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Abstract 58 
Over-reactivity and defensive behaviors in response to tactile stimuli are common symptoms in autism 59 
spectrum disorder (ASD) patients. Similarly, somatosensory hypersensitivity has also been described in mice 60 
lacking ASD-associated genes such as Fmr1 (fragile X mental retardation protein 1). Fmr1 knockout mice 61 
also show reduced functional connectivity between sensory cortical areas, which may represent an 62 
endogenous biomarker for their hypersensitivity. Here, we measured whole-brain functional connectivity in 63 
Engrailed-2 knockout (En2-/-) adult mice, which show a lower expression of Fmr1 and anatomical defects 64 
common to Fmr1 knockouts. MRI-based resting-state functional connectivity in adult En2-/- mice revealed 65 
significantly reduced synchronization in somatosensory-auditory/associative cortices and dorsal thalamus, 66 
suggesting the presence of aberrant somatosensory processing in these mutants. Accordingly, when tested 67 
in the whisker nuisance test, En2-/- but not wild-type (WT) mice of both sexes showed fear behavior in 68 
response to repeated whisker stimulation. En2-/- mice undergoing this test exhibited decreased c-Fos-positive 69 
neurons (a marker of neuronal activity) in layer IV of the primary somatosensory cortex and increased 70 
immunoreactive cells in the basolateral amygdala as compared to WT littermates. Conversely, when tested 71 
in a sensory maze, En2-/- and WT mice spent a comparable time in whisker-guided exploration, indicating 72 
that whisker-mediated behaviors are otherwise preserved in En2 mutants. Thus, fearful responses to 73 
somatosensory stimuli in En2-/- mice are accompanied by reduced basal connectivity of sensory regions, 74 
reduced activation of somatosensory cortex and increased activation of the basolateral amygdala, 75 
suggesting that impaired somatosensory processing is a common feature in mice lacking ASD-related genes. 76 
 77 
Significance Statement 78 
Over-reactivity to tactile stimuli is a common symptom in autism spectrum disorders (ASD). Recent studies 79 
performed in mice bearing ASD-related mutations confirmed these findings. Here we evaluated the 80 
behavioral response to whisker stimulation in mice lacking the ASD-related gene Engrailed-2 (En2-/- mice). 81 
When compared to wild-type controls, En2-/- mice showed reduced functional connectivity in the 82 
somatosensory cortex, which was paralleled by fear behavior, reduced activation of somatosensory cortex 83 
and increased activation of the basolateral amygdala in response to repeated whisker stimulation. These 84 
results suggest that impaired somatosensory signal processing is a common feature in mice harboring ASD-85 
related mutations. 86 
  87 
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Introduction 88 
 89 
Autism spectrum disorders (ASD) research has typically focused on the social, communication and cognitive 90 
impairments associated with these conditions. More recently, several studies have suggested that impaired 91 
sensory processing might represent a core component of autistic features. For example, atypical sensory 92 
experience affecting all sensory modalities (taste, touch, audition, smell, and vision) is estimated to occur in 93 
almost 90% of autistic patients (Robertson and Baron-Cohen, 2017). In keeping with this, tactile perception 94 
abnormalities have been widely observed in patients with fragile X syndrome, a syndromic form of ASD 95 
caused by mutations in the fragile X mental retardation protein 1 (Fmr1) gene (Rogers et al., 2003). 96 
Moreover, the presence of ASD traits in human patients is associated with a diminished activation of “social 97 
brain” areas following gentle touch (Voos et al., 2013). 98 
 Neural mechanisms underlying sensory processing are relatively well understood in typically 99 
developing individuals and are conserved between humans and other animals. For this reason, animal 100 
studies of sensory behavior may considerably contribute to understand the neurobiological bases of ASD 101 
(Robertson and Baron-Cohen, 2017). Mice use their whiskers to locate and identify objects during 102 
environment navigation. Afferent whisker information reaches layer IV of SSp for further processing 103 
(Deschênes et al., 2005; Petersen, 2007; Diamond et al., 2008). Several monogenic mouse lines harboring 104 
ASD-related mutations display hypersensitivity to somatosensory stimulation. For instance, fragile X mental 105 
retardation protein 1 (Fmr1) mutant mice, a model for syndromic autism, display hypersensitivity to 106 
somatosensory stimuli following whisker stimulation, resembling tactile defensiveness in fragile X syndrome 107 
(FXS) patients (Zhang et al., 2014; He et al., 2017). Interestingly, imaging studies recently showed that these 108 
behavioral deficits are accompanied by functional hypoconnectivity, selectively located in sensory brain 109 
areas (Haberl et al., 2015; Zerbi et al., 2018). 110 

Genetic studies (Gharani et al., 2004; Benayed et al., 2005, 2009; Hnoonual et al., 2016) and 111 
expression analyses on post-mortem brain tissues (James et al., 2013, 2014; Choi et al., 2014) suggested 112 
that deregulated expression of the human EN2 gene, coding for the homeobox-containing transcription factor 113 
Engrailed-2, is linked to ASD. Accordingly, mice lacking En2 (En2-/- mice) are considered a reliable model for 114 
investigating the neurodevelopmental basis of ASD. En2-/- mice display neuroanatomical and behavioral 115 
deficits relevant to ASD, such as defective cerebellar patterning (Joyner et al., 1991), reduction of Purkinje 116 
cell number (Kuemerle et al., 1997), and reduced sociability (Cheh et al., 2006; Brielmaier et al., 2012). The 117 
En2 null mutation also results in the selective reduction of GABAergic interneurons in the hippocampus and 118 
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primary somatosensory cortex (SSp) (Sgadò et al., 2013). Interestingly, Fmr1 expression is down-regulated 119 
in the brain of En2-/- mice at both mRNA and protein level (Provenzano et al., 2015).  120 

We thus investigated whether the anatomical defects observed in the SSp, accompanied by the 121 
significantly reduced expression of Fmr1, might affect somatosensory cortex connectivity and function in 122 
En2-/- mice. To this aim, we mapped whole brain functional connectivity in  En2-/- and  control littermates  via 123 
resting-state functional magnetic resonance imaging (rs-fMRI), a readout that has proven exquisitely 124 
sensitive to network alterations produced by ASD-associated etiologies (Sforazzini et al., 2014; Haberl et al., 125 
2015; Liska et al., 2017; Bertero et al., 2018). WT and En2-/- mice were also tested in a battery of behavioral 126 
tasks aimed at evaluating their somatosensory function. After these tests, we analyzed c-Fos induction in 127 
different brain areas, as a marker of neuronal activation due to somatosensory stimulation (Filipkowski et al., 128 
2000). We also analyzed c-fos mRNA induction in SSp in WT and En2-/- mice subjected to repeated whisker 129 
stimulation under anesthesia. Our results show functional hypoconnectivity of SSp in En2-/- mice, 130 
accompanied by fear behaviors, reduced SSp activation and increased activation of the basolateral 131 
amygdala in response to repeated whisker stimulation. Repeated whisker stimulation under anesthesia also 132 
resulted in reduced SSp activation in En2-/- mice. These results point at impaired somatosensory processing 133 
as a core feature of mouse lines harboring ASD-related mutations. 134 
 135 
  136 
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Materials and Methods 137 
Animals 138 
All animal procedures were performed in accordance with the University of Trento and ETH Zürich animal 139 
care committees' regulations. Animals were housed in a 12 h light/dark cycle with food and water available 140 
ad libitum. All surgeries were performed under chloral hydrate anesthesia, and all efforts were made to 141 
minimize suffering. En2 mutants (Joyner et al., 1991; mixed 129Sv x C57BL/6 and outbred genetic 142 
background; strain B6;129S2-En2tm1Alj/J) were crossed at least five times into a C57BL/6 background. 143 
Heterozygous mating (En2+/- x En2+/-) were used to generate the En2+/+ (wild-type, WT) and En2-/- littermates 144 
used in this study. PCR genotyping was performed according to the protocol available on the Jackson 145 
Laboratory website (www.jax.org). A total of 66 age-matched adult littermates (33 mice per genotype; 3-6 146 
months old; weight = 25-35 g) of both sexes were used. Sixteen mice (8 per genotype) were used for 147 
magnetic resonance imaging (MRI) experiments, while 32 mice (16 per genotype) were used for behavioral 148 
testing. A subset of animals subjected to behavioral tests (10 WT and 10 En2-/- mice) was used for c-Fos 149 
immunohistochemistry. Four mice per genotype were used for the c-fos mRNA study following whisker 150 
stimulation under anesthesia. An additional group of 10 mice (5 per genotype) was used to check 151 
physiological parameters under the anesthesia conditions used for MRI. Previous studies showed that 152 
similar group sizes are sufficient to obtain statistically significant results in MRI (Haberl et al., 2015; 153 
Sforazzini et al., 2016; Pagani et al., 2018), behavioral (Brielmaier et al., 2012; Provenzano et al., 2014), 154 
immunohistochemical (Sgadò et al., 2013; Gonzalez-Perez et al., 2018), and in situ hybridization (Tripathi et 155 
al., 2009) studies. All experiments were performed by operators blind to genotype. Animals were assigned a 156 
numerical code by an operator who did not take part in the experiments, and codes were associated to 157 
genotypes only at the moment of data analysis.  158 
 159 
Magnetic resonance imaging 160 
Eight WT (4 males, 4 females) and 8 En2-/- (3 males, 5 females) littermates underwent one MRI scanning 161 
session to evaluate whole-brain functional connectivity and white matter microstructure. During the imaging 162 
sessions, experimenters were blind to genotype. Data acquisition was performed on a Biospec 70/16 small 163 
animal MRI system (Bruker BioSpin MRI, Ettlingen, Germany) equipped with a cryogenic quadrature surface 164 
coil (Bruker BioSpin AG, Fällanden, Switzerland). For resting-state functional MRI (rs-fMRI) acquisition we 165 
used a standard Gradient-Echo Echo Planar Imaging sequence (GE-EPI, repetition time TR = 1 s, echo time 166 
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TE = 15 ms, in-plane resolution RES = 0.22 × 0.2 mm2, number of slices NS = 20, slice thickness ST = 0.4 167 
mm, slice gap SG = 0.1 mm, 900 volumes, scan time = 15 min). In addition, we acquired Diffusion Weighted 168 
Images for white matter structural integrity evaluation (DWI, multi-shot Spin Echo EPI sequence, 4 segments, 169 
TR = 2 s, TE = 22 ms, RES = 0.2 × 0.2 mm2, NS = 28, ST = 0.4 mm, SG = 0 mm, b-values = 0-1000 s/mm2, 170 
94 directions encoding, scan time = 9 min).   171 

Throughout the MRI scanning, the level of anesthesia and mouse physiological parameters were 172 
monitored following an established protocol to obtain a reliable measurement of functional connectivity 173 
(Grandjean et al., 2014; Zerbi et al., 2015). Briefly, anesthesia was induced with 4% isoflurane and the 174 
animals were endotracheally intubated and the tail vein cannulated. Mice were positioned on a MRI-175 
compatible cradle, and artificially ventilated at 80 breaths per minute, 1:4 O2 to air ratio, and 1.8 ml/h flow 176 
(CWE, Ardmore, USA). A bolus injection of medetomidine 0.04 mg/kg and pancuronium bromide 0.05 mg/kg 177 
was administered, and isoflurane was reduced to 1 %. After 5 min, an infusion of medetomidine 0.09 178 
mg/kg/h and pancuronium bromide 0.15 mg/kg/h was administered, and isoflurane was further reduced to 179 
0.5%. The animal temperature was monitored using a rectal thermometer probe, and maintained at 36.5 °C 180 
± 0.5 during the measurements with a water heating system in the cradle. The preparation of the animals did 181 
not exceed 20 minutes (15 ± 3 min).  182 
 183 
Arterial blood pressure and gas measurements  184 
Arterial blood pressure and blood gas measurements were performed in a subset of 5 WT (2 females and 3 185 
males) and 5 En2-/- mice (3 females and 2 males), under the same anesthesia conditions used for MRI. 186 
Blood pressure recordings were carried out as previously described (Ferrari et al., 2012; Sforazzini et al., 187 
2014). Briefly, the left femoral artery was cannulated for continuous blood pressure monitoring, 188 
medetomidine administration, and blood sampling. During these procedures, mice were anaesthetized (4% 189 
isoflurane induction), intubated, artificially ventilated and subjected to the same sedation regimen employed 190 
in MRI recordings. Surgical sites were pre-infiltrated with a non brain-penetrant local anaesthetic (Tetracaine 191 
0,05%, Sigma). Blood pressure recordings started 15 minutes (15 3 min) after the beginning of 192 
medetomidine infusion and lasted 30 minutes. At the end of the procedure, arterial blood gas pressures 193 
(paCO2 and paO2) were also measured to rule out non physiological conditions. 194 
 195 
 196 
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MRI data pre-processing 197 
Rs-fMRI. Datasets were pre-processed using an existing pipeline for removal of unwanted confounds from 198 
the time-series following guidelines of the Human Connectome Project, adapted to the mouse (Zerbi et al., 199 
2015). Briefly, each rs-fMRI dataset was despiked with AFNI (Patel et al., 2014) and fed into MELODIC 200 
(Multivariate Exploratory Linear Optimized Decomposition of Independent Components; Beckmann and 201 
Smith, 2004) to perform a within-subject spatial Independent Component Analysis (ICA) with a fixed 202 
dimensionality estimation (number of components set to 60). This included correction and regression for 203 
head motion (Jenkinson et al., 2002) and in-plane smoothing with a 0.3 × 0.3 mm kernel. We applied FSL-204 
FIX with a study-specific classifier obtained from an independent dataset of 15 mice and used a 205 
‘conservative’ removal of the variance of the artefactual components (for more details, see Griffanti et al., 206 
2014). Thereafter, artefact-cleaned datasets were band-pass filtered (0.01-0.25 Hz), coregistered to a GE-207 
EPI study-specific template and normalized to the Australian Mouse Brain Mapping Consortium (AMBMC) 208 
template (www.imaging.org.au/AMBMC) using Advanced Normalization Tools (ANTs v2.1, 209 
picsl.upenn.edu/ANTS). Blood oxygenation level dependent (BOLD) time series were extracted using the 210 
Allen’s Common Coordinate Framework version 3 (CCFv3), rescaled to 0.2 mm isotropic and normalized 211 
into the AMBMC template (ANTs). In total, 65 regions of interest (ROIs) in each hemisphere were considered 212 
(130 ROIs), including regions from isocortex, hippocampal formation, cortical subplate, striato-pallidum, 213 
amygdala, thalamus, midbrain and hindbrain. Functional connectivity between pairs of brain regions was 214 
inferred via Pearson’s correlation of the respective time-series. Individual connectivity matrices were 215 
additionally regularized in order to scale for global-signal confounding using FSLNets 216 
(https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FSLNets). In total, 65 regions of interest (ROIs) in each hemisphere were 217 
considered, including regions from isocortex, hippocampal formation, cortical subplate, striato-pallidum, 218 
amygdala, thalamus, midbrain and hindbrain. 219 

Diffusion tensor parameter estimation. Through measurement of water diffusivity in multiple 220 
directions, diffusion tensor imaging (DTI) reconstructs an ellipsoid to model the diffusion in every voxel. The 221 
pre-processing steps consisted of individual realignment of the diffusion images, followed by eddy current 222 
correction and tensor estimation as in Zerbi et al. (2013). From the eigenvalues of the diffusion tensor, 223 
fractional anisotropy (FA), mean diffusivity (MD) and first eigenvalue (λ1) maps were calculated. The 224 
resulting volumes were spatially normalized to the AMBMC template using linear affine and non-linear elastic 225 
transformations in ANTs and thereafter FA, MD and λ1 values were extracted from seven major white matter 226 
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structures identified by the Allen’s CCFv3: anterior commissure, fimbria, corpus callosum, fornix, cingulum, 227 
internal capsule and cerebral peduncle. Moreover, spatial maps of FA, MD and λ1 were tested for voxel-228 
wise differences between groups using nonparametric testing with 5000 random permutations (FSL 229 
Randomise) and the Threshold-Free Cluster Enhancement (TFCE) method, which can enhance cluster-like 230 
structures without having to define an initial cluster-forming threshold (Smith and Nichols, 2009). 231 

 232 
Behavioral procedures 233 
Starting from one week before the first day of behavioral testing, animals in their home cages were removed 234 
from the housing room daily and placed in the experimental room for 1-2 h to habituate to the novel 235 
environment and experimenter presence. Sixteen WT (8 females, 8 males) and 16 En2-/- (8 females, 8 236 
males) littermates were subjected to a battery of tests to assess their sensory-motor function (Fig. 3). 237 

Capellini handling (CH). The test was performed according to Tennant et al. (2010). During the week 238 
before the test, animals were gradually habituated to food restriction. Six hours of food deprivation were 239 
applied every testing day. Trials were performed in the home-cage in order to minimize anxious response 240 
and increase the chance to visualize the animal first contact with the piece of pasta. During the four sessions 241 
of the test (1 per day, 4 consecutive days), five pieces of capellini (2.6 cm length) were placed in the cage. 242 
During the first day, observation period lasted 30 min, after which the animals were placed back in the 243 
housing room with the remaining capellini inside the cage. On the subsequent days, the observation was 244 
interrupted once the animal performed 3-4 trials, or when it showed lack of interest in further eating. A trial 245 
was defined as the sequence of actions from picking to eating (or showing no more interest for) a piece of 246 
capellini. In each daily session, manipulation time without drops per trial (s/trial) and the total number of 247 
drops per trial (drops/trial, error rate) were used to assess the animal’s sensorimotor accuracy. 248 

Whisker-guided exploration (WGE). To assess spontaneous whisker-guided exploratory activity, 249 
mice were placed in a specially shaped arena (“sensory maze”, Learoyd et al., 2012) composed by zones 250 
with smooth walls (white areas in Fig. 3) and zones with angles and textured walls (which should stimulate 251 
whisker-dependent exploration; black areas in Fig. 3). Gray areas indicated in Fig. 3 were excluded from the 252 
final quantification as considered biased. The test was performed in an almost completely dark room to avoid 253 
the employment of visual cues during exploration. Mice were let to freely move and explore the arena for 15 254 
minutes. Animals’ movements in the maze were recorded by a video-camera and automatically tracked by 255 
the ANY-maze software (RRID:SCR_014289). For each animal, the percentage of time spent to explore 256 
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each zone over the total time spent in exploration was used to extrapolate the time spent in whisker-257 
mediated exploration during the task. Immobility periods were excluded from quantification analysis. 258 

Whisker nuisance (WN). The test was performed according to McNamara et al. (2010). On the two 259 
days before the test, animals were let to habituate for 30 minutes to a novel empty cage (experimental cage). 260 
A small fraction of the home-cage bedding was placed overnight in the experimental cage to facilitate 261 
habituation to the novel environment; bedding was removed right before the introduction of the mouse into 262 
the experimental cage. Sessions lasted about 1 h per mouse, divided into a 35 min pre-test (30 min of 263 
environment habituation and 5 min of experimenter habituation) followed by a 20 min test. The 20 min test 264 
was split into four sessions of 5 min each. During the first session (“sham” condition), a wooden stick was 265 
presented to the animals reproducing the same modality used for the stimulation sessions, but avoiding any 266 
tactile contact with the mouse whiskers or body. Subsequently, mice underwent three consecutive 267 
stimulation sessions (trial 1-3), each consisting in continuous touch of the whiskers with the wooden stick 268 
(bilateral stimulation). The predominant behavioral response during the four test sessions was scored over a 269 
ten-point scale (Table 2), which represents a modified version of the WN scoring scale by McNamara et al. 270 
(2010). Scoring criteria were divided into five categories; the predominant behavioral responses were 271 
recorded for fearful behavior (freezing), stance, breathing (hyperventilation), aggressive response to stick 272 
presentation and evasiveness on a 0–2 points qualitative scale (0, absent; 1, scarcely present during the 273 
observation period; 2, present for the vast majority of the observation period). Normal behavioral responses 274 
to stimulation were assigned a zero value, whereas meaningful abnormal behavioral responses (i.e, for the 275 
vast majority of the observation period) were assigned a value of 2. As compared to the published scale 276 
(McNamara et al., 2010) three categories were omitted (whisker position, whisking response, and grooming) 277 
since they could not be reliably scored in preliminary observations. The maximum WN score is 10. High 278 
scores (8–10) indicate abnormal responses to the stimulation, in which the mouse freezes, becomes agitated 279 
or is aggressive. Low scores (0–3) indicate normal responses, in which the mouse is either curious or 280 
indifferent to the stimulation. Scoring was performed by two independent operators, and no variability in 281 
scoring was observed. 282 
 283 
c-Fos immunostaining 284 
A subset of 10 WT (5 females, 5 males) and 10 En2-/- (5 females, 5 males) mice was used for c-Fos 285 
immunohistochemistry following behavioral tests. Mice were sacrificed 2 h after the end of the WN test. 286 
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Brains were fixed by transcardial perfusion with 4% paraformaldehyde followed by 1 h post-fixation at 4 °C, 287 
and coronal sections (40 μm thick) were prepared using a vibratome. Serial sections at the level of the SSp, 288 
dorsal hippocampus, and amygdala were incubated for 72 h with a rabbit primary antibody against c-Fos 289 
(SantaCruz sc-52, 1:4000 dilution; RRID:AB_2106783). Signals were revealed by incubation with a biotin-290 
conjugated secondary antibody and VECTASTAIN ABC-Peroxidase Kit antibody (Vector Laboratories Cat# 291 
PK-4001, RRID:AB_2336810) followed by diaminobenzidine reaction. Brain areas were identified on Nissl-292 
stained adjacent sections, according to the Allen Mouse Brain Atlas (www.brain-map.org). 293 
 294 
Whisker stimulation under anesthesia and c-fos mRNA in situ hybridization 295 
Four En2-/- (2 males, 2 females) mice and 4 WT littermates (2 males, 2 females) were anesthetized with 296 
urethane (20% solution in sterile double distilled water, 1.6 g/kg body weight intraperitoneal injection), and 297 
head-fixed on a stereotaxic frame. Urethane anesthesia was chosen as it preserves whisker-dependent 298 
activity in the somatosensory cortex (e.g., Unichenko et al., 2018). Whisker stimulation was performed in 299 
three consecutive sessions (5 min each, with 1 min intervals), each consisting in continuous touch of the 300 
whiskers with a wooden stick (bilateral stimulation). This protocol was chosen to reproduce the stimulation 301 
protocol used in the WN test. Mice were killed 20 min after the end of whisker stimulation, and brains were 302 
rapidly frozen on dry ice. Coronal cryostat sections (20 m thick) were fixed in 4% paraformaldehyde and 303 
processed for non-radioactive in situ hybridization (Tripathi et al., 2009) using a digoxigenin-labeled c-fos 304 
riboprobe. Signal was detected by alkaline phosphatase-conjugated anti-digoxigenin antibody followed by 305 
alkaline phosphatase staining. Brain areas were identified according to the Allen Mouse Brain Atlas. 306 
 307 
Statistical analyses 308 
Functional imaging data. Statistical analyses of functional imaging data were performed using nonparametric 309 
permutation testing. A general linear model was used to evaluate overall genotype differences, while 310 
considering gender and bodyweight as covariates. Uncorrected permutation testing (5000 permutations) of 311 
the Z-scored Pearson’s correlation matrices (130 x 130 nodes, retaining only the top-10% of connections 312 
based on connectivity strength, Fig. 1A) was performed using FSL randomize. Network-based statistics 313 
(NBS) was employed to control for multiple comparison false positives (Zalesky et al., 2010). Briefly, a test 314 
statistic was computed for each connection and a threshold was applied (t = 2.3) to produce a set of 315 
suprathreshold connections, thereby identifying anatomical networks that show significant differences in 316 
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connectivity between groups correcting for multiple comparison (p<0.05). For diffusion-weigthed imaging 317 
analysis, multivariate ANOVA was performed on FA, MD and λ1 values of seven white matter structures. 318 
This was followed by False Detection Rate to control for multiple comparisons.  319 
Behavioral and c-fos expression data. Statistical analyses of behavioral, immunohystochemistry and in situ 320 
hybridization data were performed by Graphpad Prism 6.0 software (RRID:SCR_002798), with level of 321 
significance set at p < 0.05. 322 

For behavioral experiments, statistical analysis was performed by unpaired t-test or two-way ANOVA 323 
(with or without repeated measures) followed by Holm-Sidak’s, Tukey’s, or multiple t-tests with Bonferroni 324 
correction for post-hoc comparisons, as appropriate. 325 

Quantitative analyses of c-Fos-positive cells were performed in the SSp (layers II-III, IV, and V-VI), 326 
dorsal hippocampus (CA1, CA2, CA3 and dentate gyrus, DG), and basolateral amygdala (BLA). Brain areas 327 
were identified according to the Allen Mouse Brain Atlas. Digital images from c-Fos stained sections (at least 328 
three sections per animal) were acquired using a Zeiss AxioImager II microscope at a 10x primary 329 
magnification. c-Fos-positive cells were counted in an automatic mode using ImageJ (RRID:SCR_003070). 330 
Acquired images were converted to 8-bit (gray-scale), inverted and processed for background subtraction 331 
(background was calculated in acellular regions of stratum radiatum for the hippocampus and cortical layer I 332 
for the SSp and BLA). To automatically identify c-Fos-positive nuclei, the “watershed” function of ImageJ was 333 
used to select circular objects with a minimal surface of 30 μm2 (minimal diameter 6.18 μm). For cortical 334 
layers, a counting frame with an area of 500 m x 200 m (0.1 mm2) was used. The sampling field was 335 
moved systematically through the cortical layer of interest at least three times per section. To count positive 336 
cells in the hippocampus and amygdala, the counting area was drawn to identify pyramidal cell layers (CA1, 337 
CA2, CA3), the upper blade of DG, and BLA. Average values per animal were calculated, and cell densities 338 
were plotted as the number of positive cells/0.1 mm2. Differences between groups were assessed by 339 
unpaired t-test. 340 

To quantify c-fos mRNA in situ hybridizations, digital images from 3-4 sections per animal were 341 
acquired at the level of the SSp/dorsal hippocampus, using a Zeiss AxioImager II microscope at 10x primary 342 
magnification. Images were converted to 8-bit (gray-scale), inverted and analyzed using the Image J. For 343 
each section, mean signal intensity was measured in 3 different counting windows (0.1 mm2) spanning 344 
layers II/III, IV, and V/VI of the SSp. Mean signal intensity was divided by the background calculated in the 345 
layer I. Statistical analysis was performed by unpaired t-test.  346 
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Results  347 
En2-/- mice show an underconnectivity phenotype in sensory-related cortical and thalamic brain 348 
regions 349 
Eight En2-/- mice (3 males, 5 females) and eight WT littermates (4 males, 4 females) underwent one MRI 350 
scanning session to evaluate whole-brain functional connectivity and white matter microstructure. There was 351 
no significant difference in bodyweight between genotypes (average: 26 ± 3g), however, there was a 352 
significant effect of gender on bodyweight in both groups (males: 29 ± 2g, females: 24 ± 2g, p-value<0.001). 353 
For an unbiased comparison between groups, gender and bodyweigth were considered as co-variates in all 354 
statistical analyses.  355 

Rs-fMRI examines the temporal correlations of slow fluctuations of the blood oxygen level 356 
dependent (BOLD) signal across the brain during rest, i.e. without overt perceptual inputs or motor output 357 
typically present in traditional fMRI studies. Synchronization in BOLD fluctuations between brain regions (i.e. 358 
functional connectivity) is a parameter often used to determine the brain’s capability to share and integrate 359 
information (Zhang et al., 2010). This can be used as a translational tool to study complex circuitry 360 
interactions and their pathology in laboratory animals (Haberl et al., 2015; Zerbi et al., 2015; Gozzi and 361 
Schwarz, 2016; Grandjean et al., 2017). 362 

Permutation testing over 846 edges in the functional connectivity matrix revealed an overall 363 
underconnectivity phenotype of En2-/- mice when compared to their WT littermates. Regions that were 364 
significantly underconnected (WT > En2-/-; 5000 permutations, p<0.05, uncorrected, n=8 per genotype) were 365 
mainly located in the somatosensory and auditory cortical areas, hippocampus and thalamus. Instead, only a 366 
few connections showed increase in connectivity in En2-/- mice and defined nodes of the mouse default-367 
mode network (anterior cingulate, retrosplenial and temporal association areas) (Fig. 1B). 368 

Multiple comparisons correction using NBS identified two symmetric networks with reduced 369 
connectivity in the En2-/- model (WT > En2-/-; 5000 permutations, N1 p=0.002 and N2 p=0.019, n=8 per 370 
genotype); the first comprises 7 nodes (i.e. ROIs) and 9 edges (i.e. connections), all belonging to sensory 371 
cortical areas (Fig 1C, red). The second network consists of 11 nodes and 15 edges including thalamic and 372 
midbrain structures. No connections depicting overconnectivity were identified as significant by NBS. 373 

To test for the presence of possible genotype-dependent differences in sensitivity to the anesthesia, 374 
we masured peripheral parameters sensitive to anesthesia depth in control and mutant mice (Steffey et al., 375 
2003) under the same sedation regimen employed for rsfMRI. We did not find any differences in mean blood 376 
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pressure (0-30 min; WT, 106 ± 9.4 mmHg; En2-/-, 101 ± 17.6 mmHg; p = 0.61, Student’s t-test), mean paCO2 377 
(WT, 31 ± 4.3 mmHg; En2-/-, 29 ± 7.2mmHg; p = 0.48, Student’s t test) or mean paO2 (WT, 184 ± 20.8 378 
mmHg; En2-/-, 178 ± 24.3 mmHg; p = 0.69, Student’s t test) between WT and En2-/- mice (n = 5 per 379 
genotype).  380 
 381 
En2-/- mice display cerebellar white matter structural deficits 382 
The structural integrity of major axon bundles was quantified by extracting fractional anisotropy (FA), mean 383 
diffusivity (MD) and first eigenvalue (λ1) in seven major white matter structures of the forebrain and midbrain 384 
of WT and En2-/- mice, identified by the Allen Mouse Brain atlas. There were no genotype differences in any 385 
of the selected white matter tracts (Table 1). However, in agreement with previous studies showing structural 386 
defects, cellular loss and overall shrinkage in the En2-/- cerebellum (Joyner et al., 1991; Kuemerle et al., 387 
1997; Ellegood et al., 2015), we observed reduced mean and axial diffusivity in cerebellar lobules n En2-/- 388 
mice as compared to WT controls (Fig. 2). 389 
 390 
Preserved manipulation skills in En2-/- mice 391 
Rs-fMRI data clearly indicate that En2-/- mice display a significant underconnectivity in specific brain regions, 392 
including the somatosensory cortex, and microstructural abnormalities in the cerebellum. Previous studies 393 
showed that cerebellar defects in En2-/- mice (Joyner et al., 1991; Kuemerle et al., 1997; Ellegood et al., 394 
2015) are accompanied by subtle motor coordination deficits in the rotarod test and reduced forelimb grip 395 
strength (which might be relevant for forelimb motor coordination) (Brielmaier et al., 2012). We therefore set 396 
up a battery of behavioral tests to evaluate sensorimotor and whisker-dependent skills in WT and En2-/- mice. 397 
Sixteen WT and sixteen En2-/- mice were sequentially tested in the CH, WGE and WN tasks, over a 24-day 398 
period. Mice were food-restricted for 6 days, then performed the CH task from day 6 to day 9. Days 10 to 16 399 
were dedicated to habituation for the WGE, and the test was performed on day 17. Subsequently, on days 400 
18-23 mice were habituated to WN and finally subjected to the WN task on day 24. Mice were then sacrificed 401 
2 h after the end of WN (Fig. 3). 402 

The performance of En2-/- mice in the CH task did not significantly differ from that of WT mice during 403 
the four days of test. During the first day, the time spent in manipulations without drops did not differ between 404 
WT and En2-/- mice (unpaired t-test; WT vs. En2-/-; p = 0.3283 ; n = 16 per genotype; Figure 4A). Since both 405 
WT and En2-/- male mice were reported to have a significantly higher forelimb grip strength  as compared to 406 
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females of the same genotype (Brielmaier et al., 2012), we asked whether this difference might affect the 407 
performance in the capellini test. For both genotypes, no difference between male and female mice was 408 
observed in time spent in manipulations without drops during the first day of test (two-way ANOVA, main 409 
effect of sex F(1,28) = 0.9529, p = 0.3373 ; n = 8 per sex and genotype; Figure 4B). 410 

To extrapolate the sensory component of this sensorimotor task, we counted the total number of 411 
drops during each daily session (days 2-4), normalized to the total number of trials performed during that day. 412 
Both genotypes showed the same error rate (number of drops per trial) during days 2-4 (two-way repeated 413 
measures ANOVA, main effect of training day F(2,60) = 0.5915, p = 0.5567; n = 16 per genotype; Figure 4C), 414 
and CH performance did not differ between genotypes over days 2-4 of training (two-way repeated 415 
measures ANOVA; main effect of genotype F(1,30)= 0.3449, p = 0.5614; n = 16 per genotype; Figure 4C). 416 
These results indicate that En2-/- mice display a preserved ability to acquire a normal sensorimotor function. 417 
 418 
Normal sensory-guided exploration in En2-/- mice 419 

To assess whether En2-/- mice rely on their sensory function during a freely moving task, we tested 420 
the spontaneous behavior of WT and En2-/- mice in the sensory maze arena. In this task, WT mice should be 421 
more attracted by textured walls. Conversely, if En2-/- mice had an altered sensitivity to whisker stimulation, 422 
they would spend a significantly different time than WT mice exploring (or whisking) these zones. 423 

The total exploration time spent in the sensory maze did not differ between genotypes (unpaired t-424 
test; WT vs. En2-/-; p = 0.2091; n = 16 per genotype; Figure 4D), nor between sexes within each genotype 425 
(two-way ANOVA, main effect of sex F(1,28) = 1.731, p = 0.1990 ; main effect of genotype F(1, 28) = 0.3446, p = 426 
0.5619; n = 8 per sex and genotype; Figure 4E).  Within the total exploration time, WT and En2-/- mice spent 427 
the same time exploring the textured and smooth zones (two-way ANOVA; main effect of genotype F(1,60) = F 428 
(1, 60) = 6.797e-14, p > 0.9999; main effect of maze zone F(1,60) = 2.964 , p = 0.0903; n = 16 per genotype; 429 
Figure 4F). Thus, En2-/- mice appear to be fully capable of employing whisker sensations to guide their 430 
exploratory behavior, further supporting the idea of preserved perceptive function in these mutants. It is 431 
however important to point out that, since the WT mice did not appear to discriminate between the two wall 432 
surfaces, the assay seems to be more informative for general activity, rather than somatosensory function. 433 
 434 
En2-/- mice display over-reactivity to repeated whisker stimulation 435 
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To understand whether preserved somatosensory skills in En2-/- mice were associated with an intact 436 
processing of somatosensory information, we evaluated the behavioral response of WT and En2-/- mice in 437 
the WN test. During this test, the animal’s whiskers were repeatedly stimulated with a wooden stick over 3 438 
sequential trial sessions of 5 min each. Behaviors were scored according to 0-10 point scale (Table 2). En2-/- 439 
mice displayed a significantly higher score across the three trials, as compared to WT controls (unpaired t-440 
test, WT vs. En2-/-; p = 0.0173; n = 16 per genotype; Figure 5A). No differences between sexes were 441 
observed within the two genotypes (two-way ANOVA, main effect of sex F(1,28) = 0.352, p = 0.5571; main 442 
effect of genotype F(1, 28) = 5.517, p = 0.0261; n = 8 per sex and genotype; Figure 5B). Two-way repeated 443 
measures ANOVA revealed a significant effect of genotype and trial (main effect of genotype F(1,30) = 6.070, p 444 
= 0.0197; main effect of trial F(3,90)= 59,29, p < 0.0001; n = 16 per genotype; Figure 5C,D). Both genotypes 445 
displayed a normal behavior during the pre-stimulation session (sham), showing no anxious behavior when 446 
the stick was presented in proximity of the animal’s head avoiding any tactile contact (Holm-Sidak’s test 447 
following two-way repeated measures ANOVA; WT vs. En2-/-; p > 0.05; n = 16 per genotype; Figure 5C). 448 
This indicates that both genotypes react in the same way to the stick approach, in the absence of whisker 449 
stimulation. Both WT and En2-/- mice exhibited a significant reduction in the anxious response from the first 450 
to the third trial (Tukey’s test following two-way repeated measures ANOVA; trial 1 vs. trial 3 within WT, < 451 
0.01; trial 1 vs. trial 3  within En2-/-, p < 0.01;  n = 16 per genotype; Figure 5D). Conversely, during the three 452 
trials of whisker stimulation, the behavioral response of En2-/- mice always resulted significantly higher than 453 
that of WT mice (multiple t-tests with Bonferroni correction following two-way repeated measures ANOVA; 454 
WT vs. En2-/-; p < 0.05 for all trials; n = 16 per genotype; Figure 5C,D). We then analyzed the behavioral 455 
response of WT and En2-/- mice for each of the five categories used to calculate the WN score. When 456 
compared to WT controls, En2-/- mice displayed a significantly higher score in freezing and breathing, 457 
indicating a predominant fearful behavior of En2 mutants in response to repeated whisker stimulation (mean 458 
score across trials, WT vs. En2-/; unpaired t-test, p = 0.0055 for freezing and p = 0.0004 for breathing; n = 16 459 
per genotype; Figure 5E). 460 
 461 
En2-/- mice show reduced c-Fos activation in the hippocampus and SSp and increased c-Fos 462 
expression in the amygdala following WN 463 
The immediate early gene c-Fos is a reliable marker of neuronal activation due to tactile stimulation 464 
(Filipkowski et al., 2000). Thus, c-Fos induction was analyzed by immunohistochemistry on WT and En2-/- 465 
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brains, 2 h after the end of the WN task, to map brain areas activated in the two genotypes following 466 
repeated whisker stimulation. SSp layers, hippocampal subfields and basolateral amygdala (BLA) were 467 
identified on Nissl-stained adjacent sections (Fig. 5A,D). SSp and hippocampal layering do not differ 468 
between WT and En2-/- mice (Sgadò et al., 2013), while an anterior shift in the position of the amygdala has 469 
been reported in En2-/- mice (Kuemerle et al., 2007). 470 

In both WT and En2-/- mice, c-Fos protein staining was detected in the SSp, hippocampus, and 471 
amygdala. Immunohistochemistry experiments revealed a lower number of c-Fos-positive cells in SSp layer 472 
IV (Fig. 6B), CA1 pyramidal layer of the hippocampus (Fig. 6C), and BLA (Fig 6D) of En2-/- mice, as 473 
compared to WT controls. Quantification of immunohistochemistry experiments confirmed a statistically 474 
significant reduction of c-Fos-labelled cells in SSp layer IV, as compared to WT (unpaired t-test; WT vs. En2-475 
/-; p = 0.0040; n = 10 per genotype; Figure 6E). The number of c-Fos-labelled cells was also significantly 476 
lower in CA1 of En2-/- mice, as compared to WT (unpaired t-test; WT vs. En2-/-; p = 0.0078; n = 10 per 477 
genotype; Figure 6F). No difference was detected in the other cortical layers or hippocampal subfields 478 
examined (Figure 6E,F). Conversely, a significantly increased number of c-Fos-labelled cells was detected in 479 
the BLA of En2-/- mice, as compared to WT (unpaired t-test; WT vs. En2-/-; p = 0.0179; n = 10 per genotype; 480 
Figure 6G). 481 

 482 
En2-/- mice show reduced c-fos mRNA induction in the SSp following whisker stimulation 483 

under anesthesia 484 
To confirm that the reduced c-Fos expression observed in the En2-/- SSp following WN was 485 

specifically due to whisker stimulation, we finally investigated c-fos mRNA induction in the SSp following 486 
whisker stimulation in anesthetized WT and En2-/- mice. Whisker stimulation was performed by the same 487 
protocol used in the WN test (3 sessions of 5 min each) under urethane anestesia, which is known to 488 
preserve whisker-dependent cortical activity (Unichenko et al., 2018). In situ hybridization experiments 489 
showed a reduction of c-fos mRNA staining in the SSp, 20 min after the end of the last session (Fig. 7A). 490 
Quantification of mean signal intensity confirmed a significantly lower c-fos mRNA expression in the SSp of 491 
En2-/- mice, as compared to WT (unpaired t-test; WT vs. En2-/-; p = 0.0165; n = 12-16 sections from 4 492 
animals per genotype; Figure 7B). 493 
  494 
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Discussion 495 
Functional defects of sensory cortical areas, including the SSp, are common in mice lacking ASD 496 

genes. Fmr1 knockout mice display a hypoconnectivity phenotype for the hippocampus, somatosensory and 497 
auditory cortex (Haberl et al., 2015; Zerbi et al. 2018), similar to what observed in En2 mutants. Interestingly, 498 
En2-/- and Fmr1 knockout mice share other anatomical and molecular alterations. MRI-based phenotyping 499 
showed that both En2 and Fmr1 mutants have an increased volume of frontal/parietal/temporal lobes, and a 500 
decreased volume of the cerebellar cortex (Ellegood et al., 2015). Moreover, En2-/- mice present a down-501 
regulation of Fmr1 mRNA and protein in the hippocampus (Provenzano et al., 2015). 502 

Functional hypoconnectivity of En2-/- sensory cortical areas detected by rs-fMRI (Fig. 1) was not 503 
paralled by microstructural alterations of forebrain and midbrain white-matter bundles resulting from DTI 504 
(Table 1). This is not surprising, as white matter microstructure is known to be a poor predictor of  functional 505 
connectivity, and these two parameters often diverge (Bertero et al., 2018). However, we observed a 506 
significant increase of water diffusivity (MD and λ1) in the En2-/- cerebellum (Fig. 2). Given that increases in 507 
MD and λ1 in gray matter have been associated with breakdown of microarchitecture and reduced cellularity 508 
(Huisman, 2010), this is consistent with earlier reports of cerebellar atrophy in En2 mutants (Joyner et al., 509 
1991; Keurmerle et al., 1997; Ellegood et al., 2015) and in human post-mortem samples (Palmen et al, 2004). 510 
The notorious sensistivity of rsfMRI to respiratory- and susceptibility-induced artefacts in cerebellar areas 511 
(Gozzi and Schwarz, 2016) unfortunately prevented an assessment of the resting state connectivity of this 512 
regions with respect to other forbrain areas. A further investigation of this aspect is warranted using 513 
complementary neurotechniques.  514 

Cerebellar hypoplasia in En2-/- mice results from disrupted function of En2, which regulates 515 
cerebellar patterning during embryonic and early postnatal development (Sudarov and Joyner, 2007; Cheng 516 
et al., 2010; Silitoe et al., 2010). However, cerebellar anatomical defects in En2-/- mice were not 517 
accompanied by motor coordination deficits as detected by the CH test (Fig. 4). Thus, the differences in grip 518 
strength detected between En2-/- and WT mice, and between male and female animals in both genotypes 519 
(Brielmaier 2012) did not affect forelimb dexterity in the CH task. Indeed, En2 mutants display only mild 520 
motor deficits (Brielmaier et al., 2012). Purkinje cell loss in the En2-/- cerebellum (Kuemerle et al., 1997) 521 
seems instead to mainly affect spatial learning, which indeed depends on Purkinje cell synaptic integrity 522 
(Rochefort et al., 2011, 2013) and is altered in En2-/- mice (Cheh et al., 2006; Brielmaier et al., 2012; 523 
Provenzano et al., 2014). Exploratory activity in the sensory maze was comparable in WT and En2-/- mice, 524 
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nor it differred between sexes (Fig. 4), indicating that En2-/- mice have preserved somatosensory function. 525 
Intriguingly, En2-/- mice did not show altered whisker sensitivity in this sensory task, maybe due to lower 526 
anxiety levels in the dark enclosure. En2-/- mice instead showed hyper-responsiveness to whisker stimulation 527 
(Fig. 5-7). Mice bearing ASD-related mutations display altered tactile discrimination and hypersensitivity to 528 
gentle touch (Gabrb3 or Mecp2 mutants; Orefice et al., 2016) or hypersensitivity to whisker stimulation (Fmr1 529 
mutants; Zhang et al., 2014; He et al., 2017), suggesting that developmental somatosensory deficits might 530 
result in social deficits in adulthood. 531 

The preserved sensorimotor and somatosensory functions observed in En2 mutants suggest that 532 
their hyperreactivity to whisker stimulation might be due to an altered signal processing in the SSp. 533 
Behavioral hypersensitivity to somatosensory stimuli is often associated to impaired whisker-dependent 534 
cortical processing in mice harboring ASD-related mutations. Gabrb3 heterozygote mutant mice display 535 
tactile hypersensitivity in the static tactile allodynia task (DeLorey et al., 2014). Mice with Gabrb3 or Mecp2 536 
deletion in somatosensory neurons, as well as Shank3b and Fmr1 mutants, exhibit abnormal sensorimotor 537 
gating in a tactile prepulse inhibition test (Orefice et al., 2016). Repetitive whisker stimulation in young 538 
(postnatal day 14-16) and adult Fmr1 mutants respectively resulted in exaggerated locomotor and active 539 
avoidance responses accompanied by a lower number of SSp layer II/II neurons responding to whisker 540 
stimulation (He et al., 2017). 541 

Our results expand these findings. En2-/- mice displayed fearful responses to repeated whisker 542 
stimulation (Fig. 5). In accordance with SSp functional hypoconnectivity observed in En2 knockouts, these 543 
behaviors were accompanied by a reduced activation of SSp, as shown by decreased c-Fos 544 
immunoreactivity in layer IV (Fig. 6). Increased c-Fos staining was instead detected in the BLA of En2-/- mice, 545 
indicating an increased activation of the amygdala following WN. Until now, WN has been used to study 546 
whisker-dependent behavior in rats with lesions of the somatosensory cortex (McNamara et al., 2010). Our 547 
results, describing specific behavioral and c-Fos expression patterns in En2-/- mice following WN, 548 
corroborate the use of this task to evaluate whisker-dependent responses in mice, in the absence of 549 
experimentally-induced lesions. WT and En2-/- mice exhibited a comparable reduction in the anxious 550 
response from the first to the third trial during the WN test (Fig. 5D), suggesting that both control and En2 551 
mutant mice tend to habituate to repeated whisker stimulation. Previous studies also showed no difference in 552 
anxiety between the two genotypes (Brielmaier et al., 2012). WN score did not differ between sexes in both 553 
control and En2 mutant mice (Fig. 5), confirming that En2-/- female and male mice comparably perform in 554 
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several behavioral tests (Brielmaier et al., 2012) despite some neurochemical differences in cortical areas 555 
(Genestine et al., 2015). 556 

We used c-Fos staining to detect activity changes in the brain of En2-/- mice following the WN test. c-557 
Fos induction has long been used as a marker of neuronal activity (Morgan and Curran 1991), and to map 558 
SSp activation following whisker stimulation (Filipkowski et al., 2000; Bisler et al. 2002, Staiger 2006). 559 
Considering that En2-/- mice exhibited behavioral hypersensitivity to repeated stimulation in the WN test (Fig. 560 
5), we would have expected to detect an increased c-Fos staining in the mutant SSp as compared to WT 561 
controls. Unexpectedly, somatosensory hyper-responsiveness resulted in decreased c-Fos induction in layer 562 
IV of SSp in En2-/- mice (Fig. 6). Whisker stimulation under anesthesia also resulted in reduced c-fos 563 
expression in the En2-/- SSp (Fig. 7), thus strengthening the data obtained following WN. This is in 564 
agreement with a recent study showing decreased (and not increased) whisker-evoked neuronal activity in 565 
SSp layer II/III of adult Fmr1 mutant mice (He et al., 2017). As postulated in the Fmr1 study, one possible 566 
explanation of our results would be that functional circuits for whisker-dependent information processing are 567 
dispersed over a larger spatial area in the En2-/- SSp layer IV, resulting in an apparently reduced proportion 568 
of whisker-activated neurons. Indeed, single-whisker stimulation can activate a larger spatial area across the 569 
SSp of Fmr1 knockout mice, as compared with WT (Arnett et al., 2014; Juczewski et al., 2016). Thus, similar 570 
anatomical defects might be present in the SSp of En2-/- mice, which share anatomical and functional 571 
abnormalities with Fmr1 mutants (Ellegood et al., 2015; Haberl et al., 2015; Zerbi et al., 2018).  572 

The lymbic system represents one of the convergent zones of cortical processing and is known to 573 
receive inputs from all sensory modalities (Lavenex and Amaral, 2000; Shi and Cassell, 1998). Recent 574 
studies indicate that somatosensory inputs may control the plastic responses of limbic neurons. As an 575 
example, whisker deprivation diminished the firing rate of CA3 neurons (Milshtein-Parush et al., 2017), and 576 
altered fear-related c-Fos induction in the amygdala of adult mice (Soumiya et al., 2016). The reduced c-Fos 577 
staining observed in En2-/- hippocampal neurons following WN might, therefore, reflect a diminished 578 
hippocampal cell response to repetitive whisker stimulation. Similarly, En2-/- mice showed downregulation of 579 
the immediate early gene Arc in hippocampal neurons following Morris water maze training (Provenzano et 580 
al., 2014). Thus, decreased hippocampal activation seems to be a common response to aberrant behavioral 581 
performance in these mutants. c-Fos activation in the En2-/- BLA perfectly matches the freezing response 582 
shown by mutant mice following WN, as c-Fos induction is a hallmark of fear behavior (Campeau et al., 583 
1991). An anterior shift in the position of the amygdala was detected in En2-/- brains, without any differences 584 
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in volumetric, cell density or gene expression profile in the mutant amygdalar complex (Kuemerle et al., 585 
2007). Our data also rule out an abnormal functional connectivity of the En2-/- amygdala (Fig. 1). Thus, the 586 
abnormal activation of the BLA in mutant mice is likely due to abnormal processing of somatosensory stimuli, 587 
rather than major anatomical alterations. 588 

In summary, our results suggest that En2 deletion disrupts functional connectivity and 589 
somatosensory stimuli processing in the SSp and connected areas. The disruption of sensory processing in 590 
ASD is likely due to impaired function of GABAergic signaling. Accordingly, altered electrophysiological and 591 
behavioral markers of sensory processing can be rescued by pharmacologically enhancing GABAergic 592 
signaling in ASD mouse models (Bozzi et al., 2018). En2-/- mice present a reduced number of GABAergic 593 
interneurons in the hippocampus and somatosensory cortex (Sgadò et al., 2013). Further work is needed to 594 
dissect the molecular and anatomical networks by which GABAergic deficits impact somatosensory 595 
processing in mice harboring mutations in ASD genes.  596 
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Figure Legends  869 
 870 
Figure 1. Decreased fMRI functional connectivity in En2-/- mice. A) Graphical and circos-plot 871 
representation of the whole-brain functional connectome (65 nodes in each hemisphere) in the mouse brain, 872 
obtained from the average of 16 datasets (WT and En2-/-).  The averaged connectivity matrix was set using 873 
an arbitrary sparsity of 10% to preserve strong and positive functionally connected edges. Only these 874 
connections are included in the analysis. B) Results of group-difference permutation testing (5000 875 
permutation, uncorrected) are shown for two contrasts (En2-/- < WT and En2-/- > WT). The vast majority of 876 
connectivity differences were seen in the first contrast, suggesting an underconnectivity phenotype in En2-/- 877 
mice. Cohen’s D effect size analysis revealed a reduced coherence in rs-fMRI in sensory-related structures 878 
while only few connections displayed increased coherence. C) Correction for multiple comparisons using 879 
Network Based Statistics (NBS) revealed two significant large-scale networks in which connectivity was 880 
significantly reduced in En2-/- mice. (5000 permutations, N1, red: p=0.002; N2, green: p=0.019, NBS 881 
corrected). N1 included intra- and interhemispheric connections between primary somatosensory areas 882 
(trunk, SSp-tr; lowerlimb, SSp-ll) and auditory/associative (AUD). N2 included Superior Colliculus (SCs, 883 
SCm), post-subiculum (POST), thalamus polymodal association and sensory-motor cortex related (DORpm, 884 
DORsm), prectal region (PRT) and periacqueductal gray (PAG). Plots report the average value of the 885 
network strength per animal. Genotypes are as indicated. ** p < 0.01, *** p < 0.001, two-way ANOVA. 886 
 887 
Figure 2. Whole-brain DTI mapping show abnormal water diffusion in the En2-/- cerebellum. Voxel-888 
based analysis (VBA) with permutation testing (5000 permutations, TFCE corrected) indicates significant 889 
differences in mean diffusivity (MD) and axial diffusivity (λ1) in En2-/- mice, as compared to WT. VBA results 890 
are overlaid onto FA, MD and λ1 study-specific templates derived from the whole dataset. Six anterior to 891 
posterior axial diffusion maps (distance from Bregma; 1.10 mm anterior to -5.80 mm posterior) are overlaid 892 
with voxels that showed a significant difference between groups (p < 0.05). The voxel color indicates positive 893 
changes in water diffusion proprieties in En2-/- mice compared with WT, while no negative changes appeared 894 
significant. MD and λ1 increases are found in both the left and right paraflocculus and parafloccular sulci of 895 
the cerebellum. 896 
 897 
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Figure 3. Schematic representation of the behavioral experimental procedures. Habituation started 1 898 
week before the beginning of the first test (capellini handling, CH) and lasted until the end of the experiment. 899 
CH was performed in the home cage. The second (whisker-guided exploration, WGE) and third (whisker 900 
nuisance, WN) tests were performed one week after the previous one, to minimize animals’ work overload. 901 
The sensory maze for WGE included zones with smooth walls lacking any tactile cues (white areas in the 902 
figure) and angle-shaped zones with textured walls to guide the animal’s whisker exploration (black areas in 903 
the figure). Gray areas indicated in the figure were excluded from the final quantification as considered 904 
biased. WN was performed in a novel empty cage (experimental cage). A small fraction of the home-cage 905 
bedding was placed overnight in the experimental cage to facilitate habituation to the novel environment, and 906 
then removed right before the introduction of the mouse into the experimental cage. Mice were perfused 2 h 907 
after the WN test. 908 
  909 
Figure 4. Preserved manipulation skills and normal sensory-guided exploration in En2-/- mice. The 910 
figure shows quantification of CH and WGE tests in WT and En2-/- mice. No differences were detected 911 
between WT and En2-/- mice in both tests. A) Manipulation time without drops (per trial) during the first day of 912 
the CH test. B) Performance of female and male WT and En2-/- mice during the first day of the CH test 913 
(manipulation time without drops per trial). C) Error rate (number of drops per trial) during days 2-4 of the CH 914 
test. D) Total exploration time spent in the sensory maze during the WGE test. E) Performance of female 915 
and male WT and En2-/- mice in the WGE test (total exploration time spent in the sensory maze). F) Percent 916 
of time spent in textured and smooth zones of the sensory maze the WGE test. All plots report the mean 917 
values ± s.e.m. In A, B, D and E, each dot represents the average value per animal. Genotypes and sexes 918 
are as indicated. 919 
 920 
Figure 5. En2-/- mice are over-reactive to repeated whisker stimulation. The figure shows the 921 
quantification of behavioral responses in the whisker WN test in WT and En2-/- mice. Five different 922 
parameters (response to stick, evasion, stance, fearful behavior, breathing) were monitored across different 923 
trials; the total score indicates three major categories of behavioral responses (0 to 3, curious/restful; 4 to 7, 924 
annoyed/bothered; 8 to 10, scared/worried) (see Table 2). En2-/- but not WT mice showed fearful responses 925 
to repeated whisker stimulation. A) Total WN scores across trials. Single dots indicate the mean value of WN 926 
score for each animal across the three trials. B) Total WN scores across trials in female and male mice. 927 
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Single dots indicate the mean value of WN score for each animal across the three trials. C) WN scores 928 
recorded for each animal in sham conditions (no tactile stimulation) and trials. D) Average WN scores 929 
assigned to WT and En2-/- mice during trials. E) Mean score across trials for each of the five behavioral 930 
parameters monitored during the WN test. All plots report the mean values ± s.e.m. In A, B, and C, each dot 931 
represents the average value per animal. Genotypes are and sexes are as indicated. * p < 0.05, ** p < 0.01,  932 
*** p < 0.001 (A and E, unpaired t-test, WT vs. En2-/-; C and D, multiple t-tests with Bonferroni correction 933 
following two-way repeated measures ANOVA, WT vs. En2-/-;  D, Tukey’s test following two-way repeated 934 
measures ANOVA, trial 1 vs. trial 3 within both WT and En2-/-). 935 
 936 
Figure 6. WN results in a significantly altered expression of c-Fos-positive in the primary 937 
somatosensory cortex, hippocampus, and amygdala of En2-/- mice. A) Representative Nissl-stained 938 
coronal sections from WT and En2-/- brains, taken at the level of primary somatosensory cortex (SSp)/dorsal 939 
hippocampus. B, C) Representative pictures showing c-Fos-positive cells (white) in the SSp (B) and CA1 940 
pyramidal layer (C) of WT and En2-/- mice, 2 h after the WN test. Cortical layers are indicated by Roman 941 
numbers, and layer IV boundaries are indicated by dashed lines. D) Representative pictures showing c-Fos-942 
positive cells (black) in the BLA of WT and En2-/- mice, 2 h after the WN test. Scale bars: 500 m (A), 200 943 

m (B), 100 m (C), 400 m (D). E, F, G) Quantification of c-Fos immunoreactive cells in the SSp (E), 944 
hippocampus (F), and BLA (G). Values are expressed as the mean number (± s.e.m) of positive cells per 945 
area (0.1 mm2, see Material and Methods) per group, while each dot represents the average value per 946 
animal. Genotypes are as indicated. * p < 0.05, ** p < 0.01 (unpaired t-test). 947 
 948 
Figure 7. Whisker stimulation under anesthesia results in a significantly reduced induction of  c-fos 949 
mRNA in the primary somatosensory cortex of En2-/- mice. A, B) Representative pictures showing c-fos 950 
mRNA in situ hybridization in the SSp, 20 min after repeated whisker stimulation in anesthetized WT (A) and 951 
En2-/- (B) mice. c-fos mRNA staining is in dark. Scale bar: 300 m. C) Quantification of c-fos mRNA signal 952 
intensity in the SSp. Values are expressed as the mean normalized signal intensities (± s.e.m) per group 953 
(see Material and Methods). Genotypes are as indicated. * p < 0.05 (unpaired t-test). 954 
  955 



 

 29 

Tables  956 
Table 1. Diffusion tensor imaging data for forebrain and midbrain white matter tracts 957 

  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 

 En2 -/- 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 

λ1 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 

 

En2 -/- 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 

   Abbreviations are as in the text. 958 
 959 
 960 
Table 2. WN Scoring Table 961 

 
Behaviors 

Score 

0 1 2 

Fearful behavior curious, insensible ambivalent behavior freezing 

Stance skyward head, relaxed ambivalent behavior guarded 

Breathing normal ambivalent behavior hyperventilated 

Response to stick 
presentation 

interested, ignore ambivalent behavior attacking, startle 

Evasiveness explorative behavior ambivalent behavior run away, avoiding 

Total score 0 to 3: curious, restful 4 to 7: annoyed, bothered 8 to 10: scared, worried 

 962 
The predominant behavioral response during each test session (sham and trials 1-3) was scored over a ten-963 
point scale, which represents a modified version of the WN scoring scale by McNamara et al. (2010) (see 964 
Materials and Methods for details). 965 
















