and separated from the other tissue. Actin was used

as an internal loading control to relate protein sample concentrations.
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Representative immunoblot bands are shown in Figure 20. Although the length
of the AIS shortens from P15 until P45 (compare Figure 17), the expression of
RIV-spectrin was not reduced over time (Figure 20, Figure 21, Table 14).

A

Figure 19: Protein expression pattern
kDa NaCl VPA remain unaltered at P3
Representative Immunoblots for
panNav, BIV-spectrin actin (A) and ankG
(B) in VPA-exposed and control mice at
P3. Western blot showed antibody-
specific bands at approximately 480,
460 and 190kDa for ankG, 260kDa for
panNav,140kD for RIV-spectrin, 60kDa
for K¢7.2 and 40kDa for Actin.
Quantification of RIV-spectrin, ankG,
panNay and RIV-spectrin (C).
Fluorescent intensity was normalized to
the intensity of the internal loading
control (Actin). At P3 no significant
ot = differences between protein expression
levels were found. One-way ANOVA,
n=3-6 animals. Mean values form three
i SR - technical replicates.
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At P15, expression profiles of the three ankG isoforms were similar in both
groups (Figure 20). In the NaCl group, only the giant isoform (480 kDa) was
reduced at P45 compared to earlier stages (Figure 21, Table 14). Contrary to
what was hypothesized, protein expression of ankG in the VPA group was
slightly higher compared to controls at any time point. Additionally, ankG protein
expression increased, although a reduction was to be expected considering that
overall, AlS length decreased after P15 (Figure 17).
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Figure 20: Protein expression of
sodium channels is slightly enhanced
at P15 in VPA-exposed mice
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Voltage-gated sodium channels that are enriched at the AIS and at noR are
critical for AP generation (Kole et al., 2008) Therefore, the shortening of the AlS
could result in a reduction of sodium channel expression. Protein expression of
all sodium channels (panNay) was slightly, but not significantly, reduced in
controls at P15 (One-way ANOVA, P = 0.1277; Figure 20; Table 14). At P45,
protein expression was then reduced in VPA mice, but again, this effect was not
statistically significant (One-way ANOVA, P = 0.1184, Figure 21; Table 14).
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Figure 21: VPA exposure does not
alter protein expression levels in
adult stages (P45)
Representative immunoblots for
panNav, BIV-spectrin, actin (A) and
ankG (B) of VPA-exposed and control
mice at P45. Western blot showed
antibody-specific bands at
41 — approximately 480 and 190kDa for
—— ankG, 260kDa for panNay,140 kDa for
BIV-spectrin and 40kDa for Actin.
Quantification of ankG, panNayand
RIV-spectrin (C). Fluorescent intensity
was normalized to the intensity of the
internal loading control (Actin). At P45
no significant differences between
protein expression levels were found.
One-way ANOVA; n=3-6 animals.
= NaCl Mean values from three technical
- VPA replicates.
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Overall, changes of AlS length could not be correlated to the protein expression

q--;——
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of ankG and RIV-spectrin. Protein expression was always slightly higher in VPA
mice compared to control mice; however, no significant differences could be
detected at any time point. However, some confounding factors regarding the
determination of protein expression in those samples have to be considered. As
ankG is not only present at the AIS, but also at noR and spines, protein
expression is therefore influenced by changes of myelination and synapse
formation (Jenkins et al., 2015; Smith et al., 2014; see section 5.1). Similarly,
the panNav antibody detects all Nays in any given sample, and since the
somatodendritic domain is heavily endowed with these channels, more subtle
changes at the AIS could well be masked. Additionally, cortical layers were not
separated in this study. Conclusions about layer-specific changes are therefore

not possible.
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4.3.1

RESULTS

Electrophysiology

Changes in AIS length can result in changes of neuronal excitability (Jamann et
al., 2021; Kuba et al., 2010). A pyramidal cell with a longer AIS therefore should
be more excitable by showing a reduced AP threshold and vice versa, a
pyramidal cell with a shorter AIS presents a higher AP threshold and is therefore
less excitable. In order to test if the influence of VPA exposure on AlS length
shows electrophysiological correlations, we conducted whole-cell patch-clamp
recordings in pyramidal neurons of S1BF layer Il/lll and layer V. Acute slices of
mice at P15 (+ 2 days) were prepared and active and passive properties were

analyzed. All electrophysiological data are presented in Table 15 and 16.
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Figure 22: Staining protocol for post-hoc immunofluorescence of electrophysiological
recordings

A-C: Representative immunostaining of layer Il/Ill neurons of VPA-exposed mice. The cell,
which was used for patch-clamp recordings was filled with biocytin during measurements.
Branches of the dendritic tree extend into layer |. Biocytin as a marker for the cell soma of the
recorded neuron, BIV-spectrin to mark the AIS. NeuN was used as a marker for all other
neurons. Scale bars indicating 20 ym. D-F: Close-up of the Neuron (from A) with its
corresponding AIS (arrow). Scale Bar in D for D-F, indicating 10 pm.

Active and passive properties of S1BF layer Il/lll remained unchanged after VPA

exposure

Data show that resting membrane potential (RMP) was approximately -80mV in
both groups (Figure 24 D; NaCl: -81.44 + 5.86 mV; VPA: -80.86 + 6.84 mV;
unpaired t-test, P = 0.8639) and series resistance also remained unchanged
after VPA exposure (Table 15; NaCl: 242.5 £ 105.4 MQ); VPA: 298.6 £+ 95.95

73



RESULTS

MQ, unpaired t-test, P = 0.3147). To measure active properties, the membrane
potential was held at O A in current-clamp mode. AP threshold was defined at
the first step of a series of depolarizing current steps of 20 ms duration that
produced an AP. AP properties were analyzed in the first AP elicited in current-
clamp mode. We found no differences in neither AP half-width (Figure 23 B;
NaCl: 3.599 £ 0.759 ms; VPA: 3.221 + 0.903 ms, unpaired t-test, P = 0.3955),
AP amplitude (Figure 23 B; NaCl: 104.3 £+ 11.8 mV; VPA: 102.2 + 4.86 mV,
unpaired t-test, P = 0.6956) nor the maximum AP firing frequency (Figure 23 F;
Table 15). Furthermore, VPA-exposure had no impact on neither current (NaCl:
189.7 £ 45.77 pA; VPA: 232.6 + 133.6 pA, unpaired t-test, P = 0.4124) nor
voltage threshold to elicit APs (Figure 23 C; Table 15; NaCl: -56.68 + 5.48 mV;
VPA: -54.55 + 5.328 mV, unpaired t-test, P = 0.4683). Regarding AP kinetics,
analysis of the slopes (dV/dt) revealed that upstroke and repolarization were
similar between both groups. Representative phase plane plots are presented
in Figure 23 E (Table 15; for AIS peak: NaCl: 89.82 V/s; VPA: 89.23 + 30.41
V/s, unpaired t-tests, P =0.9694; for soma peak: NaCl: 212.6 £ 77.83 V/s; VPA:
174.2 + 60.4 V/s, unpaired t-tests, P = 0.3274).

Cells of the VPA group produced repeating AP trains at lower input currents,
although firing frequency adapted to being similar to the control group without
presenting any significant differences between the current steps (Figure 23 F).
In order to control and identify the correct layer of the location of the neuron as
well as to confirm the cell type, we performed post-hoc immunostaining, using
the biocytin fill as a marker of the pyramidal cell and antibodies against BIV-
spectrin to stain the AIS (Figure 22). According to the results of AIS length
measurements in layer II/lll that showed no differences between VPA-exposed
and control animals, passive and active electrophysiological properties were

unchanged.
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Figure 23: Electrophysiological recordings reveal no changes in layer Il/lII

A: Representative traces of single APs of NaCl (grey) and VPA (red) neurons elicited by 20ms
current injections. 10pA increments were applied to determine current threshold. No
differences between both groups were seen. B: Statistical analysis of passive AP parameters:
Neither AP amplitude nor AP half showed significant differences. C: Statistical analysis of
Current and Voltage threshold, RMP (D) and membrane resistance (D). E: Phase plane plot
analysis of NaCl (grey) and VPA-exposed (red) neurons. Left: Representative phase plane
plots of NaCl and VPA neurons indicate similarities in AP shape. Right: Analysis of the first
(AIS) and second (soma) peak of the phase plane plots show no significant differences
between both groups. F: Representative traces of AP trains elicited by increasing current
injection steps (500 ms, 50 pA steps). No differences in firing frequency were detected in layer
[I/ll neurons. G: Input/frequency relationship determined by the application of increasing
current steps of 50 pA under a duration of 500 ms. Two-way ANOVA for current injection,
group and interaction, Table 17.
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RESULTS

VPA-exposure alters active properties of Layer V neurons

In contrast to layer ll/lll, where no differences regarding AIS length and
correlating electrophysiological properties of the neurons were found, AlS length
measurements in layer V indicated shortening of AlS length due to the exposure
of VPA. Based on current biophysical theory, shorter AIS as seen in the VPA
group, should result in decreased neuronal excitability (Goethals and Brette,
2020; Figure 17). We therefore tested whether this holds true in our model by
performing whole-cell patch-clamp recordings in layer V neurons of S1BF.
Passive properties remained unchanged between groups. Neither resting
membrane potential nor series resistance showed any differences (unpaired t-
tests; P = 0.622; P = 0.6437, respectively, Figure 24 D, Table 16).
Interestingly, AP shape and kinetics seemed to be influenced by VPA-exposure.
AP half-width was found to be reduced significantly in VPA-treated mice (NaCl:
5.615 £ 0.433 ms; VPA: 4595 £ 0.491 ms; unpaired t-test, ***P < 0.0001),
indicating faster upstroke and repolarization in those neurons. This agrees with
the analysis of AP slopes, showing that both AlS peak and soma peak are faster
in the VPA group (Figure 24 E, Table; unpaired t-test; **P = 0.0070; *P =
0.0478). The current and voltage threshold to elicit APs were not different
(unpaired t-test, P = 0.6867; P = 0.5587, respectively; Figure 24 C, Table 16).
Additionally, we observed that pyramidal cells of the VPA group could sustain
repetitive firing upon the injection of higher input current; however, the maximum
firing frequency did not differ between both groups (Figure 24 F, G; Two-way

ANOVA for current injection, group and interaction, Table 17).
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Figure 24: Electrophysiological properties of layer V neurons in S1BF are altered after VPA
exposure

A: Representative traces of single APs of NaCl (grey) and VPA (blue) neurons elicited by 20ms
current injections. 10pA increments were applied to determine current threshold. No
differences between both groups were seen. B: Statistical analysis of passive AP parameters:
AP amplitude remained unchanged, but the AP half width of VPA-exposed mice was
significantly decreased. C: Statistical analysis of Current and Voltage threshold, RMP (D) and
membrane resistance (D). E: Phase plane plot analysis of NaCl (grey) and VPA-exposed (blue)
neurons. Left: Representative phase plane plots of NaCl and VPA neurons indicate differences
in AP shape, indicating a faster upstroke/repolarization in VPA-neurons. Right: Analysis of the
first (AIS) and second (soma) peak of the phase plane plots shows significant differences
between both groups in both regards. F: Representative traces of AP trains elicited by
increasing current injection steps (500 ms; 50 pA steps). No differences in firing frequency
were detected in layer /Il neurons. G: Input/frequency relationship determined by the
application of increasing current steps of 50 pA under a duration of 500 ms. Two-way ANOVA,
multiple comparisons for current injection, group and interaction, Table 17.
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4.3.3 VPA-exposure influences AlS length in the adult dorso-lateral striatum

Layer V of S1BF projects to the basal ganglia, mainly to the dorsolateral part of
the striatum. After data showed that VPA exposure had an influence on AlIS
development in layer V of S1BF, we investigated if those changes influence
downstream regions in the cortico-thalamical loop. Cryosections of the striatum
from VPA-exposed and controls at P15 and P45 were stained for confocal
microscopy, after the staining protocol was established (Chapter 4.1.). The
dorsal striatum can be roughly divided into a medial and a lateral part based on
different inputs and outputs. Overlapping areas make it difficult to draw a strict
border between those two groups. Therefore, AlIS were assigned to one of the
groups based on their location within the striatum. Figure 25 gives a schematic

overview of the classification of the dorso-lateral (DLS) and the dorso-medial
striatum (and DMS).

Brogma |0

Figure 25: Schematic classification of the dorsal striatum in DLS and DMS

Schematic representations of transvers sections taken at -0.22mm (A) and —0.58mm from
bregma (B), allowing the approximate allocation to one of the 4 main sections of the striatum:
dorso-lateral (DL), dorso-medial (DM), ventro-lateral (VL) and ventro-medial (VM). Scale Bar
=1 um. Figures modified after (Paxinos and Franklin, 2019).

We evaluated a possible influence of VPA exposure on the main striatal neuron
type, GABAergic medium spiny neurons, so called spiny projection neurons
(SPN) in the DLS.
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At P15, AIS of the VPA group showed no difference compared to controls (t-
test, P = 0.5862; Figure 26). While VPA exposure caused a reduction of AIS
length in layer V at this time-point, the effect was reversed in the striatum. Here,
medium length in the control group was 22.93 + 1.61 ym, therefore, shorter, but
not significantly, than AlS of the VPA-exposed group (23.57 + 2.02 ym, unpaired
t-test, P = 0.5862, Figure 26)

VPA exposure had the same effect at later ages. At P45, the mean AIS length
of the experimental group (24.62 + 1.375 ym) was longer than of the control
group (22.57 + 1.259 um; unpaired t-test, *P = 0.0389; Figure 26). Significant

differences were only seen in the DLS in adult mice.

The tri-phasic development of AIS length that has been reported in visual and
somatosensory cortices apparently does not apply for all areas of the rodent
brain. We next asked whether AIS of the striatal MSN undergo a similar
developmental process as seen in S1BF, and if so, if this length development
over time was influenced by VPA exposure. In the control group, the typical
shortening of AIS during the timespan from P15 up to P45 was only vaguely
seen (from 22.93 + 1.61 ym (P15) to 22.57 + 1.259 pm (P45)). Interestingly, in
the VPA group, AIS continued to lengthen during that period (from 23.57 + 2.02
pm (P15) to 24.62 + 1.375 pm (P45)). Differences between time-point were not
statistically significant in any group.

Finally, the data was plotted in size frequency histograms. Data revealed no
apparent differences at P15 Kolmogorov-Smirnoff-test; P = 0.3676; Figure 26).
AIS length was homogenously distributed in the DLS of both groups. At P45,
AIS length in the control group was less scattered and more concentrated
towards the medium length at approximately 23 ym whereas AlS length in the
VPA group remained more heterogeneous (Kolmogorov-Smirnoff-test, *P =
0.01083; Figure 26).
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Figure 26: AIS length development in the striatum
A: Representative immunostaining images of DLS and DMS of VPA-exposed and control mice
at P45 (AIS = green, soma = purple). B: AIS length frequency distribution histograms of DLS
in NaCl and VPA. No differences in length distribution were seen at the juvenile time point
(P15), but in the adult (P45). Kolmogorov-Smirnoff test, *P<0.05. C: AlS length analysis of DLS
at P15 and P45. At P15 no differences between both groups were found. At P45 AIS of neurons
in VPA treated mice in the DLS are significantly longer compared to controls. MSN in the DMS
show no length change after VPA exposure (data not shown here). f-test, n=6, at least
100AIS/animal, *P<0.05. D: Representative immunostainings of MSN of the adult DLS. (AIS =
green, soma = purple). Scale bar = 20 pm.
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RESULTS

Western blot analysis in the striatum showed similar protein expression patterns

between VPA-exposed and control groups

As in the cortex, a possible correlation between the length of the AIS and the
protein expression of the scaffolding proteins ankG and RBIV-spectrin was
measured in the striatum. Again, actin was used as an internal loading control
to relate protein sample concentrations. No differences between the groups
were seen regarding the protein expression patterns of BIV-spectrin at P15,
although it was elevated in the VPA-group (Figure 27). This agrees with the
results of the AIS length analysis, where no significant differences, just
tendencies were detected. In the adult brain (P45), again no differences
between the VPA and control-group could be found. However, the protein
expression of BRIV-spectrin decreased over time, which is in accordance with the
decreasing length of the AlS during that time period.

At P15 protein expression of all isoforms of ankG was slightly enhanced in VPA
mice although not statistically significant (Figure 27, One-way ANOVA, P =
0.8531 (480 kDa); P = 0.9646 (270 kDa); P = 0.6003 (190 kDa). This tendency
remained until P45, (Figure 27; unpaired t-test, P = 0.3762 (190 kDa)).

Apart from structural proteins, expression of sodium channels was investigated.
We conducted Western blot analysis of voltage-gated sodium channels (anti-
panNay antibody) of striatal samples at P15 and P45. Here, data indicated no
significant changes in protein expression between the groups (Figure 27; One-
way ANOVA, P = 0.5527 (P15); P = 0.3103 (P45)).

Next, we measured protein expression patterns of the transcription factor
FOXP1. FOXP1 has been implicated in the pathogenesis of ASD and is strongly
expressed in the striatum. Although differences between VPA-exposed and
control mice were not statistically significant, protein amount of FOXP1 at P15
seemed slightly reduced in striatum of VPA-exposed mice (Figure 27; One-way
ANOVA, P = 0.977). This could present one possible commonality between the
two ASD-models investigated in this study (see discussion section 5.8).
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Figure 27: Protein expression levels are unaltered in the rodent striatum
Representative immunoblot bands for panNav, RIV-spectrin, and actin of VPA-exposed and
control mice at P15 (A) and P45 (B). Western blot showed antibody-specific bands at
approximately 260 kDa for panNav, 140 kDa for RIV-spectrin, and at 40kDa for actin.
Quantification of panNav, RIV-spectrin at P15 (C) and P45 (D) was normalized to the internal
loading control (actin). No differences between protein expression levels of panNaV and RIV-
spectrin were found at P15 (A; C) and P45 (B; D). One-way ANOVA, *P<0.05; n=3 animals.

Mean values form three technical replicates.
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RESULTS

The FOXP1-heterozygous model of autism

After we investigated structural and electrophysiological changes in the VPA-
model of autism, we set out to investigate a genetic mouse model of autism.
FOXP1-- mice show similar symptoms as mice that were exposed to valproate
(an overview is given in Table 10). These symptoms include functional and
morphological changes in S1BF and basal ganglia. FOXP1-- mice die at around
E14.5 due to severe cardiac abnormalities (Wang et al., 2004). As we were
looking for a model to investigate developmental changes until adulthood, the
FOXP1*- model seemed more suitable for this purpose, as animals show just
slight abnormalities in cognitive and motor function but are otherwise viable
(Anderson et al., 2020; Co et al., 2020).

FOXP1 is robustly expressed in striatal and thalamic regions and cortical layers

To visualize the expression profile of FOXP1 in the brain of wildtype adult mice,
we performed FOXP1 immunohistochemistry. Staining of slices against anti-
FOXP1 indicated robust protein expression in cortical layers ll/lll, with less
expression in infragranular layers. Strong expression was further seen
throughout various regions of the striatum and thalamic nuclei (Figure 28).
These results confirmed previous data (Ferland et al., 2003; Hisaoka et al.,
2010).
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A FOXP1*"* (anti-FOXP1) B FOXP1*" (anti-FOXP1)

Figure 28: FOXP1 expression profile in the adult mouse brain

Representative images of FOXP1 immunohistochemistry in FOXP1** (A) and FOXP1*" (B) at
different locations throughout the dorsal striatum. Strong expression of FOXP1 is seen in layer
[I/111, layer V and striatal regions in both genotypes. Scale Bar in B for A-B =1 ym.

4.4.2 The striatal area is not reduced in FOXP1*- compared to controls

FOXP17 mice were reported to show gross morphological abnormalities
including a prominent reduction of the striatal area (Bacon et al., 2015). To
determine if the FOXP1*"- genotype has the same effect regarding basal ganglia
morphology, we performed immunohistochemistry directed against the Ca?*-
binding protein calbindin, to label all medium sized SPN in the striatum (Prensa
et al., 1998) and against Tyrosine-Hydroxylase (TH) to visualize dopaminergic
neurons. As the different subregions of the dorsal (DMS, DLS) and ventral
striatum cannot be strictly distinguished, total striatal area was quantified. The
striatal area was defined as area with TH-positive staining. The striatal area
measured in FOXP1** (0.12 + 0.42 mm?) showed no statistically significant
difference to the area measured in FOXP1*- animals (Figure 29; 0.12 + 0.2 mm?;
unpaired t-test, P = 0.9804). Hence, FOXP1 heterogeneity is not as disruptive
as a complete knock-down of FOXP1.
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A FOXP1*" (anti-TH) Figur_e 29: Quantification of the_ striatal
area in FOXP1*- and FOXP1*"* mice
Representative image of tyrosin-
hydroxylase (TH) immunohistochemistry in
FOXP1*-. Scale Bar = 1 ym.

B: Boxplot of the quantified striatal area in
FOXP1*- and FOXP1** mice. Bregma
1.42mm to -2.06 (Franklin and Paxinos,
2013). N= 7 FOXP1*, n=5 FOXP1*"*,
Whiskers indicating SD.
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4.4.3 AIS are shortened in the dorsal striatum of FOXP1*- mice

Abnormal striatal function is suggested to be one of the foundations of altered
behavioral patterns in ASD (Araujo et al., 2015). After changes of AIS length in
the DLS were found in the VPA model, we investigated possible changes in the
dorsal striatum of FOXP1*- mice. To do so, slices were stained for confocal
microscopy, using the established staining protocol (section 3.2). AlIS were
assigned to the DMS or DLS, depending on the location of the image taken. The
analysis was conducted using the same method as described above. We found
no differences between both groups in the DMS. Here, mean AIS length in
FOXP1*- was 21.43 = 5.725 um, which is not statistically different from the
mean AlS length in FOXP1** (21.75 + 5.375 um; unpaired t-test, P = 0.3454;
Figure 30; Table19).
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Data shows that differences between both groups appear in the DLS. AIS are
significantly shorter in the DLS of FOXP1*- (21.74 + 1.83 um) compared to
controls (22.75 + 5.65 pm; unpaired t-test, P = 0.0398; Figure 30, Table 18).
Similar to the results in the VPA model, the influence of reduced FOXP1 during
periods of AlS maturation seems to impact MSN in the DLS.

Plotting the individual AIS in size distribution histograms showed no difference
between both groups in neither of the areas that were analyzed (Kolmogorov-
Smirnoff-test; P = 0.2192 (DLS), P = 0.1985 (DMS); Figure 30; Table 20).
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Figure 30: AIS length in decreased in DLS of FOXP1*" mice

A: Representative immunostainings in DLS and DMS in FOXP1** and FOXP1*" mice. B: AIS
length distribution in DLS of FOXP1*"* (grey) and FOXP1*- (green) mice. C: AlS in FOXP1*"
mice are significantly shorter in DLS compared to controls. T-test, *P<0.05. AlS are plotted
as individual data points. Bregma 0.14 mm to -0.82 mm. D: AIS length distribution in DMS
of FOXP1** (grey) and FOXP1*"- (green) mice. E: No differences were found in the DMS
when comparing both groups. T-test, *P<0.05. AIS are plotted as individual data points.
Bregma 0.14 mm to -0.82 mm. F: Male: n= 2 FOXP1*", n= 3 FOXP1**, min. 100 AlS/each.
Female: n= 5 FOXP1*", n=2 FOXP1**, min. 100 AlS/each. T-test, *P<0.05. AlS are plotted
as individual data points.
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AIS remodeling is pronounced in male FOXP1*- mice

ASD shows a strong bias towards the male sex (Hara et al., 2012). Underlying
causes are still under debate. Males are said to be more exposed to elevated
fetal testosterone levels, whereas females are said to have a higher genetic
burden towards autism (James and Grech, 2019). Regardless of the origin,
morphological changes or differences between both genders have not been
investigated in greater detail. Therefore, we evaluated whether differences
regarding AlS length could be observed for the different genders.

Considering the results of all animals regardless of their gender, AlS length was
shortened in the striatum of FOXP1*-. When the group was divided by sex, this
effect was still seen, however, enhanced in the male group. AIS length in
FOXP1*- male mice (21.37 + 5.705 um) was significantly shorter than in
FOXP1** males (23.33 + 5.548 um; unpaired t-test, **P < 0.001; Figure 30). In
females, the difference between both groups is still significant (unpaired t-test,
*P = 0.0136; Figure 30), but in contrast to the results seen in males. Here, AIS
of FOXP1*- females (21.96 + 5.83 um) were longer than those of the controls
(21.18 £ 5.32 ym, unpaired t-test, *P = 0.0136).

If these pronounced differences in males are causal or consequences of other
alterations has to be investigated further.

It must be taken into consideration that the number of experimental animals was
less than 3 in some of the groups when divided by gender. Therefore, these
results have to be interpreted cautiously.

Western blot analysis suggests downregulation of voltage-gated ion channel

expression in Foxp1*- mice

After changes regarding AIS length were discovered, expression of AIS
associated proteins was measured in FOXP1*- animals to investigate whether
they correlate with the histological analysis.

Protein expression of ankG isoforms was analyzed using whole-brain samples

from adult FOXP1*- and FOP1** mice. Furthermore, protein expression
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patterns of sodium and potassium channels were investigated. As previously

described in section 4.2.3, actin was used as an internal loading control.

As expected, protein expression of FOXP1 in FOXP1*- mice was reduced by
half compared to FOXP1** (One-way ANOVA, *P = 0.0372; Figure 31 C).

No difference was detected in protein expression of ankG isoforms (Figure 31;
Table 21).

Confounding factors of immunoblot analysis have been briefly mentioned before
(see section 4.2.3) and are thoroughly discussed in section 5.1. Any changes to
striatal ankG expression due to the FOXP1 phenotype could therefore easily be
masked by the total amount of neuronal ankG in the sample (Figure 31).
Protein expression of Nays was significantly reduced in FOXP1*- mice
compared to FOXP1**. The relative protein expression of sodium channels
detected in FOXP1** was more than double the amount detected in FOXP1*-
(One-way ANOVA, *P = 0.0169; Figure 31). Likewise, potassium channel
(KCNQ2) protein expression was also significantly reduced in FOXP1*- (One-
way ANOVA, *P = 0.0316; Figure 31). Individual statistical results are listed in
Table 21.

Consequently, reduced protein expression of ion channels could be one
indicator of altered network state in the FOXP1*- model of autism.
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A Striatum Figure 31: FOXP1*- mice show significant
reduction in Na*- and K* channels
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5 DISCUSSION

5.1 Methodical and statistical considerations

As previously outlined, the AlS is a highly plastic microdomain able to adapt
several geometrical parameters such as length and location depending on
network state (reviewed in (Jamann et al., 2018)). Considering AlS maturation
and homeostatic plasticity, several aspects are analyzed in this thesis. AIS
length is an indicator for neuronal excitability, as it has been shown that longer
AIS are more excitable than shorter AlS and elicit APs more easily (Kuba, 2010).

Therefore, in this thesis, AlS length is the primary focus of all analyses.

To increase the predictive significance of AIS length measurements, almost
10.000 single AIS were analyzed in this study. Of note each single neuron plays
its individual role in a locally defined neuronal network, with putatively far-
reaching consequences. Interestingly, single values of AlS length indicate a
significant variance even across similar cell types, a fact noted previously in
numerous studies (Hofflin et al., 2017; Kole and Brette, 2018; Thome et al.,
2014). So, in order to account for this AlS length and location heterogeneity, at
least 100 AIS from a defined region of interest were measured per animal;
statistical analysis was then performed of the mean values of the individuals.

Voltage-gated ion channels are fundamental to neuronal excitability. Sodium
and potassium currents are required for shaping APs (Goldberg et al., 2008; Hu
et al., 2009; Kole et al., 2007). Therefore, protein expression patterns of those
were evaluated via Western blot quantification. Furthermore, the AIS scaffolding
proteins ankG and BIV-spectrin, which serve as the backbone of the histological
and morphometrical analysis of AIS length, were also used in immunoblots in
this study.

Due to technical and anatomical limitations, especially during early postnatal
stages, it was not always possible to separate the regions of interest, i.e., the
striatum and the S1BF, from surrounding brain tissue. Therefore, conclusions
based on protein expression profiles in this study have to be considered in light
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of the fact that anatomical regions may be mixed. One might conclude that AlS
length and thus protein expression could correlate to the total amount of protein
in the sample.

However, it is important to point out that ankG is expressed outside of the AIS
quite abundantly, either in the somatodendritic domain or noR. Especially
regarding noRs, the ongoing process of myelination after P15 could lead to an
increase of ankG protein expression during that time span (Jenkins et al., 2015;
Kordeli et al., 1995). The smaller isoforms of 190kDa and 270kDa are also
located at synapses (Smith et al., 2014), the giant isoform can also be found at
GABAergic synapses along the dendritic shaft (Tseng et al., 2015). Synapse
formation or pruning could therefore impact ankG protein expression (see
section 4.2.3.).

Potential and limitations of mouse models

Rodent models are a favored tool to investigate putative underlying molecular,
functional, and structural alterations during the development and progressing of
neurodevelopmental diseases such as ASD. Whether or not a model is
“sufficient” to recreate a specific disease pattern depends on the commonalities
between the rodent model and humans. A suitable model must fulfil certain
criteria regarding construct, predictive, and face validity. If all criteria are met,
the rodent model can be considered as strong. Apparently, no animal model can
be valid for all purposes (van der Staay, 2006), as certain criteria only help to
evaluate the validity of rodent models for certain situations.

Construct validity describes the etiology of the disorder and the degree of
similarity. VPA induces ASD-phenotypes in humans as well as in rodents: it
causes oxidative stress, inhibits histone deacetylase, and causes an imbalance
of excitation and inhibition in both species (Moore et al., 2000). It is therefore

plausible that the phenotype can result from the same background etiology.
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Recently, FOXP1 has been placed upon the list of highest-ranked candidate
genes for developing ASD (Ayhan and Konopka, 2019). Many gene-interrupting
variants, such as heterozygous deletions, duplications, missense and nonsense
mutations have been identified in large-scale profiling of patients diagnosed with
ASD (lossifov et al., 2014; Igbal et al., 2013; Le Fevre et al., 2013; Siper et al.,
2017). Deletions of FOXP1 cause language and behavioral impairment in rodent
models (Bowers and Konopka, 2012) and in human studies (Siper et al., 2017).

Those traits are likely to be associated with FOXP1 haploinsufficiency.

Face validity specifies the disease endophenotype. A model has a strong face
validity if it depicts the same observable behavior, the same neuropathology, or
neurochemical alterations (Mabunga et al., 2015; Willner, 1984). To render tests
and results comparable to humans, rodent phenotypes and behaviors have to
be translated into suitable and standardized tests (van der Staay, 2006).
Appropriate tests for features of psychological diseases include social
recognition or social approach tests (Chadman et al., 2009). Table summarizes
examples for disease endophenotypes of both models used in this thesis. Both
models show a high level of face validity, as examples for typical autistic

phenotypes were observed from various laboratories in the past.
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Table 10: Face validity of ASD mouse models

ASD Feature

FOXP1*

VPA-exposure

Social interaction

Araujo et al., 2017

Kim et al., 2014

Kim et al., 2011

Schneider and Przewlocki, 2005
Kim et al., 2013

Bambini-Junior et al., 2011
Kataoka et al., 2013

Roullet et al., 2013

Moldrich et al., 2013

Reduced explorations

Araujo et al., 2017
(Bacon et al., 2015)

Kim et al., 2014
Schneider and Przewlocki, 2005

Reduced ultrasonic

vocalizations

(Araujo et al., 2015)
Usui et al., 2017

(Araujo et al., 2017)
Frohlich et al., 2017

Gandal et al., 2010
Moldrich et al., 2013

Impaired memory

(short-term/ spatial)

(Bacon et al., 2015)

Hou et al., 2018
Kataoka et al., 2013

Repetitive behavior

(Bacon et al., 2015)

Kim et al., 2014
Markram et al., 2008
Schneider et al., 2008
Frohlich et al., 2017
Gandal et al., 2010
Mehta et al., 2011
Moldrich et al., 2013

Hyperactivity

(Araujo et al., 2017)

Kim et al., 2014
Schneider and Przewlocki, 2005
Kim et al., 2013

Altered motor coordination

Hou et al., 2018
Schneider et al., 2007

Altered anxiety behavior

(Bacon et al., 2015)
(Araujo et al., 2017)

Hou et al., 2018
Kataoka et al., 2013
Schneider et al., 2007

ASD = Autism Spectrum Disorders, VPA = Valproic acid

Lastly, predictive validity describes trigger and response correlations plus
treatment responses. Research has just recently advanced to investigate novel
treatment options. Current gold-standard of ASD treatment in children remains
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psychotherapy and behavioral therapy (Eldevik et al., 2009). This obviously
cannot be transferred into rodent models; therefore, this last aspect will remain
unconsidered in this thesis.

The majority of patients with ASD were not exposed to VPA in utero, nor have
a heterozygous deletion or other mutations of FOXP1. Results of this study
obviously cannot speak for every disease phenotype or origin of the whole
spectrum of disorders.

Furthermore, it seems logical that the timing of human neurodevelopment
cannot be directly transferred to animal models and rodent brain development.
Comparing important steps in maturation such as the synchronization of
spontaneous network activity, helps to place the time-span of P14-P16 to about
the time of the third trimester and the earliest postnatal months (Workman et al.,
2013).

Implementation of striatal AIS staining protocols

Immunostaining for AIS length measurements has to produce specific and
reproducible results. Antibodies against the two main scaffolding proteins ankG
and BIV-spectrin have been shown to produce reliable staining results in rodent
cortical areas and the hippocampus across a number of studies from
independent laboratories (Benedetti et al., 2020; Fréal et al., 2016; Hamada et
al., 2016; Hofflin et al., 2017; Huang and Rasband, 2018; Jenkins et al., 2015;
Schluter et al., 2017; Sobotzik et al., 2009). No significant differences between
AlS length measurements using either ankG or BIV-spectrin staining have been
documented (Gutzmann et al.,, 2014; Jamann et al.,, 2021), therefore the
antibodies can be used equally well and since they are derived from different
species, can be combined with other primary antibodies. Staining protocols for
cortical neurons have already been established in our lab (Hofflin et al., 2017;
Jamann et al., 2021; Schluter et al., 2017; Schluter et al., 2019). Data on striatal

samples were not available beforehand.
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First, striatal AlS had to be reliably stained. Our results showed no differences
between ankG and BIV-spectrin in staining efficiency. This meant, that we were
able to use the cortical slices that we had already stained for AIS length analysis
of the cortex and use them again for confocal microscopy of the striatum. This
helped to reduce resources and animal number.

Likewise, immunostaining of sodium channels in striatal SPN was successfully
established. We confirmed previous data with notable colocalization of Nay1.6
at the AIS (Akin et al., 2015; Solé and Tamkun, 2020; Wimmer et al., 2015;
Figure 13).

Lastly, we asked whether AIS of D1 and D2 SPN could equally be recognized
by our antibodies. D1 positive SPN contain ENK, which we used to stain for
neurons of the direct pathway. As Figure 12 shows, AlS in both types were

stained and could be used for analysis.

FOXP1 is equally expressed in the striosome and matrix of the rodent basal
ganglia (Takahashi et al., 2003), as well as in D1 and D2 SPN (Fong et al.,
2018). This uniform distribution suggests that FOXP1 haploinsufficiency has the
same effect on both pathways. Note, while FOXP1 is observed in over two thirds
of striatal matrix projection neurons, it was not detected in interneurons. Any
influences of FOXP1 seem to exclusively impact projection neurons (Tamura et
al., 2004).

Maternal VPA treatment seems to have a different effect on striosomal neurons,
most likely due to the fact that exposure at E13 coincides with the critical period
of striosomal neurogenesis (Kuo and Liu, 2017). Aberrant development of
striatal compartments and pathways with reduced numbers of corticostriatal
synapses were observed in the rostral striatum in mice (Kuo and Liu, 2017) but
also in humans (Kuo and Liu, 2020). Interestingly, FOXP2-positive neurons
were decreased in layer VI, but increased in layer V, which projects to the basal
ganglia. The effect of VPA on FOXP1-positive neurons has not been further

investigated.

While starting with the first AlS length measurements in this study, the aim was
to gain an overview of general striatal AlIS development. Therefore, results were
not differentiated between the direct and indirect pathways. Different
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combinations of antibodies, that could help to distinguish between D1 and D2
positive neurons and their affiliated AIS were already tested in the laboratory

and could provide the basis for further investigation in this regard.

5.2 Differential effects of VPA-exposure on supra- and infragranular neurons in
S1BF

In this thesis, we identified structural AIS remodeling in two mouse models of
ASD, which also correlated with distinct changes in the input/output properties
of neurons. Interestingly, these changes were confined to infragranular layers
in S1BF, while supragranular neurons were largely unaffected by VPA
exposure. Specifically (1) AIS plasticity after VPA exposure was not detected in
layer 1I/1Il of S1BF, (2) electrophysiological properties remained unchanged
accordingly, (3) the axo-axonic innervation pattern showed no significant
differences and (4) VPA exposure is not disruptive enough to remove the distinct
tri-phasic developmental pattern of AlS length in somatosensory cortices.

On contrast, analysis of layer V neurons in S1BF demonstrated that (1) AIS of
layer V in S1BF adapted to VPA-exposure by a significant length decrease, (2)
AP properties of layer V cortical neurons were changed and (3) in DLS, AIS of

SPN were elongated compared to controls.

5.3 The effect of VPA-exposure on the rodent whisker-to-barrel system

In order to evaluate the validity of a rodent model to investigate changes due to
VPA-exposure, similarities and differences of the somatosensory circuit

between rodents and humans must be considered.

Somatosensory receptors in humans are located in the skin, muscles and joints
from which information is projected towards the cortex. A topographic
organization of the SSC is present in rodents and primates (Penfield and

Boldrey, 1937). In rodents, somatosensory input is dominated by the input of
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the facial vibrissae, with the somatotopic field representing the whiskers making

up more than two-thirds of SSC (Paxinos and Franklin, 2019).

The equivalent peripheral receptor in humans would be the fingertips, that are
each innervated by a comparable number of sensory neurons as the whiskers
(Balasco et al., 2019). One obvious difference between fingertip touch and
whisker touch is that rodents do not manipulate objects with their whiskers, but
solely to sense texture, which in return leads to different mechanisms of sensing
and coding for texture. In rodents the firing rate of neurons in S1BF differs
between smooth and rough surfaces (Lottem and Azouz, 2009). In primates the
different surface textures are transduced via rapidly adapting Pacinian
corpuscles or slowly adapting mechanoreceptors (Connor and Johnson, 1992;
Hollins and Bensmaia, 2007). Anatomical organization of ascending
somatosensory pathways is highly preserved throughout evolution, showing a

similarity between primates and rodents (reviewed in Balasco et al., 2019).

Atypical sensory experiences and hyper-/ hyporeactivity in response to sensory
stimuli are among the key symptoms of ASD (Balasco et al., 2019; Lauber et
al., 2016). Several rodent ASD models show tactile hypersensitivity: Shank2 KO
mice have impaired tactical perception (Ko et al., 2016) and mutations in Mecp2,
Gabrb3, Shank3 and Fmr1, all being susceptibility genes in ASD, resulted in
altered tactile discrimination, hypersensitivity to touch, and withdrawal to novel
stimulations (Orefice et al., 2016; Schaffler et al., 2019). Deficits in social
interaction and anxiety disorders are often accompanied by such tactile
dysfunctions (Tuttle et al., 2016). Moreover, hyposensitivity was observed in rats
exposed to VPA postnatally (Reynolds et al., 2012).

The constant flood of information to the sensory cortices requires precise
filtering and integration before processing and transformation into an
appropriate motor response. It has been reported that many symptoms seen in
ASD are a response to an over- or under-reactive stimulation and disrupted
sensory processing (Sinclair et al., 2017). Therefore, it could be hypothesized
that impaired adaptation in cortical sensory circuits and early developmental
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changes in S1BF may be a potential cause of sensory hypersensitivity and

tactile defensiveness observed in several models of ASD (He et al., 2017).

Homeostatic plasticity of the AlS in S1BF

It has been shown that AIS morphology is directly correlated to intrinsic neuronal
excitability (Jamann et al., 2018). Considering adaptations to altered network
state in the context of homeostatic plasticity, sensory deprivation leads to
elongation of the AIS and thus increased excitability (Jamann et al., 2021; Kuba,
2010). Overstimulation, either via sensory input in vivo (Jamann et al., 2021) or
chronic depolarization in vitro (Grubb and Burrone, 2010) on the other hand
leads to AlS shortening (in vivo) or relocation (in vitro) and reduced excitability.

One of the best studied systems in the context of cortical homeostatic plasticity
during development and in the adult is the rodent whisker-to-barrel system. The
development of whisking is tightly connected to the development of motor
behavior and lack of function during early postnatal stages causes impairments
in motor coordination and tactile behavior throughout the rest of the rodent life
(Papaioannou et al., 2013; Sullivan et al., 2003). At P3, pups can respond to
spontaneous whisker movements and passive deflections, helping them to
orientate towards their mothers and littermates (Arakawa and Erzurumlu, 2015).
Active exploration and palpation whisking does not start until the end of the
second postnatal week (P12/13) (Akhmetshina et al., 2016), when the
integration of tactile sensory information with sensorimotor processes results in
motor performance. Whisking patterns increase until they reach their adult form

at the end of the third postnatal week (Arakawa and Erzurumlu, 2015).

Following the timespan of the switch of synchronous and spatially confined
spindle bursts caused by passive whisker deflection at P3 and the change
towards a more desynchronized state at P12 (Khazipov et al., 2004), a gradual
elongation of the AIS was observed in layer II/lll and layer V in the VPA and the

control group (Figure 14).
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With the sudden onset of directed sensory input to the somatosensory cortex at
P12 and the accompanying elevation of network activity, we find that AIS
shorten (Figure 17). Several other developmental changes occur during the CP
at end of the second postnatal week, causing a major restructuring of cortical
connectivity (van der Bourg et al.,, 2017) and development of inter- and
intracortical connections (Stern et al., 2001). Excitatory synapses between layer
IV and layer Il/lll as well as the local connectivity of layer Il/lll neurons are
strengthened through the effect of the ongoing whisker stimulation (Clem et al.,
2008; Wen and Barth, 2011). As synaptic density and spine turnover increases,
the intrinsic excitability in layer II/lll neurons decreases (Lendvai et al., 2000;
Maravall et al., 2004; Micheva and Beaulieu, 1996). Collectively, whisker-
evoked responses and information processing is reduced in superficial layers
[I/lllland IV but increased in deep layers V and VI (van der Bourg et al., 2017).

Overall, inhibition is elevated by the appearance of GABAergic synapses
originating from chandelier cells (ChC), beginning to exert influence on the E/I
balance in S1BF (Pan-Vazquez et al., 2020). It has been suggested that
numerous neurodevelopmental disorders, such as autism, are associated with
disturbances in the E/I balance, and that increase of the number and strength
of inhibitory synapses is one of the responsible factors for balance shifts (Zhang
et al., 2011). Mice with GABA receptor defects show impaired social and

exploratory behavior similar to those reported in ASD (DeLorey et al., 2008).

We analyzed the total number of GABAergic synapses along the AlS in layer
[I/11l of adult mice (> P45) and found no differences between both groups (Figure
18). If altered E/I balance and synaptic transmission has been recurrently
implicated in several ASD models, then why were we unable to observe such
alterations here?

One explanation for this could simply be the fact that the number of AIS that
were analyzed (83 per group) was too small to depict a representative numbers
of inhibitory synapses originating from ChC in S1BF. Expanding the analysis of
those synapses could reveal possible effects that confirm the reported elevation
of GABAergic inhibition. Next, the animals that were used where only adults of
>P45 days of age. The CP for synaptic plasticity persists throughout
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development, but eventually this time window closes (Jiang et al., 2007). It
would be interesting to analyze the number of GABAergic synapses in younger
animals to see if temporary changes during the CP could be found. Another
methodological reason would be that immunohistochemical staining of the pre-
and postsynapse are not sufficient enough to pick up subtle changes on
molecular or functional level such as the number of vesicles released or
changes of the postsynaptic excitatory Ca®*transients. And since AIS length did
undergo significant length increase in layer V after VPA-exposure, it might be of
greater interest to expand this type of analysis into layer V.

The analysis of apical dendrites of pyramidal cells in cortical layer Il neurons
revealed a higher density of spines in pyramidal cells in ASD, indicating defects
in synaptic pruning (Piochon et al., 2016). It is likely that by only considering
synapses along the AlS, changes at apical dendrites were not detected (Hutsler
and Zhang, 2010).

Cortical neurons show the ability to structurally remodel their AIS corresponding
to changes in sensory input, even throughout adulthood. This is generally
believed to contribute to the dynamic maintenance of properly functioning
neuronal networks (Engelhardt et al., 2019; Turrigiano, 2012) . In several
systems studied so far, AlS length seems to reach its optimum length at an adult
time-point (Gutzmann et al., 2014; Jamann et al., 2021; Schluter et al., 2017).
In the present study, this process of AIS elongation and shortening was
confirmed.

This distinct developmental pattern is suggested to result from the sudden onset
of new sensory input (Jamann et al., 2018). Non-sensory areas do not respond
in a similar manner. For example, the rat primary motor cortex (M1) lacks a
sudden onset of input after birth, since pups start to move in utero.
Consequently, M1 layers Il/lll and V show a continuous elongation of AIS
(Benedetti et al., 2020). A similar developmental profile was previously

published for the non-sensory cingulate cortex (Gutzmann et al., 2014).

Here, data indicate that AIS length development does not seem to be impacted
by VPA-exposure since the hallmark length increase up to P15 and decrease in
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adulthood (P45) are reminiscent of previously published maturation profiles
(Gutzmann et al., 2014; Jamann et al., 2021). VPA-exposure was not disruptive
enough to influence this distinct developmental pattern of mouse S1BF. The
mice used in this study were held without any deprivation of sensory input and
the exposure of VPA was only once during a very early embryonic age. The
influence of sensory information or the deprivation of such during CPs possibly
has a bigger impact on developmental length changes (Kuba, 2010) as the
exposure with VPA long before the onset of CP.

Differences in layer-specific adaptation processes

Previous studies have provided evidence for a layer-specific neuronal and
synaptic plasticity (Crair and Malenka, 1995; Rao and Daw, 2004). Long-term
potentiation (LTP) and long-term depression (LTD) are forms of activity-
dependent synaptic plasticity, crucial for the efficacy and constructive use of
excitatory synaptic transmission. While they produce opposing effects on
synaptic transmission, they are involved in learning and memory formation,
sensory processing and motor coordination - and therefore have been
implicated in the pathogenesis of neurodevelopmental disorders (Hansel,
2019). The regulation of LTD, especially presenting as deficits in spine pruning,
is impaired in ASD and contributes to the already described E/I imbalance
(Hutsler and Zhang, 2010; Piochon et al., 2016). This kind of synaptic plasticity
proceeds sequentially through cortical layers, following the flow of incoming
information, and diminishes early in layer IV, but persists throughout
development in layer Il/lll (Jiang et al., 2007). While the CP for modifiable
responses in layer IV closes very soon postnatally, this fact could help to explain
why the CP of changes in layer Il/lll persist until later age stages. Synaptic
plasticity and spine dynamics therefore seem to be primary features of
supragranular layers, compared to infragranular layers (van der Bourg et al.,
2017).

It has been implied that the dysregulation of synaptic signaling and the delay of
the CP of synaptic plasticity in infragranular layers could be involved in causing
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the ASD symptoms in the Fragile-X-model of autism (Harlow et al., 2010).
Neuroligin-4 is a cell-adhesion protein that regulates synapse organization and
function. Loss-of-function mutations of Neuroligin-4X are among the most
common causes for the monogenetic development of ASD (Unichenko et al.,
2018). Again, disrupted GABAergic transmission and shifts in E/I imbalance
seem likely to be the underlying cause of the presentation of ASD symptoms in
this model. Unichenko et. al, showed that in ASD models, the incoming whisker-
mediated sensory information to S1BF is not influenced, but rather the
intracortical processing of information (Unichenko et al., 2018). This could help
to understand why no AIS length changes in layer ll/lll where observed,
whereas possible disruptions in intracortical processing could cause AIS
shortening found in layer V (Figure 17). Our findings, indicating that AlS length
decreases only in infragranular layers, also correlates with data published by
He and colleagues. They could not find indications for exaggerated sensory-
evoked firing in local networks nor a higher proportion of recruited neurons in
layer 1I/11l in S1BF after whisker-stimulation (He et al., 2017).

Although it has been reported that VPA-exposure suppresses the formation of
inhibitory synapses in cultured cortical neurons (Kumamaru et al., 2014), the
number of inhibitory synapses was unchanged in supragranular layers in the
present study. So far, we did not investigate whether layer V synapses might
show any changes in this regard. If those synaptic mechanisms might be
involved in the VPA-model remains unclear for the moment and up to further
investigation.

The fact that supra- and infragranular layers play different roles in adaptation
processes could help to explain why we exclusively observed AIS length
changes in layer V after VPA exposure, while AIS in layer Il/lll remain
unchanged. Our results from patch-clamp recordings support this notion.
Neither the active nor passive properties were significantly different between
both groups. As the AIS length and its ion channel endowment are some of the
significant modulators in neuronal excitability and no evidence of changes were
found regarding those parameters, it was also expected to find no differences
between both groups in the electrophysiological recordings.
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The role of ankG in S1BF in the development of ASD

The main scaffolding protein of the AIS, ankG, is of great importance for the
maintenance of the AIS, for AP generation and propagation (Akin et al., 2015;
Pan et al., 2006; Zhou et al., 1998), and for synaptic transmission and spine
maintenance (Smith et al., 2014; Tseng et al., 2015). AnkG has previously been
linked to neurodevelopmental disorders such as schizophrenia, intellectual
disability and ASD (lgbal et al., 2013; Kaphzan et al., 2011; van der Werf et al.,
2017). Children with mutations of ANK3, inhibiting the recruitment and binding
of BIV-spectrin, exhibit several neurological defects, such as developmental

delay and autistic features (Yang et al., 2019).

One of the most common ASD symptoms is increased anxiety, which is present
in 40% of all patients diagnosed with ASD. Interestingly, ANK3 KO mice display
similar anxiety behavior (van der Werf et al., 2017). The giant isoform of ankG
(480kDa) interacts with the GABAAa-receptor-associated protein (GABAARAP) to
stabilize GABAA receptors at the surface of the soma and AIS of excitatory
pyramidal neurons (Tseng et al., 2015). Abolishing ankG and disrupting the
assembly of inhibitory synapses could contribute to the shifted E/I balance that
has been reported in ASD (Nelson et al., 2018). It has been hypothesized that
the level of cognitive impairment increases with decreasing levels of ankG
protein in the brain (reviewed in (Huang and Rasband, 2018).

With the shortening of AlIS after VPA exposure, we hypothesized that a similar
reduction in ankG protein expression might be observed in cortical samples of
VPA-exposed mice. While the significant increase of ankG protein following AlS
elongation during the second postnatal week has been reported (Gutzmann et
al., 2014), we unexpectedly found that relative protein levels of all isoforms of
ankG seemed to remain almost the same in both groups. We also did not find
any differences between the relative protein levels of ankG between the VPA-
exposed group and WT controls in neither of the time points at P3, P15 nor P45
(Figures 19-21). A comparable effect has been reported by Alshammari and
collegues, who also found that ankG levels of the PFC were comparable to
those of WT mice in the BTBR T+ltpr3tf/J mouse model of autism (Alshammari
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et al., 2019). It is important to keep in mind that due to anatomical limitations,
whole cortical brain samples of early postnatal mice were used for analysis,
which makes differentiation between the different areas of the neocortex
impossible. AIS of other cortical areas do not undergo the tri-phasic
developmental pattern that was observed in sensory cortices (Gutzmann et al.,
2014; Jamann et al., 2021; Schluter et al., 2017), but rather a monophasic
elongation process (Benedetti et al., 2020). Possible change of the ankG levels
in S1BF could be masked by the overall amount of ankG in neocortex contained
in our samples. We also did not differentiate between supra- and infragranular
layers. And importantly, ankG is also expressed at noR and the somatodendritic
domain. Especially after the third postnatal week, a possible decrease of ankG
could be masked by the increase of nodal ankG in lower levels (Gutzmann et
al., 2014). Further studies are necessary to determine the effect of VPA-
exposure to the expression profiles of axonal ankG and draw conclusions about

the role that ankyrins in this disease phenotype.

The effect of VPA on neuronal excitability
Implications for the involvement of ion-channels in the disease pathomechanism

At P15, the level of sodium channel expression was increased in the VPA group
(Figure 20). The shape of the AP is primarily influenced by the activation and
inactivation kinetics of Kv and Nay channels located along the AIS (Kole et al.,
2007; Kole et al., 2008). Nayv channels are not exclusively located at the AlS, but
also at the somatodendritic domain, noR and dendritic regions, although the Na*
current density is significantly higher at the AIS (with a ratio of 1:34 compared
to the soma and up to 50fold compared to the complete somatodendritic
domain) (Hu et al., 2009; Kole and Stuart, 2012; Pal et al., 2015).

As Nav channels play a critical role in the generation of AP and intrinsic
membrane properties, enhanced expression could have serious consequences
regarding the excitability of the cell. Recruitment of Nay channels to the AIS is
therefore followed by an increase in neuronal excitability (Kuba and Ohmori,
2009).
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In other mouse models of ASD, the expression of several Nay channels was
significantly increased as measured by Western blot studies and high-resolution
confocal microscopy (Alshammari et al., 2019; Kaphzan et al., 2011).
Interestingly, the expression of Nay1.6 and Nay1.2 was increased at the AlS but
also at the soma, suggesting alterations of both AP firing and backpropagation.
Additionally, Nav1.1 expression was also increased, suggesting that the
inhibitory current is also altered (Alshammari et al., 2019). In the Western blot
analysis of this thesis, anti-panNav was used, which recognizes all Nav
channels. By using this antibody, we can only speculate about the implications
of the overall increase of Nay expression in the circuit. Because of their
widespread distribution along neurons and the many different functions of Nay
channel subtypes, it is challenging to draw conclusions from higher expression
levels of panNav to specific functional changes (Figures 19-21).

Due to the high concentration of Nav channels at the AlS, small changes in the
expression patterns could change AP properties. If the overexpression of
functioning Nav1.6 channels at the AlS was indeed taking place, this could lead
to a reduction in voltage threshold, and thus higher excitability. However, no
differences regarding voltage threshold were observed in this study (Figure 23).
It is important to mention that increased expression may not automatically
indicate that a higher level of excitation is occurring. Rather, this could be a
compensatory mechanism due to lack of function of the Nay channels.

Future studies should aim to distinguish alterations in the distribution of the
different isoforms and investigate possible effects on neuronal excitability. Apart
from all the uncertainties, several different mutations of sodium channel subtype
encoding genes have been associated with ASD phenotypes (Ben-Shalom et
al., 2017; Schmunk and Gargus, 2013; Weiss et al., 2003), bringing Nav
channels into the context of the one common denominator of the disease
pathomechanism: influencing the imbalance in the E/I ratio (reviewed in
(Schmunk and Gargus, 2013).

After the evaluation of these results, and in light of the fact that mutations and
dysfunctions of Kv channels have been associated with ASD in the past
(Indumathy et al., 2021), AP properties became a center of attention in the
patch-clamp recordings that were conducted to gain information about possible
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functional effects of VPA-exposure. Interestingly, we observed significant
changes to AP shape and kinetics (Figure 24) in layer V of S1BF. AP half width
was significantly reduced in VPA-exposed mice, indicating a faster
depolarization and repolarization phase in VPA-exposed neurons. As outlined
previously, the AP waveform is dependent on activation kinetics of Kys,
especially Ky1 (Bean, 2007). Since blockage of Ky1 channels caused a
broadening of APs (Kole et al., 2007), it would be interesting to investigate if a
recruitment of Ky channels to the AIS, resulting in a higher channel density,
would show the opposing effects that we observed after VPA-exposure.

5.5 The basal ganglia and their involvement in the development of the ASD

phenotype

Given the broad spectrum of important functions in motor planning, action
selection and award-guided learning (Burke et al., 2017; Burton et al., 2015), it
is not surprising that striatal dysfunctions constitute a variety of
pathophysiological mechanisms underlying neuropsychological disorders, such
as ASD. Alterations in excitatory and inhibitory synaptic transmission in the
ventral and dorsal striatum have been implicated in different mouse models of
autism (Fuccillo, 2016).

The AIS and its plasticity in striatal dopaminergic neurons has not been
investigated so far. Generally, the phasic firing of dopaminergic neurons of the
basal ganglia encodes for behaviorally relevant stimuli (Canavier et al., 2016).
As in cortical neurons, the AIS is the key determinant for firing rate in these
neurons and the firing rate itself is dependent on many factors including intrinsic
ionic conductance, level of synaptic input, and the morphology of the
somatodendritic compartment (Canavier et al.,, 2016; Jang et al., 2014).
Computational modeling studies showed that the spontaneous firing rate
increased with AlS length and is the causal determinant for the firing rate in

dopaminergic neurons (Meza et al., 2018).
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We set out to investigate whether AlS showed signs of structural remodeling in
the ventral and dorsal striatum after VPA-exposure.

Striatal AlS length was analyzed in juvenile (P15) and adult wildtype control
mice (P45). Interestingly, even under control conditions, striatal AlS are clearly
shorter than cortical AlS. While AIS of layer II/lll and layer V of S1BF displayed
a medium length of at least 30 ym or longer at the age of P15, the medium
length of AIS in the striatum was just around 22 pm. This would be
approximately the size of cortical AlS at very early postnatal stages. The shape
and arrangement of striatal AIS also shows differences compared to cortical
AIS: in the cortex, AlS are oriented perpendicular to the pial surface, presenting
almost parallel to one another in coronal sections (e.g. Figure 15 and 16). Even
at early postnatal stages, where AlIS present a more corkscrew-like shape, they
still appear in this orientation (Figure 15 and 16). In the striatum, no specific
orientation of AlS was found. AlS are “cluttered”, and three-dimensional folded,
making it more complicated to identify single AIS and their originating soma.
This is of course due to the fact that the mouse striatum is not a histologically
“layered” structure. The length difference between SPN and cortical pyramidal
neurons is also most likely due to soma size. As shown, AIS scale with
somatodendritic geometry (Kole & Brette 2018, Goethals & Brette, 2020) and
therefore, shorter AlIS were expected for a cell population that is smaller in

somatic diameter.

Based on the significant AIS length decrease in layer V pyramidal neurons in
VPA-exposed mice, we hypothesized that this shortening — if an indication of
increased excitability in cortical networks - would elicit a subsequent effect on
AIS length in downstream pathways. AlS length was therefore expected to be
increased in the DLS. Interestingly, AIS length in striatum at P15 was
unchanged between both groups and also showed similar length distribution
patterns (Figure 26). However, in the adult samples, AlIS length of the VPA
group were significantly longer compared to controls (Figure 26). It is tempting
to speculate that the decreased excitability of neurons with shorter AIS in layer
V of S1BF causes opposing effects in the striatum. Here, AIS receiving less

input would consequently elongate in order to maintain their optimum firing rate.
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In addition to overall AIS length analysis, the analysis of length distribution
patterns showed interesting differences between the groups: AIS of controls
concentrated more towards shorter lengths, while length distribution in the VPA
group was heterogeneously distributed. In this context, it would be interesting to
analyze the soma-to-AlS-distance and to confirm the negative correlation of the

firing frequency that has been reported previously (Goncalves et al., 2017).

Since the length changes observed in striatal AIS were only small, it was not
surprising that no significant differences in the immunoblot analysis of ankG or
RIV-spectrin could be observed. Again, both proteins are abundantly expressed
also in striatal cell populations and subtle changes could simply be masked or
remain below the detection threshold of the assay.

VPA-exposure has resulted in significant effects on AlS geometry in different
regions of the cortico-striatal circuit (Figure 32). It seems, as if the
somatosensory input onto layer Il/lll is not altered, so neurons don’t have to
adapt to changes of excitability. This is according to publications by other
groups, showing that sensory input to the cortex is not altered, but rather the
intracortical connections (Unichenko et al., 2018). Therefore, the possible
effects of VPA on pre- and postsynaptic plasticity and transmitter release could
contribute changes of the E/I balance and result in shortening of the AIS in layer
V (Gassowska-Dobrowolska et al., 2020). Alteration in layer V AP properties
could have an effect on the striatum, however, one has to consider that the
striatum also receives input from other regions such as the thalamus, amygdala
or hippocampus. The changes of AIS length in the DLS can therefore not
exclusively be ascribed to the influence of altered cortical processing. Further
studies have to be carried out to expand on the knowledge about how VPA-
induced modifications in other brain areas could contribute to altered AlIS length
in the DLS.
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Figure 32: Synopsis of the influence of VPA on S1BF and the striatum of rodents

A: In the control group, thalamocortical circuits are precisely coordinated, and the ratio of
excitation and inhibition is balanced. B: In the VPA-exposed group, AlS length of layer Il/llI
neurons showed no difference compared to controls. Alterations of pre- and postsynaptic
function, as well as in ion channel function and number results in increased excitation levels,
which causes neurons of layer V to shorten. Decreased signals from layer V to the DLS cause
a reflective elongation of the AIS, ultimately resulting in a disbalance of excitation and
inhibition that contributes to the presentation of ASD symptoms.
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Influences of FOXP1 haploinsufficiency on striatal circuits
FOXP1*"- impacts AlIS morphology

FOXP1 is involved in transcriptional processes during striatal neurogenesis
(Anderson et al., 2020). Disruptions of this pathway might explain possible
anatomical changes in the basal ganglia. Brain-specific FOXP1 deletion has
been reported to show gross morphological defects, with a reduction of total
striatal area throughout development in rodent basal ganglia (Bacon et al.,
2015). To investigate if FOXP*- has similar effects on striatal morphology, we
performed TH immunohistochemistry followed by the analysis of total striatal
area. Out data shows that heterozygous deletion of FOXP1 does not lead to the
significant anatomical aberrations seen in the brain-specific FOXP1 knock-out
(Figure 29).

AIS length analysis of striatal samples of FOXP1*- and controls showed that the
average AlS length in striatal samples is comparable to the length measured in
the VPA-model and its controls, presenting a medium length of approximately
22 ym (Figure 30). Contrary to what was detected in the VPA-induced model,
AIS in the DLS were just slightly, but significantly shorter compared to wildtype
controls in the case of the FOXP1*~ model. AlS of the DMS on the other hand
were not affected and showed no difference between both groups. Shorter AlS,
as a result of an overstimulated dopaminergic circuit in the DLS with its inputs
from primary motor and somatosensory cortices, could present a possible
explanation for altered motor behavior and repetitive movements that were
described for this model (Lee et al., 2018). Similar to our observations in the
VPA model, structural differences in AIS length were only small, and were not
seen in immunoblot analysis of ankG protein expression. Due to methodological
limitations, whole brain samples were used for this analysis. FOXP1 is
distributed not only in the striatum, but also in other cortical areas. Influences of
FOXP1 haploinsufficiency on AIS morphology and on ankG expression levels
might be hidden under the global effects and total amount of ankG in the brain.

Protein expression of voltage gated sodium and potassium channels were
significantly reduced in FOXP1*- mice (Figure 31). This could present a more
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significant effect on neuronal excitability as changes in voltage-gated ion
channels have a large impact on AP properties (Kole et al., 2007). As outlined
in the Introduction (2.4.3) and in section 5.4.1, Ky are critical for stabilizing the
resting membrane potential, ensuring a high availability of Nay channels, and
modulation the waveform of the AP (Battefeld et al., 2014). Nav are critical for
AP initiation and backpropagation (Hu et al., 2009). Interestingly, mutations of
Kv channels are associated with neurodevelopmental disorders in humans (Li
et al., 2020). Intruiguingly, heterozygous male mice showed significantly
pronounced symptoms, which is of special interest in the context of the sex
differences observed in ASD. The heterozygous loss of Kv7.2 induced repetitive
movements such as increased marble burying and a decrease of social interest
(Kim et al., 2020). Reduction of Ky protein expression could show the same
effects as heterozygous deletion: namely, the development of autism-typical
behaviors.

Therefore, to further elucidate the impact of the observed changes in VGSC
expression, electrophysiological recordings should be performed in future
studies.

ASD and the gender bias?

The striking difference in the number of males and females diagnosed with ASD
has become the center of attention and discussion. A systematic review and
meta-analysis of over 50 studies conclude the male-to-female ratio to almost
3:1 (Loomes et al., 2017). Even higher ratios have been reported in the past,
especially in Asperger’s syndrome (Fombonne, 2012). It has been suggested
that diagnostic difficulties and protective mechanisms of the female sex might
contribute to this gender bias (Kirkovski et al., 2013; Robinson et al., 2013). Our
current understanding of factors that contribute to the differences that emerge
in females and males are limited, and genetic and neuroanatomical differences

have not been studied to a great extent (reviewed in Jeon et al., 2018).

Under these circumstances, it seemed obvious to separate our results by
gender. The effect of AIS shortening in the striatum of FOXP1*~ mice was
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pronounced in males (Figure 30). AlS of the DLS in male mice were significantly
shorter compared to male WT controls. When comparing both groups of female
mice, no difference in AIS length could be observed. Some form of
hyperexcitability in male striatal circuits — here indicated by AIS shortening —
could help to explain why the behavioral phenotypes are found to be more
severe and more clearly presented in males than females (Kirkovski et al.,
2013). It has to be kept in mind though that the total number of animals used in
this study was quite small (n=12). To further underline this interesting finding,
future studies should increase the number of experimental animals of both

genders.
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Figure 33: Synopsis of the influences of FOXP1*" on striatal circuits

A: In FOXP1 WT mice, the ratio of excitation and inhibition is balanced. B: In FOXP1*" mice
increased excitability of upstream pathways could be causative for the shortening of AIS
length and channel downregulation, in order to reduce the level of excitation. AlS of FOXP1*-
males showed a pronounced affect in comparison to FOXP1+/- females. This could help to
explain the gender bias observed in the FOXP1+/- model of autism and ASD in general.
Functional consequences of this length decrease, and channel reduction remain unclear and
could be the subject of further studies.

Similarities and differences between the two ASD models

One aim of this study was to elucidate possible commonalities between two very
different mouse models of autism that could help to uncover common
morphological changes underlying the pathophysiology of ASD and also serve

to validate animal models.
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Interestingly, we found that FOXP1 protein expression was slightly reduced in
striatum of VPA-exposed mice. Reduced levels of FOXP1, either triggered by
heterozygous deletion of FOXP1 or the exposure with VPA could therefore
present one possible commonality between the two ASD-models investigated
in this study. Mutations of the transcription factor FOXP1, that is crucial for
global cognitive development and gross motor function, have been linked to
neurodevelopmental disorders such as ASD and Intellectual Disability (Ayhan
and Konopka, 2019; Bowers and Konopka, 2012; Co et al., 2020; Siper et al.,
2017). Apart from various other regions, FOXP1 is strongly expressed in cortical
layer V (Anderson et al., 2020). If one mechanism of VPA would be the reduction
of FOXP1 expression in cortical layers, this could explain why AIS length
changes in layer V appeared more clearly. Cortical neurons of individuals with
mutations in FOXP1 showed altered dendritic morphology (Li et al., 2018), a
mechanism that was also indicated as a contributing factor to the altered E/I

imbalance in the VPA model of autism (Gogolla et al., 2009).

AIS in circuits of the DLS did also seem to be altered in both models: In case of
the VPA model, a slight elongation was detected, whereas in FOXP1*", a
significant reduction of AlS length was seen. Both effects might be implications
for altered network states and E/I imbalances in circuits upstream of the
striatum, e.g. S1BF. Of note, the striatum does not only receive input from S1BF,
but from other sensory cortices, the motor cortex, associative areas, insular
cortices and the thalamus (Burke et al., 2017; Fuccillo, 2016); Figure 9). Its role
lies in the integration of all incoming information for action selection and initiate
adequate behavioral responses (Fuccillo, 2016). Disturbances in any of those
regions could therefore contribute to the morphological changes that were

observed in DLS and cannot be ascribed to input from S1BF alone.

Unfortunately, cortical samples of FOXP1*-mice and samples of younger mice
were not available to us during the course of this study. Whether FOXP1 has an
effect on the morphology of cortical AlS in supra- or infragranular layers, and if
developmental processes are altered in this ASD model therefore remains
unclear at this point and could present the basis of further studies.
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6 SUMMARY

The axon initial segment (AlS) constitutes the site of action potential generation
in neurons and thus plays an important role in the regulation of cellular
excitability and neuronal circuit function. Recent studies have shown that the
AIS can undergo structural and functional plasticity both during development
and in the adult. Changes can include the remodeling of length and position,
both dependent on the network state. It has been hypothesized that an
imbalance of excitation and inhibition in the fronto-striatal circuitry is involved in
the development of ASD phenotypes. The AIS, as a dynamic regulator of
intrinsic excitability and neuronal circuit function might contribute to this
imbalance.

VPA is an antiepileptic drug that is known to be highly teratogenic and has
severe effects, including the development of autistic features, on the unborn
child when taken during pregnancy. Similar effects after in utero exposure could
be found in rodent models. Analogies in brain structure and similarities of
behavioral patterns between VPA exposed rodents and patients with ASD lead
to the conclusion that the VPA-model of autism is suitable to investigate
changes to neuronal circuits in the autistic brain.

The transcription factor forkhead box protein 1 (FOXP1) has been shown to
regulate neuronal excitability in striatal spiny projection neurons (SPN) and has
been identified as a risk factor in the development of ASD. FOXP1 knockout
(FOXP17) mice show typical ASD features such as restrictive and repetitive
patterns of behavioral output, deficits in learning, memory and social interaction.
The question, if ASD-typical neurodevelopmental changes and behavioral
patterns could be traced back to alterations in AIS morphology have not been
addressed so far. Thus, this thesis was carried out to analyze possible
alterations of AIS development and intrinsic neuronal excitability and find
possible anatomical correlations with the ASD phenotype.

Using a combination of immunofluorescent staining, confocal microscopy and
3D reconstruction, Western blot analysis and electrophysiological recordings,
the aim was to detect a broad spectrum of anatomical and functional changes
corresponding to ASD phenotypes at the single neuron level. The VPA and

114



Summary

FOXP1*- models were chosen to evaluate commonalities and differences
between two different mouse models of ASD.

AIS plasticity was analyzed in different areas along the pathway of the fronto-
striatal circuit in the VPA-model. Firstly, in layer Il/lll of S1BF no changes to AlS
length or number of inhibitory synapses were detected, indicating that the
sensory input to cortical regions might not be affected by VPA exposure.
However, several mechanisms could contribute to the shortening of AIS length
that was observed in layer V throughout development. Alterations of synaptic
transmission and ion channel constitution could result in higher neuronal activity
and lead to shortening of AIS length in layer V, accompanied with changes in
intrinsic firing properties of the neurons, which were detected by whole-cell
patch-clamp recordings. Interestingly, while infragranular AIS showed a length
decrease, medium spiny neurons of the dorsolateral striatum (DLS) showed the
opposite, an increase in AIS length, possibly indicating a homeostatic
mechanism of AIS length remodeling.

Of note, in adult FOXP1* mice, AIS were elongated in the DLS compared to
the control group. This morphological change was accompanied by a
downregulation of ion channel protein expression. Possible commonalities
between the two different models could be morphological changes in the DLS
of rodents, leading to the presentation of ASD-typical behavioral pattern such

as repetitive movements.

Taken together, the data are the first to indicate that AIS length changes in
infragranular pyramidal neurons of S1BF and/or medium spiny neurons of the
DLS could contribute to the phenotype observed in these two distinct and
commonly-used murine models of ASD, possibly by exacerbating an already
existing imbalance of excitation and inhibition in neuronal networks. Functional
data obtained by patch-clamp recordings further underscore the fact that ASD-
neurons possibly restructure their ion channel architecture and thus undergo
significant changes of their own intrinsic excitability, thereby affecting the
surrounding network. Moreover, data of the current thesis also provides some
evidence for a gender-dependent phenotype in line with observations from

human cases.
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8 APPENDIX

8.1 Individual Statistical Results

Table 11: VPA-model: Individual Results of AlIS length measurements

Age Group Study n  mean length S.D.M. min. length max. length
(um) (um) (um)
P45 NaCl BC, Layer I/l 5 30,00 1.35 28,16 31,32
P45 VPA BC, Layer I/l 6 28,61 2.46 25.02 32.27
P45 NaCl BC, Layer V 5 26.14 1.19 24.66 27.84
P45 VPA BC, Layer V 6  23.99 1.67 21.63 25.96
P45 NaCl DMS 6 22,810 5,776 10,151 42,675
P45 VPA DMS 6 22,395 5,318 10,836 38,532
P45 NaCl DLS 5 2257 1.259 21.48 24.60
P45 VPA DLS 5 2462 1.375 22.65 26.08
P15 NaCl BC, Layer I/l 6  32.57 1.49 30.50 34.38
P15 VPA BC, Layer I/l 6  31.53 4.26 23.99 36.08
P15 NaCl BC, Layer V 6 35.68 2.83 32.31 40.11
P15 VPA BC, Layer V 6 3017 2.77 26.22 34.33
P15 NaCl DLS 5 2293 1.61 20.58 24.77
P15 VPA DLS 6 2357 2.02 21.22 25.53
P3 NaCl BC, Layer I/l 4 19.08 0.67 18.33 19.62
P3 VPA BC, Layer I/l 6  20.32 1.91 16.73 21.96
P3 NaCl BC, Layer V 6 20.66 3.37 17.58 26.78
P3 VPA BC, Layer V 7 20.52 2.37 17.05 32.01
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Table 12: Comparison of AIS lengths in VPA

age area comparison P-value, One-way ANOVA
P3 BC NaCl I/l VPA I/l 0.3205
NaCl Vv VPA YV 0.9308
P15 BC NaCl I/l VPA I/l 0.5878
NaCl Vv VPA YV 0.0067
P45 BC NaCl I/l VPA I/l 0.2897
NaCl Vv VPA YV 0.0396
area group comparison P-value, One-way ANOVA
Layer II/11I NaCl P3 P15 <0.0001
P3 P45 <0.0001
P15 P45 0.0214
VPA P3 P15 0.0001
P3 P45 0.0008
P15 P45 0.2518
Layer V NaCl P3 P15 0.9308
P3 P45 0.0125
P15 P45 0.0001
VPA P3 P15 <0.0001
P3 P45 0.0403
P15 P45 0.0008
area group comparison P-value, t-test
DLS NaCl P15 P45 0.6979
VPA P15 P45 0.3489
P15 NaCl VPA 0.5862
P45 NaCl VPA 0.0389
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Table 13: Individual statistical results for AIS length distribution

age study comparison P-value, K-S-Test
P15 DLS NaCl VPA 0.3676
P45 DLS NaCl VPA 0.0103

DLS FOXP1++ FOXP1+- 0.2192

DMS FOXP1++ FOXP1+- 0.1985

FOXP1++ DLS DMS 0.0541

FOXP1+- DLS DMS 0.0713

Table 14: Individual statistical results for Western blot analysis

age area protein NaCl VPA P-value, One-way ANOVA
P3 cortex RIV-spectrin 0.9040 0.8840 0.8352
ankG 480 kDa 0.9970 1.270 0.1156
ankG 270 kDa 0.9040 0.8470 0.7753
ankG 190 kDa 0.0950 0.3720 0.1496
panNay 0.9500 0.8380 0.6054
Kv7.2 1.019 0.9000 0.1500
P15 cortex RIV-spectrin 0.8861 1.160 0.0447
ankG 480 kDa 1.129 0.9121 0.7701
ankG 270 kDa 0.889 0.912 0.2045
ankG 190 kDa 0.9974 1.075 0.7467
panNay 0.7765 1.332 0.1277
P45 cortex RIV-spectrin 1.1400 1.005 0.3444
ankG 480 kDa 0.7020 1.380 0.2189
ankG 190 kDa 0.9980 1.285 0.1357
panNay 1.578 0.9550 0.1184
P15 striatum panNay 1.194 0.974 0.5527
RIV-spectrin 0.9869 1.2856 0.5093
FOXP1 1.54 0.977 0.6338
ankG 480 kDa 0.885 0.982 0.8531
ankG 270 kDa 1.034 1.044 0.9646
ankG 190 kDa 0.996 1.081 0.6003
P45 striatum RIV-spectrin 2.239 2.214 0.9282
panNay 0.895 0.868 0.3103
ankG 190 kDa 0.9390 1.226 0.3762
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Table 15: Active and passive properties of whole-cell patch-clamp recordings (layer Il/lll)

parameter NaCl VPA t-test
Mean SD Min. Max. S.E.M. N Mean SD Min. Max. S.E.M. N
RMP (mV) -81.44 586 -89.97 -71.88 5.86 9 -80.86 6.839 -91.24 -70.5 2.792 6 0.8639
Rn (MQ) 2425 1054 124.2 453.8 35.12 9 298.6 95.95 184.1 459,3 39.17 6 0.3147
Current Threshold (pA) 189.7 4577 1316 263.1 16.18 8 232.6 133.2 131.8 464 .4 59.55 5 0.4124
Voltage threshold (mV) -56.68 5486  -69.56 -50.09 1,829 9 -54.55 5.328 -63.49 -48.16 2.175 6 0.4683
AP amplitude (mV) 104.3 11.8 85.13 121.0 3.93 9 102.2 4.86 1.985 97.75 109 6 0,6956
AIS half width (ms) 3.599 0.759 2.0 45 45 9 3.221 0.903 1.873 4.1 0.368 6 0.3955
AIS peak (V/s) 89.82 47.48 129.3 9.153 9 89.23 30.41 64,97 147.4 12.42 6 0.9694
Soma peak (V/s) 2126 77.83 110 289.9 25.94 9 174.2 60.4 104.3 280.5 24.66 6 0,3274
Table 16: Active and passive properties of whole-cell patch-clamp recordings (layer V)
parameter NaCl VPA t-test
Mean SD Min. Max. S.E.M. N Mean SD Min. Max. S.E.M. N
RMP (mV) -76.18  3.084 -80.16 -69.68 0.9751 10 -73.81 2.157 -76.22 -69.36 0.682 10 0.622
Rn (MQ) 338.7 1311 1383 621.7 41.46 10 367.6 149.3 202.6 594.8 45.02 10  0.6437
Current Threshold (pA) 154 34.06 100 200 10.77 10 147 41.91 100 230 13.25 10 0.6867
Voltage threshold (mV) -51.44 24 -56.94 -47.94 0.759 10 -52 3.839 -57.6 -46.76 1.214 10 0.5587
AP amplitude (mV) 94.66 4984 85.58 102.9 1,576 10 98.11 5.694 85.49 104.1 1.801 10 0.166
AIS half width (ms) 5.615 0433 409 6.3 0.137 10 4.595 0.491 4.1 5.8 0.155 10  0.0001
AIS peak (V/s) 67.91 1144 51.23 84.96 3.619 10 90.52 20.54 64.35 122.4 6.495 10  0.0070
Soma peak (V/s) 111 13.92 93.09 136.8 4.403 10 134.0 31.27 69.35 174.9 9.889 10  0.0478
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Table 17: P-values of multiple comparisons of the input-frequency curves

NaCl vs. VPA, Layer I/l

NaCl vs. VPA, Layer V

0 pA - 0.9990
50 pA >0.9999 >0.9999
100 pA 0.6986 >0.9999
150 pA 0.9823 0.9989
200 pA >0.9999 0.9998
250 pA 0.9902 0.9939
300 pA 0.9649 0.9987
350 pA 0.7300 0.9441
400 pA 0.9410 >0.9999
450 pA >0.9999 0.9484
500 pA >0.9999 0.9991
550 pA >0.9999 -
600 pA >0.9999 -
650 pA >0.9999 -
Table 18: Quantification of striatal area
Group Min. area Max. area Mean area SD P-value, t-test
(mm?) (mm?) (mm?)
FOXP1++ 0.056 0.18 0.12 0.42
FOXP1+- 0.089 0.143 0.12 0.02 0-9804
Table 19: Individual statistical results of FOXP1 AIS length measurements
Age Group Study N Mean S.D.M. t-test, Min. Max.
length p-value length length
(um) (um) (um)
P45 het Male 3 21.37 5.705 <0.0001 10,0800 44.73
wt 2 23,33 5,548 10,0800 39,4800
het Female 5 21,96 5,83 10,89 44,73
wt 2 21,18 5,32 0.0136 10,08 39,48
het DLS 8 21,74 1,83 0.0398 10.08 38.64
wt 4 22,75 5.653 10.08 40.53
het DMS 8 21.43 5,725 0.3454 10.08 44.73
wt 4 21.75 5.375 10.08 39.48
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Table 20: Individual statistical results for AIS length distribution in FOXP1

Age Study Comparison K-S-Test, P-value
P45 DLS FOXP1++ FOXP1+- 0.2192

DMS FOXP1*+ FOXP1+- 0.1985

FOXP1++ DLS DMS 0.0541

FOXP1+- DLS DMS 0.0713

Table 21: Western blot analysis of the striatum in FOXP1

Age  Area Protein FOXP1** FOXP1*- One-way ANOVA, P-value
P45 striatum FOXP1 1.29+0.22 0.67 £ 0.28 0.0372

ankG 190 kDa 0.99 +0.28 1.06 £ 0.27 n.s.

ankG 480 kDa 1.07 £0.39 0.93+0.16 n.s.

panNay 140+ 0.22 0.62 + 0.02 0.0169

KCNQ2 1.63+£0.37 0.52+0.18 0.0316
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8.4 Equipment

Table 22: Equipment used for Staining and Microscopy

Equipment

Name/ Specification

Source

Confocal Microscope 1

Confocal Microscope

Laser wavelengths:

Nikon Instruments Europe,

Disseldorf, Germany

488 nm; 548 nm; 642 nm
Objectives:

Nikon Plan Apo VC 20x NA 0.75
oil immersion

Nikon Plan Apo VC 60x NA 1.4 oil

immersion

Confocal Microscope 2

Confocal Microscope Leica Biosystems, Wetzlar,
Laser wavelengths:

Ar 488 nm/ 20 mW and 514 nm /
20 mW, DPSS 561 nm/ 20 mW,

HeNe 633 nm /10 mW Objective:

Germany

VC 63x NA 1.4

oil immersion

Cryostat Microm HM 550 Thero Scientific, Waltham,
USA
Glass slides SuperFrost™ ThermoScientific, Waltham,
USA
NA = numerical aperture
Table 23: Equipment used for Western Blot
Equipment Name Source

Bradford essay plate reader

Infinite 200 PRO

Tecan Trading AG,

Mannedorf, Switzerland

Electrophoresis chamber

PerfectBlue Twin S dual gel system

VWR International, Vienna,

Austria

Blotting chamber

Mini Trans-Blot™ Cell

BioRad, Hercules, USA

Aquisition chamber

Fusion Solo Chemiluminescence
4M

Vilber Lourmat, Eberhardzell,

Germany

Acuisition software

Fusion solo

Vilber Lourmat, Eberhardzell,

Germany

147



APPENDIX

Table 24: Equipment used for patch-clamp recordings

Equipment Name Source

Amplifier EPC 10 USB HEKA Electronics GmbH,
Lambrecht/Pfalz, Germany

Amplifier software PatchMaster 2x90

Pipette Puller

P-97 Flaming/ Brown micropipette puller

Sutter Instruments, Novato,
USA

Vibratome VT 1200 S Leica Biosystems, Wetzlar,
Germany
Microscope ECLIPSE FN1 Nikon Instruments Europe,
Upright microscope, IR-DIC Disseldorf, Germany
10x objective water immersion NA 0.10,
WD 3.5 mm
40x objective, water immersion, NA
0.80, WD 3.5mm
Camera OrcaFLash 4.0 LT, Scientific CMOS Hamamatsu Photonics,

Microscopy Camera FL400-Sensor with

4.0 megapixels

Hamamatsu City, Japan

Light source

Photofluor LM-75

89 North, Williston, USA

Micromanipulator

Sensapex piezo-driven

micromanipulator, SMX series

Sensapex, Oulu, Finland

XY Microscope Stage

MT-10001

Sutter Instruments, Novato,
USA

Peristaltic pump

Reglo analog

Ismatec, Wertheim,

Germany

Bath chamber

RC-27, rectangular ope bath chamber

Warner Instruments,
Hamden, USA

Glass capillaries

GB 150F-10 0.86x1.50x100 mm

Borosilicate glass with filament

Science products, Hofheim,

Germany

Harp

HSG-5F harp slice grid

ALA Scientific Instruments,
New York, USA
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8.5 Software

Table 25: Software

Application

Software

Source

AIS length analysis

AlSUite

Roos, Engelhardt et al.,
unpublished

Image processing

Adobe Photoshop CS4, V
2020

Adobe Inc., San José, USA

Western Blot quantification

ImagedJ 1.51, FlJI

Wayne Rasband, NIH, USA

Electrophysiology data

FitMaster 2x90

Origin 8.0 Pro

AxoGraph 1.7.2

HEKA electronics GmbH,
Lambrecht/Pfalz, Germany
OriginLab, Northhamptom, USA
AxoGraph Scientific, John
Clemets, USA

Statistical analysis

SigmaPlot 12.5

Systat Software GmbH, Erkrath,

Germany

Graphs GraphPad Prism 5.0 GraphPad Software, San Diego,
USA
Illustration Adobe lllustrator CS4, V 2020  Adobe Inc., San José, USA

Citation manager

EndNote X9

Clarivate Analytics, Jersey, USA

Writing Microsoft Word for Mac, Microsoft Cooperation,
Version 16.45 Redmont, USA
Image Deconvolution Autoquant X3 Media Cybernetics, Rockville,
Maryland
Image Processing IMARIS V9.0 Bitplane, Ziirich, Switzerland
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