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Tactile Defensiveness and Impaired Adaptation of Neuronal
Activity in the Fmr1 Knock-Out Mouse Model of Autism
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Sensory hypersensitivity is a common symptom in autism spectrum disorders (ASDs), including fragile X syndrome (FXS), and fre-
quently leads to tactile defensiveness. In mouse models of ASDs, there is mounting evidence of neuronal and circuit hyperexcitability in
several brain regions, which could contribute to sensory hypersensitivity. However, it is not yet known whether or how sensory stimula-
tion might trigger abnormal sensory processing at the circuit level or abnormal behavioral responses in ASD mouse models, especially
during an early developmental time when experience-dependent plasticity shapes such circuits. Using a novel assay, we discovered
exaggerated motor responses to whisker stimulation in young Fmr1 knock-out (KO) mice (postnatal days 14 –16), a model of FXS. Adult
Fmr1 KO mice actively avoided a stimulus that was innocuous to wild-type controls, a sign of tactile defensiveness. Using in vivo
two-photon calcium imaging of layer 2/3 barrel cortex neurons expressing GCaMP6s, we found no differences between wild-type and
Fmr1 KO mice in overall whisker-evoked activity, though 45% fewer neurons in young Fmr1 KO mice responded in a time-locked manner.
Notably, we identified a pronounced deficit in neuronal adaptation to repetitive whisker stimulation in both young and adult Fmr1 KO
mice. Thus, impaired adaptation in cortical sensory circuits is a potential cause of tactile defensiveness in autism.
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Introduction
Sensory dysfunction, especially hypersensitivity, occurs in many
individuals with autism spectrum disorders (ASDs; Marco et al.,
2011; Green et al., 2015). Sensory hypersensitivity (overreactiv-

ity) commonly affects auditory, tactile, or visual processing, and
may present as defensiveness or avoidance (Marco et al., 2011;
Green et al., 2015; Sinclair et al., 2016). Because it likely contrib-
utes to other ASD symptoms, such as anxiety, hyperarousal and
sleep disturbances, attention deficit, stereotyped behaviors or rit-
uals, and learning difficulties (Ben-Sasson et al., 2007; Sinclair et
al., 2016), sensory overreactivity is a symptom of central signifi-
cance in autism.

It has been suggested that phenotypic heterogeneity in autism
might not reflect a unique cellular pathology, but rather a pertur-
bation of network properties that emerge when neurons interact
(Belmonte et al., 2004). In other words, the development of ef-
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Significance Statement

We use a novel paradigm of repetitive whisker stimulation and in vivo calcium imaging to assess tactile defensiveness and barrel
cortex activity in young and adult Fmr1 knock-out mice, the mouse model of fragile X syndrome (FXS). We describe evidence of
tactile defensiveness, as well as a lack of L2/3 neuronal adaptation in barrel cortex, during whisker stimulation. We propose that a
defect in sensory adaptation within local neuronal networks, beginning at a young age and continuing into adulthood, likely
contributes to sensory overreactivity in FXS and perhaps other ASDs.
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fective treatments for specific functional deficits in ASD will likely
require understanding the circuit-level alterations involved. This is
challenging in human patients, as the methods available to assess
network-level correlates of sensory dysfunction (EEG or fMRI)
lack single-neuron spatial resolution. Instead, it is necessary to
record network activity in vivo, with cellular resolution, in mouse
models of inherited ASDs (Gonçalves et al., 2013; Lu et al., 2016).

Fragile X syndrome (FXS), in which transcriptional silencing
of the Fmr1 gene leads to loss of the fragile X mental retardation
protein, is particularly compelling as a prototypical neurodevelop-
mental disorder in which to study circuit mechanisms underlying
altered sensory processing. FXS is the most common single-gene
cause of autism (�2% of ASD cases; Wassink et al., 2001; Reddy,
2005), and the vast majority of FXS patients have tactile defen-
siveness (Butler et al., 1991; Hagerman et al., 1991). Additionally,
the Fmr1 knock-out (KO) mouse model of FXS (The Dutch-
Belgian Fragile X Consortium, 1994) exhibits behavioral deficits
analogous to human symptoms, including audiogenic seizures
and increased startle responses (Bernardet and Crusio, 2006;
Contractor et al., 2015). Fmr1 KO mice also show increased in-
trinsic excitability, delayed GABA polarity switch, reduced in-
hibition, and network hypersynchrony (Contractor et al.,
2015). However, how such hyperexcitability leads to behavioral
sensory hypersensitivity, or whether Fmr1 KO mice even exhibit
an avoidance response to tactile stimuli, has not been studied.

Here, we test the hypothesis that specific abnormalities in
sensory-evoked network activity in somatosensory cortex are
associated with tactile defensiveness in Fmr1 KO mice. We per-
formed a behavioral screen for tactile defensiveness in young and
adult wild-type (WT) and Fmr1 KO mice as well as in vivo two-
photon calcium imaging of whisker-evoked activity in layer 2/3
(L2/3) neurons in barrel cortex. We sought to answer the follow-
ing questions: Do Fmr1 KO mice display an impaired behavioral
response to whisker stimulation, i.e., an avoidance motor response
akin to tactile defensiveness? What are the circuit-level correlates of
sensory hypersensitivity in neocortex that give rise to the tactile
defensiveness?

Materials and Methods
Materials. Unless noted otherwise, materials were purchased from
Sigma-Aldrich.

Experimental animals. All experiments followed the U.S. National
Institutes of Health guidelines for animal research, under an animal use
protocol approved by the Chancellor’s Animal Research Committee
(ARC) and Office for Animal Research Oversight at the University of
California, Los Angeles (#2007– 035). All experiments used male and
female FVB.129P2 WT mice (JAX line 004828, RRID: IMSR_JAX:
004828) and Fmr1 KO mice (JAX line 004624, RRID: IMSR_JAX:004624;
The Dutch-Belgian Fragile X Consortium, 1994) housed in a vivarium
with a 12 h light/dark cycle. Experiments were performed during the light
cycle. Animals were weaned at postnatal day 21 (P21)–P22 and afterward
housed with up to five mice per cage. Before P21, pups were housed with
their dam. The FVB background was chosen because of its robust breed-
ing, and because the FVB Fmr1 KO phenotype includes a predisposition
to audiogenic seizures (Bernardet and Crusio, 2006). Because of the po-
tentially stressful effects of surgeries on pups of early prenatal ages and
their dams, homozygous litters were used to maximize survival by elim-
inating the possibility of littermates with different genotypes receiving
unequal attention from the dam.

Tactile defensiveness assay in head-restrained mice. We adapted the
head-restrained paradigm as described previously (Dombeck et al.,
2007), where animals are habituated to head restraint on a 200 mm
polystyrene ball moving freely on an air cushion within a half-sphere
polystyrene shell (Graham Sweet; Fig. 1a). The animal can choose to rest,
whisk, or run freely in any direction, with minimal friction. For P14 –P16

experiments, titanium head bars were implanted at P10 –P12, and the
pups were then habituated on the ball for 20 min/d for 3 consecutive
days, with the earliest age of head restraint being P11 (Fig. 1a). Before
P11, we observed very little motion from the pups when on the ball. As
was previously observed in freely moving pups, not only do neonatal
rodents strongly prefer huddling to free exploration in the first postnatal
week, they develop exploratory behavior and bilateral whisking at P11–
P15 (Grant et al., 2012; van der Bourg et al., 2016). For adult behavioral
experiments (Fig. 2), a subset of the animals tested at P14 –P16 were
rehabituated for 4 consecutive days before testing at P35–P41. All 17 WT
and 13 Fmr1 KO animals tested at P35–P41 and displayed in Figure 2 had
been tested previously at P14 –P16.

On the test day, the animal was first placed on the ball for a 3 min
baseline period. Next we performed a sham stimulation trial in which the
whisker stimulator was visibly moving, but just out of tactile range of the
animal’s whiskers on its left side (Fig. 1a). The stimulator consisted of a
long, narrow comb of five slightly flexible wires descending from bent
glass capillaries, which were in turn attached to a piezoelectric actuator.
During the stimulation trial, the wires of the stimulator were intercalated
between the animal’s whiskers. Whisker bundling onto a glass capillary
(as used during the imaging experiments) would not have been feasible
here because the mouse could have damaged the capillary or unbundled
some of its whiskers with its forepaw. The stimulation protocol consisted
of a 10 s baseline followed by 20 whisker stimulations along the anterior–
posterior direction (1 s long at 10 Hz), with a 3 s interstimulus interval
(ISI), with the stimulations totaling 80 s, ending with another 10 s base-
line. This protocol was created based on the fact that mice tend to whisk
at 5–15 Hz for bouts of 1– 4 s, and is consistent with published studies
using a comparable frequency of 8 Hz (Mégevand et al., 2009) and 2– 6 s
ISI (Kerr et al., 2007; Heiss et al., 2008). A fast infrared camera (Allied
Vision Technologies GE680) was used to monitor ball motion and ani-
mal movements.

A custom-written semiautomated video analysis routine was imple-
mented in MATLAB to determine when the animal was moving/running
versus stationary (Figs. 1b, 2a). The videos were carefully inspected to
decide whether the animal was moving forward or backward or steering
left or right (left, toward whisker stimulator; right, away from stimulator)
for each 1 s increment of video, based on the animal’s forelimb move-
ments and the movement of dots on the ball (Fig. 2c). During left/right
movement, the animals’ forelimbs create rhythmic sweeping motions in
the opposite direction of steering, with limbs sweeping out laterally from
the midline and pushing the ball to the left or right (with the ball spinning
either left or right under them, respectively). During forward/backward
movement, the animals’ forelimbs would remain under their shoulders
(close to their midline), with smooth forward/backward steps and result-
ing forward/backward movement of the ball. Analysis of running during
the “end” of the stimulation (Fig. 1d) included the last 20 s of the stim-
ulation, which covers the last five stimulations and is a time frame used
during later imaging analysis.

P1 injection of AAV vector for GCaMP6s expression. rAAV (AAV1.Syn.
GCaMP6s.WPRE.SV40; Chen et al., 2013) was purchased from the Uni-
versity of Pennsylvania Vector Core and diluted to a working titer of 2E13
with 1% filtered Fast Green FCF dye. Pups were anesthetized with
isoflurane (5% induction, 1.5–2% maintenance via a nose cone, v/v)
and placed in a stereotaxic frame. A subcutaneous injection of carprofen
(Rimadyl, Pfizer; 5 mg/kg) was administered. The scalp was sterilized
with alternating swabs of betadine and 70% alcohol. A small skin flap
(2–3 mm in length) was made over the somatosensory cortex. The peri-
osteum was gently cleared under the skin flap using brief, gentle touches
of a dental drill. At the injection site, the bone was drilled lightly to create
a small crack, permitting injection via pulled-glass capillary without ex-
posing the dura. Glass micropipettes (Sutter Instrument, 1.5 mm outer
diameter, 0.86 mm inner diameter) were used to inject �0.2 �l of rAAV
into the superficial cortex at a depth of 0.2 mm below the dura, using a
Picospritzer (General Valve; Fig. 3a, left). After removing the pipette, the
injection site was sealed with a small drop of VetBond (3M). The skin flap
was replaced, and the skin edges were sealed with VetBond. The entire
surgery was completed in 15–20 min per animal. The pup was allowed to
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recover on a warm water circulation blanket
before being returned to the dam.

Cranial window surgery for P14 –P16 imag-
ing. Pups (P10 –P12) were anesthetized with
isoflurane (5% induction, 1.5–2% mainte-
nance via a nose cone, v/v) and placed in a
stereotaxic frame. A 2.5–3.5 mm diameter cra-
niotomy was performed over the right barrel
cortex and covered with a 3 or 5 mm glass cov-
erslip, as described previously (Mostany and
Portera-Cailliau, 2008; Golshani et al., 2009). A
head bar was also attached to the skull with
dental cement to secure the animal to the mi-
croscope stage. The cranial window surgery
itself can be done in under 60 min, and our
protocol and custom head bars were designed
to facilitate postoperative reintegration into
the litter. Within 2 h after surgery, the pups
appeared fully recovered from the effects of an-
esthesia and were able to nurse normally.

Cranial window surgery with AAV vector
injection for adult GCaMP6s imaging. For 8 of
the 10 WT adult animals and 5 of the 8 Fmr1
KO adult animals imaged, the AAV1.Syn.
GCaMP6s.WPRE.SV40 vector was injected
into the barrel cortex during the cranial win-
dow surgery, 2� weeks before imaging, follow-
ing existing protocols (Chen et al., 2013). After
drilling a 4 mm craniotomy over the right bar-
rel cortex, �30 nl of rAAV vector, diluted to a
working titer of 2E13 with 1% filtered Fast
Green, was injected into four to seven sites in
the barrel cortex. The craniotomy was covered
with a 5 mm glass coverslip, and a head bar was
also attached to the skull with dental cement.

The remaining two WT adult animals and
one of the remaining KO animals had been in-
jected with rAAV vector at P1 and received
cranial window implantation at P10 –P12, fol-
lowing the previously described protocol, but
were not used for the P14 –P16 imaging exper-
iments. The remaining two of eight KO adult
animals had been injected with rAAV vector at
P1, had received cranial window implantation
at P10 –P12, and had also been used for the
P14 –P16 imaging experiments.

Optical intrinsic signal imaging. Following
cranial window surgery, optical intrinsic signal
(OIS) imaging was used to map the barrel cor-
tex at P12–P14 (for P14 –P16 imaging) or at
least 1 d before imaging (for adults). As de-
scribed previously (Johnston et al., 2013), the
contralateral whisker bundle was gently attached
using bone wax to a glass needle coupled to a
piezoactuator (Physik Instrumente). Each stimula-
tion trial consisted of a 100 Hz sawtooth stim-

Figure 1. Increased locomotion of Fmr1 KO mice at P14 –P16 during repeated whisker stimulation. a, Diagram of behavioral
assay setup (left) and timeline of protocol (right). A whisker stimulator comb of flexible wires, moved by a piezoelectric actuator,
was placed in front of but not in contact with the whiskers (sham) or was intercalated between whiskers on the left snout (whisker
stimulation) as shown. b, Locomotion of WT and Fmr1 KO mice (n � 21 per genotype), P14 –P16, during 20 sham and whisker
stimulations (each 1 s with 3 s ISI). Each row represents one animal. Dark gray means mice were stationary, and light gray means
they were moving (see Materials and Methods). Colored heat map shows the % of mice moving at any given time (cumulative

4

locomotion). c, Total time spent moving during entire 80 s of
sham and whisker stimulations for WT and Fmr1 KO mice.
In c, p values are from unpaired rank-based two-group com-
parisons with 10,000 resamples and Bonferroni correction.
d, Time spent moving during last 20 s of sham and whisker
stimulations for WT and Fmr1 KO mice. p values are from pair-
wise rank-based two-group comparisons with 10,000 resa-
mples and Bonferroni correction. In c and d, circles represent
female mice and squares represent male mice, bars represent
group medians, and error bars represent first/third quartiles.
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ulation lasting 1.5 s. The response signal divided by the averaged
baseline signal, summed for all trials, was thresholded at a fraction (65%)
of maximum response to delineate the cortical representation of stimu-
lated whiskers (Fig. 3b). OIS signal intensities were not quantified, nor
were they compared between animals.

In vivo two-photon calcium imaging in head-restrained mice. Calcium
imaging was performed on a custom-built two-photon microscope with
a Chameleon Ultra II Ti:sapphire laser (Coherent), a 20� objective (0.95
numerical aperture, Olympus), and ScanImage software (Pologruto et
al., 2003; RRID: SCR_014307). Mice were lightly sedated with chlorpro-
thixene (2 mg/kg, i.p.) and isoflurane (0 – 0.5%) and kept at 37°C using a
temperature control device and heating blanket (Harvard Apparatus).
The isoflurane was manually adjusted to maintain a breathing rate rang-
ing from 100 –150 breaths/min for P14 –P16 mice and 140 –150 breaths/

min for adult mice. Both spontaneous activity and whisker-evoked barrel
cortex activity were recorded. Whisker stimulation was delivered by bun-
dling the contralateral whiskers (typically all macrovibrissae of at least
�1 cm in length), via soft bone wax, to a glass needle coupled to a
piezoactuator (Fig. 3a, right). The stimulation protocol was the same as
that used during behavioral experiments (Fig. 3d). Whole-field images
were acquired at 7.8 Hz (1024 � 128 pixels downsampled to 256 � 128
pixels; Fig. 3c).

Data analysis for calcium imaging. Calcium-imaging data were ana-
lyzed using custom-written MATLAB routines (MATLAB version 2014a,
RRID: SCR_001622), which included modifications over previously de-
scribed MATLAB code (Golshani et al., 2009; Gonçalves et al., 2013). In
4 of 20 movies of P14 –P16 spontaneous activity (1600 frames acquired),
between 8 and 34 frames with significant Z motion were manually re-

Figure 2. Adult Fmr1 KO mice show tactile defensiveness during repeated whisker stimulation. a, Running of WT (n � 17) and Fmr1 KO (n � 13) adult mice (P35–P41) during repetitive sham
and whisker stimulation (as in Fig. 1b). Note that the adult mice show much higher rates of locomotion than the P14 –P16 mice. b, Total time spent running during entire 80 s of sham and whisker
stimulations for WT and Fmr1 KO mice. In b, p values are from unpaired rank-based two-group comparisons with 10,000 resamples and Bonferroni correction. c, Total time spent running toward (left)
or away (right) from whisker stimulator for WT and Fmr1 KO mice during the 80 s of sham and whisker stimulations. p values are from pairwise rank-based two-group comparisons with 10,000
resamples and Bonferroni correction. In b and c, circles represent female mice, squares represent male mice, bars represent group medians, and error bars represent first/third quartiles.
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Figure 3. Differences in whisker-evoked network activity in Fmr1 KO mice at P14 –P16. a, Schematic of how AAV vector for GCaMP6s injection was injected into somatosensory cortex at P1 (left)
and P14 –P16 in vivo imaging and whisker stimulation setup (right). b, Example cranial window over right somatosensory cortex at P14 and a map of whisker-evoked activity obtained with optical
intrinsic signal imaging (green). The black box shows the location of in vivo calcium imaging in c. c, Example field of view of neurons in barrel cortex expressing GCaMP6s in the same mouse (at P15)
shown in b at P15 (xyt sum projection of 100 consecutive frames at 7.8 Hz). d, Protocol for recording spontaneous (1600 frames � 205 s) and whisker-evoked activity (800 frames � 103 s).
e, Example of individual fluorescent signals extracted from one L2/3 neuron during 20 whisker stimulations (gray) and the mean signal (black) showing how single neurons in barrel cortex
can respond to repeated stimulations. f, Median fluorescence Z scores for spontaneous (left) and whisker-evoked activity (right) of L2/3 neurons in WT and Fmr1 KO mice at P14 –P16 (n �
10 mice per genotype). Each diamond shows the median Z score across all ROIs for one animal, for equivalent durations of spontaneous and evoked imaging (103 s). Bars represent group
medians. In f and h, p values are from two-group rank-based comparisons with 10,000 resamples, and Bonferroni correction in f. For the experiments shown in Figures 3 and 4, we did
not track the sex of the mice. g, Example fluorescence traces from two L2/3 neurons with activity that is time-locked (top) and from two different neurons with activity that is not
time-locked (bottom) to whisker stimulation epochs (light gray bars). h, Local networks in barrel cortex of Fmr1 KO animals have 50% fewer time-locked L2/3 neurons compared with
WTs.
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moved before motion correction. In 1 of 20 movies of P14 –P16 evoked
activity (800 frames), 24 frames with Z motion occurred during the initial
10 s of baseline acquisition before whisker stimulation began, allowing
replacement of these frames with an averaged Z projection of the remain-
der of the video. In 11 out of 20 movies of P34 –P74 spontaneous activity
(1600 frames acquired), some frames (up to 420) exhibiting Z-axis mo-
tion were manually removed before motion correction. Subsequent data
quantifications used only the first 800 frames of spontaneous activity, i.e.,
an equivalent duration as the evoked activity.

X–Y drift in the movies was then corrected using either a frame-by-
frame, hidden Markov model– based registration routine (Dombeck et
al., 2007) or a cross-correlation-based, nonrigid alignment algorithm
(Mineault et al., 2016). The choice of registration algorithm did not affect
the data analysis, since the fluorescence data for each neuron was always
normalized to its own baseline. A semiautomated algorithm (Chen et al.,
2013) was used to select regions of interest, each representing a single cell
body, and extract the fluorescence signal (�F/F ) for each neuron. A
“modified Z score” Z_F vector for each neuron was calculated as Z_F �
[F(t) � mean(quietest period)]/SD(quietest period), where the quietest
period is the 10 s period with the lowest variation (standard deviation) in
�F/F. All subsequent analyses were performed using the Z_F vectors.

To define whether an individual cell showed time-locked responses
to whisker stimulations (Figs. 3g,h, 5b), a probabilistic bootstrapping
method was implemented. First, we calculated the correlation between
the stimulus time course and the Z_F vector, followed by correlation
calculations between the stimulus time course and 10,000 scrambles of all
calcium activity epochs in Z_F (an epoch was consecutive frames wherein
Z_F � 3). The 10,000 comparisons generated a distribution of correla-
tions (R values), within which the correlation of the unscrambled data
and the stimulus fell at a certain percentile. If the calculated percentile for
a cell was 	0.01, then we described that cell as being time locked.

For analysis of aggregate activity within a particular time range, as in
Figures 3f, 4d–f, and 5a or c–e, the mean of Z_F within that time range
was calculated for each ROI, and for each animal imaged, a median Z_F
was then calculated across all ROIs or a subset of ROIs (e.g., only time-
locked or non-time-locked ROIs). The initial and end baseline periods of
evoked activity were included in the analyses for Figures 3, f and h, and
5, a and b.

For curve fitting of WT neuronal activity across stimulations (Fig. 4c),
we calculated the median Z_F across ROIs for each animal imaged,
within each of the 20 stimulations (from 0.2 s before stimulation onset to
2.8 s after stimulation end), and then applied iterative nonlinear, least-
squares curve fitting with the Levenberg–Marquardt algorithm. The
best-fit exponential curve to all data points for each stimulation had the
equation y � Ae �x/ � � off, where A � 1.94 
 0.25, � � 4.10 
 1.26, and
off � 1.42 
 0.14.

To analyze the correlation between the WT and Fmr1 KO animals’
proportions of time-locked neurons and their respective adaptation in-
dices of activity (Fig. 4g), we calculated an adaptation index as [(Z score
during first five stimulations) � (Z score during last five stimula-
tions)]/[(Z score during first five stimulations) � (Z score during last
five stimulations)].

Statistical analyses. Central tendencies are reported in the main text as
group median plus or minus median absolute deviation. Graphs show all
data points as well as group medians and, where error bars are shown,
interquartile ranges. Based on our group sizes of n � 8 –10 for imaging
data comparisons and n � 13–21 for behavioral data comparisons, nor-
mality cannot be ensured, and tests of normality and variance are also
unreliable. As such, we implemented a conservative statistical approach
of all rank-based comparisons with bootstrapping (10,000 resamples),
without assumptions regarding normality or variance. These compari-
sons were implemented using custom-written R code (R Project for
Statistical Computing, RRID: SCR_001905). Paired rank-based compar-
isons were used when comparing measurements within the same animals
(e.g., median fluorescence Z scores during the first five vs last five stim-
ulations in WT mice). Unpaired rank-based comparisons were used
when comparing measurements in different animals (e.g., percentage of
time-locked neurons in WT vs Fmr1 KO mice). Two-sided p values were
calculated for each comparison, and Bonferroni corrections for multiple

comparisons were applied where appropriate. The threshold for signifi-
cance was set at p 	 0.05.

No statistical test was used to prospectively calculate sample sizes.
Target sample sizes were based on previous work from our group (Gol-
shani et al., 2009; Gonçalves et al., 2013) and equal or exceed sample sizes
for other recent studies using in vivo calcium imaging and head-fixed
behavior. Experimenters were aware of the genotype of the animals in
each experiment, as homozygous litters were used. Both male and female
animals were used.

All relevant data, MATLAB code, and R code are available upon re-
quest to the authors.

Results
Exaggerated motor response to tactile stimulation in
2-week-old Fmr1 KO mice
Because sensory hypersensitivity and tactile defensiveness in FXS
and autism present in early childhood, we focused our initial
studies on young mice at P14 –P16. This is a critical period when
sensory experience drastically shapes cortical circuits, as mice open
their eyes and begin actively whisking (Arakawa and Erzurumlu,
2015). Certainly the trajectory and timing of mouse neurodevelop-
ment do not correspond perfectly to human brain development.
However, as far as the neurodevelopmental events involved in mat-
uration of somatosensory cortex, including the desynchroniza-
tion of spontaneous network activity, P14 –P16 in mice grossly
corresponds to the human period between the third trimester
and the earliest months of life (Workman et al., 2013).

We first considered whether Fmr1 KO mice might display an
avoidance response to whisker stimulation that is reminiscent of
tactile defensiveness in humans with autism. No previous study
has assessed behavioral responses to whisker stimulation at P14 –
P16; instead, behavioral phenotyping of Fmr1 KO mice and other
ASD models has relied on adult animals and on assessments of
acute startle response (Bernardet and Crusio, 2006; Orefice et al.,
2016; Sinclair et al., 2016). Thus, we developed an assay to detect
abnormal behavioral responses to repetitive whisker stimulation
(as a potentially aversive tactile stimulus to mice of one or both
genotypes) in head-restrained animals and demonstrated its util-
ity for testing avoidance in both young (P14 –P16) and adult
(P35–P41) mice. The animals were awake and head fixed but able
to run freely on a floating polystyrene ball treadmill (Fig. 1a, see
Materials and Methods). After a 3 min baseline, we performed a
sham stimulation trial during which a flexible wire stimulator was
placed in front of the mouse but out of whisker range, to control for
any visual startle. The stimulation lasted 80 s and consisted of 20
sequential 1 s stimulations at 10 Hz (anterior–posterior), with a
3 s ISI. After the sham stimulation, the stimulator was interca-
lated between whiskers on the left snout, �5 mm from the skin,
and the same stimulation protocol was delivered.

Because of their young age, not all of the P14 –P16 animals
moved on the treadmill (Fig. 1b). We found that compared to
WT mice, a higher proportion of Fmr1 KO animals moved dur-
ing both sham and whisker stimulation conditions (13/21 during
sham stimulation and 15/21 during whisker stimulation vs 7/21
and 11/21 for the WT group, respectively; Fig. 1b). This was an
indication that Fmr1 KO mice overreact to tactile stimulation.
However, despite previous reports of hyperactivity in adult Fmr1
KO mice (Bernardet and Crusio, 2006), we did not find a signif-
icant difference in the total time spent moving between WT and
Fmr1 KO mice during the 3 min baseline period, in the absence of
any sham or real (whisker) stimulation (17.1 
 16.7 s vs 27.8 

18.8 s, respectively; p � 0.20 by rank-based two-group compari-
son with resampling; data not shown). We also did not find in-
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Figure 4. Lack of adaptation of whisker-evoked activity in local networks of P14 –P16 Fmr1 KO mice. a, b, Heat maps of activity from example P14 –P16 WT L2/3 neurons showing adaptation
(a) or no adaptation (b) during 20 consecutive whisker stimulations (Y-axis). For a– c, median fluorescence Z scores per animal were binned from 0.2 s before stimulation onset to 2.8 s after
stimulation end. c, Median Z scores for P14 –P16 WT mice (n � 10; left) and Fmr1 KO mice (n � 10; right) during each stimulation bin, with exponential curve fit for neuronal activity in WT mice
(see Materials and Methods). Each symbol represents a different animal (unknown sex). d, Median Z scores of whisker-evoked activity across all L2/3 neurons during the specified time bin during first
five and last five stimulations in WT and Fmr1 KO mice at age P14 –P16 (n � 10 mice per genotype). For d–f, the median fluorescence Z scores per animal were binned from the start of the first
stimulation to 3 s after the end of the fifth stimulation. Each symbol represents a different animal. Bars represent group medians. p values result from pairwise rank-based comparisons with 10,000
resamples and Bonferroni correction. e, Median Z scores of whisker-evoked activity across time-locked and non-time-locked L2/3 neurons during first five and last five stimulations in WT and Fmr1
KO mice at P14 –P16. f, Median Z scores of spontaneous activity across all ROIs at P14 –P16, binned using the same start and end times as used to analyze whisker-evoked activity in d and e.
g, Percentages of time-locked ROIs in WT and Fmr1 KO mice at P14 –P16, plotted against Z-score adaptation indices, with Spearman’s correlations. The adaptation index � (Z score during first 5
stimulations � Z score during last 5 stimulations)/(Z score first 5 � Z score last 5). p values are from bootstrapping with 10,000 resamples.
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creased time running over the 80 s sham or whisker stimulation
periods (Fig. 1c).

We developed this assay under the assumption that in head-
fixed mice (both young and adult), increased locomotion might
reflect an avoidance response to a potentially aversive stimulus.
We hypothesized that young Fmr1 KO mice would show in-
creased locomotion only to ongoing real whisker stimulation (as
an escape response), whereas WT mice would show comparable
locomotion during real and sham stimulation. In other words,
WT animals can habituate behaviorally to tactile stimulation, but
Fmr1 KO mice cannot. As such, we compared locomotion be-
tween the start (first 20 s) and the end (last 20 s) of the sham
stimulation and real whisker stimulation. We found that the WT
mice did not show a difference in locomotion between these time
bins during either sham or whisker conditions (p � 0.871 and
p � 1.000, respectively, by paired two-group comparisons with
Bonferroni correction; data not shown). In contrast, KO mice
showed much less locomotion during the end of sham stimula-
tion (p � 0.051), but no significant habituation during the whis-
ker stimulation (p � 1.000; data not shown). We then confirmed
this difference in habituation by comparing locomotion during
only the last 20 s of the sham stimulation versus the end of the real
whisker stimulation. We found that in WT, the total locomotion
time was not different between the two ( p � 0.242 by paired
two-group comparison with Bonferroni correction; Fig. 1d). In
contrast, Fmr1 KO animals showed a clear increase in running
during the end of the whisker stimulation (p � 0.034), demon-
strating a heightened reaction to the repeated tactile stimulation
(Fig. 1d).

Evidence of tactile defensiveness in adult Fmr1 KO mice
Because early postnatal mice have underdeveloped gross motor
skills, we could not determine whether increased locomotion on
the treadmill represented a true escape response. Thus, we tested
whether adult mice manifest a more obvious avoidance response,
namely, steering away from the source of stimulation. We used a
subset of the mice tested previously at P14 –P16 and again assayed
their behavioral responses to repetitive whisker stimulation at
P35–P41. Adult mice showed nearly constant running on the
treadmill (Fig. 2a), with speeds comparable to those observed in
the open field (Niell and Stryker, 2010). The total time running
during the sham or whisker stimulations was not different be-
tween genotypes (p � 0.41 and p � 1.00 by two-group compar-
isons; Fig. 2b). WT animals showed no significant differences in
steering direction during the entire 80 s of either sham or real
whisker stimulation (p � 1.00 for sham by two-group compari-
son, p � 0.42 for real stimulation; Fig. 2c, left). In contrast, Fmr1
KO mice showed significantly more steering away from (and less
steering toward) the stimulator during whisker stimulation (p �
0.005; Fig. 2c, right), whereas they showed no directionality dur-
ing sham (p � 1.000; Fig. 2c, right). Hence, adult Fmr1 KO mice
display a clear avoidance behavior to repeated whisker stimula-
tion, akin to tactile defensiveness.

A reduced fraction of L2/3 neurons in barrel cortex respond
to whisker stimulation in P14 –P16 Fmr1 KO mice
In light of these maladaptive whisker-induced behavioral re-
sponses that are already present in young Fmr1 KO mice, we
considered the underlying cortical circuit alterations in early
postnatal development. P14 –P16 is a critical period in sensory
processing because the pattern of neuronal activity in barrel and
visual cortices has just undergone a marked transition from high
synchrony to a decorrelated and more computationally efficient

state (Golshani et al., 2009; Rochefort et al., 2009; Frye and
MacLean, 2016; O’Donnell et al., 2017). We tested three possible
cortical mechanisms underlying sensory hypersensitivity in Fmr1
KO mice: (1) neurons exhibit higher-than-normal firing rates
in response to sensory stimulation, (2) a higher proportion of
neurons respond to stimulation, and (3) neurons show reduced
adaptation (desensitization) to repetitive sensory stimuli. We
considered the latter possibility especially likely, based on the lack
of behavioral adaptation to whisker stimulation we observed in
Fmr1 KO mice.

To record whisker-evoked activity in L2/3 neurons of the bar-
rel cortex, we used in vivo two-photon imaging of GCaMP6s
signals (Chen et al., 2013) in P14 –P16 mice. First, we injected
AAV1.Syn.GCaMP6s.WPRE.SV40 at P1, and then implanted a
glass-covered cranial window at P10 –P12. We confirmed our
targeting of barrel cortex with optical intrinsic signal imaging at
P12–P15 (see Materials and Methods; Fig. 3a–c). During imag-
ing, the animals were head fixed, awake, and lightly sedated with
isoflurane (	0.5%) and chlorprothixene. We first recorded
spontaneous activity (205 s), followed by whisker-evoked activity
(103 s), for which the animals received the same stimulation direc-
tion, timing, and frequency as during the behavioral experiments
(Fig. 3d,e). We did not find significant differences between WT and
Fmr1 KO mice in equivalent periods of spontaneous or whisker-
evoked activity (spontaneous, median fluorescence Z score 

median absolute deviation was 4.73 
 0.43 for WT vs 3.85 
 0.98
for Fmr1 KO, p � 0.31 by two-group comparison; evoked, 3.13 

0.39 for WT vs 3.14 
 0.74 for Fmr1 KO, p � 1.00; Fig. 3f).

Next, we asked whether whisker stimulation recruits a larger-
than-normal cohort of barrel cortex neurons in Fmr1 KO mice.
To do so, we calculated the proportion of L2/3 neurons that
responded to whisker stimulation in a time-locked fashion (see
Materials and Methods, Fig. 3g). Unexpectedly, we found that
nearly half (45%) as many neurons exhibited an activity pattern
that was time locked to epochs of whisker stimulation in Fmr1
KO compared to WT mice (37.2 
 9.1% of WT neurons vs
20.5 
 13.0% of Fmr1 KO neurons; p � 0.022 by two-group
comparison; Fig. 3h). This suggests that the behavioral overreac-
tivity that Fmr1 KO mice manifest is not due to either exaggerated
sensory-evoked firing of local networks in barrel cortex or to
higher proportions of neurons within local networks being re-
cruited by whisker stimulation.

To determine whether the structure of sensory-evoked net-
work activity differs between WT and Fmr1 KO mice, we also
compared the timing of peak activity relative to the onset of whis-
ker stimulation. After sorting all whisker-responsive cells by the
timing of their peak extrapolated firing rate relative to the stim-
ulation onset, we did not find a difference in the two genotypes’
temporal distributions (data not shown). At the spatial (�1 bar-
rel) and temporal (�125 ms/bin) scales we examined, sensory-
evoked activity propagates at comparable rates in WT and Fmr1
KO barrel cortex.

Impaired adaptation of local whisker-evoked neuronal
activity in P14 –P16 Fmr1 KO mice persists into adulthood
Our experimental design allowed us to determine whether L2/3
neurons exhibit any adaptation during the 20 sequential whisker
deflections, i.e., a reduction in firing with successive stimulations.
We found that some L2/3 neurons showed robust adaptation,
while others did not (Fig. 4a,b). When we analyzed whisker-
evoked activity of all neurons imaged in each P14 –P16 WT ani-
mal, we found that the decrease in activity over time could be fit
by an exponential curve with a decay constant � � 4.1 
 1.3
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stimulations (Fig. 4c, left). However, the Fmr1 KO mice did not
show this clear decay in activity over time (Fig. 4c, right). Based
on the activity decay in the WT mice, we compared neuronal
activity during the first five stimulations with activity during the
last five stimulations. This analysis revealed that in WT mice at
P14 –P16, neuronal activity was significantly lower during the last
five stimulations than during the first five (Z scores, 3.56 
 0.27
vs 2.02 
 0.38, p � 0.028 by two-group comparison; Fig. 4d). In
sharp contrast to WT mice, there was no significant change for
Fmr1 KO mice in neuronal activity from the first five to last five
stimulations (2.95 
 1.01 vs 2.59 
 0.99, p � 1.000; Fig. 4d),
suggesting that neural circuits in the mutant mice are unable to
adapt to repetitive tactile stimuli.

We then wondered whether neuronal adaptation might only
be evident in cells that responded to whisker stimulation in a
time-locked fashion. The subpopulation of time-locked cells
showed robust adaptation in both WT and Fmr1 KO mice at
P14 –P16 (WT, p � 0.011 by two-group comparison; Fmr1 KO,
p � 0.005; Fig. 4e, left). Interestingly, while non-time-locked cells
also showed significant adaptation in WT mice, they did not in
Fmr1 KO mice (WT, p � 0.018; Fmr1 KO, p � 1.000; Fig. 4e,
right). It appears that the lack of modulation of the activity of
non-time-locked cells in the young Fmr1 KO mice contributes to
the defect in overall network adaptation during repetitive whis-
ker stimulation. As a control for possible effects of continuous
calcium imaging, we analyzed spontaneous activity of all ROIs
during the equivalent “first five” and “last five” time bins and
found no significant change within either genotype (Fig. 4f).

We also analyzed the correlation between the WT and Fmr1
KO animals’ proportions of time-locked neurons and the degree
of their neuronal adaptation (adaptation index, see Materials and
Methods) during the repeated stimulations. In WT mice, these
two measures were significantly correlated (Spearman’s � � 0.733,
p � 0.021 by bootstrapping with 10,000 resamples; Fig. 4g). In
Fmr1 KO mice, these two measures were not correlated (Spear-
man’s � � 0.273, p � 0.436; Fig. 4g). This finding indicates that
the defect in L2/3 neuronal adaptation in the Fmr1 KO mice is
linked to their reduced proportion of time-locked neurons in
local networks.

We next tested whether a similar lack of neuronal sensory
adaptation was evident in adult Fmr1 KO mice, given that they
show a clear avoidance response to repetitive whisker stimula-
tion. We injected the AAV vector for GCaMP6s expression at 2– 4
weeks before imaging and confirmed barrel cortex targeting us-
ing optical intrinsic signal imaging (see Materials and Methods).
We did not find significant differences between adult WT and
Fmr1 KO mice (P34 –P74) in equivalent periods of spontaneous
or whisker-evoked activity (p � 1.00 by two-group comparison;
Fig. 5a). In contrast to P14 –P16 mice, we did not find a difference
in the proportion of time-locked L2/3 neurons between adult WT
and Fmr1 KO mice (p � 0.35 by two-group comparison; Fig. 5b).
However, whereas adult WT mice exhibited robust neuronal ad-
aptation to repetitive whisker stimulation (Z scores, 2.42 
 0.53
first five vs 1.58 
 0.53 last five, p � 0.012 by two-group compar-
ison; Fig. 5c), adult Fmr1 KO animals did not (2.18 
 0.34 first
five vs. 2.20 
 0.50 last five, p � 1.000; Fig. 5c).

In adult WT mice, both time-locked and non-time-locked
cells showed adaptation (p � 0.012 and p � 0.066; Fig. 5d), but
adult Fmr1 KO mice did not show adaptation in either subset of
cells (p � 0.258 and p � 1.000; Fig. 5d). There was again no
change in spontaneous activity of all ROIs between the equivalent
“first five” and “last five” time bins (Fig. 5e). On the whole, the
data in adult mice were similar to the results in P14 –P16 mice.

The lack of modulation of the activity of non-time-locked cells in
Fmr1 KO mice (especially at P14 –P16) appears to be responsible
for the overall network adaptation defect observed during repet-
itive whisker stimulation.

Discussion
A common symptom in FXS that is also seen in other ASDs is
sensory hypersensitivity, frequently manifesting as tactile defen-
siveness (Liss et al., 2006; Sinclair et al., 2016). Sensory overreac-
tivity is significant because it can contribute to other symptoms,
such as anxiety, sleep disturbances, seizures, and inattention, and
disrupt activities of daily living. Clinical interventions to improve
sensory modulation in ASDs rely on behavioral or pharmacolog-
ical treatments that are not specific for the underlying disorder
(van Karnebeek et al., 2016). Coinciding with the disappoint-
ments of recent clinical trials aimed at molecular targets (Mull-
ard, 2015), neuroscientists are increasingly turning to in vivo
recordings of network activity in rodent models of ASDs (Gon-
çalves et al., 2013; Arnett et al., 2014; Zhang et al., 2014; Lu et al.,
2016) to discover new therapeutic targets.

We followed such a symptom-to-circuit approach and de-
signed our experiments to characterize circuit-level defects un-
derlying sensory overreactivity in the Fmr1 KO mouse model of
FXS. We first established a new behavioral assay for tactile defen-
siveness in young and adult mice, and then used in vivo calcium
imaging with GCaMP6s to record ensemble activity of L2/3 neu-
rons in the barrel cortex. Our main results are as follows: (1)
P14 –P16 Fmr1 KO mice demonstrate an exaggerated locomotor
response during repetitive whisker stimulations. (2) Adult KO mice
show an avoidance response to repetitive whisker stimulation, re-
sembling tactile defensiveness in FXS patients. (3) Unexpectedly, we
found no evidence of exaggerated sensory-evoked neuronal activity
in L2/3 of young or adult KO mice. 4) The proportion of L2/3 neu-
rons in barrel cortex that responds in a time locked manner to whis-
ker stimulation is 45% lower in KO mice compared to WT mice at
P14–P16. 5) Neuronal activity in both young and adult KO mice
shows a lack of adaptation to repetitive whisker stimulation. Our
results indicate that the absence of adaptation within local neuronal
networks is a likely contributor to sensory overreactivity in FXS, and
perhaps in other ASDs.

Active avoidance of tactile stimulation is challenging to study
during early postnatal ages because of the small size and limited
locomotion of neonatal mice. Although spontaneous whisker
movements begin during the first postnatal week (Akhmetshina
et al., 2016), mice do not show robust locomotion or true explor-
atory whisking before P13 (Arakawa and Erzurumlu, 2015; van
der Bourg et al., 2016). Remarkably, our novel behavioral assay
identified a behavioral equivalent of human tactile defensiveness:
not only did we observe a pronounced increase in locomotion
with repetitive whisker stimulation in P14 –P16 Fmr1 KO mice
(which we interpret as an escape behavior), but there was also a
clear avoidance response (turning away from the aversive stimu-
lus) in adult KO mice.

Considering that FXS symptoms present in the first year of
life, we chose to carry out experiments during the second postna-
tal week, a critical age in mice analogous to an early perinatal
period when sensory experience shapes somatosensory cortex in
humans (Workman et al., 2013). The second postnatal week co-
incides with the onset of robust active whisking and with the
consolidation of anatomical and functional “barrel” maps in the
cortex (Petersen, 2007). Our results add to the notion that alter-
ations in circuits during critical periods of experience-dependent
plasticity are fundamental to the pathophysiology of FXS (Bu-
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Figure 5. Lack of adaptation of whisker-evoked activity in local networks of adult Fmr1 KO mice. a, Median Z scores for spontaneous (left) and whisker-evoked activity (right) of L2/3 neurons in
WT and Fmr1 KO mice at P34 –P74 (n �10 WT mice and n �8 Fmr1 KO mice). Each circle shows the median Z score across all ROIs for one animal, for equivalent durations of spontaneous and evoked
imaging (103 s). In a– e, circles represent female mice, squares represent male mice, and diamonds represent mice with unknown sex. Bars represent group medians, and p values were obtained
from two-group rank-based comparisons with 10,000 resamples, with pairwise comparisons and Bonferroni correction for c– e. b, The proportion of time-locked neurons is not different between
WT and Fmr1 KO adult mice (n � 10 WT mice and n � 8 Fmr1 KO mice). Each symbol represents a different animal. c, Median Z scores of whisker-evoked activity across all L2/3 neurons during the
specified time bin during the first five and last five stimulations in WT and Fmr1 KO mice at age P34 –P74. For c– e, the median Z scores per animal were binned from the start of the first stimulation
to 3 s after the end of the fifth stimulation. d, Median Z scores of whisker-evoked activity across time-locked and non-time-locked L2/3 neurons during the first five and last five stimulations at
P34 –P74. e, Median Z scores of spontaneous activity across ROIs at P34 –P74, binned using the same start and end times as used to analyze whisker-evoked activity in c and d.
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reau et al., 2008; Cruz-Martín et al., 2010; Harlow et al., 2010;
Gonçalves et al., 2013; He et al., 2014) and ASDs in general (Mer-
edith et al., 2012).

For our behavioral and calcium imaging experiments, we
chose to stimulate groups of whiskers to better mimic the passive
whole-snout inputs due to contact with littermates and grooming
by the dam, which dominate the animals’ early somatosensory
experience. Our stimulation characteristics were also physiolog-
ically relevant, as exploratory whisking in mice is typically 5–15
Hz in 1– 4 s bouts (Kleinfeld et al., 2006). Whereas each of our 20
stimulations (10 Hz for 1 s) was physiological in intensity and
duration, the repetitive nature of the entire 80 s stimulation series
was chosen to be more akin to a environmental stimulation that
might be persistently irritating (e.g., wearing certain clothes)
without being shocking (e.g., a brief but extremely loud sound).
Our results on neuronal adaptation to repetitive whisker stimu-
lation in early postnatal WT mice are consistent with those of a
recent study using multielectrode array recordings (van der
Bourg et al., 2016), in which barrel cortex activity in young mice
was recorded during 10 consecutive 10-ms-long whisker deflec-
tions (200 ms ISI). It is important to note that the time course of
stimulation and adaptation we chose is particularly relevant to
studying the problem of tactile defensiveness in autism.

In adult mice, brief (200 ms) deflections of two to three whis-
kers cause interwhisker inhibition between barrel cortex neurons
within 	500 ms (Simons, 1985). Conversely, during 10 Hz mul-
tiwhisker stimulations lasting 1 s, adaptation of barrel cortex
neurons enables surround facilitation instead of suppression
(Ramirez et al., 2014). As we examined adaptation over much
longer time scales, it is unlikely that single-whisker stimulation
would reveal different results. [We find that single-whisker stim-
ulation also leads to neuronal adaptation in WT mice (data not
shown)]. One caveat regarding the interpretation of our results is
that we imaged L2/3 activity in barrel cortex of lightly sedated
mice, to maintain a consistent behavioral state, as well as to min-
imize active whisking events that might contribute to feedback-
enhanced cortical activity and contaminate our recordings (Petersen,
2007). While deep anesthesia (�1% isoflurane) is known to produce a
markedly different neuronal activity pattern from the awake state,
light (	0.5%) isoflurane allows a sparse, desynchronized pattern
of neuronal population activity that is similar to the awake state
(Lissek et al., 2016).

We unexpectedly found that the proportion of L2/3 neurons
showing time-locked responses to whisker stimulation was much
lower in Fmr1 KO than in WT animals at P14 –P16 (though not
evident in adult mice), and that sensory stimulation did not trig-
ger abnormally high activity in neurons from KO mice at either
age. This seems to contradict predictions of the theory of neuro-
nal and network hyperexcitability in FXS (Contractor et al.,
2015). However, the L2/3 activity from single-whisker stimula-
tion is distributed across several cortical columns, with only 25%
of excitatory neurons in a single imaging field showing responses
tuned to the anatomically associated whisker (Clancy et al., 2015). It
is possible that in KO mice the functional circuits for whisker touch
processing are dispersed over an even larger spatial area, resulting in
an apparently reduced proportion of time-locked neurons within
any given local network (about 200 �m in diameter), as we observed.
Indeed, recent studies using OIS and in vivo electrophysiology found
that single-whisker stimulation resulted in a larger spatial area of
activation across the Fmr1 KO barrel cortex, compared with WT
(Arnett et al., 2014; Juczewski et al., 2016).

Adaptation of cortical neurons to repeated or ongoing sensory
stimulation is a robust phenomenon across sensory modalities,

enabling increased detection and discriminability (Castro-Alamancos,
2004; Ollerenshaw et al., 2014). Given our results, Fmr1 KO mice
would be expected to show impairments in behavioral tasks that
assess tactile perception and perceptual decision making. Indeed,
these mice have demonstrated impaired texture discrimination
during novel object recognition (Orefice et al., 2016), as well as
reduced whisker sampling (Juczewski et al., 2016) and impaired
learning (Arnett et al., 2014) in the gap-crossing assay.

The neuronal adaptation defect we observed in Fmr1 KO L2/3
cortical neurons could also reflect upstream changes in sensory
neurons in the periphery, brainstem, thalamus, or even in L4
neurons of barrel cortex. For example, a recent study identified
hyperexcitability in peripheral somatosensory neurons of several
mouse models of ASDs (Orefice et al., 2016), and the same defects
could be present in Fmr1 KO mice. Previous studies in the Fmr1
KO somatosensory cortex have identified specific functional de-
fects in thalamocortical synapses during both development (Har-
low et al., 2010) and adulthood (Gibson et al., 2008), as well as
defects in transmission and experience-dependent plasticity in
L4-to-L3 projections (Bureau et al., 2008). More work is needed
to establish whether a loss of adaptation originates in the periph-
ery and spreads to somatosensory cortex, or whether it occurs
simultaneously throughout the brain.

Our findings raise additional questions about the role of
downstream brain regions in translating a lack of neuronal adapta-
tion in somatosensory cortex into an avoidance/escape response to
an aversive sensory stimulus. Altered sensory adaptation in Fmr1
KO circuits could also involve infragranular output layers (L5/6)
in barrel cortex. However, in early postnatal WT mice, L5 and L6
neurons tend to show facilitation (i.e., an increase in activity, not
decrease) to repetitive whisker stimulation (van der Bourg et al.,
2016). Beyond the cortex, the amygdala is almost certainly in-
volved in sensory overreactivity in ASDs (Green et al., 2013, 2015),
and outputs of the basal ganglia were shown recently to modulate
active avoidance (Hormigo et al., 2016). Future studies should
address how specific relevant brain regions, pathways, and neu-
rotransmitters are involved in top-down modulation of tactile de-
fensiveness, and we have shown that Fmr1 KO mice are an ideal
model in which to study these questions.

We speculate that altered sensory processing in the cortex
might lead to anxiety and hyperarousal and ultimately contribute
to the observed defensiveness behavior in Fmr1 KO mice. Our
data fit well with not just the known behavioral phenotypes of KO
mice and FXS patients, but also with existing EEG studies on
sensory adaptation defects in KO mice and humans (Castrén et
al., 2003; Van der Molen et al., 2012; Ethridge et al., 2016;
Lovelace et al., 2016; Sinclair et al., 2016). A previous fMRI study
also found a defect in adaptation to repeated tactile stimulus in
the somatosensory cortex of patients (age 9 –17) with both ASD
and documented sensory overreactivity (Green et al., 2015). Our
work encourages additional investigations using animal models
of ASD at developmental stages to elucidate neuronal defects
underlying aberrant behaviors that are relevant to human symp-
toms and function.
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