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A B S T R A C T   

Sensory abnormalities are a common feature in autism spectrum disorders (ASDs). Tactile responsiveness is 
altered in autistic individuals, with hypo-responsiveness being associated with the severity of ASD core symp-
toms. Similarly, sensory abnormalities have been described in mice lacking ASD-associated genes. Loss-of- 
function mutations in CNTNAP2 result in cortical dysplasia-focal epilepsy syndrome (CDFE) and autism. Like-
wise, Cntnap2− /− mice show epilepsy and deficits relevant with core symptoms of human ASDs, and are 
considered a reliable model to study ASDs. Altered synaptic transmission and synchronicity found in the cerebral 
cortex of Cntnap2− /− mice would suggest a network dysfunction. Here, we investigated the neural substrates of 
whisker-dependent responses in Cntnap2+/+ and Cntnap2− /− adult mice. When compared to controls, Cntnap2− /−

mice showed focal hyper-connectivity within the primary somatosensory cortex (S1), in the absence of altered 
connectivity between S1 and other somatosensory areas. This data suggests the presence of impaired somato-
sensory processing in these mutants. Accordingly, Cntnap2− /− mice displayed impaired whisker-dependent 
discrimination in the textured novel object recognition test (tNORT) and increased c-fos mRNA induction 
within S1 following whisker stimulation. S1 functional hyperconnectivity might underlie the aberrant whisker- 
dependent responses observed in Cntnap2− /− mice, indicating that Cntnap2 mice are a reliable model to inves-
tigate sensory abnormalities that characterize ASDs.   

1. Introduction 

Abnormal sensory processing has been reported to occur in 90% of 
people diagnosed with autism spectrum disorders (ASDs) (Robertson 
and Baron-Cohen, 2017). Several studies point to altered processing of 
sensory information as a crucial feature of these disorders (Balasco et al., 
2019), and both hyper- and hypo-reactivity to sensory stimuli are 
currently recognized as diagnostic criteria for ASD (American Psychi-
atric Association, 2013). Sensory abnormalities encompass all the 

sensory modalities, with the tactile domain being one of the most 
affected (Balasco et al., 2019). Abnormal sensory reactivity represents a 
crucial issue in autism research since it likely contributes to other ASD 
symptoms such as anxiety, stereotyped behaviors, as well as cognitive 
and social dysfunctions (Ben-Sasson et al., 2007; Sinclair et al., 2017), 
Interestingly, hypo-responsiveness to tactile stimulation has been found 
to positively correlate with severity of ASD core symptoms (Foss-Feig 
et al., 2012) and touch avoidance behavior in toddlers is predictive of 
ASD diagnosis later on in life (Mammen et al., 2015). 

Abbeviations: ANOVA, analysis of variance; Amy, amygdala; ASD, autism spectrum disorder; BOLD, blood oxygenation level dependent; CDFE, cortical dysplasia- 
focal epilepsy syndrome; CNTNAP2, contactin associated protein-like 2; E/I, excitation/inhibition; EPI, echo planar imaging; G, grit; GABA, g-aminobutyric acid; 
GAD, glutamic acid decarboxylase; M Ctx, motor cortex; L, cortical layer; Mtn, medial thalamic nuclei; rsfMRI, resting-state functional magnetic resonance imaging; 
OF, open field; S1, primary somatosensory cortex; Pvalb, parvalbumin; TE, echo time; TN, trigeminal nucleus; tNORT, textured novel object recognition; TR, 
repetition time; vGLUT, vesicular glutamate transporter; Vpm, ventro postero-medial nucleus; WS, whisker stimulation under anesthesia. 
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Mouse lines harboring ASD-relevant mutations have been recently 
used to assess the neurobiological underpinnings of abnormal sensory 
responses in ASD (Balasco et al., 2019; Orefice, 2020). Given the rele-
vance of the whisker system in mice, the assessment of whisker- 
mediated behaviors represents an ideal proxy to study somatosensory 
processing defects (He et al., 2017; Chelini et al., 2019; Pizzo et al., 
2020). Mice use their whiskers for a variety of behavior including object 
exploration (Brecht, 2007) and conspecific interaction (Ahl, 1986), and 
abnormalities in sensory perception through whiskers profoundly 
impact mouse behavior (Arakawa and Erzurumlu, 2015; Erzurumlu and 
Gaspar, 2020). 

Research into the genetic bases of ASD has identified common and 
rare mutations in the CNTNAP2 (contactin associated protein-like 2) 
gene associated with increased susceptibility to autism and schizo-
phrenia (Alarcón et al., 2008; Arking et al., 2008; Bakkaloglu et al., 
2008). Moreover, a recessive nonsense mutation in CNTNAP2 was 
originally reported to cause cortical dysplasia-focal epilepsy syndrome 
(CDFE), a rare disorder characterized by epileptic seizures, language 
regression, intellectual disability and autism (Strauss et al., 2006). 
CNTNAP2 codes for CASPR2, a transmembrane protein of the neurexin 
superfamily involved in neuron-glia interactions and clustering of po-
tassium channels in myelinated axons (Poliak et al., 1999; Poliak et al., 
2003). Cntnap2 is highly expressed in several adult brain regions, 
including cerebral cortex, hippocampus, striatum, and cerebellum 
(Peñagarikano et al., 2011). Interestingly, Cntnap2 is expressed in pri-
mary sensory organs and in brain regions involved in sensory processing 
(Gordon et al., 2016), suggesting a role for the Cntnap2 gene in sensory 
neurotransmission. 

Mice lacking the Cntnap2 gene (Poliak et al., 2003) are considered a 
reliable model with both construct and face validity for ASD 
(Peñagarikano et al., 2011). In keeping with Cntnap2 expression pattern 
(Gordon et al., 2016), studies indicate that lack of Cntnap2 results in 
sensory dysfunction. Cntnap2− /− mice display enhanced hypersensitiv-
ity to noxious and thermal stimuli applied to hindpaws, which has been 
related to enhanced excitability of dorsal root ganglion neurons (Dawes 
et al., 2018). Moreover, despite reports of intact firing rate and ampli-
tude in cortical neurons of Cntnap2− /− mice (Peñagarikano 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), suggesting a 
broad neuronal network remodeling in these mutants. 

Here we investigated the effect of Cntnap2 gene inactivation on so-
matosensory cortex connectivity and whisker-dependent responses at 
the behavioral and cellular level. We first used a seed-based approach in 
rsfMRI to probe functional connectivity alterations in the primary so-
matosensory cortex (S1) and other somatosensory areas of Cntnap2 
mutant mice. We next performed textured novel object recognition test 
(tNORT) and c-fos mRNA in situ hybridization to assess behavioral and 
cellular whisker-dependent responses in adult Cntnap2− /− and control 
mice. Our data reveal altered S1 functional connectivity and aberrant 
whisker-dependent responses in Cntnap2− /− mice. 

2. Materials and methods 

2.1. Animals 

All experimental procedures were performed in accordance with 
Italian and European directives (DL 26/2014, EU 63/2010) and were 
reviewed and approved by the University of Trento animal care com-
mittee and Italian Ministry of Health. Animals were housed in a 12 h 
light/dark cycle with food and water available ad libitum. Surgical 
procedures were performed under anesthesia and all efforts were made 
to minimize suffering. Cntnap2 mutants were crossed at least five times 
into a C57BL/6 background. Heterozygous mating (Cntnap2+/− x 

Cntnap2+/− ) was used to generate the Cntnap2+/+ and Cntnap2− /− lit-
termates used in this study. PCR genotyping was performed according to 
the protocol available on The Jackson Laboratory website (www.jax. 
org). A total of 101 age-matched adult littermates (50 Cntnap2+/+ and 
51 Cntnap2− /− ; 3–6 months old; weight = 25–35 g) of both sexes were 
used. The stage of the estrous cycle was not monitored for female ani-
mals used in this study. Twenty-six mice (13 Cntnap2+/+ and 13 
Cntnap2− /− ) were used for fMRI experiments. Fifty-three mice (26 
Cntnap2+/+ and 27 Cntnap2− /− ) were used for the open field test. A 
subset of 30 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 anesthesia or whisker stimulation. Finally, 
10 animals (5 Cntnap2+/+ and 5 Cntnap2− /− ) were used in the RT-qPCR 
study (see Fig. 1 for a summary of the experimental scheme). Previous 
studies showed that similar group sizes are sufficient to obtain statisti-
cally significant results in fMRI, behavioral, and in situ hybridization 
studies (Balasco et al., 2021). All experiments were performed blind to 
genotype. Animals were assigned a numerical code by an operator who 
did not take part in the experiments and codes were associated to ge-
notypes only at the moment of data analysis. 

2.2. Resting-State Functional MRI (rsfMRI) 

rsfMRI time-series were recorded in male Cntnap2− /− (n = 13, 13–14 
weeks old) and age-matched Cntnap2+/+ control littermates (n = 13) as 
described (Liska et al., 2018). Briefly, animals were anesthetized with 
isoflurane (5% induction), intubated and artificially ventilated (2% 
maintenance). After surgery, isoflurane was discontinued and replaced 
with halothane (0.75%). Recordings started 45 min after isoflurane 
cessation. Functional scans were acquired with a 7 T MRI scanner 
(Bruker Biospin, Milan) using a 72-mm birdcage transmit coil and a 4- 
channel solenoid coil for signal reception. For each animal, in-vivo 
anatomical images were acquired with a fast spin echo sequence 
(repetition time [TR] = 5500 ms, echo time [TE] = 60 ms, matrix 192 ×
192, field of view 2 × 2 cm, 24 coronal slices, slice thickness 500 μm). 
Co-centered single-shot BOLD rsfMRI time series were acquired using an 
echo planar imaging (EPI) sequence with the following parameters: TR/ 
TE 1200/15 ms, flip angle 30◦, matrix 100 × 100, field of view 2 × 2 cm, 
24 coronal slices, slice thickness 500 μm for 500 volumes. 

2.3. Functional connectivity analyses 

Resting state functional MRI connectivity is a method to map spatio- 
temporal synchronization of spontaneous BOLD fluctuations across 
brain regions and is widely used in human clinical (Di Martino et al., 
2014) and rodent (Pagani et al., 2021; Zerbi et al., 2021) studies to 
describe alterations of brain networks in autism and other neuropsy-
chiatric disorders. Functional connectivity analyses reported here were 
carried out on the rsfMRI scans acquired for our previous study (Liska 
et al., 2018). Here we used seed-based correlation mapping to probe 
putative functional connectivity alterations associated to Cntnap2 ho-
mozygous mutation. Before mapping rsfMRI connectivity, raw time- 
series were pre-processed and denoised as previously described (Liska 
et al., 2018; Coletta et al., 2020). First, the initial 50 volumes were 
removed to allow for T1 equilibration effects. Time series were then 
despiked, motion corrected and registered (Pagani et al., 2016) to a 
common group-averaged BOLD reference template. Motion traces of 
head realignment parameters and mean ventricular signal were then 
used as nuisance covariates and regressed out from each time course. 
Before functional connectivity mapping, all time-series underwent band- 
pass filtering (0.01–0.1 Hz) and spatial smoothing (FWHM = 0.6 mm). 
Functional connectivity of brain regions associated with whisker- 
mediated behaviors were mapped using seed-based correlation anal-
ysis. Specifically, bilateral seeds of 3 × 3 × 1 voxels were placed in the 
primary somatosensory (S1) cortex and ventral postero-medial nucleus 
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(VPM) of the thalamus of Cntnap2− /− and Cntnap2+/+ mice to probe 
functional connectivity between these regions and the rest of the brain. 
The location of the bilateral seeds employed for mapping is indicated in 
Fig. 2. 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's t-test (t > 2, p <
0.05) and family-wise error (FWER) cluster-corrected using a cluster 
threshold of p = 0.01. To quantify rsfMRI alterations we also carried out 
functional connectivity measures in cubic regions of interest (3 × 3 × 1 
voxels). The statistical significance of these region-wise intergroup ef-
fects was quantified using a 2-tailed Student's t-test (t > 2, p < 0.05). 

2.4. Textured novel object recognition test (tNORT) 

Whisker-mediated texture discrimination was assed as described 
(Wu et al., 2013; Balasco et al., 2021). Since mice have an innate pref-
erence for novel stimuli, an animal that can discriminate between the 
textures of the objects spends more time investigating the novel textured 
object, whereas an animal that cannot discriminate between the textures 
is expected to investigate the objects equally. Experiments were per-
formed in a standard open field arena (40 cm × 40 cm × 40 cm) con-
taining two cylinder-shaped objects (1.5 cm radius base x 12 cm height) 
covered in garnet sandpaper. The grit (G) of the objects (i.e., how rough 
the sandpaper is) was chosen according to Wu et al. (2013), to favor 
whisker interaction. A 120 G sandpaper (fine texture) was used for the 
familiar object, whereas 40 G sandpaper (coarse texture) was used for 
the novel object. Many identical objects were created for each grit of 
sandpaper to avoid recognition via olfactory cues. Moreover, the test 
was performed in penumbra (4 lx) to avoid possible visual confounds. 
Adult mice have a very low visual acuity (Schmucker et al., 2005), which 
does not allow them to discriminate the grit of the two objects at this 
light intensity. The test started after two days of habituation in the 
arena. In the first session (learning phase), mice were placed in the 
testing arena facing away from two identically textured objects (object A 
and object B; 120 G) and allowed to freely explore the objects for 5 min. 
This short time was selected to favor the investigation through whiskers. 
The textured objects were placed in the center of the arena, equidistant 

to each other and the walls. Mice were then removed and held in a 
separate transport cage for 5 min. This short time was selected to 
minimize hippocampal mediated learning (Wu et al., 2013; Balasco 
et al., 2021). Prior to the start of the second session, the two objects in 
the arena were replaced with a third, identically textured object 
(familiar, 120 G) and a new object with a different texture (novel, 40 G). 
The position of the novel versus the familiar object was counterbalanced 
and pseudorandomized (i.e, the position of the two objects was 
exchanged between each mouse and the following one). Mice were then 
placed back into the arena for the second session (testing phase) and 
allowed to explore for 5 min. The testing arena was cleaned with 70% 
ethanol between sessions and between animals to mask olfactory cues. 
The amount of time mice spent actively investigating each of the objects 
was assessed during both learning and testing phases. Investigation 
through whiskers was defined as directing the nose towards the object 
with a distance of less than 2 cm from the nose to the object or touching 
the nose to the object. Resting, grooming, and digging next to, or sitting 
on, the object was not considered as an investigation. Mice that had a 
total investigation time of less than 2 s during either learning and testing 
phases were excluded 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 centered 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 percentage [i.e., A/(B + A) × 100 in the learning session 
and novel/(familiar + novel) × 100 in the testing session]. 

2.5. Open field test 

Animals were placed in an open field arena (40 cm × 40 cm × 40 cm) 
and allowed to freely explore for 10 min. The walls of the arena were 
smooth and grey colored. Sessions were recorded and mice were auto-
matically tracked using EthoVisionXT (Noldus). Average speed, distance 
travelled and time spent in center/borders were analyzed. 

Fig. 1. Experimental paradigm on Cntnap2+/+ and Cntnap2− /− adult mice of both sex. Functional connectivity analysis was performed with seed-based correlation of 
BOLD signals in S1. Functional characterization was performed via rsfMRI. Behavioral characterization consisted in the textured novel object recognition test 
(tNORT) and open field test (OF). Behavioral data were acquired through automated software (Ethovision). Molecular characterization of neuronal activity was 
performed via c-fos in situ hybridization (ISH) following whisker stimulation under anesthesia (WS) and quantitative real-time PCR (qRT-PCR) on excitation/in-
hibition markers in neocortex. Molecular data consisted in mRNA signal intensity calculated in S1 through Fiji software from ISH experiments and expression data 
from gene analysis study. 
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2.6. Whisker stimulation under anesthesia (WS) 

Mice were anesthetized 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 anesthesia was 
chosen as it preserves whisker-dependent activity in the somatosensory 
cortex (Balasco et al., 2021). WS protocol consisted in 3 consecutive 
sessions (5 min each, with 1 min intervals) of continuous touch of the 
whiskers with a wooden stick (bilateral stimulation). 

2.7. c-fos mRNA in situ hybridization 

Mice were killed 20 min after the end of WS and anesthesia only 
sessions, and brains were rapidly frozen on dry ice. Coronal cryostat 
sections (20 μm thick) were fixed in 4% paraformaldehyde and pro-
cessed for non-radioactive in situ hybridization using a digoxigenin- 
labelled c-fos riboprobe (Balasco et al., 2021). Signal was detected by 
alkaline phosphatase-conjugated anti-digoxigenin antibody followed by 
alkaline phosphatase staining. Brain sections were processed together 
for c-fos expression in order to exclude possible batch effects. Sense 
riboprobes, used as negative control, revealed no detectable signal (data 
not shown). Brain areas were identified according to the Allen Mouse 
Brain Atlas (https://mouse.brain-map.org). Digital images from 4 to 8 

sections per animal were acquired at the level of the S1 and other brain 
regions of interest using a Zeiss AxioImager II microscope at 10× pri-
mary magnification. 

2.8. Quantitative reverse transcription – polymerase chain reaction (RT- 
qPCR) 

Total RNAs were extracted from the cerebral cortex of adult 
Cntnap2+/+ and Cntnap2− /− mice, and retro-transcribed to cDNA ac-
cording to manufacturer's protocol. qRT-PCR was performed in a 
CFX96™ Real-Time System (Bio-Rad, USA), using PowerUp™ SYBR™ 
Green Master Mix (ThermoFisher). Primers (Sigma) were designed on 
different exons to avoid amplification of genomic DNA (Table 1). The 

Fig. 2. Increased functional connectivity within the somatosensory cortex of Cntnap2− /− mice. (A) Seed-based connectivity maps of S1 cortex in Cntnap2+/+ and 
Cntnap2− /− mice. Red-yellow represents brain regions showing significant rsfMRI functional connectivity with the S1 in Cntnap2+/+ (left) and Cntnap2− /− mice 
(middle). Seed region is depicted in green lettering. Brain regions showing rsfMRI over-connectivity in Cntnap2− /− mice with respect to Cntnap2+/+ control lit-
termates are depicted in red-yellow (right). (B) Functional connectivity within the S1 was also quantified in unilateral reference volumes of interest (green). (C) Seed- 
based connectivity maps of the VPM. Red-yellow represents brain regions showing significant rsfMRI functional connectivity with the VPM in Cntnap2+/+ (left) and 
Cntnap2− /− mice (middle). Seed region is depicted in green lettering. No change of rsfMRI connectivity of the VPM was detected in Cntnap2− /− mice with respect to 
Cntnap2+/+ mice (right). (D). Functional connectivity between VPM and S1 was also quantified in unilateral reference volumes of interest (green). Error bars 
represent SEM. S1 ctx, primary somatosensory cortex; VPM, ventral posteromedial nucleus of the thalamus; TN, trigeminal nucleus. ** p < 0.01 (unpaired t-test, n =
13 Cntnap2+/+ and n = 13 Cntnap2− /− mice, each dot represents one animal). (For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 

Table 1 
Primers used for quantitative RT-PCR experiments.  

Gene Forward (5′-3′) Reverse (5′-3′) 

β-Actin AATCGTGCGTGACATCAAAG AAGGAAGGCTGGAAAAGAGC 
vGlut1 CCCCCAAATCCTTGCACTTT AACAAATGGCCACTGAGAAACC 
vGlut2 TGCTACCTCACAGGAGAATGGA GCGCACCTTCTTGCACAAAT 
Gad1 CGTGCATTTGTGAGCCAAAGA ACATCTGACATACAGCTTGAG 
Gad2 CATTCCTGTCCTTGCCTCTC GTGCATCCTTTGTCCATGT 
Pvalb TGTCGATGACAGACGTGCTC TTCTTCAACCCCAATCTTGC  
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CFX3 Manager 3.0 (Bio-Rad) software was used to perform expression 
analyses (Sgadò et al., 2013). Mean cycle threshold (Ct) values from 
replicate experiments were calculated for each marker and β-actin (used 
as a standard 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 β-actin for both genotypes. For RT-qPCR 
experiments, the expression levels of each marker (normalized to that of 
β-actin) were compared from at least 4 replicate experiments performed 
on RNA pools from 5 animals per genotype. Statistical analysis was 
performed by unpaired t-test. 

2.9. Statistical analyses 

Statistical analyses of behavioral and in situ hybridization data were 
performed with GraphPad Prism 8.0 software, with the level of signifi-
cance set at p < 0.05. For behavioral experiments, statistical analysis 
was performed by Mann-Whitney test or two/three-way ANOVA fol-
lowed by Tukey's or Bonferroni's post-hoc multiple comparisons, as 

appropriate. To quantify mRNA signal intensity from in situ hybridiza-
tion experiments, acquired images were converted to 8-bit (grey-scale), 
inverted, and analyzed using the ImageJ software (https://imagej.net/ 
Downloads). Mean signal intensity was measured in different counting 
areas drawn to identify S1 cortical layers and other areas of interest. 
Mean signal intensity was divided by the background calculated in layer 
1. Statistical analysis was performed by unpaired t-test. 

3. Results 

3.1. Functional over-connectivity within S1 in Cntnap2− /− mice 

We previously reported that homozygous loss of Cntnap2 leads to 
profoundly altered prefronto-cortical functional coupling (Liska et al., 
2018). To investigate functional synchronization in somatosensory 
areas, we probed rsfMRI connectivity of S1 in Cntnap2 mutants (Fig. 2A). 
Notably, voxelwise rsfMRI connectivity mapping of S1 revealed 
increased functional connectivity within S1 (t > 2, p < 0.05 and FWER 

Fig. 3. Cntnap2− /− mice exhibit abnormal whisker dependent texture discrimination and general locomotor hyperactivity. Cntnap2+/+ and Cntnap2− /− spent a 
comparable amount of time exploring objects in both learning phase (A) and testing phase (B). (C–D) Quantification of tNORT performance by Cntnap2+/+ and 
Cntnap2− /− mice. Preference index (%) for familiar objects (C) did not differ between Cntnap2+/+ and Cntnap2− /− mice in the learning phase (p > 0.05, Tukey's test 
following two-way ANOVA). In the testing phase, Cntnap2− /− mice did not show a preference for the novel textured object, as compared to Shank3b+/+ mice (D, 
****p < 0.0001, Tukey's test following two-way ANOVA). Locomotor hyperactivity in Cntnap2− /− mice was assessed in open field arena. Cntnap2− /− mice showed 
higher average speed (E, **p < 0.01, Mann-Whitney test) and distance travelled (F, **p < 0.01, Mann-Whitney test) in the open field, as compared to controls. Both 
Cntnap2+/+ and Cntnap2− /− mice spent significantly more time in borders as compared to the center of the arena (G, ****p < 0.0001, Tukey's post hoc following two- 
way ANOVA). All plots report the mean values ± SEM; each dot represents one animal. Genotypes are as indicated (n = 15 Cntnap2+/+ and 15 Cntnap2− /− for tNORT 
test and n = 26 Cntnap2+/+ and 27 Cntnap2− /− ). 
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cluster-corrected using a cluster threshold of p = 0.01, Fig. 2A). Uni-
lateral quantifications of rsfMRI signal in regions of interest confirmed 
functional over-connectivity within the right (t = 3.11, p = 0.005, 
Fig. 2B, top panel) and left S1 (t = 3.41, p = 0.002, Fig. 2B, bottom 
panel). To rule out the presence of thalamo-cortical functional connec-
tivity alterations in Cntnap2 mutants, we carried out voxelwise rsfMRI 
connectivity mapping of the ventral posterior medial thalamic nucleus 
(VPM), which receives afferents from whiskers via brainstem nuclei and 
projects to S1 layer 4 (Petersen, 2007). Our analysis revealed unim-
paired rsfMRI of the VPM in Cntnap2 mutants as compared to wild-type 
littermates (t > 2, p < 0.05 and FWER cluster-corrected using a cluster 
threshold of p = 0.01, Fig. 2C). Preserved rsfMRI connectivity of the 
VPM was confirmed by region-wise unilateral quantifications between 
right SS and VPM (t = 0.53, p = 0.063, Fig. 1D, top panel) and between 
left SS and VPM (t = 0.51, p = 0.067, Fig. 2D, bottom panel). Our set of 
functional connectivity analysis also revealed unimpaired rsfMRI con-
nectivity between S1 and VPM, and the TN. Our findings indicate an 
aberrant over-synchronization within somatosensory areas in Cntnap2 
mutants. 

3.2. Cntnap2− /− mice show impaired texture discrimination through 
whiskers 

To test whether S1 over-synchronization is accompanied by an 
altered response to somatosensory stimuli in Cntnap2 mutants, we tested 
Cntnap2− /− and control mice in a whisker-dependent version of tNORT 
(Balasco et al., 2021) (Fig. 3) using sandpaper-wrapped cylinders that 
differ only in texture (smooth or rough; see Methods). 

Both genotypes spent a comparable total amount of time exploring 
objects in both the testing and learning phase (unpaired t-test, Cntnap2+/ 

+vs Cntnap2− /− , p > 0.05; Fig. 3A-B), indicating that mutant mice have 
preserved exploration through whiskers. During the tNORT learning 
phase (Fig. 3C) both genotypes did not show any preference for one of 
the identical textured objects (two-way ANOVA, main effect of objects 
F(1, 56) = 7.994e-030, p = 0.9999). During the test phase, control mice 
spent a significantly larger amount of time exploring the novel object, 
testifying a preference in the novel texture exploration through whis-
kers. Conversely, Cntnap2− /− mice spent comparable time exploring the 
novel and the familiar object, (Fig. 3D; Tukey's post hoc following two- 
way ANOVA, familiar object vs novel object within Cntnap2+/+, p <
0.0001 and Cntnap2− /− , p = 0.2033). These results suggest that 
Cntnap2− /− mice display impaired whisker-dependent texture 
discrimination. No sex differences were found in the preference index 
during both learning and testing phases (three-way ANOVA, Cntnap2+/+

vs Cntnap2− /− , main effect of sex p > 0.05 in learning and testing 
phases). 

To exclude that whisker-dependent behavioral responses were due to 
a general hyporeactivity phenotype, we assessed Cntnap2− /− and con-
trol mice in an open field arena. Cntnap2− /− mice showed a significantly 
increased average speed (Fig. 3E; Mann-Whitney test, Cntnap2− /− vs 
Cntnap2+/+; p = 0.0093) and distance travelled (Fig. 3F; Mann-Whitney 
test, Cntnap2− /− vs Cntnap2+/+; p = 0.0093) as compared to wild-type 
littermates. Both genotypes spent a comparable amount of time in 
center and borders of the open field arena (Fig. 3G; Tukey's post hoc 
following two-way ANOVA, Cntnap2+/+ vs Cntnap2− /− within center; p 
= 0.5150; Cntnap2+/+ vs Cntnap2− /− within borders; p = 0.5132) while 
having a preference for border regions of the arena (Fig. 3G; Tukey's post 
hoc following two-way ANOVA, center vs borders within Cntnap2+/+

and center vs borders within Cntnap2− /− ; p < 0.0001), indicating a 
similar level of anxiety. No sex differences were found in the behavior 
analyzed (two-way ANOVA, Cntnap2+/+ vs Cntnap2− /− , main effect of 
sex p > 0.05 for average speed, distance travelled and time spent in 
center/borders). 

3.3. Cntnap2− /− mice show increased c-fos mRNA expression in S1 
following whisker stimulation under anesthesia (WS) 

We next investigated c-fos mRNA induction in S1 following WS 
(Fig. 4). WS induced c-fos mRNA expression in S1 of both genotypes, as 
compared to anesthetized unstimulated animals; however, whisker- 
stimulated Cntnap2− /− mice showed a more pronounced c-fos induc-
tion in S1 (Fig. 4A). Quantification of c-fos mRNA mean signal intensity 
confirmed these observations (Fig. 4B; Tukey's post hoc following one- 
way ANOVA, anesthesia Cntnap2+/+ vs anesthesia Cntnap2− /− p >
0.05; anesthesia vs. WS p = 0,0001 in Cntnap2+/+ and p < 0,0001 in 
Cntnap2− /− ; WS Cntnap2+/+ vs WS Cntnap2− /− , p = 0,0062). Quantifi-
cation of c-fos mRNA in S1 layers revealed a similar pattern of induction 
in L2/3, L4 and L5/6 (Fig. 4C-E; Tukey's post hoc following one-way 
ANOVA, anesthesia vs WS p < 0,0001 in L2/3, L4, and L5/6). WS 
instead induced a similar c-fos mRNA upregulation in the somatosensory 
thalamus (VPM; Fig. 5A) and hippocampus (Fig. 5B) of both Cntnap2+/+

and Cntnap2− /− mice, compared to anesthetized unstimulated animals. 
No difference in c-fos mRNA signal intensity was detected between the 
two genotypes in other brain regions analyzed, such as motor cortex 
(Fig. 5C), medial thalamic nuclei (Fig. 5D) and amygdala (Fig. 5E). 
Given the functional hyper-connectivity and c-fos mRNA upregulation 
found in the S1 of Cntnap2− /− mice, we next used RT-qPCR to evaluate 
the expression of excitatory (vesicular glutamate transporters vGLUT1 
and 2) and inhibitory (glutamic acid decarboxylase GAD1 and 2, par-
valbumin Pvalb) markers in the neocortex of adult Cntnap2+/+ and 
Cntnap2− /− adult mice. vGLUT1 and 2 mRNAs were overexpressed in 
Cntnap2− /− mice compared to controls (*p < 0.05 unpaired t-test), while 
mRNA levels of inhibitory markers did not differ between the two ge-
notypes (Fig. 6). These results suggest that an increased excitation/in-
hibition (E/I) ratio might underlie S1 functional hyperconnectivity and 
somatosensory discrimination deficits of Cntnap2 mice. 

4. Discussion 

In this study, we report that adult Cntnap2 mutant mice, compared to 
age-matched controls, display increased functional connectivity within 
S1, accompanied by impaired whisker-dependent texture discrimination 
and increased c-fos mRNA expression in S1 following whisker stimula-
tion. Increased sensitivity to somatosensory stimulation is consistent 
with increased E/I balance detected in the Cntnap2 neocortex. 

Both hyper- and hypo-sensitivity to tactile stimuli have been pro-
posed to contribute to social deficits and other autism-related behaviors. 
Accordingly, sensory abnormalities are a common trait in mice 
harboring ASD-relevant mutations (Balasco et al., 2019). Previous 
studies addressed somatosensory deficits in mouse models of ASD (He 
et al., 2017; Chelini et al., 2019; Chen et al., 2020; Orefice, 2020; Pizzo 
et al., 2020; Balasco et al., 2021), including Cntnap2− /− mice 
(Peñagarikano et al., 2011; Dawes et al., 2018; Antoine et al., 2019). 
Mice use their whiskers for a variety of behaviors including conspecifics 
interaction, exploration and environmental navigation (Ahl, 1986; 
Brecht, 2007; Diamond et al., 2008; Diamond and Arabzadeh, 2013). 
Previous studies showed that Cntnap2− /− mice display aberrant 
prefronto-cortical functional connectivity (Liska et al., 2018) and gen-
eral patterns of hyperconnectivity across major brain structures 
including the neocortex (Choe et al., 2021). Here we investigated 
functional synchronization in somatosensory areas of Cntnap2 mutants. 
Functional coupling between S1 and other somatosensory areas (VPM 
and TN) was preserved in mutant mice, while Cntnap2− /− mice dis-
played focal hyperconnectivity within S1 compared to controls (Fig. 2). 
This data suggests the presence of impaired somatosensory processing in 
Cntnap2 mice, pointing out at possible whisker-dependent behavioral 
deficits in these mutants. 

We therefore investigated whisker-dependent responses in 
Cntnap2− /− and control mice. We first used a version of tNORT specif-
ically designed to favor whisker-mediated object exploration (Wu et al., 
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2013; Balasco et al., 2021). As compared with control animals, Cntnap2 
mutant mice were not able to discriminate between objects with 
different textures, though spending the same amount of time investi-
gating objects with identical texture (Fig. 3). These results indicate that 
Cntnap2− /− mice display a reduced ability to discriminate different 
texture using their whiskers. To the best of our knowledge, this is the 
first evidence of aberrant whisker-dependent texture discrimination in 
Cntnap2− /− mice. Behavioral hyporeactivity to whisker stimulation 
would not be attributable to a generalized hypoactive phenotype, since 
Cntnap2 mutants showed hyperlocomotion in the open field arena 
(Fig. 3), as previously described in mice (Peñagarikano et al., 2011) and 
CDFE patients (Strauss et al., 2006). 

Recent studies performed in mice lacking ASD-associated genes 
showed that repetitive whisker stimulation modulates the expression of 
the immediate-early gene c-fos in several brain areas, including S1 
(Chelini et al., 2019; Pizzo et al., 2020; Balasco et al., 2021). Most 
importantly, a recent study using two complementary whole-brain 
mapping approaches (rsfMRI and c-Fos-iDISCO+ imaging) showed a 
high degree of correlation between activity-induced c-Fos expression 
and functional connectivity maps in Cntnap2 mice, indicating that c-Fos 
expression mapping is a good proxy of functional connectivity in this 
ASD model (Choe et al., 2021). In keeping with these findings, c-fos 
mRNA upregulation observed in Cntnap2− /− S1 following WS (Fig. 4) 
might reflect the hyperconnectivity pattern detected in this sensory area 
by rsfMRI (Fig. 2). Moreover, the preserved connectivity between S1 and 
VPM (Fig. 2) and the stronger whisker-dependent c-fos mRNA induction 
(detected in S1 but not in other brain areas; Figs. 4 and 5) suggest that 
abnormal whisker-dependent responses observed in Cntnap2− /− mice 
mostly depend of local circuit dysfunction within S1. 

Spontaneous seizures were reported in Cntnap2 − /− mice over 6 
months of age (Peñagarikano et al., 2011), a phenotype shared with 
CDFE patients (Strauss et al., 2006). Accordingly, we detected increased 
expression of excitatory but not inhibitory neuron markers in the 
neocortex of Cntnap2 mice (Fig. 6), confirming the increased E/I balance 
previously detected in these mutants (Antoine et al., 2019). Thus, the 
enhanced c-fos induction detected in the Cntnap2 S1 following WS 

(Fig. 3) might also depend on the hyperexcitable phenotype of Cntnap2 
mutant mice. However, none of our animals tested exceeded 6 months of 
age, nor showed signs of epileptic seizures. Moreover, c-fos mRNA signal 
intensity in other brain regions analyzed following WS tests did not 
show any difference between genotypes (Fig. 5), thus excluding the 
possibility that heightened c-fos mRNA expression was related to a 
generalized hyperexcitability in this model. 

GABAergic interneuron defects in Cntnap2− /− mice (Peñagarikano 
et al., 2011; Gao et al., 2018) might account for the increased neuronal 
activation within the S1 of Cntnap2− /− mice following whisker stimu-
lation. Increased excitation/inhibition (E/I) ratio has been proposed as a 
common mechanism underlying the core features of ASDs (Rubenstein 
and Merzenich, 2003; Nelson and Valakh, 2015; Lee et al., 2017; Bozzi 
et al., 2018; Sohal and Rubenstein, 2019). Although recent data suggest 
that E/I imbalance might be a compensatory mechanism rather than the 
underlying cause (Antoine et al., 2019), acute changes in E/I ratio have 
been reported to both induce or reduce ASD phenotypes (Yizhar et al., 
2011; Selimbeyoglu et al., 2017). Increased excitability in the somato-
sensory cortex was indeed observed in young Cntnap2− /− mice, in spite 
of reduced whisker-evoked spiking (Antoine et al., 2019). Our data 
(Fig. 6) support the idea that E/I imbalance in the Cntnap2 neocortex is 
mostly due to a deregulated expression of excitatory but not inhibitory 
markers. Accordingly, other authors reported no change in GAD and 
Pvalb expression in the Cntnap2 neocortex (Lauber et al., 2018). 

Previous studies showed that asynchronous firing patterns are pre-
sent in S1 cortical neurons of Cntnap2− /− mice (Peñagarikano et al., 
2011), accompanied by reduced dendritic spine density and impaired 
oscillations (Lazaro et al., 2019). This is in line with our data showing c- 
fos upregulation in S1 of Cntnap2 − /− mice following WS (Fig. 4). 
Moreover, these findings indicate a broad network dysfunction within 
S1 in these mutants. It is generally accepted that cognitive function re-
lies on coordinated interactions within and across discrete neuronal 
networks, and several studies point to a long- and short-range dis-
connectivity within brain areas both in ASD patients (Müller and Fish-
man, 2018) and mouse models (Zerbi et al., 2021). Indeed, long-range 
functional connectivity is disrupted in Cntnap2− /− mice (Liska et al., 

Fig. 4. Increased neuronal activation in S1 of Cntnap2− /− mice following whisker stimulation under anesthesia. (A). Representative images of c-fos mRNA in situ 
hybridization in S1 (white staining) of Cntnap2+/+ and Cntnap2− /− mice, 20 min following anesthesia only or whisker stimulation under anesthesia (WS). Scale bar: 
500 μm. (B) Quantification of c-fos mRNA signal intensity in S1. (C-E) Quantification of c-fos mRNA signal intensity in S1 layers 2/3 (C), 4 (D), and 5/6 (E). Values are 
expressed as mean normalized signal intensities ± SEM (n = 4–8 sections from 3 animals per genotype). **p < 0.01, ***p < 0.001, ****p < 0.0001. Genotypes and 
treatments are as indicated. Abbreviations: S1, primary somatosensory cortex; L2–6, S1 cortical layers. 
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2018) and human subjects bearing Cntnap2 polymorphisms (Scott-Van 
Zeeland et al., 2010). In this context, the focal hyperconnectivity within 
S1 found in Cntnap2− /− mice (Fig. 2) might represent a functional 
substrate for altered sensory processing in this model. 

5. Conclusions 

Our data support the concept that impaired cortical processing of 
sensory information may contribute to behavioral deficits in Cntnap2 
mice. However, some limitations have to be acknowledged. First, at this 
stage the present study does not provide insights on the mechanisms 
responsible for the behavioral and circuit dysfunctions here reported. 

Secondly, since this study focuses on adult animals, it remains to be 
elucidated whether these defects appear early during development. 
Further studies are needed to fill these gaps and assess whether altered 
processing of sensory information within sensory hubs represents a 
common deficit in mice harboring ASD-related mutations. 
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