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Overreactivity and defensive behaviors in response to tactile stimuli are common symptoms in autism spectrum disorder (ASD) patients.
Similarly, somatosensory hypersensitivity has also been described in mice lacking ASD-associated genes such as FmrI (fragile X mental
retardation protein 1). Fmrl knock-out mice also show reduced functional connectivity between sensory cortical areas, which may
represent an endogenous biomarker for their hypersensitivity. Here, we measured whole-brain functional connectivity in Engrailed-2
knock-out (En2~ /) adult mice, which show a lower expression of FmrI and anatomical defects common to Fmrl knock-outs. MRI-
based resting-state functional connectivity in adult En2 '~ mice revealed significantly reduced synchronization in somatosensory-
auditory/associative cortices and dorsal thalamus, suggesting the presence of aberrant somatosensory processing in these mutants.
Accordingly, when tested in the whisker nuisance test, En2~ '~ but not WT mice of both sexes showed fear behavior in response to
repeated whisker stimulation. En2 '~ mice undergoing this test exhibited decreased c-Fos-positive neurons (a marker of neuronal
activity) in layer IV of the primary somatosensory cortex and increased immunoreactive cells in the basolateral amygdala compared with
WT littermates. Conversely, when tested in a sensory maze, En2 ~' ~ and WT mice spent a comparable time in whisker-guided explora-
tion, indicating that whisker-mediated behaviors are otherwise preserved in En2 mutants. Therefore, fearful responses to somatosensory
stimuliin En2 ~/~ mice are accompanied by reduced basal connectivity of sensory regions, reduced activation of somatosensory cortex,
and increased activation of the basolateral amygdala, suggesting that impaired somatosensory processing is a common feature in mice
lacking ASD-related genes.

Key words: autism; behavior; c-Fos; cortex; imaging; somatosensory

(s )

Overreactivity to tactile stimuli is a common symptom in autism spectrum disorder (ASD) patients. Recent studies performed in
mice bearing ASD-related mutations confirmed these findings. Here, we evaluated the behavioral response to whisker stimulation
in mice lacking the ASD-related gene Engrailed-2 (En2~'~ mice). Compared with WT controls, En2 '~ mice showed reduced
functional connectivity in the somatosensory cortex, which was paralleled by fear behavior, reduced activation of somatosensory
cortex, and increased activation of the basolateral amygdala in response to repeated whisker stimulation. These results suggest
that impaired somatosensory signal processing is a common feature in mice harboring ASD-related mutations. j

ignificance Statement

Introduction ciated with these conditions. More recently, several studies have
Autism spectrum disorder (ASD) research has typically focused ~ suggested that impaired sensory processing might represent a
on the social, communication, and cognitive impairments asso- ~ €ore component of autistic features. For example, atypical sen-
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sory experience affecting all sensory modalities (taste, touch, au-
dition, smell, and vision) is estimated to occur in almost 90% of
autistic patients (Robertson and Baron-Cohen, 2017). Consistent
with this, tactile perception abnormalities have been widely ob-
served in patients with fragile X syndrome (FXS), a syndromic
form of ASD caused by mutations in the fragile X mental retar-
dation protein 1 (Fmrl) gene (Rogers et al., 2003). Moreover, the
presence of ASD traits in human patients is associated with a
diminished activation of “social brain” areas following gentle
touch (Voos et al., 2013).

Neural mechanisms underlying sensory processing are rela-
tively well understood in typically developing individuals and are
conserved between humans and other animals. For this reason,
animal studies of sensory behavior may considerably contribute
to understanding the neurobiological bases of ASD (Robertson
and Baron-Cohen, 2017). Mice use their whiskers to locate and
identify objects during environment navigation. Afferent whisker
information reaches layer IV of primary somatosensory cortex
(SSp) for further processing (Deschénes et al., 2005; Petersen,
2007; Diamond et al., 2008). Several monogenic mouse lines har-
boring ASD-related mutations display hypersensitivity to so-
matosensory stimulation. For instance, Fmrl mutant mice, a
model for syndromic autism, display hypersensitivity to somato-
sensory stimuli following whisker stimulation, resembling tactile
defensiveness in FXS patients (Zhanget al., 2014; He et al., 2017).
Interestingly, imaging studies recently showed that these behav-
ioral deficits are accompanied by functional hypoconnectivity
selectively located in sensory brain areas (Haberl et al., 2015;
Zerbi et al., 2018).

Genetic studies (Gharani et al., 2004; Benayed et al., 2005,
2009; Hnoonual et al., 2016) and expression analyses on post-
mortem brain tissues (James et al., 2013, 2014; Choi et al., 2014)
suggested that deregulated expression of the human EN2 gene
coding for the homeobox-containing transcription factor
Engrailed-2 is linked to ASD. Accordingly, mice lacking En2
(En2~'~ mice) are considered a reliable model for investigating
the neurodevelopmental basis of ASD. En2 ~/ ~ mice display neu-
roanatomical and behavioral deficits relevant to ASD, such as
defective cerebellar patterning (Joyner et al., 1991), reduction of
Purkinje cell number (Kuemerle et al., 1997), and reduced socia-
bility (Cheh et al., 2006; Brielmaier et al., 2012). The En2-null
mutation also results in the selective reduction of GABAergic
interneurons in the hippocampus and SSp (Sgado et al., 2013).
Interestingly, Fmrl expression is downregulated in the brain of
En2~ '~ mice at both mRNA and protein level (Provenzano etal.,
2015).

We thus investigated whether the anatomical defects observed
in the SSp, accompanied by the significantly reduced expression
of Fmrl, might affect somatosensory cortex connectivity and
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function in En2 /" mice. To this aim, we mapped whole-brain
functional connectivity in En2 /" and control littermates via
resting-state functional magnetic resonance imaging (rs-fMRI), a
readout that has proven exquisitely sensitive to network altera-
tions produced by ASD-associated etiologies (Sforazzini et al.,
2014; Haberl et al., 2015; Liska et al., 2018; Bertero et al., 2018).
WT and En2 '~ mice were also tested in a battery of behavioral
tasks aimed at evaluating their somatosensory function. After
these tests, we analyzed c-Fos induction in different brain areas as
a marker of neuronal activation due to somatosensory stimula-
tion (Filipkowski et al., 2000). We also analyzed c-fos mRNA
induction in SSp in WT and En2 ~/ ~ mice subjected to repeated
whisker stimulation under anesthesia. Our results show func-
tional hypoconnectivity of SSp in En2 ~/ ~ mice, accompanied by
fear behaviors, reduced SSp activation and increased activation of
the basolateral amygdala in response to repeated whisker stimu-
lation. Repeated whisker stimulation under anesthesia also re-
sulted in reduced SSp activation in E#n2 "/~ mice. These results
suggest impaired somatosensory processing as a core feature of
mouse lines harboring ASD-related mutations.

Materials and Methods

Animals

All animal procedures were performed in accordance with the University
of Trento and ETH Ziirich animal care committee regulations. Animals
were housed in a 12 h light/dark cycle with food and water available ad
libitum. All surgeries were performed under chloral hydrate anesthesia
and all efforts were made to minimize suffering. En2 mutants (Joyner et
al., 1991; mixed 129Sv X C57BL/6 and outbred genetic background;
strain B6;129S2-En2™'A/]) were crossed at least five times into a
C57BL/6 background. Heterozygous mating (En2 ™/~ X En2™/ ™) were
used to generate the En2*/* (WT) and En2 '~ littermates used in this
study. PCR genotyping was performed according to the protocol avail-
able on The Jackson Laboratory website (www.jax.org). A total of 66
age-matched adult littermates (33 mice per genotype; 3—6 months old;
weight = 25-35 g) of both sexes were used. Sixteen mice (8 per genotype)
were used for MRI experiments and 32 mice (16 per genotype) were used
for behavioral testing. A subset of animals subjected to behavioral tests
(10 WT and 10 En2 '/~ mice) was used for c-Fos immunohistochemis-
try. Four mice per genotype were used for the c-fos mRNA study follow-
ing whisker stimulation under anesthesia. An additional group of 10
mice (5 per genotype) was used to check physiological parameters under
the anesthesia conditions used for MRI. Previous studies showed that
similar group sizes are sufficient to obtain statistically significant results
in MRI (Haberl et al., 2015; Sforazzini et al., 2016; Pagani et al., 2018),
behavioral (Brielmaier et al., 2012; Provenzano et al., 2014), immunohis-
tochemical (Sgado et al., 2013; Gonzalez-Perez et al., 2018), and in situ
hybridization (Tripathi et al., 2009) studies. All experiments were per-
formed by operators blinded to genotype. Animals were assigned a nu-
merical code by an operator who did not take part in the experiments and
codes were associated to genotypes only at the moment of data analysis.

MRI

Eight WT (4 males, 4 females) and 8 En2~ /= (3 males, 5 females) litter-
mates underwent one MRI scanning session to evaluate whole-brain
functional connectivity and white matter microstructure. During the
imaging sessions, experimenters were blinded to genotype. Data acqui-
sition was performed on a Biospec 70/16 small animal MRI system
(Bruker BioSpin) equipped with a cryogenic quadrature surface coil
(Bruker BioSpin). For rs-fMRI acquisition, we used a standard gradient-
echo echoplanar imaging sequence (GE-EPI, repetition time TR = 1,
echo time TE = 15 ms, in-plane resolution RES = 0.22 X 0.2 mm?,
number of slices NS = 20, slice thickness ST = 0.4 mm, slice gap SG = 0.1
mm, 900 volumes, scan time = 15 min). In addition, we acquired diffu-
sion weighted images (DWIs) for white matter structural integrity eval-
uation (multishot Spin Echo EPI sequence, 4 segments, TR = 2 s, TE =
22 ms, RES = 0.2 X 0.2 mm?, NS = 28, ST = 0.4 mm, SG = 0 mm,
b-values = 0—1000 s/mm 2, 94 directions encoding, scan time = 9 min).
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Throughout the MRI scanning, the level of anesthesia and mouse
physiological parameters were monitored following an established pro-
tocol to obtain a reliable measurement of functional connectivity
(Grandjean etal., 2014; Zerbietal., 2015). Briefly, anesthesia was induced
with 4% isoflurane and the animals were endotracheally intubated and
the tail vein cannulated. Mice were positioned on an MRI-compatible
cradle and artificially ventilated at 80 breaths/min, 1:4 O, to air ratio, and
1.8 ml/h flow (CWE). A bolus injection of medetomidine 0.04 mg/kg and
pancuronium bromide 0.05 mg/kg was administered and isoflurane was
reduced to 1%. After 5 min, an infusion of medetomidine 0.09 mg/kg/h
and pancuronium bromide 0.15 mg/kg/h was administered and isoflu-
rane was further reduced to 0.5%. The animal temperature was moni-
tored using a rectal thermometer probe and maintained at 36.5°C £ 0.5
during the measurements with a water heating system in the cradle. The
preparation of the animals did not exceed 20 min (15 * 3 min).

Arterial blood pressure and gas measurements

Arterial blood pressure and blood gas measurements were performed in
a subset of 5 WT (2 females and 3 males) and 5 En2 ~/ ~ (3 females and 2
males) mice under the same anesthesia conditions used for MRI. Blood
pressure recordings were performed as described previously (Ferrari et
al., 2012; Sforazzini et al., 2014). Briefly, the left femoral artery was can-
nulated for continuous blood pressure monitoring, medetomidine ad-
ministration, and blood sampling. During these procedures, mice were
anesthetized (4% isoflurane induction), intubated, artificially ventilated,
and subjected to the same sedation regimen used in MRI recordings.
Surgical sites were preinfiltrated with a non-brain-penetrant local anes-
thetic (Tetracaine 0,05%; Sigma-Aldrich). Blood pressure recordings
started 15 min (15 * 3 min) after the beginning of medetomidine infu-
sion and lasted 30 min. At the end of the procedure, arterial blood gas
pressures ( paCO, and paO,) were also measured to rule out nonphysi-
ological conditions.

MRI data preprocessing
rs-fMRI. Datasets were preprocessed using an existing pipeline for re-
moval of unwanted confounds from the time series following guidelines
of the Human Connectome Project, adapted to the mouse (Zerbi et al.,
2015). Briefly, each rs-fMRI dataset was despiked with AFNI (Patel et al.,
2014) and fed into MELODIC (Multivariate Exploratory Linear Opti-
mized Decomposition of Independent Components; Beckmann and
Smith, 2004) to perform a within-subject spatial independent compo-
nent analysis (ICA) with a fixed dimensionality estimation (number of
components set to 60). This included correction and regression for head
motion (Jenkinson et al., 2002) and in-plane smoothing with a 0.3 X 0.3
mm kernel. We applied FSL-FIX with a study-specific classifier obtained
from an independent dataset of 15 mice and used a “conservative” re-
moval of the variance of the artifactual components (for more details, see
Griffanti et al., 2014). Thereafter, artifact-cleaned datasets were band-
pass filtered (0.01-0.25 Hz), coregistered to a GE-EPI study-specific
template, and normalized to the Australian Mouse Brain Mapping Consortium
(AMBMC) template (www.imaging.org.au/AMBMC) using Advanced Nor-
malization Tools (ANTs v2.1, http://picsLupenn.edu/software/ants/). Blood
oxygenation level-dependent (BOLD) time series were extracted using
the Allen’s Common Coordinate Framework version 3 (CCFv3), res-
caled to 0.2 mm isotropic, and normalized into the AMBMC template
(ANTS). In total, 65 regions of interest (ROIs) in each hemisphere were
considered (130 ROIs), including regions from isocortex, hippocampal
formation, cortical subplate, striato-pallidum, amygdala, thalamus, mid-
brain, and hindbrain. Functional connectivity between pairs of brain
regions was inferred via Pearson’s correlation of the respective time se-
ries. Individual connectivity matrices were additionally regularized to
scale for global signal confounding using FSLNets (https://fsl.fmrib.ox.
ac.uk/fsl/fslwiki/FSLNets). In total, 65 ROIs in each hemisphere were
considered, including regions from isocortex, hippocampal formation,
cortical subplate, striato-pallidum, amygdala, thalamus, midbrain, and
hindbrain.

Diffusion tensor imaging (DTI) parameter estimation. Through mea-
surement of water diffusivity in multiple directions, DTI reconstructs an
ellipsoid to model the diffusion in every voxel. The preprocessing steps
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consisted of individual realignment of the diffusion images, followed by
eddy current correction and tensor estimation as in Zerbi et al. (2013).
From the eigenvalues of the diffusion tensor, fractional anisotropy (FA),
mean diffusivity (MD), and first eigenvalue (A1) maps were calculated.
The resulting volumes were spatially normalized to the AMBMC tem-
plate using linear affine and nonlinear elastic transformations in ANTs
and thereafter FA, MD, and A1 values were extracted from seven major
white matter structures identified by the Allen’s CCFv3: anterior com-
missure, fimbria, corpus callosum, fornix, cingulum, internal capsule,
and cerebral peduncle. Moreover, spatial maps of FA, MD, and A1 were
tested for voxelwise differences between groups using nonparametric
testing with 5000 random permutations (FSL randomize) and the
threshold-free cluster enhancement method, which can enhance cluster-
like structures without having to define an initial cluster-forming thresh-
old (Smith and Nichols, 2009).

Behavioral procedures

Starting from 1 week before the first day of behavioral testing, animals in
their home cages were removed from the housing room daily and placed
in the experimental room for 1-2 h to habituate to the novel environ-
mentand experimenter presence. Sixteen WT (8 females, 8 males) and 16
En2~ '~ (8 females, 8 males) littermates were subjected to a battery of
tests to assess their sensory-motor function (see Fig. 3).

Capellini handling (CH). The CH test was performed according to
Tennant et al. (2010). During the week before the test, animals were
gradually habituated to food restriction. Six hours of food deprivation
were applied every testing day. Trials were performed in the home cage to
minimize anxious response and to increase the chance to visualize the
animal first contact with the piece of pasta. During the 4 sessions of the
test (1/d, 4 consecutive d), 5 pieces of capellini pasta (2.6 cm length) were
placed in the cage. During the first day, observation period lasted 30 min,
after which the animals were placed back in the housing room with the
remaining capellini inside the cage. On the subsequent days, the obser-
vation was interrupted once the animal performed three to four trials or
when it showed lack of interest in further eating. A trial was defined as the
sequence of actions from picking to eating (or showing no more interest
for) a piece of capellini. In each daily session, manipulation time without
drops per trial (s/trial) and the total number of drops per trial (drops/
trial, error rate) were used to assess the animal’s sensorimotor accuracy.

Whisker-guided exploration (WGE). To assess spontaneous WGE ac-
tivity, mice were placed in a specially shaped arena (“sensory maze”;
Learoyd et al.,, 2012) composed by zones with smooth walls (see white
areas in Fig. 3) and zones with angles and textured walls (which should
stimulate whisker-dependent exploration; see black areas in Fig. 3). Gray
areas indicated in Figure 3 were excluded from the final quantification as
considered biased. The test was performed in an almost completely dark
room to avoid the employment of visual cues during exploration. Mice
were allowed to move freely and explore the arena for 15 min. Animals’
movements in the maze were recorded by a video camera and automat-
ically tracked by the ANY-maze software (RRID:SCR_014289). For each
animal, the percentage of time spent exploring each zone over the total
time spent in exploration was used to extrapolate the time spent in
whisker-mediated exploration during the task. Immobility periods were
excluded from quantification analysis.

Whisker nuisance (WN). The WN test was performed according to
McNamara et al. (2010). On the 2 d before the test, animals were allowed
to habituate for 30 min to a novel empty cage (experimental cage). A
small fraction of the home cage bedding was placed overnight in the
experimental cage to facilitate habituation to the novel environment;
bedding was removed right before the introduction of the mouse into the
experimental cage. Sessions lasted ~1 h per mouse, divided into a 35 min
pretest (30 min of environment habituation and 5 min of experimenter
habituation) followed by a 20 min test. The 20 min test was split into 4
sessions of 5 min each. During the first session (“sham” condition), a
wooden stick was presented to the animals, reproducing the same mo-
dality used for the stimulation sessions but avoiding any tactile contact
with the mouse whiskers or body. Subsequently, mice underwent three
consecutive stimulation sessions (trials 1-3), each consisting of contin-
uous touch of the whiskers with the wooden stick (bilateral stimulation).
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The predominant behavioral response during the four test sessions was
scored over a 10-point scale (see Table 2), which represents a modified
version of the WN scoring scale by McNamara et al. (2010). Scoring
criteria were divided into five categories; the predominant behavioral
responses were recorded for fearful behavior (freezing), stance, breathing
(hyperventilation), aggressive response to stick presentation, and eva-
siveness on a 0—2 points qualitative scale (where 0 = absent, 1 = scarcely
present during the observation period, and 2 = present for the vast
majority of the observation period). Normal behavioral responses to
stimulation were assigned a 0 value, whereas meaningful abnormal be-
havioral responses (i.e., for the vast majority of the observation period)
were assigned a value of 2. Compared with the published scale (McNa-
mara et al., 2010), three categories were omitted (whisker position,
whisking response, and grooming) because they could not be reliably
scored in preliminary observations. The maximum WN score is 10. High
scores (8—10) indicate abnormal responses to the stimulation in which
the mouse freezes, becomes agitated, or is aggressive. Low scores (0-3)
indicate normal responses in which the mouse is either curious or indif-
ferent to the stimulation. Scoring was performed by two independent
operators and no variability in scoring was observed.

c-Fos immunostaining

A subset of 10 WT (5 females, 5 males) and 10 En2 "/~ (5 females, 5
males) mice was used for c-Fos immunohistochemistry following behav-
ioral tests. Mice were killed 2 h after the end of the WN test. Brains were
fixed by transcardial perfusion with 4% paraformaldehyde, followed by
1 hpostfixation at 4°C, and coronal sections (40 wm thick) were prepared
using a vibratome. Serial sections at the level of the SSp, dorsal hip-
pocampus, and amygdala were incubated for 72 h with a rabbit primary
antibody against c-Fos (Santa Cruz Biotechnology sc-52, 1:4000 dilution;
RRID:AB_2106783). Signals were revealed by incubation with a biotin-
conjugated secondary antibody and VECTASTAIN ABC-Peroxidase Kit
antibody (Vector Laboratories catalog #PK-4001, RRID:AB_2336810)
followed by diaminobenzidine reaction. Brain areas were identified on
Nissl-stained adjacent sections according to the Allen Mouse Brain Atlas
(www.brain-map.org).

Whisker stimulation under anesthesia and c-fos mRNA in

situ hybridization

Four En2 ~/~ (2 males, 2 females) mice and 4 WT littermates (2 males, 2
females) were anesthetized with urethane (20% solution in sterile
double-distilled water, 1.6 g/kg body weight, i.p.) and head-fixed on a
stereotaxic frame. Urethane anesthesia was chosen because it preserves
whisker-dependent activity in the somatosensory cortex (Unichenko et
al., 2018). Whisker stimulation was performed in 3 consecutive sessions
(5 min each, with 1 min intervals), each consisting in continuous touch
of the whiskers with a wooden stick (bilateral stimulation). This protocol
was chosen to reproduce the stimulation protocol used in the WN test.
Mice were killed 20 min after the end of whisker stimulation and brains
were rapidly frozen on dry ice. Coronal cryostat sections (20 wm thick)
were fixed in 4% paraformaldehyde and processed for nonradioactive in
situ hybridization (Tripathi etal., 2009) using a digoxigenin-labeled c-fos
riboprobe. Signal was detected by alkaline phosphatase-conjugated anti-
digoxigenin antibody followed by alkaline phosphatase staining. Brain
areas were identified according to the Allen Mouse Brain Atlas.

Statistical analyses

Functional imaging data. Statistical analyses of functional imaging data
were performed using nonparametric permutation testing. A general
linear model was used to evaluate overall genotype differences consider-
ing gender and bodyweight as covariates. Uncorrected permutation test-
ing (5000 permutations) of the Z-scored Pearson’s correlation matrices
(130 X 130 nodes, retaining only the top 10% of connections based on
connectivity strength, Fig. 1A) was performed using FSL randomize.
Network-based statistics (NBS) was used to control for multiple-
comparisons false-positives (Zalesky et al., 2010). Briefly, a test statistic
was computed for each connection and a threshold was applied (¢t = 2.3)
to produce a set of suprathreshold connections, thereby identifying an-
atomical networks that show significant differences in connectivity be-
tween groups correcting for multiple comparisons (p < 0.05). For DWI
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analysis, multivariate ANOVA was performed on FA, MD, and A1 values
of seven white matter structures. This was followed by false detection rate
testing to control for multiple comparisons.

Behavioral and c-fos expression data. Statistical analyses of behavioral,
immunohistochemistry, and in situ hybridization data were performed
with GraphPad Prism 6.0 software (RRID:SCR_002798) with the level of
significance set at p < 0.05.

For behavioral experiments, statistical analysis was performed by un-
paired f test or two-way ANOVA (with or without repeated measures)
followed by Holm-Sidak’s, Tukey’s, or multiple ¢ tests with Bonferroni
correction for post hoc comparisons as appropriate.

Quantitative analyses of c-Fos-positive cells were performed in the SSp
(layers II/IIL, IV, and V/VI), dorsal hippocampus (CA1, CA2, CA3, and
dentate gyrus, DG), and basolateral amygdala (BLA). Brain areas were
identified according to the Allen Mouse Brain Atlas. Digital images from
c-Fos-stained sections (at least three sections per animal) were acquired
using a Zeiss Axiolmager II microscope at a 10X primary magnification.
c-Fos-positive cells were counted in an automatic mode using Image]
(RRID:SCR_003070). Acquired images were converted to 8-bit (gray-
scale), inverted, and processed for background subtraction (background
was calculated in acellular regions of stratum radiatum for the hip-
pocampus and cortical layer I for the SSp and BLA). To automatically
identify c-Fos-positive nuclei, the “watershed” function of Image] was
used to select circular objects with a minimal surface of 30 um? (minimal
diameter, 6.18 um). For cortical layers, a counting frame with an area of
500 wm X 200 wm (0.1 mm?) was used. The sampling field was moved
systematically through the cortical layer of interest at least three times per
section. To count positive cells in the hippocampus and amygdala, the
counting area was drawn to identify pyramidal cell layers (CA1, CA2, and
CA3), the upper blade of DG, and BLA. Average values per animal were
calculated and cell densities were plotted as the number of positive cells/
0.1 mm?. Differences between groups were assessed by unpaired ¢ test.

To quantify c-fos mRNA in situ hybridizations, digital images from
3—4 sections per animal were acquired at the level of the SSp/dorsal
hippocampus using a Zeiss Axiolmager II microscope at 10X primary
magnification. Images were converted to 8-bit (gray-scale), inverted, and
analyzed using the Image]. For each section, mean signal intensity was
measured in 3 different counting windows (0.1 mm?) spanning layers
II/11L, IV, and V/VI of the SSp. Mean signal intensity was divided by the
background calculated in layer I. Statistical analysis was performed by
unpaired ¢ test.

Results
En2~'~ mice show an underconnectivity phenotype in
sensory-related cortical and thalamic brain regions
Eight En2 '~ mice (3 males, 5 females) and eight WT littermates
(4 males, 4 females) underwent one MRI scanning session to
evaluate whole-brain functional connectivity and white matter
microstructure. There was no significant difference in body-
weight between genotypes (average: 26 * 3 g); however, there was
a significant effect of gender on bodyweight in both groups
(males: 29 * 2 g, females: 24 = 2 g, p < 0.001). For an unbiased
comparison between groups, gender and bodyweight were con-
sidered as covariates in all statistical analyses.

rs-fMRI examines the temporal correlations of slow fluctua-
tions of the BOLD signal across the brain during rest; that is,
without overt perceptual inputs or motor output typically pres-
ent in traditional fMRI studies. Synchronization in BOLD fluc-
tuations between brain regions (i.e., functional connectivity) is a
parameter often used to determine the brain’s capability to share
and integrate information (Zhang et al., 2010). This can be used
as a translational tool to study complex circuitry interactions and
their pathology in laboratory animals (Haberl et al., 2015; Zerbi et
al., 2015; Gozzi and Schwarz, 2016; Grandjean et al., 2017).

Permutation testing over 846 edges in the functional connec-
tivity matrix revealed an overall underconnectivity phenotype of
En2~'~ mice compared with their WT littermates. Regions that
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significant large-scale networks in which connectivity was significantly reduced in Fn2 ~ ~ mice. (5000 permutations, N1, red: p = 0.002; N2, green: p = 0.019, NBS corrected). N1 included
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value of the network strength per animal. Genotypes are as indicated. **p << 0.01, ***p < 0.001, two-way ANOVA.

were significantly underconnected (WT > En2~'~; 5000 per-
mutations, p < 0.05, uncorrected, n = 8 per genotype) were
mainly located in the somatosensory and auditory cortical areas,
hippocampus and thalamus. Instead, only a few connections
showed increase in connectivity in En2 "/~ mice and defined
nodes of the mouse default mode network (anterior cingulate,
retrosplenial, and temporal association areas) (Fig. 1B).

Multiple-comparisons correction using NBS identified two
symmetric networks with reduced connectivity in the En2 =/~
model (WT > En2~/7; 5000 permutations; N1, p = 0.002, and
N2, p = 0.019; n = 8 per genotype); the first comprises 7 nodes
(i.e., ROIs) and 9 edges (i.e., connections), all belonging to sen-
sory cortical areas (Fig. 1C, red). The second network consists of
11 nodes and 15 edges including thalamic and midbrain struc-
tures. No connections depicting overconnectivity were identified
as significant by NBS.

To test for the presence of possible genotype-dependent dif-
ferences in sensitivity to the anesthesia, we measured peripheral
parameters sensitive to anesthesia depth in control and mutant
mice (Steffey et al., 2003) under the same sedation regimen used

for rs-fMRI. We did not find any differences in mean blood pres-
sure (0-30 min; WT, 106 * 9.4 mmHg; En27'7,101 = 17.6
mmHg; p = 0.61, Student’s ¢ test), mean paCO, (WT, 31 = 4.3
mmHg; En2~'7,29 = 7.2mmHg; p = 0.48, Student’s ¢ test),
or mean paO, (WT, 184 * 20.8 mmHg; En2~'7,178 * 24.3
mmHg; p = 0.69, Student’s t test) between WT and En2 ~ '~ mice
(n = 5 per genotype).

En2 ~'~ mice display cerebellar white matter structural deficits

The structural integrity of major axon bundles was quantified by
extracting FA,MD, and A1 in seven major white matter structures
of the forebrain and midbrain of WT and En2 ~/ ™ mice identified
by the Allen Mouse Brain atlas. There were no genotype differ-
ences in any of the selected white matter tracts (Table 1). How-
ever, in agreement with previous studies showing structural
defects, cellular loss, and overall shrinkage in the En2~'" cere-
bellum (Joyner et al., 1991; Kuemerle et al., 1997; Ellegood et al.,
2015), we observed reduced mean and axial diffusivity in cerebel-
lar lobules in En2 ~/~ mice compared with WT controls (Fig. 2).
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Table 1. DTI data for forebrain and midbrain white matter tracts

Chelini, Zerbi et al. @ Tactile Defensiveness in £n2 Mutant Mice

Anterior commissure Fimbria Corpus callosum Fornix Cingulum Internal capsule Cerebral peduncle
FA
WT 0.33 £ 0.02 0.50 = 0.02 0.37 = 0.01 0.36 £ 0.01 0.45 +0.02 0.46 = 0.01 0.47 = 0.01
En2 '~ 0.34 = 0.03 0.58 = 0.02 0.37 = 0.01 0.37 = 0.02 0.45 = 0.02 0.46 = 0.01 0.47 = 0.01
p-value (FDR) 0.971 0.154 0.301 0.971 0.659 0.659 0.971
MD
WT 0.59 = 0.02 0.73 = 0.07 0.64 = 0.03 0.75 = 0.03 0.64 = 0.03 0.57 = 0.02 0.69 = 0.02
2=~ 0.59 = 0.01 0.64 = 0.04 0.61 = 0.02 0.74 £0.02 0.61 = 0.02 0.56 = 0.01 0.69 = 0.02
p-value (FDR) 0.738 0.119 0.128 0.738 0.128 0.738 0.803
Al
WT 0.82 = 0.02 1.16 = 0.09 0.90 = 0.04 1.10 = 0.05 0.98 = 0.03 0.88 = 0.02 1.13 = 0.04
2=~ 0.81 = 0.01 1.03 = 0.05 0.86 = 0.02 1.08 = 0.04 0.93 = 0.03 0.87 = 0.02 1.13 = 0.04
p-value (FDR) 0.403 0.077 0.126 0.403 0.126 0.790 0.689

Fractional Anysotropy (FA)

-1.46 mm

-2.80 mm -5.80 mm

Mean Diffusivity (MD)

’

'

WT < En2”

o

1-pvalue (TFCE corrected)

Whole-brain DTImapping show abnormal water diffusioninthe £n2 ~/
i

Figure2.
enhancement corrected) indicates significant differencesinMD and A, in £n2

cerebellum. Voxel-based analysis (VBA) with permutation testing (5000 permutations, threshold-free cluster
mice compared with WT. VBA results are overlaid onto FA, MD, and A, study-specific templates derived from the

whole dataset. Six anterior to posterior axial diffusion maps (distance from bregma; 1.10 mm anterior to — 5.80 mm posterior) are overlaid with voxels that showed a significant difference between
groups (p << 0.05). The voxel color indicates positive changes in water diffusion proprieties in £72 ~/ ~ mice compared with WT, whereas no negative changes appeared significant. MD and Ay
increases are found in both the left and right paraflocculus and parafloccular sulci of the cerebellum.

Preserved manipulation skills in En2 =/~ mice

rs-fMRI data clearly indicate that En2 '~ mice display a signifi-
cant underconnectivity in specific brain regions, including the
somatosensory cortex, and microstructural abnormalities in the
cerebellum. Previous studies showed that cerebellar defects in
En2~'~ mice (Joyner et al., 1991; Kuemerle et al., 1997; Ellegood
etal., 2015) are accompanied by subtle motor coordination def-
icits in the rotarod test and reduced forelimb grip strength (which
might be relevant for forelimb motor coordination) (Brielmaier
et al,, 2012). We therefore set up a battery of behavioral tests to
evaluate sensorimotor and whisker-dependent skills in WT and
En2~'~ mice. Sixteen WT and 16 En2 "/~ mice were sequen-
tially tested in the CH, WGE, and WN tasks, over a 24 d period.
Mice were food restricted for 6 d and then performed the CH task

from day 6 to day 9. Days 10—16 were dedicated to habituation
for the WGE and the test was performed on day 17. Subsequently,
on days 1823, mice were habituated to WN and finally subjected
to the WN task on day 24. Mice were then killed 2 h after the end
of WN (Fig. 3).

The performance of En2 ~/~ mice in the CH task did not signif-
icantly differ from that of WT mice during the 4 d of test. During the
first day, the time spent in manipulations without drops did not
differ between WT and En2 ™/~ mice (unpaired ¢ test; WT vs
En27'7; p = 0.3283; n = 16 per genotype; Fig. 4A). Because both
WT and En2~ '~ male mice were reported to have a significantly
higher forelimb grip strength compared with females of the same
genotype (Brielmaier et al., 2012), we investigated whether this dif-
ference might affect the performance in the capellini test. For both
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Figure3. Schematic representation of the behavioral experimental procedures. Habituation started 1 week before the beginning of the first test (CH) and lasted until the end of the experiment.
(Hwas performed in the home cage. The second (WGE) and third (WN) tests were performed 1 week after the previous one to minimize animals’ work overload. The sensory maze for WGE included
zones with smooth walls lacking any tactile cues (white areas in the figure) and angle-shaped zones with textured walls to guide the animal’s whisker exploration (black areas in the figure). Gray
areas indicated in the figure were excluded from the final quantification as considered biased. WN was performed in a novel empty cage (experimental cage). A small fraction of the home cage
bedding was placed overnight in the experimental cage to facilitate habituation to the novel environment and then removed right before the introduction of the mouse into the experimental cage.
Mice were perfused 2 h after the WN test.
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Figure 4.  Preserved manipulation skills and normal sensory-guided exploration in £22 ~/ ~ mice. The figure shows quantification of CH and WGE tests in WT and £n2 ~/ ~ mice. No differences were
detected between WT and Fn2 ~/ ~ mice in both tests. A, Manipulation time without drops (per trial) during the first day of the CH test. B, Performance of female and male WT and 72~/ ~ mice during the
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genotypes, no difference between male and female mice was ob-
served in time spent in manipulations without drops during the first
day of test (two-way ANOVA, main effect of sex F, ,g, = 0.9529, p =
0.3373; n = 8 per sex and genotype; Fig. 4B).

To extrapolate the sensory component of this sensorimotor
task, we counted the total number of drops during each daily
session (days 2—4) normalized to the total number of trials per-
formed during that day. Both genotypes showed the same error
rate (number of drops per trial) during days 2—4 (two-way
repeated-measures ANOVA, main effect of training day F, o) =
0.5915, p = 0.5567; n = 16 per genotype; Fig. 4C) and CH per-
formance did not differ between genotypes over days 2—4 of
training (two-way repeated-measures ANOVA; main effect of
genotype F(, 55, = 0.3449, p = 0.5614; n = 16 per genotype; Fig.
4C). These results indicate that En2 ~/~ mice display a preserved
ability to acquire a normal sensorimotor function.

Normal sensory-guided exploration in En2 ™/~ mice

To assess whether En2 /™ mice rely on their sensory function
during a freely moving task, we tested the spontaneous behavior
of WT and En2 ™'~ mice in the sensory maze arena. In this task,
WT mice should be more attracted by textured walls. Conversely,
if En2~'~ mice had an altered sensitivity to whisker stimulation,
then they would spend a significantly different time than WT
mice exploring (or whisking) these zones.

The total exploration time spent in the sensory maze did not
differ between genotypes (unpaired t test; WT vs En2 ' ~; p =
0.2091; n = 16 per genotype; Fig. 4D) nor between sexes within
each genotype (two-way ANOVA, main effect of sex F(, ,5) =
1.731, p = 0.1990; main effect of genotype F(, ,5) = 0.3446, p =
0.5619; n = 8 per sex and genotype; Fig. 4E). Within the total
exploration time, WT and En2 ™'~ mice spent the same time
exploring the textured and smooth zones (two-way ANOVA;
main effect of genotype F; ¢0) = F(1 60) = 6.797¢ ', p > 0.9999;
main effect of maze zone F(, 45, = 2.964, p = 0.0903; n = 16 per
genotype; Fig. 4F). Therefore, En2 '~ mice appear to be fully
capable of using whisker sensations to guide their exploratory
behavior, further supporting the idea of preserved perceptive
function in these mutants. However, it is important to point out
that, because the WT mice did not appear to discriminate be-
tween the two wall surfaces, the assay seems to be more informa-
tive for general activity rather than somatosensory function.

En2 ~/~ mice display overreactivity to repeated

whisker stimulation

To understand whether preserved somatosensory skills in
En2~'" mice were associated with an intact processing of so-
matosensory information, we evaluated the behavioral response
of WT and En2~/~ mice in the WN test. During this test, the
animal’s whiskers were repeatedly stimulated with a wooden stick
over 3 sequential trial sessions of 5 min each. Behaviors were
scored according to 0-10 point scale (Table 2). En2~'~ mice
displayed a significantly higher score across the 3 trials compared
with WT controls (unpaired ¢ test, WT vs En2 ~ = p = 0.0173;
n = 16 per genotype; Fig. 5A). No differences between sexes were
observed within the 2 genotypes (2-way ANOVA, main effect of
sex F(; ,5) = 0.352, p = 0.5571; main effect of genotype F; ,5) =
5.517,p = 0.0261; n = 8 per sex and genotype; Fig. 5B). Two-way
repeated-measures ANOVA revealed a significant effect of geno-
type and trial (main effect of genotype F; 54y = 6.070, p = 0.0197;
main effect of trial F; g, = 59,29, p < 0.0001; n = 16 per geno-
type; Fig. 5C,D). Both genotypes displayed a normal behavior
during the prestimulation session (sham), showing no anxious
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Table 2. WN scoring table

Score
Behaviors 0 1 2
Fearful behavior ~ Curious,insensible Ambivalentbehavior Freezing
Stance Skyward head, relaxed  Ambivalent behavior Guarded
Breathing Normal Ambivalent behavior Hyperventilated
Response to stick Interested, ignore Ambivalent behavior Attacking, startle
presentation
Evasiveness Explorative behavior ~ Ambivalent behavior Run away, avoiding
Total score 0-3: curious, restful ~ 4—7: annoyed, bothered 8—10: scared, worried

The predominant behavioral response during each test session (sham and trials 1-3) was scored over a 10-point
scale, which represents a modified version of the WN scoring scale by McNamara et al. (2010) (see Materials and
Methods for details).

behavior when the stick was presented in proximity of the ani-
mal’s head, avoiding any tactile contact (Holm-Sidak’s test fol-
lowing two-way repeated-measures ANOVA; WT vs En2~'~;
p > 0.05; n = 16 per genotype; Fig. 5C). This indicates that both
genotypes react in the same way to the stick approach in the
absence of whisker stimulation. Both WT and En2~/~ mice ex-
hibited a significant reduction in the anxious response from the
first to the third trial (Tukey’s test following two-way repeated-
measures ANOVA; trial 1 vs trial 3 within WT, < 0.01; trial 1 vs
trial 3 within En2~/~, p < 0.01; n = 16 per genotype; Fig. 5D).
Conversely, during the three trials of whisker stimulation, the
behavioral response of En2 ~/ ~ mice always resulted significantly
higher than that of WT mice (multiple t tests with Bonferroni
correction following 2-way repeated-measures ANOVA; WT vs
En2='7; p < 0.05 for all trials; n = 16 per genotype; Fig. 5C,D).
We then analyzed the behavioral response of WT and En2 '~
mice for each of the five categories used to calculate the WN
score. When compared with WT controls, En2 "/~ mice dis-
played a significantly higher score in freezing and breathing, in-
dicating a predominant fearful behavior of En2 mutants in
response to repeated whisker stimulation (mean score across tri-
als, WT vs En2~'~; unpaired ¢ test, p = 0.0055 for freezing and
p = 0.0004 for breathing; n = 16 per genotype; Fig. 5E).

En2~'~ mice show reduced c-Fos activation in the
hippocampus and SSp and increased c-Fos expression in the
amygdala following WN

The immediate-early gene c-Fos is a reliable marker of neuronal
activation due to tactile stimulation (Filipkowski et al., 2000).
Therefore, c-Fos induction was analyzed by immunohistochem-
istry on WT and En2 '~ brains 2 h after the end of the WN task
to map brain areas activated in the two genotypes following re-
peated whisker stimulation. SSp layers, hippocampal subfields,
and BLA were identified on Nissl-stained adjacent sections (Fig.
5A,D). SSp and hippocampal layering do not differ between WT
and En2 ™'~ mice (Sgado et al., 2013), whereas an anterior shift
in the position of the amygdala has been reported in En2 '~
mice (Kuemerle et al., 2007).

In both WT and En2~/~ mice, c-Fos protein staining was
detected in the SSp, hippocampus, and amygdala. Immunohisto-
chemistry experiments revealed alower number of c-Fos-positive
cells in SSp layer IV (Fig. 6B), CAl pyramidal layer of the
hippocampus (Fig. 6C), and BLA (Fig. 6D) of En2 ~/~ mice com-
pared with WT controls. Quantification of immunohistochem-
istry experiments confirmed a statistically significant reduction
of c-Fos-labeled cells in SSp layer IV compared with WT (un-
paired t test; WT vs En2 ' ~; p = 0.0040; n = 10 per genotype;
Fig. 6E). The number of c-Fos-labeled cells was also significantly
lower in CAl of En2 ™/~ mice compared with WT (unpaired ¢
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Figure5. En2 /™ mice are overreactive to repeated whisker stimulation. The figure shows the quantification of behavioral responses in the whisker WN testin WT and £n2 ~/ ~ mice. Five
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test; WT vs En2 /75 p = 0.0078; n = 10 per genotype; Fig. 6F).  En2~'~ mice show reduced c-fos mRNA induction in the SSp
No difference was detected in the other cortical layers or hip-  following whisker stimulation under anesthesia

pocampal subfields examined (Fig. 6 E,F). Conversely, a signifi-  To confirm that the reduced c-Fos expression observed in the
cantly increased number of c-Fos-labeled cells was detected inthe ~ En2 ™/~ SSp following WN was specifically due to whisker stim-
BLA of En2 '~ mice compared with WT (unpaired t test; WT vs  ulation, we investigated c-fos mRNA induction in the SSp follow-
En2~'7;p = 0.0179; n = 10 per genotype; Fig. 6G). ing whisker stimulation in anesthetized WT and En2 '~ mice.
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coronal sections from WTand £n2 ~/ ~

WN results in a significantly altered expression of c-Fos-positive in the primary somatosensory cortex, hippocampus, and amygdala of £n2

' mice. 4, Representative Nissl-stained

brains taken at the level of SSp/dorsal hippocampus. B, C, Representative pictures showing ¢-Fos-positive cells (white) in the SSp (B) and CA1 pyramidal layer

() of WTand £n2 ~/~ mice 2 h after the WN test. Cortical layers are indicated by Roman numbers and layer IV boundaries are indicated by dashed lines. D, Representative pictures showing
¢-Fos-positive cells (black) in the BLA of WT and £n2 ~ /"~ mice 2 h after the WN test. Scale bars: 4, 500 um; B, 200 pm; €, 100 m; D, 400 um. E—G, Quantification of ¢-Fos-immunoreactive cells
inthe SSp (E), hippocampus (F), and BLA (G). Values are expressed as the mean number (= SEM) of positive cells per area (0.1 mm % see Materials and Methods) per group; each dot represents the

average value per animal. Genotypes are as indicated. *p << 0.05, **p << 0.01, unpaired ¢ test.

Whisker stimulation was performed by the same protocol used in
the WN test (3 sessions of 5 min each) under urethane anesthesia,
which is known to preserve whisker-dependent cortical activity
(Unichenko et al., 2018). In situ hybridization experiments
showed a reduction of c-fos mRNA staining in the SSp 20 min
after the end of the last session (Fig. 7A). Quantification of mean
signal intensity confirmed a significantly lower c-fos mRNA ex-
pression in the SSp of En2 ™/~ mice compared with WT (un-
paired ttest; WT vs En2 ' ~; p = 0.0165; n = 12—16 sections from
4 animals per genotype; Fig. 7B).

Discussion
Functional defects of sensory cortical areas, including the SSp, are
common in mice lacking ASD genes. Fmrl knock-out mice dis-
play a hypoconnectivity phenotype for the hippocampus, so-
matosensory, and auditory cortex (Haberl et al., 2015; Zerbi et al.,
2018), similar to what was observed in En2 mutants. Interest-
ingly, En2 '~ and Fmrl knock-out mice share other anatomical
and molecular alterations. MRI-based phenotyping showed that
both En2 and Fmrl mutants have an increased volume of frontal/
parietal/temporal lobes and a decreased volume of the cerebellar
cortex (Ellegood et al., 2015). Moreover, En2 ™~ '~ mice present a
downregulation of Frnrl mRNA and protein in the hippocampus
(Provenzano et al., 2015).

Functional hypoconnectivity of En2 '~ sensory cortical ar-
eas detected by rs-fMRI (Fig. 1) was not paralleled by microstruc-
tural alterations of forebrain and midbrain white matter bundles

resulting from DTI (Table 1). This is not surprising because white
matter microstructure is known to be a poor predictor of func-
tional connectivity and these two parameters often diverge
(Bertero etal., 2018). However, we observed a significant increase
of water diffusivity (MD and A1) in the En2 ™~ '~ cerebellum (Fig.
2). Given that increases in MD and A1l in gray matter have been
associated with breakdown of microarchitecture and reduced cel-
lularity (Huisman, 2010), this is consistent with earlier reports of
cerebellar atrophy in En2 mutants (Joyner et al., 1991; Kuemerle
et al., 1997; Ellegood et al., 2015) and in human postmortem
samples (Palmen et al., 2004). The notorious sensistivity of rs-
fMRI to respiratory- and susceptibility-induced artifacts in cere-
bellar areas (Gozzi and Schwarz, 2016) unfortunately prevented
an assessment of the resting state connectivity of this regions with
respect to other forebrain areas. A further investigation of this
aspect is warranted using complementary neurotechniques.
Cerebellar hypoplasia in En2 ~/~ mice results from disrupted
function of En2, which regulates cerebellar patterning during
embryonic and early postnatal development (Sudarov and
Joyner, 2007; Cheng et al., 2010; Sillitoe et al., 2010). However,
cerebellar anatomical defects in En2~/~ mice were not accom-
panied by motor coordination deficits as detected by the CH test
(Fig. 4). Therefore, the differences in grip strength detected be-
tween En2 '~ and WT mice and between male and female ani-
mals in both genotypes (Brielmaier et al., 2012) did not affect
forelimb dexterity in the CH task. Indeed, En2 mutants display
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Figure7.  Whisker stimulation under anesthesia results in a significantly reduced induction
of c-fos mRNA in the primary somatosensory cortex of 12~/ ~ mice. A, B, Representative
pictures showing c-fos mRNA in situ hybridization (dark staining) in the SSp, 20 min after
repeated whisker stimulation in anesthetized WT (4) and £n2 ~/ ~ (B) mice. Scale bar, 300
um. €, Quantification of ¢-fos mRNA signal intensity in the SSp. Values are expressed as the
mean normalized signal intensities (== SEM) per group (see Materials and Methods). Genotypes
are as indicated. *p << 0.05, unpaired ¢ test.

only mild motor deficits (Brielmaier et al., 2012). Purkinje cell
loss in the En2 '/~ cerebellum (Kuemerle et al., 1997) seems
instead to mainly affect spatial learning, which indeed depends
on Purkinje cell synaptic integrity (Rochefort et al., 2011, 2013)
and is altered in En2 ~/~ mice (Cheh et al., 2006; Brielmaier et al.,
2012; Provenzano et al., 2014). Exploratory activity in the sensory
maze was comparable in WT and En2 ~/ ~ mice and did not differ
between sexes (Fig. 4), indicating that En2 /"~ mice have pre-
served somatosensory function. Intriguingly, En2 '~ mice did
not show altered whisker sensitivity in this sensory task, possibly
due to lower anxiety levels in the dark enclosure. En2 "/~ mice
instead showed hyperresponsiveness to whisker stimulation
(Figs. 5, 6, 7). Mice bearing ASD-related mutations display al-
tered tactile discrimination and hypersensitivity to gentle touch
(Gabrb3 or Mecp2 mutants; Orefice et al., 2016) or hypersensitiv-
ity to whisker stimulation (Fmrl mutants; Zhang et al., 2014; He
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etal., 2017), suggesting that developmental somatosensory defi-
cits might result in social deficits in adulthood.

The preserved sensorimotor and somatosensory functions
observed in En2 mutants suggest that their hyperreactivity to
whisker stimulation might be due to an altered signal processing
in the SSp. Behavioral hypersensitivity to somatosensory stimuli
is often associated with impaired whisker-dependent cortical pro-
cessing in mice harboring ASD-related mutations. Gabrb3 het-
erozygote mutant mice display tactile hypersensitivity in the
static tactile allodynia task (DeLorey et al., 2011). Mice with Ga-
brb3 or Mecp2 deletion in somatosensory neurons, as well as
Shank3b and Fmrl mutants, exhibit abnormal sensorimotor gat-
ing in a tactile prepulse inhibition test (Orefice et al., 2016). Re-
petitive whisker stimulation in young (postnatal day 14—16) and
adult Fmrl mutants, respectively, resulted in exaggerated loco-
motor and active avoidance responses accompanied by a lower
number of SSp layer II/II neurons responding to whisker stimu-
lation (He et al., 2017).

Our results expand these findings. En2~/~ mice displayed
fearful responses to repeated whisker stimulation (Fig. 5). In ac-
cordance with SSp functional hypoconnectivity observed in En2
knock-outs, these behaviors were accompanied by a reduced ac-
tivation of SSp, as shown by decreased c-Fos immunoreactivity in
layer IV (Fig. 6). Increased c-Fos staining was instead detected in
the BLA of En2 ™'~ mice, indicating an increased activation of
the amygdala following WN. Until now, WN has been used to
study whisker-dependent behavior in rats with lesions of the so-
matosensory cortex (McNamara et al., 2010). Our results de-
scribing specific behavioral and c-Fos expression patterns in
En2~'" mice following WN corroborate the use of this task to
evaluate whisker-dependent responses in mice in the absence of
experimentally induced lesions. WT and En2 ~/~ mice exhibited
a comparable reduction in the anxious response from the first to
the third trial during the WN test (Fig. 5D), suggesting that both
control and En2 mutant mice tend to habituate to repeated whis-
ker stimulation. Previous studies also showed no difference in
anxiety between the two genotypes (Brielmaier et al., 2012). WN
score did not differ between sexes in both control and En2 mutant
mice (Fig. 5), confirming that En2 '~ female and male mice
comparably perform in several behavioral tests (Brielmaier et al.,
2012) despite some neurochemical differences in cortical areas
(Genestine et al., 2015).

We used c-Fos staining to detect activity changes in the brain
of En2 '~ mice following the WN test. c-Fos induction has long
been used as a marker of neuronal activity (Morgan and Curran,
1991) and to map SSp activation following whisker stimulation
(Filipkowski et al., 2000; Bisler et al., 2002, Staiger, 2006). Con-
sidering that En2 ~/~ mice exhibited behavioral hypersensitivity
to repeated stimulation in the WN test (Fig. 5), we would have
expected to detect an increased c-Fos staining in the mutant SSp
compared with WT controls. Unexpectedly, somatosensory hy-
perresponsiveness resulted in decreased c-Fos induction in layer
IV of SSp in En2~ '~ mice (Fig. 6). Whisker stimulation under
anesthesia also resulted in reduced c-fos expression in the
En2~'~ SSp (Fig. 7), thus strengthening the data obtained fol-
lowing WN. This is in agreement with a recent study showing
decreased (and not increased) whisker-evoked neuronal activity
in SSp layer II/I1I of adult Frnrl mutant mice (He et al., 2017). As
postulated in the Fmrl study, one possible explanation of our
results would be that functional circuits for whisker-dependent
information processing are dispersed over a larger spatial area in
the En2~'~ SSp layer IV, resulting in an apparently reduced
proportion of whisker-activated neurons. Indeed, single-whisker
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stimulation can activate a larger spatial area across the SSp of
Fmrl knock-out mice compared with WT (Arnett et al., 2014;
Juczewski et al., 2016). Therefore, similar anatomical defects
might be present in the SSp of En2 ™/~ mice, which share ana-
tomical and functional abnormalities with Fmrl mutants (Elle-
good et al., 2015; Haberl et al., 2015; Zerbi et al., 2018).

The limbic system represents one of the convergent zones of
cortical processing and is known to receive inputs from all sen-
sory modalities (Shi and Cassell, 1998; Lavenex and Amaral,
2000). Recent studies indicate that somatosensory inputs may
control the plastic responses of limbic neurons. As an example,
whisker deprivation diminished the firing rate of CA3 neurons
(Milshtein-Parush et al., 2017) and altered fear-related c-Fos in-
duction in the amygdala of adult mice (Soumiya et al., 2016). The
reduced c-Fos staining observed in En2” '~ hippocampal
neurons following WN might therefore reflect a diminished
hippocampal cell response to repetitive whisker stimulation.
Similarly, En2 ~/~ mice showed downregulation of the immedi-
ate early gene Arc in hippocampal neurons following Morris wa-
ter maze training (Provenzano et al., 2014). Therefore, decreased
hippocampal activation seems to be a common response to aber-
rant behavioral performance in these mutants. c-Fos activation in
the En2 ™'~ BLA perfectly matches the freezing response shown
by mutant mice following WN, as c-Fos induction is a hallmark of
fear behavior (Campeau et al., 1991). An anterior shift in the
position of the amygdala was detected in En2 ~/ "~ brains without
any differences in volumetric, cell density, or gene expression
profile in the mutant amygdalar complex (Kuemerle et al., 2007).
Our data also rule out an abnormal functional connectivity of the
En2~'~ amygdala (Fig. 1). Therefore, the abnormal activation of
the BLA in mutant mice is likely due to abnormal processing of
somatosensory stimuli rather than major anatomical alterations.

In summary, our results suggest that En2 deletion disrupts
functional connectivity and somatosensory stimuli processing in
the SSp and connected areas. The disruption of sensory process-
ing in ASD is likely due to impaired function of GABAergic sig-
naling. Accordingly, altered electrophysiological and behavioral
markers of sensory processing can be rescued by pharmacologi-
cally enhancing GABAergic signaling in ASD mouse models
(Provenzano etal., 2017; Bozzi etal., 2018). En2 ~ '~ mice present
areduced number of GABAergic interneurons in the hippocam-
pus and somatosensory cortex (Sgado et al., 2013). Further work
is needed to dissect the molecular and anatomical networks by
which GABAergic deficits impact somatosensory processing in
mice harboring mutations in ASD genes.
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