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Abstract

Autism spectrum disorders (ASDs) represent a heterogeneous group of
neurodevelopmental disorders character ised by deficits in social
interaction and communication, and by restricted and stereotyped
behaviour. The diagnosis of autism is based on behavioural observation

of the subject as research has not yet identified specific markers. Today,
several studies sh ow that disturbances in sensory processing are a
crucial feature of autism. Indeed, around 90% of individuals diagnosed

with autism show atypical responses to various sensory stimuli. These
sensory abnormalities (described as hyper - or hypo -reactivity to
sensory stimulation) are currently recognised as diagnostic criteria for

autism. Among the sensory defects , tactile abnormalities represent a
very common finding impacting the life of autistic individuals . It has
been shown how abnormal responses to tactile stimuli not only correlate
with the diagnosis of autism but also predict its severity. Indeed hypo -
responsiveness to tactile stimuli is associated with greater severity of the

main symptoms of autism. To date, the neural substrates of these

behaviours are still poorly understood.

Over the years, the use of genetically modified animal models has
enabled a major step forward in the study of the aetio logy of autism
spectrum disorders. Interestingly, several animal models that carry
autism - related mutations al so show deficits of a sensory nature. This is
the case with the Shank3b -/~ and Cntnap2 -~ mouse model s, strains in
which the expression of the gene in question is suppressed. The SHANK3

gene encodes for a crucial protein in the structure of the postsynapti Cc
density of glutamatergic synapses. In humans, haploinsufficiency of
SHANKS causes the Phelan - McDermid syndrome, a
neurodevelopmental disorder characterised by ASD - like behaviour,
developmental delay, intellectual disability and absent or severely

delayed speech. Individuals with Phelan - McDermid syndrome often



show dysfunctions in somatosensory processing, including disturbances

in tactile sensitivity. CNTNAP2 codes for CASPR2, a transmembrane
protein of the neurexin superfamily involved in neuron - gliaint eractions
and clustering of potassium channels in myelinated axons . Missense
mutation in CNTNAP2 is causative of cortical dysplasia - focal epilepsy
syndrome (CDFE), a rare disorder characterized by epileptic seizures,
language regression, intellectual disability, and autism. Following these
findings, mice lacking the Shank3b isoform (Shank3b /-) and Cntnap2

gene (Cnt nap2 -/-) show autistic - like behaviour s.

In this study, we used an interdisciplinary approach (behavioural,
molecular, and imaging techniques) to study the neuronal substrates of
whisker - mediated behaviours in genetic mouse model s of ASD. We
performed two b ehavioural tests, namely the textured novel object
recognition test tNORT) and the whisker nuisance test (WN) to have in -
depth insight in whisker dependent behaviours. Following behavioural
assessment, through a molecular approach, we investigated the neu ral
underpinnings of this aberrant behaviour. We evaluated neuronal
activation in key brain areas involved in the processing of sensory
stimuli via  c- fos mRNA in situ hybridization. Finally, using a seed - based
approach in resting - state functional magnetic resonance imaging
(rsfMRI) we probed the functional connectivity phenotype of these

mutant mice. The contribution of the peripheral nervous system to
sensory processing was also assessed via RT - gPCR at the level of the

trigeminal ganglion.

Sensory abnormal ities that characterize ASDs represent a symptom of
primary relevance in the life of autistic individuals. Scientific research

has only recently addressed this important aspect and animal models
represent a useful preclinical tool to investigate the causal role of genetic

mutations in the aetiology of ASDs. In such context, the complementary



approach used in this work represents a crucial step to the

understanding of sensory - related deficits which characterize ASD.
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Introduction

Autism Spectrum Disorders (ASDs) in the scope of sensory

abnormalities

Autism spectrum disorders (ASDs) and autism are general terms for a
heterogeneous group of neurodevelopmental conditions characterized

by challenges in social skills such as interactions and communication
deficits, accompanied by restricted and stereotyped behaviours (DSM - V:
American Psychiatric Association 2013). Being autism a spectrum of
conditions, both strengths and unique abilities are associated with the
disorder as well as severe challenges. For this reason, autism is defined

in terms of deficits an d symptoms following the definition of the
DL 1 TiiED OTUijSTE31Tij ! TTAdijTE3TdbhoT DTErbar
Mental Disorders (DSM). Several studies also indicate that abnormal
sensory processing represents a crucial feature of ASD. About 90% of

auti stic individuals show atypical responses to different types of sensory

stimuli (Robertson and Baron - Cohen 2017), and sensory abnormalities
(described as both hyper - and hypo - reactivity to sensory input) are
currently recognized as diagnostic criteria of AS D (DSM - V: American
Psychiatric Association 2013) demonstrating its primary importance in

the description of autism. Abnormal sensory reactivity represents a

crucial issue in autism research since it likely contributes to other ASD
symptoms such as anxiety, stereotyped behaviours, as well as cognitive

and social dysfunctions (Ben - Sasson et al., 2007; Sinclair et al., 2017).

The correlation among autism and sensory deficits is not a novelty.
Formerly, Dr. Kanner one of the first to describe autism, included
different atypical sensory behaviours in his analysis (including
heightened sensitivity to noise and touch, attraction to visual patterns
and spinning objects, finger - stimming in front of the eyes) although

considering them as secondary phenomenon (Kanner 1943). The
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researchers Bergman and Escalona were the first instead to describe a

r{dsRrR df jSTYL1¢Lb usa ULt RE{3TijsSYELY
TEBTTI3TOT3TLT THh TLOL1lEY TtbhTdlU DHALEYT
1947) hypothesizing that an early developmental onset of sensitivity to

sensory stimuli would cause social withdrawal in childhood. Dr. Eveloff

later described different behavioural difficulties faced by autistic

children (Eveloff 1960). He proposed that altered sensory processing in

autism might repre sent the effect of the lack of early experiences of

environmental stimuli, therefore, interfering with the development of
self-1tR1ULTLB3IE3TADBT. D|. adpTrthgRLl RBSSE®TAE:
autistic children, showing that they have significantly more s ensory

processing abnormalities than typically developing (TD) children (Wing

1969). She was the first to suggest including abnormal sensory
RE]1LIjLR3ISEY FLE3S{LT ET E R1dARE]l] LTErbaT3T
Th E&3TTbo. kdULOL], e firstdbgnpstidedtdia Thij Y& LLEL
for autism by DSM in 1980 (DSM - 3: American Psychiatric Association

1980). Another line of research came in parallel in the same years from

the field of occupational therapy (OT). Drs. Ayres and Robbins

formulated the theory  of sensory integration (SI) dysfunction to describe

several neurological disorders including autism (Ayres and Robbins

1979). This theory tried to relate sensory processing deficits with

behavioural abnormalities and had the merit to define Sl in terms of

behavioural responses identifying for example tactile defensiveness and

fight - or - flight reactions. However, sensory processing disorder was not

T3TYY jabTTLLietl E LTTA1LLt]l] RE]l Tt.- aT3S |
RE1ijtR3TAdb" 3ddw Sa¥oB3). Héconcluded theesenso® 3 L

symptoms found in the autistic population were the result of deficits in

social cognition. It is not the processing of a sensory stimulus per se that

creates difficulties in the autistic subject, but rather the processing of

stimuli of emotional nature (i.e., those that possess a social content).

Finally, only in 2013 sensory processing deficits were included for the



first time among the international diagnostic criteria of autism in the
revision of the Diagnostic and Stati stical Manual of Mental Disorders

(DSM - V).

From a clinical point of view, sensory deficits are documented already in

the 6th month of life of infants later diagnosed with autism (Baranek et

al., 2013; Esters et al., 2015). This gives us dual information, f irstly that
sensory symptoms anticipate social and communication deficits (Estes

et al., 2015), and secondly that abnormal sensory traits could be
predictive of the autistic condition (Turner - Brown et al., 2013). This
appears strikingly evident when consid ering that not only the vast
majority of individuals diagnosed with autism experience atypical
reactivity to sensory stimuli (Marco et al., 2011; Robertson and Baron -
Choen 2017), but also that this affects every sensory modality: smell
(Galle et al., 2013; Rozenkrantz et al., 2015), taste (Tavassoli et al., 2012),
audition (Bonnel et al., 2003), vision (Simmons et al., 2009), and touch
(Marco et al., 2012; Puts et al., 2014). It seems clear that understanding

the neurobiological bases underlying these senso ry processing deficits
represents a new challenge for ASD research, specifically aiming to
identify early biomarkers and novel possible therapeutic strategies for

these disorders.

Tactile Sensitivity in ASD.

The typical description of sensory processing ab normalities in autistic
TBLTOTLSEYT FEYYT THh 39t TRUAPHITTEHEVEITT " df xxb
1TLtTRABTTOLBLTT ., EBL x f ET-Yespbrsive@eSs, ab& | T34 E 31

called hyper -TEBTT3TOT30, {(tft1T 3a ijSTYL{1th it
sensory stimulation ¢ ompared to controls (Grandin 1992, Baranek et al.,

1994), often associated with negative emotion or active avoidance of

stimulation. However, the terminology used in clinical reports and
SLET3TABDBETI LT df3Lbh FETWHTROD TTORBLEFTTDO rf
xXTbRET1tL SEIT3SE3TADB ., =-ditdotl, T3 TT &
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the hyper - excitability of the sensory cortex or the expression of negative
emotions to tactile stimulation. Conversely, under - responsiveness, also
described as hypo - sensitivity, is chara cterized by reduced reactivity to
sensory stimulation and sensory seeking (Baranek et al.,, 1997). Both
over - and under - responsiveness then fall under the general term of
tactile defensiveness (Baranek et al., 1994), which describes both
abnormal emotional responses to tactile stimulation as well as

withdrawal/avoidance of a stimulation.

The majority of studies investigating tactile dysfunction in ASD have
traditionally focused on parent and teacher reports and questionnaires.
Several studies described tacti le abnormalities using sensory profiles
(SP; Mikkelsen et al., 2018; Rogers et al., 2003b; Ben - Sasson et al., 2007,
Foss- Feig et al., 2012; Cascio et al.,, 2016). Other tests including the
Infant/Toddler Sensory Profile (ITSP), Infant - Toddler Social and
Emo tional Assessment (ITSEA), Autism Diagnostic Interview - Revised
(ADI - R), and Autism Diagnostic Observation Schedule - Generic (ADOS -
G), revealed that toddlers with ASD show higher under responsiveness

and stimulus avoidance as well as low frequency of seeking behaviours
compared to TD controls (Ben - Sasson et al., 2007). Foss - Feig and
colleagues investigated both under - and over - responsiveness to tactile
stimuli in children with ASD through three measures of sensory
processing: Tactile Defensiveness and Discrim ination Test - Revised
(TDDT - R), the Sensory Experiences Questionnaire (SEQ), and the
Sensory Profile (SP). They reported that heightened levels of tactile
seeking behaviour were associated with more severe levels of social and
repetitive behaviours. Additio nally, heightened levels of hypo -
responsiveness to tactile stimuli were associated with more severe levels

of social and non -verbal communication impairments as well as
increased repetitive behaviours. Conversely, over - responsiveness was

not correlated wit h any of the core symptoms of ASD (Foss - Feig et al.,



2012). Most studies on tactile processing so far have focused on children,
however, there are also studies (Crane et al., 2009; Tavassoli et al., 2014)

showing that abnormal sensory processing is also pr esent in adults.

These studies, although informative indicators of tactile abnormalities

in ASD, they lack objectivity in the strict sense since they are based on
subjective assessments of both behavioural and emotional responses to

touch (Mikkelsen et al ., 2018). Moreover, they appear to be inconsistent
concerning the pattern of response, correlation among measures, and
diagnostic terms. In addition, different types of reports were used in
different studies. All such aspects render these studies difficult to be
compared; moreover, they do not always correlate to clinical
observation, nor do they provide indicators of possible neuronal

dysfunctions.

More recently, researchers have preferred a psychophysics approach to

study tactile functionality in ASD in a more objective modality. Some of
these studies have shown how the detection of tactile stimuli is impaired

in both adults and children with ASD (Blakemore et al., 2006), despite
jadbfYTij3Tbr tLoTLtbijt ertoxTAd]lLEDB L3 EVY.
al., 2008). It is possible to speculate that these differences result from

the different types of stimulation used (i.e., flutter, vibration, sinusoidal,

or constant) as well as its location. Although these works have the merit

of bringing greater objectivi  ty to the study of tactile abnormalities in
ASD, it remains unclear whether underlying sensory mechanisms are
altered, or it is the emotional response to sensory input that leads to

issues in the filtering of the signal resulting in hyper/hypo -

responsivene SS.

Imaging studies have also tried to investigate the underlying neural
mechanism of abnormal tactile sensitivity in ASD. Since tactile stimuli
are part of the somatosensory world and as such rely on subcortical and

cortical brain regions, researchers foc used on possible differences in

-5-



these brain areas between ASD and TD control subjects. Neuroimaging
research provides evidence that the neural underpinnings of the
behavioural signs of ASD involve both dysfunctional integration of
information across brain networks and basic dysfunction in primary
cortices (Lainhart 2015). Children with ASD who show negative
responses to sensory stimuli also display increased functional activation

in sensory processing areas (such as sensory cortices) and brain areas
involve d in emotional processing (including the amygdala and the
prefrontal cortex) (Green et al., 2013). Although these studies provide us
with useful indications of cortical function in autism, discrepancies exist
across studies. Moreover, the variability in ne ural responses appears to
be higher in ASD (Dinstein et al., 2012; Haigh et al., 2016). A possible
explanation could be sought in the type of stimulation involved (i.e.,
passive vs. active) as well as in the high heterogeneity of ASD (Marco et
al., 2011). In addition, a limit of these studies lies in the complexity to
compare findings in children with those obtained in adolescents and

adults.

Several studies suggest that ASD pathogenesis might involve an
imbalance between excitation and inhibition (E/I imba lance). This
hypothesis is supported by several lines of evidence showing that the r-
aminobutyric acid (GABA) system is altered in ASD, and that may relate

to alterations in sensation and symptoms in both animal models and
humans. A pivotal role of GABAerg ic dysfunction in ASD was first
hypothesized in the early 2000s by Hussman (Hussman 2001) and
Rubenstein and Merzenich (Rubenstein and Merzenich 2003), even if the

key role of GABA in shaping the neural response to tactile stimulation
(Dykes et al., 1984; Juliano et al., 1989), as well as in brain development
and cortical plasticity (Mccormick 1989; Markram et al., 2001), was
known from many years. Several genetic, neuropathological, and

neuroimaging studies showed that GABAergic dysfunctions occur in ASD



(Bozzi et al., 2018), and defective GABAergic neurotransmission has been
suggested as a potential candidate in sensory deficits in ASD (Leblanc

and Fagiolini 2011). In the tactile domain, a study investigating tactile
detection thresholds in TD children was the first to report that tactile
sensitivity was associated with GABRB3 genetic variation in typically
developing children (Tavassoli et al., 2012), confirming findings from
animal model studies. The GABRB3 gene, coding for the [ 3 subunit of the
GABA receptor channel, is one of the many candidate genes to be
associated with autism (Delorey 2005; Abrahams and Geschwind 2008).
Moreover, GABA levels were shown to be reduced in the sensorimotor
cortex and positively correlated with worsened detection threshold sin
children with ASD; in addition, GABA levels were not correlated with
adaptation or frequency discrimination as for TD children (Puts et al.,
2017). Taken together, these results suggest that altered inhibition could

explain some of the behavioural fea  tures of tactile abnormalities in ASD.
Somatosensory functioning and social behaviour

Itis clear from these studies that altered sensory processing has revealed

to be an important feature in the clinical description of ASD. It has been
proposed that sensory stimuli and social behaviours may have a
reciprocal influence on each other throughout development (Gliga et al.,
2014). This idea is reinforced form findings of early abnormal sensory
sensitivity to stimuli predicting later joint attention and lan guage
development (Baranek et al., 2013) and higher levels of social
impairment in adults with ASD (Hilton et al., 2010). Touch is considered

one of the most basic ways to sense the external world (Barnett 1972) and
has been reported to have a significant role in role in several social
aspects such as communication (Hertenstein et al., 2006b), developing
social bonds (Dunbar 2010), and overall physical development and
connectivity of brain areas (Bjornsdotter et al., 2014; Brauer et al., 2016).

Forthisrea Tdbh, 3St TWTHh SET i ttbh R1ARATLEL 10 T
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in touch and tactile perception may be associated with broad levels of

social dysfunction in ASD. Furthermore, a lack of social touch can lead to

higher levels of anxiety, stress, and depression (Hertenstein 2002),

aspects which are commonly seen in the ASD population (Ghaziuddin et

al., 2002; Kerns et al., 2012).

When discussing dysfunctions of the somatosensory system, it is
important to consider the sensory processing cascade in its entirety.
Starting from the periphery (i.e., the skin, where the mechanical stimuli

are transduced in electrical signals), moving to the intermediate stations

(i.e., spinal cord and/or brainst em, where the electrical signals are
delivered through neuronal ascending pathways), reaching subcortical

and cortical brain areas (i.e., primary somatosensory cortex and other
higher  function somatosensory processing areas, where
integration/codification of the information occurs), sensory
information can undergo more or less severe modifications. Indeed,
abnormal development or interaction in any of these steps could ideally
lead to abnormal sensory processing. Moreover, since proper tactile
perception is of importance in early development as well as in forming
social and physical relationships (Hertenstein et al., 2006a), a possible
relation between tactile abnormalities and social behaviours could be a
matter of fact. For this reason, when assessing the behavioural outcomes
of relevant social/sensory tasks performed by mouse models of ASD, it is

at least necessary, when possible, to correlate the behavioural response

to a potential neurobiological defect. Indeed, even though humans and
animals have evolve d under different evolutionary pressures making
social behaviours much harder to compare, molecular and cellular
functions are strongly conserved and so appear to be mostly comparable.
However, what must be kept in mind is that social behaviours are not

unitary behaviour with a unique neurobiological basis, but rather



different aspects of social behaviour show different neural substrates.
Moreover, the modulation of environmental cues, the type of sensory
stimulation, and the role of conspecific actions in shaping the social
response adds complexity to our understanding of social behaviour in

animals (including humans) (Chen et al., 2018).
Studying autism spectrum disorders in mice.

It has long been known that ASD has a high degree of heritability: studies

on monozygotic twins revealed a peak of concordance of 90% compared

to 10% of dizygotic twins and siblings (Bailey et al., 1995; Le Couteur et

al., 1996). However, only recent efforts and technological advancements

in genetics made it possible to identify a plethora of gene variants
associated with ASD. These variants have been found in several hundreds

of different genes and cover the entire spectrum of mutations, from

single - nucleotide variants (SNVs) to copy number variants (CNVSs),
including inherited as  well as de novo mutations (Huguet et al., 2013; De
La Torre - Ubieta get al., 2016). Several genetic mutations in ASD have
been associated with genes coding for proteins involved in synaptic
functions, such as SHANK (Durand et al., 2007), CNTNAP (Alarcon et al.,
2008, Arking et al., 2008), NLGN (Jamain et al., 2003; Lawson - Yuen et
al., 2008), and NRXN (Kim et al., 2008). Some examples of CNVs
associated with ASD include chromosomal loci 15911 - q13 (Christian et
al., 2008), 16p11.2 (Fernandez et al., 2010), and  the UBE3A (Glessner et
al., 2009), NRXN1 (Kim et al., 2008), and CNTN4 (Fernandez et al., 2004)
genes. In adding complexity to the understanding of ASD
pathophysiology, a subset of single gene mutations associated with ASD

is also responsible for other ne  urodevelopmental disorders, including
FMRL1 in fragile X syndrome, TSC1 in tuberous sclerosis, and MECP2 in
Rett syndrome. The tremendous progress made in identifying all these
genes associated with ASD has subsequently resulted in the generation

of several ASD mouse models, through which it is possible to infer the



effect of single mutations, thus advancing our understanding of the
biological bases underpinning this complex syndrome. A multitude of
mouse models has been generated by knock -out and knock -in
m utations in ASD candidate genes. In developing new mouse models, it

is important to consider different aspects such as face validity (i.e.,
resemblance to human symptoms), construct validity (i.e., similarity to

the causes of the disease), and predictive v  alidity (i.e., expected
responses to treatments that are effective in the human disease), with

the best animal model keeping together the three validity criteria
(Crawley 2004). This is a fundamental aspect of autism, especially if we
consider that autism is a typical human condition. Given the complex
phenotypic and genetic heterogeneity of ASD, developing a mouse model
keeping together all these aspects represents a challenge for every
researcher. Since the diagnosis of ASD is mainly given by the analysis of
behavioural aspects rather than physiological criteria, and being mice,

like humans, a social species displaying an extensive variety of social
behaviours, neuroscientists tried to develop and refine behavioural
paradigms that could be relevant to the human condition. The symptoms
however may be uniquely human and are often highly variable among
individuals, so it appears clear that designing mouse behavioural assays
relevant to autistic symptoms represents a unique challenge. However,
different behavio ural paradigms have been developed considering the
two core symptoms of the human disorder (social/communication
defects and repetitive behaviours) and revealed to be qualitatively

efficient and reproducible (Silverman et al., 2010).
Shank3b and Cntnap2 mo use models of ASD.

In this work, we used Shank3b and Cntnap2 mutant mice as models for
the Phelan McDermid (PMS) and cortical dysplasia - focal epilepsy
(CDFE) respectively, two syndromic forms of autism. PMS is caused by

mutations in the SHANK3 gene which ¢ odes for the SH3 and multiple
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ankyrin repeat domain protein 3 (Monteiro & Feng, 2017). This protein
belongs to the family of Shank proteins and therefore acts as a major
scaffolding protein within the postsynaptic density of excitatory
neurons (Jiang & Ehl ers, 2013). As a syndrome, PMS is described by
intellectual disability, speech and developmental delay, and importantly

ASD- related behaviours such as problems in communication and social
interaction (Phelan & McDermid, 2010), as well as sensory hypo

react ivity to tactile stimulation (Tavassoli et al., 2021).

CDFE is caused by a recessive nonsense mutation in the CNTNAP2 gene
which codes for CASPR2. CASPR2 (Cntnap2) is part of the neurexin
family of transmembrane proteins and is involved in neuron - glia
in teractions, potassium channel clustering on myelinated axons,
dendritic arborization, and spine development (Poliak et al., 1999; Poliak

et al., 2003; Anderson et al., 2012). CDFE syndrome is a rare disorder
characterized by intellectual disability, ASD - li ke behaviours, language

regression, and focal epileptic seizures from childhood.

Mice lacking Shank3 and Cntnap2 genes display autistic - like
characteristics such as repetitive grooming and impaired social
interaction among others thus widely considered re liable models to

study ASD - like symptoms relevant to these syndromes (Peca et al., 2011,

Pefagarikano et al., 2011; Vogt et al., 2018). Interestingly, Shank3b -/-
mutant mice display aberrant  whisker - independent  texture
discrimination and over - reactivity to tactile stimuli applied to hairy skin

(Orefice et al. 2016). More recent findings showed that developmental

loss of Shank3 in peripheral somatosensory neurons (that causes over -
reactivity to tactile stimuli) also results in ASD - like behaviours in
adulthoo d (Orefice et al. 2019). Instead, Cntnap2 is expressed in primary
sensory organs and in brain regions involved in sensory processing
(Gordon et al., 2016), suggesting a role for the Cntnap2 gene in sensory

neurotransmission. In keeping with the Cntnap2 exp ression pattern,
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studies indicate that a lack of Cntnap2 results in sensory dysfunction.
Cntnap2 - /- mice display enhanced hypersensitivity to noxious and
thermal stimuli applied to hindpaws, which has been related to enhanced
excitability of dorsal root ga  nglion neurons (Dawes et al., 2018).
Moreover, despite reports of intact firing rate and amplitude in cortical
neurons of Cntnap2 - /- mice (Penagarikano et al., 2011), lack of Cntnap2
has been shown to impair synaptic transmission in cortical neurons in
vitro (Anderson et al., 2012) and layer 2/3 pyramidal neurons of the
somatosensory cortex following whisker stimulation (Antoine et al.,
2019). Circuit connectivity is also impaired in sensory cortical areas of
Cntnap2 mutant mice (Choe et al., 2021), suggest ing a broad neuronal

network remodelling in these mutants.

While core deficits of ASD have been extensively covered, the neural
substrates of whisker - dependent behaviours have been poorly

investigated in these models.
Somatosensory system organisation in m ice and humans.

The somatosensory system in mammals conveys sensory information

from receptors located in the skin, muscle s, and joints to the brain. In
mice, the somatosensory system is dominated by the input coming from

the facial vibrissae: the  neuronal representation of whiskers in the
primary somatosensory cortex (the barrel field) occupies more than

two - thirds of its total area ( Paxinos 2013 ). The anatomical and
functional organization of the somatosensory system is highly
conserved and is bas ed on two major ascending components: the dorsal
column system and the trigeminal system. The first - order sensory
neurons are the dorsal root ganglion cells and the trigeminal ganglion

cells that collect information from the receptors located in the body a nd
the face, respectively. While t he dorsal root ganglion (DRG) neurons
send their central processes to make a synapse in the spinal cord , the

trigeminal ganglion cells make a synapse in the hindbrain. The main
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hindbrain nucleus receiving afferents from th e whisker system is the
spinal trigeminal nucleus (Sp). The whisker macro representation starts

to be appreciable at the level of the hindbrain in concrete structures

j EYYLL x | E{Matlo9oi)3The spinal cord and hindbrain nuclei in
turn project to s pecialized somatosensory nuclei of the thalamus: the
ventral posterior group (VP). The initial anatomical separation of the two
systems is interrupted at the level of the thalamus, which represents a

relay station for all sensory stimuli. The VP region of the thalamus is
subdivided into a large medial portion (VPM), which receives afferents

from the trigeminal system, and a smaller lateral portion (VPL) which
instead receives afferents from the limbs and the trunk. The size of each
subdivision of VP is prop ortional to the number of afferents, so the VPM
appears to be larger than the VPL. Moreover, even from the VPM it is
possible to appreciate a representation of individual facial whiskers, the

so-ij EYYLL x | E(VantD¥érdLgos TL976 ) Somatosensory proces ses
also terminate in clusters of heterogeneous thalamic nuclei (the
posterior group, Po) lying medial, dorsal, and caudal to VPM. The largest
component of the Po forms the medial subdivision (PoM), which also
receives inputs from the whisker pad providing a parallel source of
information to the primary somatosensory (S1) cortex ( Diamond et al.,
1992). In rodents, two further clusters of nuclei have been identified in

this region of the thalamus: the reticular nucleus of the thalamus (Rt)

and the zona incer ta (ZI). These two clusters do not receive
somatosensory input from the brainstem or spinal cord but being packed

with GABAergic neurons and strongly projecting to the VP, they are
thought to play an important role in modulating the output of VP
(Lavallee and Deschenes 2004 ). All somatosensory stimuli converge
onto the primary (S1) and secondary (S2) somatosensory cortices. S1 is
dorsolateral in the rostral part of the neocortex, whereas S2 is located
laterally to S1. The primary somatosensory cortex in mic e is dominated

by the barrel field (S1BF), containing the representation of single facial
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whiskers. In 1970, Woolsey and Van Der Loos were the first to report

3SLTL LTT3THbij3 EBE3ZADTIijEY T WoolsgyZabdMal DBEDL I
Der Loos 1970). Further div ision s of the S1 are the forelimb area (S1FL),

the trunk area (S1Tr), and the hindlimb area (S1HL), with each of these

areas characterized by a thick condensed layer IV. Figure l1lschematically

reports the organization of the somatosensory pathways in mice.
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Fig. 1. The mouse somatosensory system. Somatosensory stimuli coming from the
head region of the mouse are conveyed to the brain through trigeminal ganglion
neurons. Neuronal fibers are depicted in blue (for the trigeminal ganglion pathway) and
green (for anterior and lateral spinothalamic path ways). The ophthalmic (V1),

maxillary (V2) and mandibular (V3) branches of trigeminal ganglion process region -
specialized somatosensory information with the maxillary branch (V2) innervating the

whiskers. Here whiskers are indicated and colo ur- coded to bes t follow their brain
representations (whisker pad). Trigeminal ganglion neurons project to brainstem

nuclei (spinal trigeminal nuclei u Sp) where they form an inverted neuronal
representation of single whiskers (barrelettes). Trigeminothalamic fibers in tu rn
project to the ventral posteromedial nucleus in the thalamus (Vpm) where again single

whiskers are represented and shifted in orientation (barreloids). Finally,
thalamocortical axons from the Vpm reach the primary somatosensory cortex (S1) in

the barrel field, forming the final neuronal representation of single whiskers (barrels).
Somatosensory stimuli coming from the body of the mouse are instead conveyed to the
brainstem through dorsal root ganglia (DRG) neurons. The main difference in this
systemist he fact that somatosensory stimuli are conveyed to the ventral posterolateral

nucleus of the thalamus (Vpl) before reaching the sensory cortex. See text for
references.
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As compared to the mouse, the human somatosensory system presents
important similari  ties and differences. Somatosensory receptors located

in the skin are essentially the same, and the anatomy of the ascending
pathway organization is maintained in both species. The organization of

the somatosensory cortex found in mice is comparable to tha t found in
mammals with relatively little expansion of the neocortex ( Hill and
Walsh 2005). Much of the somatosensory cortex in these mammals is
represented by two distinct systematic representations of the
contralateral body surface, named the first (primary) representation, or

S- I, and the second representation, orS - Il. The larger S - | represents the
body from tail to mouth in a mediolateral cortical sequence, while the

smaller S - Il has a head - to - tail mediolateral (or dorsoventral) cortical
sequence (Kaas 2004 ). Instead, the somatosensory cortex in higher
primates (including humans) contains more subdivisions than the
somatosensory cortex in  non - primates. Experiments on the
organization of the anterior parietal cortex in macague monkeys defined

S- | as a broad region including cytoarchitectonic areas 3 (3a and 3b), 1,

and 2 of Brodmann, though Kaas argues that only area 3b should be
considered primary somatosensory cortex ( Kaas 2004; Nelson et al.,
1980). Area 3b, indeed, forms a complete representation of the body
surface. In mice, two whiskers that are adjacent to each other on the
EBTbEYOoT fEjt Elt 1LtR1ILTEB3ILL THh ELUEIjLDB3
field constitutes a topographic map. Similarly, a topographical
organization of the somatosensory cortex (the so- called homunculus) is
present in humans ( Penfield and Boldrey 1937). As for the cortical
representation of the whiskers in m ice and rat s, the homunculus is a
topographic map because neighbouring sites on the skin are represented

at neighbour ing sites in the cortex. The whiskers are the critical touch
organ in rats and mice, whereas in humans and other primates , the

fingertips are their equivalent. Each fingertip is innervated by axons
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from 250 v 300 sensory neurons (a comparable number as the w hisker)
and because individual axons terminate in multiple receptor structures,

the density of mechanoreceptors is remarkably high (over 1,000 per

cm2). One important way in which fingerprint touch differs from
whisker touch is that primates manipulate obj ects with their hands
whereas rodents do not manipulate objects with their whiskers. This
difference is evident when comparing the mechanism for sensing
texture. For mice and rodents in general, the firing rate of neurons in the
barrel cortex differ s from rough to smooth surface ( Lottem and Azouz
2009 ). In primates, the perception of coarse textures is based on the
difference in firing rate between adjacent slowly adapting neurons
(Connor and Johnson 1992); the perception of fine surfaces is based on
vibrat ions in the skin, transduced by rapidly adapting Pacinian receptors
(Hollins and Bensmaia 2007 ). Finally, important differences have been
found in the structure of supragranular layers 2 and 3 of the mouse and
human somatosensory cortex ( Jabaudon 2017). Figure 2 schematically
reports the somatotopic representation of the mouse and human

primary somatosensory cortex.
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Fig. 2. Comparison of cortical somatosensory representation in mice and humans.
Distorted representation of body areas in the mouse (A) and human (B) primary
somatosensory cortex (S1). In both species, S1 somatosensory maps reflect the extent
of cortical areas devoted to the processing of sensory information from different parts
of t he body. In mice, the altered proportions of the head and whisker pad with respect
to other body regions mirror the extent of innervation from these areas. Similarly, in
humans, the cortical somatosensory representation is enlarged for those regions, such
as the hands and the lips, that are densely innervated by sensory fibers. Conversely, the
structure of supragranular layers 2 and 3 markedly differ between the mouse (A) and
human (B) somatosensory cortex.
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Thus, in this work , we used the primary somatosensory cortex of the

mouse as a proxy to investigate sensory processing in human ASD.
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Material and Methods
Animals .

All experimental procedures were performed following Italian and
European directives (DL 26/2014, EU 63/2010) and were reviewed and
approved by the University of Trento animal care committee and the
Italian Ministry of Health. Animals were housed in a 12 h light/dark cycle

with food and water available ad libitum. Surgical procedures when
needed were performed und er anaesthesia and all efforts were made to
minimize suffering. The mating strategy included heterozygous mice
(Shank3b *- x Shank3b *- and Cntnap2 *- x Cntnap2 *-) to generate the
wild - type (WT) and knockout (KO) homozygous littermates used in this

study. Genotyping was performed by standard PCR according to the
protocol available on The Jackson Laboratory  website
(https://www.jax.org/strain/017688 for Shank3b and
https://www.jax.org/strain/017482 for Cntnap2 ). For Shank3b: twenty -
one mice (11 Shank3b ** and 10 Shank3b -’-) were used for fMRI
experiments and  sixty - seven mice (36 Shank3b ** and 31 Shank3b -/-)
were used for behavioural testing. A subset of sixteen anim als subjected
to the WN test ( 9 Shank3b ** and 7 Shank3b -/-) was used for c- fos mMRNA
in situ hybridization. An additional group of eleven mice (6 Shank3b **
and 5 Shank3b -/-) received only sham stimulation and were used as
controls for in situ hybridization experiments (no difference in WN

scores was detected between genotypes in this additional group of
animals). Seven mice (three stimulated and four controls) per genotype

wer e used for the c¢- fos MRNA study following whisker stimulation under
anaesthesia . Finally, twenty adult (6 months old - 10 Shank3b ** and 10
Shank3b -/-) and six juvenile (P30 - 3 Shank3b ** and 3 Shank3b -/-) sex-
matched mice were used for RT - gPCR in the tri geminal ganglia . For
Cntnap2: Twenty - six mice (13 Cntnap2 ** and 13 Cntnap2 -/-) were used
for fMRI experiments. Fifty - three mice (26 Cntnap2 ** and 27 Cntnap2 -/
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) were used for the open field test. A subset of thirty animals (15
Cntnap2 ** and 15 Cntnap2 /) also performed the textured novel object
recognition test (tNORT). Twelve mice were used for c- fos MRNA in situ
hybridization (6 Cntnap2 ** and 6 Cntnap2 /) following either
anaesthesia or whisker stimulation. Ten adult animals (5 Cntnap2 **+ and
5 Cntnap2 -/-) were used in the RT - gPCR study in the cerebral cortex.
Finally, twenty adult (6 months old - 10 Cntnap2 ** and 10 Cntnap2 /-)
and ten juvenile (P30 - 5 Cntnap2 ** and 5 Cntnap2 -/-) sex- matched mice
were used for RT - gPCR in the trigeminal ganglia . The stage of the
oestrous cycle was not monitored for female animals used in this study.
Previous studies showed that similar group sizes are sufficient to obtain
statistically significant r esults in fMRI (Pagani et al. 2019), behavioural,

and in situ hybridization studies (Tripathi et al. , 2009; Provenzano etal.
2014; Chelini et al. , 2019) as well as RT - gPCR studies (Sgado et al. ,
2013b). All experiments were performed blind to genotype. A nimals were
assigned a numerical code by an operator who did not take part in the
experiments and codes were associated with genotypes only for data

analysis.
Open field test (OF).

Mice were habituated to the testing arena before texture discrimination

assessment, for two consecutive days (Fig. 3).During these two sessions,

each animal was placedin ant bR3U E{LBE e ' ijb'Ya'y.

allowed to freely explore. The walls of the arena were smooth and grey -
coloured . Sessions were recorded and mice were automatically tracked
using EthoVisionXT (Noldus) to evaluate their locomotor behaviour

Distance travelled and time spentin the centre /borders were analysed.
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Fig. 3. Open field (OF) and textured novel object recognition test (tNORT)
experimental design.  Animals are habituated for two days in an open - field arena for 20
The tNORT consist of two phases: i

minutes before the tNORT.

mouse is presented with two identi

n the learning phase a

cally textured objects (grey circles); in the testing

phase the same mouse is presented with an already encountered textured object (grey

circle) and a novel textured object (

see text. Both learning and

water green circle). For specifics about the objects

testing phase as well as the retention phase last 5 minutes.
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Textured novel object recognition test (tINORT)

Whisker - mediated texture discrimination was assessed as described in
previously published protocols (Wu et al. 2013), with minor adjustments
(Fig. 3). Textured novel object recognition (tNORT) was performed in the

same arena used for open field testing. On the third day, mice were
presented with custom - made cylinder objects (1.5 cm radius base x 12 cm
height) covered in garnet sandpaper (Fig. 4). The grit (G) of the object s
(.,e., the coarseness of the sandpaper) was chosen according to
previously published protocols (Wu et al. 2013; Dominguez - lturza et al.
2019), to favour whisker interaction. A 120 G sandpaper (very fine) was
used as the familiar textured object, whereas a 40 G sandpaper (very
coarse) was used for the novel textured object. Many identical objects
were created for each grit of sandpaper used in this study to avoid
repetitive use of the same object across the testing period. This reduced
the likelihood that mice would identify a particul ar object based solely on
odour cues. Additionally, the test was conducted in the penumbra (4 lux)
to prevent any potential visual confounders caused by sandpaper grit

Adult mice lack the visual acuity necessary to distinguish between the

grit of the two  items at this level of light (Schmucker et al. 2005). During
the first session of the test (learning phase), mice were placed in the
arena with two identically textured objects (object A and object B; 120 G)

and they were free to investigate the objects with their whiskers for 5
min. Mice were then removed and held in a separate transport cage for 5

min. This brief period was chosen to minimize hippocampal - mediated
learning (Wu et al. 2013). In the second session 0 f the test (testing phase),
the two objec ts were replaced with a third, identically textured object
(familiar, 120 G) and a new object with a different texture (novel, 40 G)
Mice were then returned to the arena and allowed to explore  with
whiskers for 5 min. The short time of interaction (5 mi n) was selected to

encourage the investigation through whiskers but not of paws/body. The
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textured objects were placed in the centre of the arena, equidistant to

each other and the walls and mice were placed in the arena facing away

from the two objects. The  position of the novel versus the familiar object

was counterbalanced and pseudorandomized between subjects. Since
mice have an innate preference for novel stimuli, an animal that can
discriminate between the textures of the objects spends more time
invest igating the novel textured object, whereas an animal that cannot
discriminate between the textures is expected to investigate the objects
equally. The testing arena was cleaned with 70% ethanol between
sessions and between animals to  disguise olfactory cue s. The amount of
time mice spent actively investigating each of the objects was assessed
during both the learning and testing phases. Investigation through
whiskers was defined as directing the nose towards the object with less
than 2 cm from the nosetot  he object or touching the nose to the object.
Resting, grooming, and digging next to, or sitting on, the object was not
considered an investigation. Mice that had a total investigation time of

less than 2 s during either learning and testing phases were ex cluded
from the analysis due to poor exploratory activity (Wu et al., 2013). The
activity of the mice during the learning and testing phase was recorded

with a video camera centred above the arena and automatically tracked

using EthoVisionXT (Noldus). The performance of the mice in the tNORT
was expressed by the preference index. The preference index is the ratio

of the amount of time spent exploring any one of the two objects in the
learning phase or the novel one in the testing phase over the total time

spent exploring both objects, expressed as a percentage [i.e., A/(B + A) x
100 in the learning session and novel/(familiar + novel) x 100 in the

testing session].
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Fig. 4. Textured custom - made objects. The textured objects employed in the tNORT
consisted of cylinders wrapped with sandpaper of different grit (G). The grit of the
sandpaper used was 120G (very fine texture - top left) and 60G (very coarse  texture -
top right). The resulting objects present ed many small intersperse particles (bottom

left u for fine texture) or large intersperse particles (bottom right u for coarse texture).
The difference in the appearance of the garnet sandpaper was minimized by the
reduced light conditions in which the tes t was performed (4lux). In such conditions , the
low visual acuity of the mouse prevents the discrimination of the objects based on

visual experiences.
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Whisker nuisance test (WN)

The whisker nuisance (WN) test was used to assess the behavioural
reactions to direct whisker s timulation in freely moving mice  (Fig. 5;
Balasco et al. , 2019, Chelini et al. , 2019, Pizzo et al. , 2020). For 2 days
before the test, a nimals were allowed to habituate for 30 min to a novel
empty cage (experimental cage) . To facilitate the habituation to the
novel environment, home - cage bedding was placed overnight in the
experimental cage and removed right before the introduction of the
mouse. On test day, mice were acclimated to the experimental
envir onment for 30 min, before the beginning of the testing phase. The
testing phase included four recorded sessions that lasted five minutes

each. In the first (sham) session, a wooden stick was introduced in the
experimental cage, avoiding direct contact with the animal. The
behaviours assessed in this session served as a baseline for the
subsequent part of the test. The following three sessions consisted of a
bilateral whisker stimulation by continuously deflecting vibrissae using

the wooden stick. To dissect the behavioural response s to mechanical
whisker stimulation, multiple behavioural categories were defined and
separately quantified while being blind to the genotype and
experimental settings . The identified categories included freezing,
guarded behaviour , evasion, and response to stick. Freezing was scored
when the animal was immobile in a defensive posture ( i.e., with curved
back, protracted neck and stretched limbs, or fully hunched posture).
Guarded behaviour corresponded to a defensive posture when the animal

was not immobile. Evasion was defined as the active avoidance of the

stick by either running in the opposite direction or walking backward S
while keeping eye contact with the stick . Finally, the response to stick
was split in t wo sub- categories: climbing and startl e. Climbing was
counted each time the animal attempted active exploration of the stick

by rearing on the hindlimbs . Startle was evaluated as a sudden and
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uncoordinated avoidance movement . While freezing, guarded
behaviour, and evasion were quantified as the time spent in each
behaviour, both climbing and startle were quantified as the number of

events detected over the total time of observation
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Fig. 5. Whisker nuisance (WN) test experimental design.  Mice are habituated in an
experimental cage for 30 minutes for 2 days before the start of the test. On testing day
mice are placed in the very same experimental cage for 30 minutes . This is followed by
the sham session, lasting 5 minut  es, in which the animal is presented with a wooden
stick without any physical contact with the whiskers. Following the sham session, the

proper testing session start. The animal is then stimulated with a wooden stick on its
whiskers in three trials of 5 mi nutes each with one minute of inter trial interval. Both
sham and testing session s are recorded for successive behavioural phenotyping.
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Behavioural analysis

Statistical analyses of behavioural data were performed with GraphPad

Prism 8.0 software, with the level of significance set at p < 0.05.
Statistical analysis was performed by Mann - Whitney test or two/three -
way ANOVA followed by Tukey's or Bonferroni's post - hoc multiple

comparisons, as appropriate.
Whisker stimulation in head - fixed aw ake mice.

All surgeries used standard aseptic procedures as previously described
(lurilli and Datta, 2017). Briefly, mice were deeply an aestheti zed with 5%
isoflurane (by volume in O2) and mounted in a stereotaxic head
holder/gas mask apparatus. Isofluran e was then lowered until mice
reached a stable anaesthetic state (typically 1,5 u 29%). Mice were injected
with 0.1 mg/kg buprenorphine for pain management. Mice 0 Teads were
shaved, and the eyes were covered with a thin layer of petroleum jelly.
Following a local injection of bupivacaine (1 - " Y -1.0mglkg) as a
local anaesthetic, the surgical area was cleaned with an antiseptic
solution (70% isopropanol followed by 10% iodine solution) and the

scalp removed with a scalpel and fine scissors. The periosteu m was
removed with a scalpel and the skull was cleaned and dried with sterile

cotton swabs. The exposed skull was covered with a thin layer of
cyanoacrylate glue. A head plate was fixed to the exposed skull with
dental cement that was used to cover any exp osed part of the skull. Mice
were allowed to recover from the surgery for one day before starting a

three - day habituation to the behavioural apparatus. During the
habituation and the following whisker stimulation protocol, mice sit in

a custom - made 3D - prin ted plastic tube (5 cm diameter) with their head
anchored to a custom - made head holder through the head plate. The
whisker stimulator consisted of a 2.5 cm2 square of sandpaper held by a
rod attached to a servomotor. The servomotor was powered and

control led by an Arduino Uno microcontroller. The whisker stimulator
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the anterior - posterior direction with a 10deg angle and a frequency of 6
stroke s/second for three sessions of five minutes ea ch, with a minute of
inter - trial interval. Only during the habituation phase, the whisker
stimulator was operated  on the animal without touching the whiskers to

habituate the mouse to the noise of the servomotor.
Whisker stimulation under anaesthesia (WS)

Mice were an aesthetized with an intraperitoneal injection of urethane

(20% solution in sterile double - distilled water, 1.6 g/kg body weight)
and head - fixed on a stereotaxic apparatus. Urethane anaesthesia was
chosen as it preserves whisker - dependent activ ity in the somatosensory
cortex (Unichenko et al. 2018). WS protocol consisted of three
consecutive sessions (5 min each, with 1 min intervals) of continuous

touch of the whiskers with a stick (bilateral stimulation), thus

reproducing the stimulation proto col used in the WN test.
c- fos MRNA in situ hybridisation

For in situ hybridization experiments, m ice were sacrificed 20 min after
the end of either sham, WN, anaesthesia or WS. Brains were rapidly
removed, rinsed in ice - cold PBS (phosphate buffered saline), placed in
OCT Tissue Tek embedding medium (Sakura, CA, USA) and frozen on dry

ice. Frozen brains in OCT blocks were stored at u 80 °C until cryostat

sectioning. Coronal cryosta 3 TLij3TdbT e ' ' Mourfed Pinwi

SuperFrost ™ slides (Thermo - Scientific), air- dried, and stored at - 80°C.
In situ hybridization experiments were performed using a digoxigenin -
labelled riboprobe. The signal was detected by an alkaline phosphatase -
conjugated anti - digoxigenin antibody followed by alkaline phosphatase

staining. The experimental protocol is descri bed as follows . Frozen
sections were air - dried and fixated in 4% paraformaldehyde. Section S

were washed in PBS and acetylated in  0.0265 M acetic anhydride/0.1 M
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triethanolamine. Sections were then hybridized for 12 - 16h at 65°C with
digoxigenin - labelled c-fos riboprobe in hybridization buffer (50%
formamide, 0.3 M NaCl, 10 mM Tris - HCI pH 8.0, 2 mM EDTA, 10%
dextran sulphate, 10 mM p SAdTRSE3t I &8fft]l Rk
solution, 0.5 mg/mL yeast RNA) . Slides were washed twice in 50%
formamide/1x standard saline citrate (SSC) for 1h at 55°C and then rinsed

with maleic acid buffer (100 mM maleic acid, 150 mM NacCl, Tween 20
0,1%, pH 7.5) at 20°C. Sections were incubated for 2h a t 20°C with
blocking solution (2x Blocking reagent Roche in MABT , 10% normal goat
serum ). Following the blocking phase, sections were incubated with
alkaline phosphatase anti - digoxigenin antibody (1:2000 in blocking
solution) for 12h at +4°C. Slides were then washed three times with
MABT and then incubated for 10 minutes with alkaline phosphatase
buffer (AP, NaCl 100mM, MgCI2 50mM, Tris pH9,5 100mM, Tween 20
0,1% e Levamisole 5 mM). Following AP buffer incubation, sections were
exposed to alkaline phosphatase chromogenic substrates (NBT/BCIP
Roche, 20 pl/ml) for 24 - 36h to produce a visible coloured  product . Brain
slices from different experimental paradigms were processed together

to exclude possible batch effects. Sense riboprobes, used as a negative
control, revealed no detectable signal (data not shown). Digital images

from four to eight sections per animal were acquired at the level of the
S1/dorsal hippocampus using a Zeiss Axiolmager Il microscope at 10x
primary magnification. Since we could not exclude that in freely moving

mice subjected to WN c¢- fos mRNA induction occurred in S1 subfields
different from the whisker - specific one, the signal was quantified in the

whole S1 and not only in the barrel cortex. For consistency, the same

quantification was performed in other experimental conditions . Brain
areas were identified according to the Allen Mouse Brain Atlas
(https://mouse.brain - map.org ).
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In situ hybridization data analysis

Utilizing the ImageJ program (https://imagej.net/Downloads), captured

images were converted to 8 - bit (grey - scale), inverted, and processed to
determine the intensity of the c- fos mRNA signal (Fig. 6). Mean signal
intensity was measured in different countin g areas drawn to identify S1
cortical layers, hippocampal subfields, and other region s of interest.
Mean signal intensity was  then divided by the background calculated in

the acellular layer 1. Statistical analysis was performed by unpaired t -
test or one -wEU | "1t Al fadyYYdULL 10 &swkUOoT

comparisons as appropriate.
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Fig. 6. In situ hybridization data analysis pipeline. Following c- fos ish, images are
acquired as a mosaic image of an entire coronal section (left). Images are converted in
an 8- hit greyscale (centre) and inverted resulting in white dots showing c- fos mMRNA
expressing neurons (right). mRNA expression is calculated as mean signal intensity in

the area of interest. Mean signal intensity values are divided by signal intensity
calculated in layer 1 to normalize for background noise.
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Quantitative reverse t ranscription Y polymerase chain reaction (RT -

gPCR).

Total RNAs were extracted from the cerebral cortex of Cntnap2 mutant

mice and controls as well as from trigeminal ganglia of adult and young

mutant (Shank3b -/~ and Cntnap2 -/-) and control mice (Shank3b ** and
Cntnap2 **) with RNeasy Mini Kit (QUIAGEN) . Retro - transcri ption
reactions to cDNA were performed with a SuperScript f VILOF cDNA
UOB3SELTTT iT3 eobho6T31drthbh’ EijijalLlLThr 34
RT- gPCR was performed in a CFX96TM Real - Time System (Bio - Rad,
USA), using SYBR Green master mix (Bio - Rad). Primers (Sigma) were
designed on different exons to avoid the ampli fication of genomic DNA
(Table 1). The CFX3 Manager 3.0 (Bio - Rad) software was used to perform
expression analyses (Sgado et al., 2013). Mean cycle threshold (Ct) values

from replicate experiments were calculated for each marker and [ - actin
(used as a stan dard for quantification), and then corrected for PCR
efficiency and inter - run calibration. The expression level of each mRNA

of interest was then normalized to that of [ - actin for both genotypes
Primers .

Five genes were selected for testingviaRT - qPCR on adult cerebral cortex
tissue from Cntnap2 mutant and control mice. The selected genes reflect

the main markers of excitatory (vGlutl and vGlut2) and inhibitory (Gadl,

Gad?2 and Pvalb) neurotransmission. Fo  rty - eight genes were selected for
testing via RT - qPCR on adult TG tissue, whereas a subset of genes was
selected for testing in juvenile TG tissue. Genes were selected to identify
specific markers of sensory, inhibitory, and excitatory neurons, as well

as neuroinflammation and neuroprotection. Primer spec ificity was
verified using the In - Silico PCR (UCSC Genome Browser) and Primer

Blast (NCBI) resources. Primer sequences are listed in Table 1
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Gene expression analysis

For RT - gPCR experiments performed in the cerebral cortex of Cntnap2
mutant and control mice, the relative expression levels of each marker
(normalized to that of [ - actin) were compared from at least triplicate
experiments. Raw Ct values resulting from gRT - PCR experiments
performed on trigeminal ganglia were normalised and calculated into

fold change values via the Livak method. Fold change (FC) represents the
expression ratio of KO groups (Shank3b -/~ or Cntnap2 -/-) relative to their
respective WT controls (Shank3b ** or Cntnap2 **). Therefore, fold
changes lower than 1 represent a downregulation in the expression of a
target gene while those greater than 1 report an upregulation of the
target gene relative to the control sample. Statistical analysi s was
performed by unpairedt - test using the GraphPad Prism 8 software with

a significance level set at p<0.05.
Resting state - functional magnetic resonance imaging (rs - fMRI) .

Resting state functional MRI connectivity is a technique to map
spatiotemporal sy nchronization of spontaneous BOLD fluctuations
across brain regions in human clinical (Di Martino et al., 2014) and
rodent studies (Pagani et al., 2021; Zerbi et al., 2021) to describe
alterations of brain networks in autism and other neuropsychiatric

diso rders. Functional connectivity analyses reported here were carried
outon the rs-fMRI scans acquired for previous stud ies (Liska et al., 2018
for Ctnap2 ; Pagani et al., 2019 for Shank3b ). A total of twenty - one adult
Shank3b (n=11 WT and n=10 KO) and twenty - six Cntnap2 (n=13 WT and
n=13 KO). The protocol for animal preparation employed is described as
follows. Animals were an aesthetized with isoflurane (5% induction),
intubated and artifici  ally ventilated (2% maintenance). After surgery,
isoflurane was discontinued and replaced with halothane (0.7%).
Recordings started 45 min after isoflurane cessation. Functional scans

were acquired with a 7 T MRI scanner (Bruker Biospin, Milan, Italy)
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usin g a 72- mm birdcage transmit coil and a4 - channel solenoid coil for
signal reception. For each animal, in vivo anatomical images were
EijzsT1tL UT3S E fFET3 TRTDH LijSad TLZsLbijt e
tijsd 3Tbt _&NaYyY ' BT, DbBIEDI b Ya'YYaYh,,
jdladbEY TYTijtT, TVYTit 3STi Wbh+sAofBOLD ts- ' b

N7

fMRI time series were acquired using an echo planar imaging (EPI)
sequence with the following parameters: TR/TE 1200/15 ms, flip angle
Ly DPEZI1 TG ' Wa¥.U '  YafYTLYilb, drf . jd1adbE\Y
3STijWwbeTT "' Db fdl 7'’ 0o6dYsbiLT,

Functional connectivity analysis

Raw time - series were pre - processed and denoised as previously
reported prior to mapping rs- fMRI connectivity (Liska et al., 2018;
Coletta et al., 2 020). To account for the impacts of T1 equilibration, the
first 50 volumes were eliminated. After that, time series were despiked,
motion - corrected, and registered to a standard group - averaged BOLD
reference template (Pagani et al., 2016) . Motion traces of head
realignment parameters and mean ventricular signal were then used as
nuisance covariates and regressed out from each time course. All time -
series received band - pass filtering (0.01 - 0.1 Hz) and spatial smoothing
(FWHM = 0.6 mm) prior  to functional connectivity mapping. Functional
connectivity of brain regions associated with whisker - mediated
behaviours w as mapped using seed - based correlation analysis in both
mutant mouse lines . Specifically, in Shank3b mice, bilateral seeds of
Yo '¥WvoRkets were placed in the dorsal hippocampus, S1, and ventral
posteromedial nucleus of the thalamus (VPM) to probe impaired
functional connectivity between these regions and the rest of the brain.
Figures 24 and 25 show where the bilateral seeds used fo  r mapping were
located . Whereas, for Cntnap2 mice, bilateral seeds were placed in the
primary somatosensory (S1) cortex and ventral postero - medial nucleus

(VPM) of the thalamus. The location of the bilateral seeds employed for
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mapping is indicated in Fig. 26 . Functional connectivity was measured
with Pearson's correlation and r - scores were transformed to z - scores
using Fisher's r -to-z transform before group - level statistics. Voxel -
wise intergroup differences for seed - based mapping were assessed
using a 2 - tailed Student'st -test (t > 2, p < 0.05) and family - wise error
(FWER) cluster - corrected using a cluster threshold of p = 0.01. To
quantify rs- fMRI alterations we also carried out functional connectivity
measures in cubic regions of interest (3 x 3 x 1 voxel s). A 2-tailed
Student's t - test was used to determine the statistical significance of

these region - by- region intergroup effects (t > 2, p 0.05).
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Results

Shank3b -/ mice show hypo - locomotor behaviour in the open field

arena.

We initially evaluated Shank3b -/~ and control mice in an open field arena,

taking advantage of the extended tNORT habituation, to test for general

locomotor activity and generalized anxiety. In both testing days,

Shank3b -/~ mice were significantly less mobile than control littermates

in terms of distance travelled (Fig. 7A; two - way ANOVA, Shank3b ** vs.

Shank3b -/-; main effect of genotype ae _ | Yy Y ovyey
LffLij3 df 3LT3Tbr LEUOT ae ., " i yyy 7
Shank3b ** vs. Shank3b-- UT3STbh LEU _ EBb [average stz Y . '
(Fig. 7B; two - way ANOVA Shank3b ** vs. Shank3b -/-; main effect of
genoty pe a¢ _ 9056 YYO'YZY ' . DPETDB tifLij3 af
T8 OYLY v . RAT3 Sai" vA ShiamkBbo'T 3t T3,
UT3STHh LEU _ Eb Landtime spehtdndning (Fig.’ . 7C;two - way

ANOVA Shank3b ** vs. Shank3b -/-; main effect of genotype F(1,

R A AV ovygy bDETH tLifLi3 atf
ovygy '’ . RAT3 Sdij & wvsvshank3p ~Ivithtigayl USED W,
EBL = O'Ydpriared to control littermates. Betw een testing days,

the same metrics were significantly reduced in both genotypes (Fig. 7A,

Band C &% Wt U chdc folo@ifiggwo - way ANOVA, Shank3b ** day 1

vs. Shank3b ** day 2 and Shank3b -/~ day1vs.Shank3b-"LEU = . OYCZ'Y .
indicating habituation to the novel environment. Over the course of the

two habituation days, both genotypes also spent comparable amounts of

time in the centre and the borders of the open field arena ( Fig. 7D three -

way ANOVA, Shank3b ** vs. Shank3b -/-; main effect of genotype F(1,

Chyyyy o T ... OWEYD Lifrij3 afr LEOT a
ovyyy 7 DETH tiftij3 df E{lLtbBE (1trTAdbT
Finally, throughout both testing days, Shank3b -/~ and control mice both

preferred the arena’'s  borders (Fig. 7D, & & Wwpodl bod following three -
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way ANOVA, centre vs. borders within Shank3b ** and centre vs. borders
within Shank3b -, O'YZ 'Y’ _ ' ' ' _ ishared &nkidug Herfjvidur No
sex differences were found in the behaviour analysed (two - way ANOVA,
Shank3b ** vs Shank3b /-, main effect of sex p > 0.05 for distance
travelled, average speed, and time spent moving or in centre/borders

data not shown ).
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Fig 7. Shank3b -~ mice exhibit hypo - locomotion. (A, B and C) Quantification of open
field performance by Shank3b ** and Shank3b -/ mice revealed that Shank3b /- mice
travel less (A), with a reduced speed (B) and spend less time moving (C)  over the two

days of the test, as comparedtocontrols ¢ _ . . . O'YZ 'Y ' . A Wb UoT 3LT3

way ANOVA). Both Shank3b ** and Shank3b -/~ mice spent significantly more time in

borders as compared to the centre of the arena ( D, ... oveyYy ast wt

following three - way ANOVA), but the total time spen t in centre and borders did not

significantly differ between genotypes ( D OvYeyY 7 &AsWbUoT-wvyp T3 favy

ANOVA). All plots report the mean values + SEM; each dot represents one animal.
Genotypes are as indicated (n = 17 Shank3b  ** and n = 13 Shak3b /).
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Cntnap2 -/ mice show hyper -locomotor behaviour in the open field

arena.

We also assessed Cntnap2 -/~ and control mice in the open field arena
Previous studies demonstrated that Cntnap2 - mice and rats have
greater locomotor activity in the open field arena (Penagarikano et al.,
2011; Scott et al., 2018). We replicated these findings in our settings by

show ing that Cntnap2 -/~ mice display a significantly increased distance
travelled and av erage speed (Fig. 8A and B; Mann - Whitney test,
Cntnap2 - vs Cntnap2 **; p = 0.0093) as compared to wild - type
littermates. Additionally, b oth genotypes spent a comparable amount of
time in the centre and borders of the open field arena (Fig. 8C; Tukey's
post hoc following two - way ANOVA, Cntnap2 ** vs Cntnap2 /- within the
centre; p = 0.5150; Cntnap2 ** vs Cntnap2 -/ within borders; p = 0.5132)
despite having a preference  for border regions (Fig. 8C; Tukey's post hoc
following two - way ANOVA, centre vs borders within Cntnap2 **+ and
centre vs borders within Cntnap2  -/-; p < 0.0001), indicating a similar
level of anxiety. No sex differences were found in the behaviour analysed

(two - way ANOVA, Cntnap2 ** vs Cntnap2 -/-, main effect of sex p > 0.05
for distance travelled, average speed, and time spent in centre/borders ;

data not shown ).
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Fig 8. Shank3b -/~ mice exhibit hyper - locomotion. (A, B and C) Quantification of open

field performance by Cntnap2 ** and Cntnap2 -/~ mice revealed that Cntnap2 /- mice

31E0LY YLTT ¢! EBL UT3S E (1tLs&ijtl TREEL e i ET i
Whitney test). Both Cntnap2 ** and Cntnap2 -/~ mice spent significantly more time in

borders as compared to the centre of the arena ( C A © 10740 AN at wt
following t wo- way ANOVA), but the total time spent in the centre and borders did not

significantly differ between genotypes ( C ovey .7 AswkUOwa-wat T3 fay

ANOVA). All plots report the mean values + SEM; each dot represents one animal.
Genot ypes are as indicated (n = 26 Cntnap2 ** and 27 Cntnap2 /")
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Shank3b -/~ and Cntnap2 -/ mice display impairments in texture

discrimination through whiskers.

According to human studies, autism is associated with abnormal sensory
responses. To test the presence of a similar dysfunction in Shank3 and
Cntnap2 mutant mice, we assessed both mutant mouse lines and
controls in awhisker - dependent version of INORT (Wu  etal., 2013) using
custom - made objects that differ only by texture ( Fig. 3 and 4, see
Materials and Methods  for specifics ). Both Shank3b -/~ and Cntnap2 -/
spent a comparable total amount of time exploring the object with
whiskers in both  the learning an d testing phase compared to their wild -
type littermates (Fig . 9A and B for Shank3b mice and Fig .9C and D for
Cntnap2 mice; unpairedt - test, Shank3b ** vs. Shank3b -/- and Cntnap2 **
vs Cntnap2 /-, ovYey "7 TOLTi{E3ITHBr préened
exploration through whiskers and did not exhibit an aversion to the

objects.
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Fig 9. The amount of time spent whisking the objects in learning and testing phase do

not differ between genotypes . A and B show the total time spent whisking the objects

by Shank3b ** and Shank3b -/~ in both the learning and testing phase of tNORT (P>0.05
unpaired t-test Shank3b ** vs Shnk3b -/-). C and D show the total time spent whisking

the objects by Cntna2 ** and Cntnap2 /- in both the learning and testing phase of tNORT
(P>0.05, unpaired t - test Cntnap2 ** vs Cntnap2 -/-). All plots report the mean values +
SEM; each dot represents one animal. Genotypes are as indicated (n = 16 Shank3b ** and
n =13 Shak3b-/-; n = 15 Cntnap2 ** and 15 Cntnap2 /).
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In the learning phase of tINORT Shank3b -/~ and control mice did not show

a preference for one of the equally textured objec ts (Fig. 10A, two - way
ANOVA, main effect of objects F(1,54) =3 .637,p =0.0618 ). The same was
also found when testing  for Cntnap2 -/~ and control mice (Fig. 10C, two -
way ANOVA, main effect of objects F(1, 56) = 0,2320, p =0.6319). During
the testing phase , we showed that only one genotype of both mouse lines
showed a preference for the novel textured object (Fig. XB and C; two -
way ANOVA, interaction between genoty pe and objects F(1, 54) = 28.29,
P<0,0001 in Shank3b and F (1, 56) = 9,368, P=0,0034 in Cntnap2 ).
Specifically, Shank3b ** and Cntnap2 ** mice spent a significantly larger
amount of time exploring the novel object (Fig. 10B and D), testifying a
preference for the novel texture exploration through whiskers.
Conversely, Shank3b -/~ mice preferred the familiar texture objects (Fig.

XB; Tukey's post hoc following two - way ANOVA, familiar object vs novel
object within Shank3b **, p = 0.003 and Shank3b -/-, p = 0.0134), while
Cntnap2 -/~ mice spent comparable time exploring the novel and the
familiar object, (Fig.  10D; Tukey's post hoc following two - way ANOVA,
familiar object vs novel object within Cntnap2 **+  p < 0.0001 and
Cntnap2 -/, p = 0.2033 ). No sex differe nces were found in both mouse
lines in the preference index during both learning and testing phases

(three - way ANOVA, Shank3b ** vs Shank3b /-, and Cntnap2 ** vs
Cntnap2 -/ main effect of sex p > 0.05 in learning and testing phases ).
These results suggest that Shank3b and Cntnap2 - mice display

impaired whisker - mediated texture discrimination.
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Fig. 10. Shank3b /- and Cntnap2 -~ mice exhibit abnormal whisker dependent texture
discrimination.  (A- D) Quantification of tNORT performances by Shank3b and Cntnap2
mutant mice and relative controls. Preference index (%) for familiar objects did not
differ between Shank3b ** and Shank3b -/ (A) as well as between Cntnap2 ** and
Cntnap2 -/~ mice (C) in the learning phase (p > 0.05, Tukey's test following two - way
ANOVA). In the testing phase, Shank3b -/~ did not show a preference for the novel
textured object but for the familiar one as compared with Shank3b ** mice (B, * ** p <
0.001 for Shank3b ** and p<0.05 for Shank3b -/-, Tukey's test following two - way
ANOVA). Cntnap2 -~ mice did not show a preference for the novel textured object, as
compared to Cntnap2 ** mice (D, ***p < 0.0001 for Cntnap2 ** and p>0.05 for
Cntnap2 -/-, Tukey's test following two - way ANOVA. All plots report the mean values +
SEM; each dot represents one animal. Genotypes are as indicated ( n =16 Shank3b ** and
n = 13 Shak3b"/-; n = 15 Cntnap2 ** and 15 Cntnap2 /).
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Shank3b -/~ mice are hyporeactive to repetitive whisker stimulation.

We then evaluated the behavioural responses of Shank3b -/ and control
mice to repetitive whisker stimulation via the whisker nuisance test
(WN; Balasco et al., 2019, Chelini et al., 2019). Following a sham session

that allowed to setthe baseline of behavioural responses, Shank3b -/~ and
control mice were repeatedly stimulated with a wooden stick during

three consecutive sessions of 5 min each (Fig. 5). Different behavioural
responses (freezing, guarded behaviour, evasion, climb and startle ) were
quantified (Fig. 5; see Materials and Methods).  Overall , there were no

behavioural differences between Shank3b ** and Shank3b -/~ mice during

the pre - stimulation (sham) session with both genotypes showing
comparable guarded behaviour and evasiveness (Fig. 1B and C;
Kolmogorov U Smirnov test; Shank3b ** vs. Shank3b -/-, O'Ye Both’ ™ i |

genotypes did notclimb or ~ were startled by the stick presentation during

the sham session (Fig. 11D and E; Kolmogorov Y Smirnov test; Shank3b **

vs. Shank3b -, O'Ye Y ' T i k d Ut/-odisplayed @ SignHisant i

increase in the time spent freezing during sham session compared with

controls (Fig. 11A; Kolmogorov U Smirnov test, Shank3b ** vs. Shank3b -/-;

O'Yy 'Y’ . A significant effect of genotype was found for evading,

climbing, and startle behaviours (Fig. 11C, D and E; two - way ANOVA,

DETHh tfftij3 df rtbd30RE ae . " iYyY,

j YTbi Tbr, ae . _ ' i 'Yy YwithShank3d {" mic@teing3 Y. ON
hyporeactive to whisker sti  mulation. No difference s between genotypes

were found for freezing and guarded behaviours (Fig. 11A and B; two - way

ANOVA, main effect of genotype F (1, 140) = 0,4420 for freezing and F (1,

140) = 1,499 for guarded; P > 0.05). A marked effect of trials was  found

for all behaviour analysed (  Fig. 11A- E; two - way ANOVA, main effect of

trial F (3, 140)Y Y. . . . Fadl BFMMe)Y ZTbr.  afdl@BrsE]LL
140)yY, ., fa1@UORLY B, ,a fdl @ MOKIYTEr, ' a

for startle; P& Y’ . ') ’indicating habituation to repetitive whisker
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stimulation. In the first trial, both genotypes exhibited a similar fearful

response testified by higher scores in freezing, guarded, and evading

behaviours compared to the sham session (Fig. 11A,Bab L > ;, dbfE114db
test following two - way ANOVA,; trial 1 vs. sham within Shank3b  ** and
Shank3b -,  O'YCZ'Y ' 7 i _  k aUmicetspent signigcarilyiless

time evading compared to controls (Fig. 11C), while no difference was

observed in freezing and guarded behaviours during trial 1 (Fig. 11A and

B; Kolmogorov U Smirnov test; Shank3b ** vs. Shank3b -/- within trial 1,

OYZLY . LOEE@TRHT . OYe'y _'7 fdl (AddtianaB[ br EDBL
Shank3b -/~ mice had significantly less curiosity toward the stimulus, as

seen by the fact that they engaged in significantly fewer climbing

behaviours during trial 3 compared to controls (Fig. 11D; Kolmogorov U

Smirnov test; Shank3b ** vs.Shank3b-"UT3STHh 31 TEY Finally, OYy 'Y .
no major differences in behavioural scores were observed between the

sexes within the two genotypes (data not shown).
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These findings suggest that Shank3b -/ mice are less likely to take
proactive actions in response to intrusive whisker stimulation compared
to control mice. The animal's ability to experience fear is not affected by
Shank3b deficiency, but its ability to react to novel and intrusive stimuli

is severely disrupted.

Cntnap2 -~ mice are not affected by whisker stimulation.

We also quantified the behavioural responses to repetitive whisker
stimulation via the WN in Cntnap2 -~ and control mice and found that
mutant mice behave similarly to their wild - type littermates in each

behaviour analysed (Fig. 12A- E; two -way ANOVA main effect of
genotype, Cntnap2 ** vs Cntnap2 /- in each behaviour P > 0.05). As seen
for Shank3b mice, also Cntnap2 ** and Cntnap2 mice showed comparable
levels of freezing, guarded behaviour, and evasiveness during the sham

session (Fig. 12A, B and C; Kolmogorov Y Smirnov test; Cntnap2 ** vs.

Cntnap2 /-, O'Ye "Both 'genbtypes did not show climbs or start le
following stick presentation during the sham session (Fig. 12D and E;
Kolmogorov Y Smirnov test; Cntnap2 ** vs. Cntnap2 /-, OYelY |

Cntnap2 ** and Cntnap2 -/ showed habituation to repetitive whisker
stimulation across trials (Fig. 12A- E; two - way ANOVA, main effect of
trial F (3, 108) = 9,897 for freezing, F (3, 108) = 9,348 for guarded
behavio ur, F (3, 108) = 18,84 for evasion, F (3, 108) = 39,97 for climbs and

F (3, 108) = 22,36 for startle;  P<0,0001 ) but no differences were found
between genotypes in each trial analysed (Kolmogorov U Smirnov test;
Cntnap2 ** vs.Cntnap2 " Th 31 TEY .. 3I1TEY . EBL

a preserved behavioural response following direct whisker simulation.
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Fig. 12. Cntnap2 /- and Cntnap2 ** mice show comparable behaviours following

repetitive whisker stimulation in WN.

Time spent in freezing (A), guarded behaviour

(B), and evading (C) are expressed as % over the total time of observation in each
session. The number of climbing events (D) and startle events (E) in response to  the

stick presentation are expressed as
values £ SEM. P > 0.05 Kolmogorov

the total number of events. All plots report mean
- Smirnov test and two - way ANOVA. Genotypes are

ET TBHBLTijE3LL e*handMChtnap26’3b ER.
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Shank3b -/~ mice lack c-fos induction in S1 and Hp following whisker

stimulation

Aberrant texture discrimination through whiskers and sensory hypo -
responsiveness to whisker stimulation in Shank3b /- mice led us to
investigate the neuronal underpinnings of these whisker - dependent
behaviours. We looked for c- fos mMRNA expression as a proxy to infer
neuronal activity in response to sensory stimulation (Filipkowski et al.,

2000, Chelini et al.,, 2019 ) and quantified in - situ hybridization (ISH)
signals in key brain regions involved in the processing of tactile sensory
information. Firstly, c-fos mRNA induction was quantified in the
primary somatosensory cortex (S1) of Shank3b ** and Shank3b -/~ mice

follo wing either a sham or WN  session (Fig. 13A and B) .
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Fig. 13. Shank3b -/~ mice lack c-fos mRNA induction in S1 and following WN. (A).

Schematic of Sham (top) and WN test (bottom). (B) Representative images of  c- fos

MRNA in situ hybridization in S1 of Shank3b ** and Shank3b /- mice, 20 min following

TSEb adi a . UijEYL iQudntfication of ' c-'fossmRNA signal intensity in

S1 following Sham and WN. Values are expressed as mean signal intensities £SEM (see

ME3L]1TEYT EBL -L3SaLTi. ... 0vYeYy o -wadswe U RAC
I "1 Al e BYYY. . TLij3Tab T ™ inicéd tand B Bettiond) fpol bséveri

Shank3b " b Tijt fayYyyYadauUTbhr a~ EBL BYy'Y . "TrhideHM®BBT 1db
sections from five Sha nk3b /- mice following sham). Genotypes and treatments are as

indicated. Abbreviations: L2 u 6, S1 cortical layers; S1, primary somatosensory cortex.
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