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ABSTRACT 

Social touch, an important aspect of social interaction and communication, is essential to 

kinship across animal species. How animals experience and respond to social touch has not been 

thoroughly investigated, in part due to the lack of appropriate assays. Previous studies that 

examined social touch in freely moving rodents lacked the necessary temporal and spatial control 

over individual touch interactions. We designed a novel head-fixed assay for social touch in mice, 

in which the experimenter has complete control to elicit highly stereotyped bouts of social touch 

between two animals. The user determines the number, duration, context, and type of social touch 

interactions, while monitoring an array of complex behavioral responses with high resolution 

cameras. We focused on social touch to the face because of its high translational relevance to 

humans.  We validated this assay in two different models of autism spectrum disorder (ASD), the 

Fmr1 knockout (KO) model of Fragile X Syndrome and maternal immune activation mice. We 

observed higher rates of avoidance running, hyperarousal, and aversive facial expressions 

(AFEs) to social touch than to object touch, in both ASD models compared to controls. Fmr1 KO 

mice showed more AFEs to mice of the same sex but whether they were stranger or familiar mice 

mattered less. Because this new social touch assay for head-fixed mice can be used to record 

neural activity during repeated bouts of social touch it could be used to uncover underlying circuit 

differences. 

 

 

 

 

 

 

 

 



 

 

SIGNIFICANCE STATEMENT 

 Social touch is important for communication in animals and humans. However, it has not 

been extensively studied and current assays to measure animals’ responses to social touch have 

limitations. We present a novel head-fixed assay to quantify how mice respond to social facial 

touch with another mouse. We validated this assay in autism mouse models since autistic 

individuals exhibit differences in social interaction and touch sensitivity. We find that mouse 

models of autism exhibit more avoidance, hyperarousal, and aversive facial expressions to social 

touch compared to controls. Thus, this novel assay can be used to investigate behavioral 

responses to social touch and the underlying brain mechanisms in rodent models of 

neurodevelopmental conditions, and to evaluate therapeutic responses in preclinical studies. 

 

Keywords: autism spectrum disorder, avoidance, head-fixed behavior, facial expression, fragile 

X syndrome, maternal immune activation, tactile defensiveness, whisker. 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

INTRODUCTION 

Across animal species and humans, social touch is an important component of social 

interaction and communication that allows for the development of strong kinship bonds (Adolphs, 

2009; Dunbar, 2010; Bales et al., 2018). Touch may be experienced under different contexts, 

such as between parent and offspring, siblings, friends, or even strangers (Chen and Hong, 2018).  

Whether animals experience social touch as pleasant or aversive, and the degree to which their 

behavioral responses differ from those related to touching inanimate objects is largely unknown.  

Moreover, the neural circuits encoding social touch or how activity within those circuits relates to 

the behavioral repertoire animals exhibit in response to social touch are not fully understood.  

Animal studies have begun to address these questions, especially in rodents, using a 

variety of behavioral paradigms.  Unfortunately, the social touch assays currently available have 

certain limitations.  Those that favor naturalistic interactions in freely moving rodents lack temporal 

and spatial control over individual touch interactions and typically the data collected reflects a mix 

of different interactions occurring simultaneously (e.g., anogenital sniffing, whisker-whisker 

contact, allo-grooming) (Bobrov et al., 2014; Lenschow and Brecht, 2015; Mosher et al., 2016; 

Jennings et al., 2019; Yu et al., 2022). Head-fixed social interaction assays do exist and can allow 

for the experimenter to track complex behaviors while recording neural activity; however, recent 

assays lack control over the duration and type of interaction the mouse engages in because one 

mouse is anesthetized or the interaction occurs only once (Resendez et al., 2020; Jeon et al., 

2023). To overcome these problems, we sought to design a novel head-fixed social touch 

behavioral assay for rodents, in which we could control the duration, number, context, and type 

of social touch interactions with high precision, while at the same time monitoring an array of 

complex behavioral responses (facial expressions, pupillary changes, locomotion, etc.) using high 

frame rate cameras (Fig. 1). We focused on a single type of social touch interaction (face-to-

face), as opposed to the equally prevalent anogenital sniffing interactions in mice (Chen and 

Hong, 2018; Ebbesen and Froemke, 2022), because we felt it had more translational relevance 



 

 

to humans. We took care to ensure that the experimenter had complete control to directly elicit 

highly stereotyped bouts of social touch between animals. 

To validate our new assay, we used it to identify differences in behavioral responses to 

social touch in mouse models of autism spectrum disorder (ASD). ASD is a prevalent 

neurodevelopmental condition characterized by deficits in social interaction, repetitive behaviors, 

and differences in sensory processing (Robertson and Baron-Cohen, 2017). The change in quality 

of life in autistic individuals is primarily attributed to social deficits, which can be associated with 

(or even triggered by) atypical processing of sensory stimuli (Baron-Cohen and Belmonte, 2005; 

Thye et al., 2018; Lee Masson et al., 2019). Apprehension to social touch in ASD could be caused 

by tactile hypersensitivity (Cascio et al., 2008; Green and Ben-Sasson, 2010; Green et al., 2015; 

He et al., 2017), which is a strong predictor of future social deficits (Green et al., 2018). Avoidance 

of social touch by ASD children could prevent them from forming social relationships as adults 

(Foss-Feig et al., 2012; Thye et al., 2018). In certain rodent models of autism, tactile sensitivity 

and social interaction deficits also appear to be linked (Orefice et al., 2016), and, in some cases, 

differences in the development of primary somatosensory cortex (S1) are associated with social 

deficits (Choi et al., 2016; Reed et al., 2020). Thus, further research into social touch in ASD 

models is warranted.  

We tested two distinct mouse models of ASD (the Fmr1 knockout model of Fragile X 

Syndrome – FXS and maternal immune activation mice) in our novel head-fixed social touch 

assay. We quantified various behavioral responses in the test animal during social touch with a 

stranger mouse. We observed increased avoidance, hyperarousal (pupil dilation), and more 

aversive facial expressions (AFEs) to social touch in both ASD models compared to their healthy 

controls. Furthermore, we found that Fmr1 KO mice showed greater avoidance and AFEs to 

forced social touch (with familiar or stranger mice) than wild type controls, but less so to mice of 

the opposite sex. Our results suggest that this new social touch assay can parse out maladaptive 



 

 

behavioral responses to social touch in ASD mouse models and might be of use to the larger 

neuroscience community.  

 

 

MATERIALS AND METHODS 

 

EXPERIMENTAL DESIGN DETAILS 

Animals 

 Male and female C5BL/6 mice at postnatal day 60-90 on the day of behavioral testing 

were used for behavioral experiments and were derived from the following mouse lines based on 

prior publications: wildtype (WT) B6J (JAX line 000664), Fmr1 KO (JAX line 003025), and wild-

type B6NTac (Taconic line) (The Dutch-Belgian Fragile Consortium, 1994; Choi et al., 2016; He 

et al., 2017; Kentner et al., 2019; Reed et al., 2020). The group/genotypes used for behavioral 

testing are as follows: WT and Fmr1 KO mice (JAX line) and PBS and maternal immune activation 

(MIA) mice (Taconic line). Mice were group-housed with access to food and water ad libitum under 

a 12 hour light cycle (12 hours light/12 hours dark) in controlled temperature conditions. All 

experiments were done in the light cycle and followed the U.S. National Institutes of Health 

guidelines for animal research under an animal use protocol ARC #2007-035 approved by the 

Chancellor’s Animal Research Committee and Office for Animal Research Oversight at the 

University of California, Los Angeles.   

 

Maternal immune activation (MIA) 

 We followed established protocols (Estes and McAllister, 2016; Kentner et al., 2019). 

Wildtype B6NTac pregnant dams were injected intraperitoneally with polyinosonic:polycytidylic 

acid (Poly(I:C)) for MIA or with phosphate buffered saline (PBS; control) at embryonic day 12.5 

(E12.5). A small blood sample of the dams was collected from the submandibular vein 2.5 h after 



 

 

injection and centrifuged to isolate serum. Serum was run through an interleukin-6 (IL-6) enzyme-

linked immunosorbent assay (ELISA) kit (Invitrogen). Successful immune activation in Poly(I:C) 

injected dams was confirmed by demonstrating significantly elevated levels of interleukin 6 (IL-6) 

in the dams compared to PBS-injected dams (Garay et al., 2013). 

 

Characterization of MIA model 

 To first characterize the MIA model, we tested whether progeny of Poly(I:C)-injected dams 

exhibit behavioral deficits previously observed in this model (Choi et al., 2016; Estes and 

McAllister, 2016; Shin Yim et al., 2017; Kentner et al., 2019). We tested their offspring (male and 

female) in a battery of three behavioral assays (however, these initial cohort was not tested in the 

social touch assay). The MIA offspring were tested for the presence of ultrasonic vocalizations at 

P7-9, in the 3-chamber social interaction assay (which quantifies their preference to a novel 

mouse over an inanimate novel object) at P60-90, and in the marble burying assay (a measure 

of repetitive behaviors in rodents) also at P60-90 (Deacon, 2006; Yang et al., 2011; Choi et al., 

2016; Shin Yim et al., 2017). PBS and MIA mice that were tested on the social touch behavioral 

assay were only characterized for IL-6 levels and did not undergo this battery of three behavioral 

assays.  

 

Surgical implantation of head bars 

 Adult mice were anesthetized with isoflurane (5% induction, 1.5-2% maintenance via nose 

cone v/v) and secured on a stereotaxic frame (Kopf) via metal ear bars. A 1 cm long midline skin 

incision was made above the skull under sterile conditions. A titanium U-shaped head bar (3.15 

mm wide x 10 mm long) was placed on the skull just caudal to Lambda and permanently glued 

with dental cement. This bar was later used to secure the animal to a post for the head-fixed social 

touch behavioral assay. This surgery lasted ~15-20 min and mice fully recovered within 30 min 

after surgery and returned to group-housed cages.  



 

 

 

Social touch assay in head-restrained mice 

 Following head bar implantation, mice were habituated to head restraint and to running on 

an air-suspended 200 mm polystyrene ball, as well as to the movement of a motorized stage that 

was used for repeated presentations of an inanimate object or a stranger mouse. The stage was 

controlled through MATLAB (Mathworks) in a custom-built, sound-attenuated behavioral rig (93 

cm x 93 cm x 57 cm) that was dimly illuminated by two infrared lights (Bosch, 850 nm) (Fig. 1a). 

For habituation, test mice were placed on the ball for 20 min each day for 7-9 consecutive days 

before testing. In parallel, ‘visitor’ mice (stranger to the test mouse) were habituated to head-

restraint in a plexiglass tube (diameter: 4 cm) secured to a motorized stage consisting of an 

aluminum bread board (15 x 7.6 x 1 cm) attached to a translational motor (Zaber Technologies, 

X-LSM100A). The stage translated at a constant speed of 1.65 cm/s. The neutral starting position 

was 6 cm away from the test mouse. 

Following habituation, test mice were subjected to both voluntary and forced interactions 

with a visitor mouse or a novel inanimate object (a plastic 50 mL Falcon conical centrifuge tube, 

Fisher Scientific) over the course of 2 d (Fig. 1b). Voluntary interactions meant that the test mouse 

was within whisker contact of the novel object or mouse, while in forced interactions the stage 

stopped at a position closer to the test mouse such that the tip of the object or snout of the visitor 

mouse was in direct contact with the snout of the test mouse (Movies 1-3). These positions were 

calibrated before each experiment. On day 1, test mice were placed on the ball and recorded for 

a 2 min baseline period (the plexiglass tube on the moving stage was empty). Next, we inserted 

the novel plastic object (50 mL Falcon tube) into the plexiglass tube on the motorized stage. For 

this control interaction the test mouse first experienced a 2 min period of no touch but was able 

to visualize the object in the neutral position (before touch, 6 cm away). Next, the motorized stage 

moved the object to within whisker reach of the test mouse for a total of 5 or 20 such presentations 

of voluntary object touch (Movie 2). Each bout lasted 5 s, with a 5 s interstimulus interval (ISI) 



 

 

during which the platform moved away by 1 cm and the object was out of reach of the test mouse. 

The total travel time for the platform was 1.2 s (for back and forwards). After this voluntary object 

touch session, the test mouse was returned to its cage to rest for at least 60 min before being 

head-restrained again on the ball to undergo voluntary or forced social touch (randomized) 

session with a visitor mouse. A same-sex, same age (P60-90) novel WT mouse (for WT and Fmr1 

KO test mice) or a novel PBS mouse (for PBS and MIA test mice) was head-restrained inside the 

plexiglass tube on the stage. Following a 2 min period in the neutral position where the test mouse 

could see but not touch the stranger mouse, the motorized stage moved to the position for 

voluntary social touch (whisker-to-whisker) (Movie 3) or forced social touch (snout-to-snout) 

(Movie 1) for 5 or 20 bouts of each (also lasting 5 s with a 5 s ISI where the mouse on the platform 

moved out of reach of the test mouse). The test mouse was then returned to its cage for 24 h. On 

day #2, the mouse was placed back on the ball again for a 2 min baseline period followed by a 2 

min period of no touch with a different stranger mouse. Depending on if the test mouse received 

voluntary or forced social touch on day 1, the mouse received 5 or 20 presentations of the 

alternate touch type with the second stranger mouse (Fig. 1c).  

Additionally, we tested a separate cohort of WT and Fmr1 KO mice on 20 presentations 

of forced touch from a novel plastic object (a 50 mL Falcon tube), a novel inanimate furry toy 

mouse (PennPlax) onto which we glued Nylon whiskers (1.5 cm length, 0.5 cm thickness), a 

stranger mouse of the opposite sex, and a familiar same-sex mouse. In this cohort, the test animal 

received forced object touch followed by forced social touch on the same day. On the next day, 

the animal received touch from an inanimate toy mouse and on day 3, the animal received touch 

from a stranger mouse of the opposite sex. Finally, the test mouse received voluntary social touch 

from stranger mouse on day 4. 24 hours later, the test mouse received forced social touch from 

the same mouse used on day 4 (now ‘familiar’, given the repeated exposure).  

 

QUANTIFICATION AND STATISTICAL ANALYSES 



 

 

Behavioral analyses 

During the course of the assay, high-resolution videos (.mp4 or .avi files) were recorded 

of the test mouse’s eye, face, and body with 3 cameras (either The Imaging Source, Monochrome 

USB3 or Teledyne Flir, Blackfly S USB3) at 50 FPS (Figs. 3-6) or 120 FPS (Figs. 7-8) for 

behavioral analyses. Avoidance running, aversive facial expressions, pupil diameter and 

locomotion were analyzed from these videos of the eye, face, and body (Fig. 1d). Running 

avoidance (backwards directed running), running speed and locomotion were analyzed from body 

videos using custom-written video analysis routines in MATLAB. Painted dots on the polystyrene 

ball (1 cm diameter) were used to measure the angle and distance based on the displacement of 

each dot at a frame to the closest dot 5 frames later (median angle and distance was calculated 

using all angles and distances for dots displaced for every 5 frames, or 0.1 s). Median angle was 

used to determine the direction the animal was moving toward, while distance was used to 

calculate running speed. All videos were visually inspected post-hoc to correct for values 

corresponding to grooming or other sudden movements (so that those would not be considered 

as directional running). Locomotion was characterized as whenever the animal was actively 

moving on the ball in the video. In a second cohort of Fmr1 KO mice and WT controls, we used 

recorded videos at 120 FPS, and used a modified manual scoring of avoidance running because 

automated detection of three or more dots on the ball was not possible due to lighting conditions 

or fading of painted dots (He et al., 2017).  Pupil diameter was quantified using Facemap (Stringer 

et al., 2019) and MATLAB. Aversive facial expressions (AFEs; i.e., prolonged whisker protraction 

and orbital tightening) were analyzed using DeepLabCut (Mathis et al., 2018; Nath et al., 2019). 

Briefly, the network was trained on images from the face videos to identify markers on the mouse’s 

whisker follicles. The displacement of the follicles was calculated using these markers to detect 

sustained (≥2 s) negative displacements from the resting position of the whiskers as aversive 

whisker protraction movements. Analysis of the whisker displacement was semi-automated; all 

videos were inspected post-hoc to exclude frames when grooming and other movements 



 

 

obscured the face or certain whisker movements interfered with the detection of sustained whisker 

protraction. We quantified overall active whisking during the assay by calculating the motion 

energy of whisking using Facemap. To quantify orbital tightening or eye squinting, a neural 

network was trained on still images from videos of the face to reliably identify markers along the 

mouse’s eye. The area of the eye was calculated from these markers to quantify orbital tightening. 

For analysis of pupil diameter and orbital tightening, we excluded video frames when blinking, 

grooming, or other movements obscured the animal’s face.  

Because there are important sex differences in both the prevalence and symptoms of ASD 

(Werling and Geschwind, 2013; Bartholomay et al., 2019), we distinguished males from females 

across all figures (squares = males, circles = females).  

 

Statistical analyses 

 Statistical tests were performed in Prism software (GraphPad). Statistical analyses of 

normality (Lilliefors and Shapiro Wilk tests) were performed on each data set; if data deviated 

from normality (p<0.05) or not (p>0.05), appropriate non-parametric and parametric tests were 

performed. For parametric two-group comparisons, a Student’s t-test (paired or unpaired) was 

used. For non-parametric tests, we used Mann-Whitney test (two groups) and the Kruskall-Wallis 

test (repeated measures). Multiple comparisons across touch conditions and genotypes/groups 

were analyzed using two-way ANOVA with post-hoc Bonferroni’s test. If data was non-normal, we 

applied a logarithmic transformation on the data and compared the two-way ANOVA with and 

without the transformation. Since the statistical output of the two-way ANOVA was similar for the 

transformed and the non-transformed, non-normal data, we used the statistical output from the 

latter. All experiments were conducted in at least two litters per genotype/group. Graphs either 

show data from each mouse per group or group means (averaged over different mice) 

superimposed on individual data points. In all figures, the error bars denote standard error of 

mean (s.e.m.). 



 

 

 

Data and code availability 

Code used in MATLAB for analysis of DeepLabCut and Facemap files and ball motion 

videos is available here: https://github.com/porteralab. Data will be made available upon request. 

 

RESULTS 

A novel behavioral assay for social touch  

To investigate how mice respond to social touch, and the circuits involved, one must 

consider the pros and cons of different behavioral assays.  Inspired by prior designs of social 

touch assays for mice and rats (Bobrov et al., 2014; Jennings et al., 2019; Resendez et al., 2020; 

Jeon et al., 2023), we designed a novel head-fixed behavioral assay in which we can control the 

frequency and duration of each social touch interaction, the type of touch (whisker-whisker vs. 

snout-snout), and the context (social vs. object). In this this assay, a head-restrained test mouse 

that is allowed to run on an air-suspended polystyrene ball is monitored with multiple cameras 

during repeated presentations of a novel mouse that is also head-fixed and resting on a motorized 

stage that brings it to predetermined positions at various distances away from the test mouse (see 

Methods, Fig. 1a-c). We tested three different positions of the stage to assess corresponding 

conditions of social touch: 1. Before touch, where the test animal can see the novel ‘visitor’ mouse 

but not touch it; 2. Voluntary social touch where the test mouse can interact with the visitor via its 

whiskers; 3. Forced social touch, where the visitor mouse is so close to the test mouse that their 

snouts are in direct physical contact.   

By using high frame rate cameras to record the test animal’s face and eyes, as well as 

ball motion, we can quantify different aspects of facial expressions (e.g., whisker movements, 

mouth opening, ear movements, eye size changes) and changes in pupil diameter or saccades, 

as well as locomotion (see Materials & Methods; Fig. 1d). Because we are interested in autism, 

we focused on behaviors that might indicate that the mouse experienced social touch as an 

https://github.com/porteralab


 

 

unwanted aversive stimulus, by exhibiting avoidance, defensive behaviors, facial expressions of 

negative emotion, or hyperarousal. Indeed, these behavioral responses are observed in ASD 

individuals responding to social or affective touch and in mouse models of ASD responding to 

passive non-social touch (Cascio et al., 2008; Klusek et al., 2013; Mammen et al., 2015; He et 

al., 2017; Bales et al., 2018; Thye et al., 2018; Zampella et al., 2020).  Our assay also examines 

social touch that is potentially unpleasant, rather than allo-grooming, by including forced snout-

snout interactions. This allowed us to explore how ASD mouse models might respond to social 

touch across different contexts and how the tactile system engages with these stimuli 

behaviorally. However, this assay can be easily modified to change the presentation parameters, 

or the types of visitor and test mice (e.g., age, sex, genotype), in order to explore a myriad of 

interesting questions about social touch in rodents. We also designed the assay to be compatible 

with calcium imaging or silicon probe recordings of neural activity, to elucidate circuits that are 

activated by social touch, as well as those that mediate behavioral responses to social touch. 

 To demonstrate the utility of this novel social touch assay, we compared the behavioral 

responses of control wild-type (WT) mice to those of two mouse models of ASD. The first was the 

Fmr1 knockout (Fmr1 KO) mouse model of Fragile X Syndrome (FXS) (The Dutch-Belgian Fragile 

X Consortium, 1994), the leading single gene cause of intellectual disability and autism. The other 

was the Poly(I:C) maternal immune activation (MIA) model, which is widely used as a model of 

an environmental cause of autism (Choi et al., 2016; Estes and McAllister, 2016; Kentner et al., 

2019).  Of note, we characterized the MIA model both as far as IL-6 levels in the dam and various 

behavioral deficits in the offspring (Fig. 2). We found that MIA mice exhibited reduced pup USV 

calls, reduced social preference, and increased marble burying compared to offspring of PBS-

injected dams (Fig. 2b; marble burying: p=0.0104; USVs: p=0.0435; 3-chamber: p < 0.0001).  

 

Below, we present results of our observations related to four major behavioral responses: 

1. Avoidance running; 2. Pupil dilation; 3. Whisker protraction; and 4. Orbital tightening (squinting).  



 

 

Overall, we hypothesized that, compared to their respective controls, Fmr1 KO and MIA mice 

would show increased avoidance, hyperarousal, and more AFEs (whisker protraction, eye 

squinting) to social touch that controls, but no differences for object touch. Furthermore, we 

expected that forced social touch (snout-snout) would be more aversive than voluntary social 

interactions (whisker-whisker) for ASD mice.  

 

Greater avoidance running in Fmr1 KO and MIA mice during social touch but not object touch 

 Sensory hypersensitivity is very prevalent in ASD and is thought to contribute to 

maladaptive avoidance responses, such as tactile defensiveness and social avoidance (Baranek 

et al., 1997; Robertson and Baron-Cohen, 2017).  Most children with FXS experience sensory 

over-reactivity, often leading to tactile defensiveness and gaze aversion (Sinclair et al., 2017; Rais 

et al., 2018). However, avoidance to social touch per se has never been investigated in animal 

models of ASD or FXS. Previously, we demonstrated that Fmr1 KO mice exhibit tactile 

defensiveness to repetitive whisker stimulation, which manifested as avoidance running (He et 

al., 2017). To investigate whether social touch leads to avoidance, we quantified running direction 

of the test mouse relative to the novel object or stranger mouse (Fig. 3a). If the test animal was 

moving backward (either left or right), we categorized this as avoidance, in contrast to running 

forward, which was considered an adaptive response (seeking social interaction). We initially 

calculated the total time the mouse spent in locomotion, regardless of direction, to determine if 

group differences in running might skew the proportion of avoidance running. Although there are 

reports of hyperactivity in Fmr1 KO mice (The Dutch-Belgian Fragile X Consortium, 1994; Sullivan 

et al., 2006), we have not found differences in total locomotion between adult Fmr1 KO and WT 

mice either in response to whisker stimulation or while performing a visual discrimination task (He 

et al., 2017; Goel et al., 2018). In the social touch assay, we observed that mice of all groups 

spent more time running when they transitioned from the baseline period (before touch) to the 

period of social touch (p<0.05), but there were no significant group differences (p>0.05 between 



 

 

WT vs Fmr1 KO & PBS vs MIA, Table 1). There were also no differences in running speed during 

object or social touch between Fmr1 KO or MIA mice and their respective controls (Fig. 3b).   

 In contrast, when we compared the proportion of time that mice spent showing avoidance 

running as a proportion of total locomotion, we found that both Fmr1 KO and MIA mice displayed 

higher avoidance during voluntary and forced social touch compared to controls, but not during 

voluntary object touch (Fig. 3c; WT vs. Fmr1 KO: vol. object p>0.05, vol. social p=0.006, forc. 

social p=0.047; PBS vs. MIA:  vol. object p>0.05, vol. social p=0.002, forc. social p=0.002). Thus, 

considering overall running speed was similar between the two ASD models and their controls 

both before and during social touch, these differences in avoidance running could not be 

explained by hyperactivity. 

 Because there are important sex differences in both the prevalence and symptoms of ASD 

(Werling and Geschwind, 2013; Bartholomay et al., 2019), we also compared avoidance between 

male and female mice in each group, but did not find any significant sex differences within 

genotype. We also looked at differences between litters in each genotype but did not see any 

obvious differences either, although the sample size per litter was small (2-9 mice per litter, 

median = 5 mice).  

 

Pupil dilation with social touch lasts longer in Fmr1 KO, but not MIA mice  

 Autonomic hyperarousal, including elevated heart rate and pupil dilation, is observed in 

autistic individuals during tactile stimulation or affective touch, and is used as an indicator of tactile 

hypersensitivity (Heilman et al., 2011; McGlone et al., 2014; Fukuyama et al., 2017). We 

measured changes in pupil size as a proxy for arousal in response to social touch (Fig. 4a, Movie 

4).  We first compared pupil size as a mean of the first 5 presentations and found no differences 

between WT and Fmr1 KO or between PBS and MIA mice, regardless of condition (object or 

social touch).  Next, because pupils can dilate or constrict over short time scales, we compared 

pupil size at individual presentations of object or social touch (Vinck et al., 2015; Joshi and Gold, 



 

 

2020). We found that, in all groups, pupils significantly dilated to a similar extent after the first 

object/mouse presentation (Fig. 4b).  Interestingly, after repeated presentations of voluntary 

object touch, pupil size returned to baseline in all groups, presumably as a form of adaptation to 

a non-threatening situation (Fig. 4b).  In contrast, pupils remained dilated for a longer period in 

Fmr1 KO mice with both voluntary social touch and forced social touch whereas they constricted 

to baseline in MIA mice and controls. The difference was most pronounced with forced social 

touch, where pupils were significantly larger in Fmr1 KO mice than in their controls on the 5th 

presentation (Fig. 4b; pupil size: WT vs. Fmr1 KO p<0.001, PBS vs. MIA p>0.05).   

In a subset of these mice that we tested up to 20 presentations of forced social touch, we 

found that pupil size in Fmr1 KO and MIA mice eventually returned to baseline (Fig. 4c). We did 

not find any sex or litter differences in pupil size before or after social touch. Altogether, these 

findings indicate that Fmr1 KO mice display more hyperarousal than WT mice to social touch.  

 

Aversive facial expressions (grimace) are more pronounced in Fmr1 KO and MIA mice during 

forced social touch 

 In humans, facial expressions are considered good indicators of emotional state 

(Anderson and Adolphs, 2014).  Autistic individuals will grimace or wince to aversive sensory 

stimuli and will avert their gaze during social interactions (Kliemann et al., 2010; Foss-Feig et al., 

2012; Schmitt et al., 2014).  Facial grimacing in the form of orbital tightening, changes in whiskers, 

or nose bulging, is also observed in rodents experiencing pain (Langford et al., 2010), but less is 

known about which facial expressions are associated with sensory hypersensitivity or unwanted 

social interactions. We posited that if ASD mice consider social touch as aversive, they would 

manifest facial grimacing. We focused on two facial features, whisker movement and orbital 

tightening (Movie 5), because they were easily detectable by cameras in our set-up and because 

analysis could be semi-automated using DeepLabCut (Langford et al., 2010; Mathis et al., 2018). 

For whisker movement, we quantified bouts of sustained whisker protraction (Movie 5), which is 



 

 

often seen in mice experiencing pain (Langford et al., 2010), in mice during active escape, and 

during aggression or immediate facial contact (Wolfe et al., 2011; Defensor et al., 2012; Dolensek 

et al., 2020; Ebbesen and Froemke, 2021). Prolonged whisker protraction is different from active 

whisking, which is an adaptive behavior in rodents as they explore their environment, both in 

terms of the speed and the direction of whisker movement. During active whisking, follicles are 

displaced forwards and backwards rapidly and rhythmically (8-12 Hz, for bouts lasting 1-2 

seconds) (Bush et al., 2016). In contrast, during aversive whisker protraction, the animal’s 

whiskers are maintained in a fixed, forward position for bouts lasting up to several seconds.   

 We could distinguish between these two types of whisker movement using DeepLabCut 

and Facemap (Fig. 5a; see Methods). ASD mice and their controls showed more active whisking 

when presented with novel mice compared to before touch (Fig. 5b, p<0.05), but we did not find 

any significant differences in time spent actively whisking between groups or between voluntary 

or forced social touch. However, we found that Fmr1 KO and MIA mice spent significantly more 

time than their controls displaying aversive whisker protraction during forced social touch (Fig. 

5c, WT vs. Fmr1 KO p=0.013, PBS vs. MIA p=0.034). In contrast, we saw no group differences 

in whisker protraction during object touch or voluntary social touch. There were also no significant 

sex or litter differences in whisker protraction in any group across all touch conditions.  

 Next, we determined whether mice show orbital tightening during social touch by 

estimating the area of the eye during the first 5 presentations of social touch. Again, we used 

DeepLabCut to train a neuronal network to estimate the area of the eye (Fig. 6a). We found that 

orbital area (relative to the period before touch) was significantly smaller (i.e., more orbital 

tightening) in Fmr1 KO mice, and to a lesser extent in MIA mice, during forced social touch, but 

not during voluntary object or voluntary social touch, and not at all in the WT or PBS controls (Fig. 

6b, WT vs. Fmr1 KO p=0.0065, PBS vs. MIA p=0.051).  The total area of the eye (in pixels) was 

also significantly smaller in Fmr1 KO mice than in WT controls during forced social touch 

compared to just before touch (Fig. 6c, WT p >0.05 vs. Fmr1 KO p=0.0021). In contrast, when we 



 

 

quantified the eye area before and during voluntary social touch, we found no significant 

differences in Fmr1 KO mice (Fig. 6c, p>0.05). In the MIA mice, there was a slight decrease in 

the area of the eye during forced social touch, but this did not reach significance (p=0.091). 

Interestingly, some control mice, especially the PBS controls, tended to open their eyes more 

during social touch (Fig. 6c, PBS p=0.047; WT p<0.05), which could represent increased arousal 

towards the other mouse. These findings suggest that AFEs like sustained whisker protraction 

and forceful eye closure are uniquely triggered by forced social interactions in ASD mouse 

models, particularly in the FXS model.  

 

Fmr1 KO mice show greater avoidance and AFEs during forced interactions with stranger mice 

than WT controls (but similar maladaptive responses to forced object touch) 

 After completing this initial set of experiments, we considered the possibility that direct, 

forced contact with an inanimate object (particularly if it resembled a mouse) might elicit as much 

avoidance, hyperarousal, and increased AFEs in ASD mice as forced contact with a mouse (i.e., 

forced social touch). Indeed, people with ASD also exhibit tactile defensiveness to certain textures 

(He et al., 2017; Green et al., 2018). Because Fmr1 KO mice had shown the largest differences 

with the social touch assay, we focused on this model for these additional control studies.  

In an initial set of experiments, we tested how a new cohort of WT and Fmr1 KO mice 

(n=12 and 10, respectively) responded to forced contact with the same novel object, a plastic 50 

mL tube. In WT animals, forced touch with this object led to significantly greater running avoidance 

and whisker protraction than forced social touch, suggesting that social contact is better tolerated 

in WT animals (Fig. 7b, WT social vs. object, p<0.001 for avoidance and p=0.009 for whisker 

protraction). In contrast, in Fmr1 KO mice, the difference between forced object touch and forced 

social touch was much smaller and did not reach significance for whisker protraction (Fig. 7b, 

Fmr1 KO social vs. object, p=0.025, p>0.05, respectively). As a result, we found higher avoidance 

and whisker protraction in Fmr1 KO compared to WT controls for forced social touch, but not for 



 

 

forced object touch (Fmr1 KO vs. WT, p=0.079 for avoidance, p=0.031 for whisker protraction). 

Furthermore, we observed a slightly smaller orbital area in Fmr1 KO mice than in WT controls 

during the last 5 presentations of forced social touch, but not with forced object touch (Fig. 7b, 

WT vs. Fmr1 KO social p=0.232, object p=0.382). Note that orbital tightening in this new cohort 

of Fmr1 KO mice was more prominent in the last 5 presentations, whereas it was present after 

only 5 presentations (and persisted) in the original cohort (Fig. 6). This likely reflects the smaller 

sample size and/or differences in behavioral habituation across batches of Fmr1 KO mice (He et 

al., 2017). 

Because the plastic tube is smooth, it may not be as aversive as the whiskers and fur of 

another mouse. Therefore, in a second set of control experiments with the same cohort of WT 

and Fmr1 KO mice, we tested forced object touch using an inanimate plush toy mouse with fur 

and whiskers. Strikingly, we found that WT and Fmr1 KO mice reacted very similarly to forced 

touch from the toy mouse as they did to the plastic tube, with greater avoidance and aversive 

whisking in WT mice to this object than to a forced social interaction with a stranger mouse (Fig. 

7c, WT social vs. object, p=0.029 for running avoidance, p=0.001 for whisker protraction). Once 

again, Fmr1 KO mice showed similar degrees of avoidance and whisker protraction to forced 

object and social touch (Fmr1 KO social vs. object p>0.05 for both), but significantly more orbital 

tightening than WT mice to only forced social interactions (Fmr1 KO vs. WT, p=0.031). 

Incidentally, when we compared the behavioral responses of WT and Fmr1 KO mice to forced 

presentations of the 50 mL tube and the plush toy, we did not find significant differences in AFEs 

between these two objects (p=0.0674-0.999 for WT and p=0.395-0.415 for Fmr1 KO), although 

Fmr1 KO mice had slightly less running avoidance to the plush toy (p=0.029). Together, these 

results suggest that whereas forced touch from any object (smooth plastic tube or furry toy mouse) 

elicits similar maladaptive behaviors in WT and Fmr1 KO mice, Fmr1 KO mice are uniquely 

sensitive to forced social interactions with another live mouse. 

 



 

 

Fmr1 KO mice show less aversion to social touch with a mouse of the opposite sex, but whether 

the other mouse is familiar or a stranger matters less 

Another important control related to social touch was to determine whether the sex of the 

visitor mouse influenced the degree of aversion it might elicit in ASD mice.  For example, it is well-

established that sensory inputs from mice of the same sex triggers aggression in males, whereas 

interactions with opposite sex animals leads to mating responses (Chen and Hong, 2018). 

Furthermore, female mice generally show more preference to males, though this tends to depend 

on receptivity (Chen and Hong, 2018). Therefore, we sought to determine if the maladaptive 

behavioral responses to forced social touch are just as pronounced with a stranger mouse of the 

opposite sex (Fig. 8a). In general, WT mice showed similarly low levels of avoidance and AFEs 

when interacting with mice of either sex (Fig. 8b, p>0.05). In contrast, Fmr1 KO mice showed 

more running avoidance and aversive whisking with a stranger mouse of the same sex than with 

opposite sex mice (Fig. 8b, p=0.067 for avoidance and p=0.0213 for whisker protraction). The 

magnitude of avoidance to stranger mice (this time of the opposite-sex) was significantly higher 

in Fmr1 KO mice than in WT mice, further supporting our previous observations regarding social 

touch with same sex mice (Fig. 8b, WT vs. Fmr1 KO p=0.0374). Fmr1 KO mice also showed 

significantly more orbital tightening than WT controls during forced social interactions with mice 

of the same sex, but not with mice of the opposite sex (p=0.035 and p>0.05, respectively). 

We next tested if aversion to forced social touch in Fmr1 KO mice depended on whether 

the other mouse was familiar or a stranger. Some autistic individuals have difficulty recognizing 

and recalling faces of strangers (Williams et al., 2005; Stantić et al., 2022). Similarly, the Shank3B 

model of ASD shows deficits in discriminating between a novel and a familiar mouse (Cope et al., 

2023). In our social touch assay, we observed that Fmr1 KO mice (n=8-10) exhibit similar levels 

of aversion to forced social touch with a familiar mouse and a stranger mouse (same-sex) (Fig. 

8c, p>0.05 for avoidance and AFEs). Further confirming our previous results, this new cohort of 

Fmr1 KO mice again showed significantly greater avoidance and a trend toward greater whisker 



 

 

protraction to forced social touch with a familiar mouse than did WT mice (n=11-12) (Fig. 8c, 

p<0.001 and p=0.141, respectively).  Interestingly, WT mice showed a smaller orbital area during 

forced social touch with a familiar mouse relative to a stranger mouse (Fig. 8c, p=0.011). We 

surmised that repetitive presentations of social touch with the same animal over 2 d may elicit 

some anxiety in WT animals. Overall, these control experiments confirm that Fmr1 KO mice show 

significantly more maladaptive responses to social touch than WT mice, and more 

avoidance/AFEs to opposite-sex mice than same-sex mice, but that it matters much less whether 

mice are familiar or stranger to them. 

 

DISCUSSION 

The main goal of this study was to implement a new behavioral paradigm that could be 

used to investigate social touch behaviors in rodents and the underlying circuits involved.  Our 

findings can be summarized as follows: 1. Our new social touch assay can reliably distinguish 

behavioral responses of mice to social touch from their responses to object touch; 2. Relative to 

typically developing control mice, both Fmr1 KO and MIA mice show increased avoidance running 

to both voluntary and forced social touch, but not to voluntary object touch; 3. Hyperarousal (as 

measured by pupil dilation) to social touch lasts longer in Fmr1 KO mice but not MIA mice 

compared to their controls; 4. AFEs to social touch are more pronounced in ASD mice than in 

controls, especially during forced social touch; 5. Fmr1 KO mice show similar aversion to forced 

object touch as WT controls but significantly greater aversion to forced social touch; and 6. Social 

touch from same-sex mice elicits greater avoidance and AFEs in Fmr1 KO ASD mice, but whether 

the other mouse is familiar or a stranger does not matter. 

A few prior studies had investigated social touch in freely moving rodents (Bobrov et al., 

2014; Jennings et al., 2019; Yu et al., 2022). Despite their ingenuity, the assays relied on at least 

one animal initiating social touch, and they could not focus on any particular aspect of social touch 

(e.g., face-to-face contact) amongst the broad and complex behavioral repertoire (e.g., ano-



 

 

genital sniffing, allo-grooming). Moreover, while naturalistic in their design, those assays were 

limited by the fact that individual social touch interactions varied in duration and frequency. We 

purposely designed a new assay for head-fixed rodents so the experimenter could control all 

aspects of the social touch interaction, from the duration and number of interactions to the context 

of the interaction (voluntary vs. forced, object vs. social).  This allowed us to monitor various 

behavioral responses of the animal to social touch, including body movements that indicated 

avoidance, facial expressions suggestive of aversion, and dilated pupils reflecting 

hyperarousal/anxiety. Importantly, our assay could easily be combined with 2-photon calcium 

imaging and/or silicon probes to record neural activity during social interactions.  Because the 

social touch presentations are highly stereotyped across large numbers of trials, the data from 

neural recordings would be highly reproducible, and one could quantify the degree to which 

neurons adapt their responses to repeated presentations.  Thus, our assay should be of help to 

neuroscientists interested in investigating social behaviors in rodents and the circuits involved. 

To validate this assay, we probed social touch within a disease context in which social 

deficits are observed, by examining two different mouse models of ASD. A major gap in our 

understanding of ASD, particularly when using mouse models, concerns the relationship between 

tactile hypersensitivity and social deficits (Suvilehto et al., 2015; Thye et al., 2018; Lee Masson 

et al., 2019). Therefore, we used our social touch assay to characterize three maladaptive 

behavioral responses to social touch in well-established mouse models of ASD: avoidance 

running, hyperarousal, and AFEs.   

We previously reported avoidance and defensive gestures to repetitive whisker stimulation 

in Fmr1 KO mice (He et al., 2017; Kourdougli et al., 2023). However, avoidance to social touch 

was not simply a manifestation of generalized sensory hypersensitivity (tactile defensiveness) 

because it occurred in the context of social touch and not voluntary object touch (Fig. 3c). Similar 

sensory avoidance is also observed in humans with ASD and FXS (Green and Ben-Sasson, 2010; 

Mammen et al., 2015; Rais et al., 2018). Escape or avoidance has been described in mice 



 

 

responding to threatening stimuli, or those causing discomfort, anxiety or pain (Yilmaz and 

Meister, 2013; Gehrlach et al., 2019; Huang et al., 2019; La-Vu et al., 2020). It will be important 

to determine whether other avoidance behaviors, such as defensive grooming or gaze avoidance, 

can also be detected using our social touch assay (Kleberg et al., 2017; Stuart et al., 2022). 

The maladaptive behaviors to social touch were not the same in both ASD models. For 

example, orbital tightening to forced social touch were more prominent in Fmr1 KO mice than in 

the MIA model (Fig. 6b,c), and only the Fmr1 KO model exhibited sustained pupil dilation, 

particularly for forced social touch (Fig. 4b,c). Pupil size is commonly used as an indicator of 

arousal levels and autistic/FXS individuals show deficits in autonomic regulation, including hyper- 

and hypo- arousal (Klusek et al., 2013; Kushki et al., 2014; Vinck et al., 2015; Cuve et al., 2018; 

Joshi and Gold, 2020). Interestingly, some autistic individuals who do not exhibit hyperarousal fail 

to show sensory hypersensitivity (Rogers and Ozonoff, 2005), suggesting that the two 

phenomena may be strongly correlated.  However, aside from pupil size, hyperarousal can 

manifest with other autonomic responses, such as changes in heart rate, perspiration, or 

breathing (Heilman et al., 2011; Kushki et al., 2014), which could also be monitored during social 

interactions with our assay.  

 The observation that ASD mice exhibit more pronounced AFEs during forced social touch 

aligns well with previous findings concerning facial grimacing in mice (Langford et al., 2010; 

Defensor et al., 2012; Dolensek et al., 2020; Ebbesen and Froemke, 2021). Since the Mouse 

Grimace Scale (MGS) has been widely adopted to quantify responses to pain, it could also be 

combined with our assay. Autistic people are often unable to recognize or imitate facial 

expressions of others, which complicates their interactions in social settings (Drimalla et al., 

2021). We did not monitor the facial expressions of the stranger/familiar mice, but the camera 

setup could be modified to track this too.  

 Given that forced social touch elicited more pronounced behavioral deficits than voluntary 

social touch in ASD mice, it was critical to compare responses of Fmr1 KO mice to forced social 



 

 

touch and forced object touch. Although both a Falcon tube and an inanimate toy mouse (similar 

shape and texture as a mouse) resulted in similar levels of avoidance and AFEs between WT and 

Fmr1 KO mice, we repeatedly found that forced social interactions were only deemed aversive 

by the latter. A previous study found that social interaction was more preferable to WT mice than 

object interaction (Yang et al., 2011). Thus, while forced interactions with any object are aversive 

to WT and Fmr1 KO mice, only WT animals find forced social interactions more tolerable. Viewed 

differently, Fmr1 KO mice exhibit a general hypersensitivity to all tactile stimuli, but they fail to 

down-modulate this aversion in the context of social interactions the way WT controls can. This 

unique deficit in the social context of Fmr1 KO mice deserves further investigation.   

 In general, mice tend to prefer social interactions with mice of the opposite sex (Chen and 

Hong, 2018). Opposite-sex social interactions have not been studied extensively in ASD models, 

although one study found that 16p11.2 deletion mice exhibit fewer vocalizations in the presence 

of mice of the opposite sex (Yang et al., 2015). We observed that Fmr1 KO mice show milder 

impairments (less avoidance and no AFEs) during opposite-sex interactions (Fig. 8b). This would 

suggest that, even though ASD mice show maladaptive responses to opposite sex interactions 

relative to WT animals, they prefer it to same-sex interactions.  

 Finally, we observed ASD mice display similar levels of avoidance and AFEs in response 

to forced social touch from a familiar mouse relative to a stranger mouse. This finding was not 

unusual given that both ASD individuals and mouse models display deficits in social memory 

(Williams et al., 2005; Stantić et al., 2022; Cope et al., 2023).  

We did not find significant sex differences in our assay. This was surprising given that the 

prevalence of ASD and the range of phenotypic behaviors are different in males and females 

(Werling and Geschwind, 2013). It is possible that sex differences were not apparent in our head-

fixed social touch paradigm because our sample size was not large enough, or because mice 

could not freely choose to engage in social investigation. However, our assay could easily be 

modified to allow the test mouse to exert control of the motorized stage.  



 

 

 We recognize that our social touch assay has some limitations. Compared to assays for 

freely moving mice, our assay is less naturalistic. In spontaneous social interactions, mice are 

free to decide when to approach another animal. They may choose to approach other mice from 

the rear, as opposed to face-to-face. Our head-fixed assay also prevents the mice from engaging 

in other socially relevant behaviors that involve touch, such as allo-grooming, or fighting. Head-

fixation also prevents head movements that may be important for mice to engage in social touch.  

In summary, our novel head-fixed paradigm revealed that ASD mouse models manifest a 

shared repertoire of maladaptive responses to social touch and that these behavioral 

manifestations align well with symptoms and atypical behaviors observed in autistic humans. The 

fact that two rather distinct ASD models exhibited very similar behavioral phenotypes in 

avoidance, arousal and facial expressions suggests that our assay may uncover remarkable 

phenotypic convergence in social touch deficits in other ASD models (despite differences in 

arousal). Future studies could also explore social touch in other contexts, such as mother-to-pup 

interactions, or age dependent differences.  Finally, one could utilize this assay in combination 

with in vivo 2-photon calcium imaging or silicon probes to explore changes in neural activity in 

relevant brain circuits in mouse models of neurodevelopmental conditions.  

 

 

 

 

 

 

 

 

 

 



 

 

FIGURE LEGENDS 

Table 1: Locomotion increases when mice engage in object or social touch and does not 

differ between mouse models of autism and their controls 

 

Fig. 1: Setup for social touch behavioral assay 

a. Overview of head-fixed setup for the social touch behavioral assay. A head-fixed test mouse 

can run on an air-suspended polystyrene ball while interacting with a stranger mouse restrained 

in a plexiglass tube secured to a motorized platform. The system is fully automated to move the 

stranger mouse to different distances away from the test mouse. Two cameras focus on the face 

and the eye/pupil, respectively, while a third camera that tracks the mouse and ball motion is 

overhead (not shown). An infrared light source provides optimal light for tracking behavioral 

responses. Acoustic foam is used for sound insulation.  

b. We tested three types of touch: voluntary object (whisker-object), voluntary social (whisker-

whisker), and forced social (snout-snout).  

c. Duration of baseline (platform empty without object/mouse), no touch, and object social touch, 

as well as the number of stimulations and delay between each type of touch condition.  

d. Camera views for tracking ball motion, pupil size and AFEs. 

 

Fig. 2: Interleukin-6 levels are higher in pregnant dams injected with Poly(I:C)  

and their offspring show expected behavioral deficits 

a. MIA was induced in pregnant dams by intraperitoneally injecting Poly(I:C) at embryonic age 

12.5 (E12.5). Interleukin-6 (IL-6) cytokine levels are higher in pregnant dams injected with 

Poly(I:C) at E12.5 compared to dams injected with PBS. Two different Poly(I:C) lots acquired from 

Sigma-Aldrich were tested and elicited significantly higher IL-6 levels in dams. **p<0.01, *p<0.05 

for Mann-Whitney test.  



 

 

b. Offspring of dams injected with Poly(I:C) from Lot A and B showed increased fraction of marbles 

buried in the marble burying assay at P60-90, reduced ultrasonic vocalizations recorded at P7-9, 

and no difference in preference for a novel mouse versus novel object in the 3-chamber social 

interaction assay. Squares = males, circles = females in panel b. ***p<0.001, *p<0.05, unpaired 

t-test for marble burying assay and USVs, two-way ANOVA with Bonferroni’s for 3-chamber social 

assay.   

c. IL-6 levels in PBS and Poly(I:C) injected pregnant dams whose offspring were used for the 

behavioral testing in the social touch assay. Poly(I:C) from Lot A and B were used in pregnant 

dams. 

 

Fig. 3: Mouse models of autism show avoidance to social touch from a stranger mouse 

a. Analysis of locomotion and running speed and direction. Speed (cm/s) is calculated using the 

distance moved of a circle at time t to the closest circle in pixel space in time t+5 every 5 frames 

(0.1 s). Direction of circle movement at time t to t+5 frames is calculated from the angle between 

the circle at time t as the origin point relative closest circle at t+5 in pixel space. Median speed 

and angle is calculated from distance and angle displacements of all circles every 5 frames (0.1 

s). Locomotion is calculated by finding running speeds within 2 standard deviations of the mean 

speed. Example circle (red filled in time t and pink filled in t+5) moves to the right and up (red 

filled in time t+5, leftwards avoidance). Circles above red line are excluded from detection. Videos 

were inspected post-hoc to exclude frames when the animal was grooming or engaged in non-

directed ball movements. 

b. Average running speeds during all types of touch do not differ between ASD mice and control 

animals. 

c. Running avoidance (backwards to left or right) is higher in Fmr1 KO and Poly(I:C) MIA mice 

compared to controls during voluntary and forced social touch but not object touch. 



 

 

Squares=males, circles females. **p<0.01, *p<0.05, two-way ANOVA with Bonferroni’s. No 

outliers were detected with ROUT’s analysis. 

 

Fig. 4: Pupil dilation is prolonged during social touch in ASD mice 

a. Summary of pupil size analysis using Facemap. A region of interest (ROI) is drawn in the 

Facemap graphical user interface in Python (red circle). Facemap detects the pupil within the ROI 

(red dashed circle) and generates pupil area in pixels, which is converted to z-score in MATLAB.  

b. Pupil size does not decrease to baseline levels (before touch) in Fmr1 KO, but does in MIA 

mice and both controls, by the 5th stimulation of voluntary and forced social touch. ***p<0.001, ** 

p<0.01, *p<0.05, two-way ANOVA with Bonferroni’s for pupil area before touch vs. 1st and 5th 

stimulation.   

c. A subset of mice were tested for up to 20 presentations of forced social touch. Fmr1 KO mice, 

but not MIA mice, show persistent pupil dilation compared to their controls. Squares = males, 

circles = females. ***p< 0.001, **p<0.01, *p<0.05, two-way ANOVA with Bonferroni’s before touch 

vs. each stimulation. No outliers were detected with ROUT’s analysis. 

 

Fig. 5: Prolonged whisker protraction during forced social touch in ASD mice 

a. Summary of analysis for calculating prolonged whisker protraction and active whisking. To 

quantify periods of active whisking, we used Facemap. We denoted the whisker pad as a region 

of interest (ROI) and tracked changes in pixel value within the ROI as the motion energy for 

whisking. We then used MATLAB’s findpeaks function to identify peaks and their local minima in 

the motion energy signal. We identified periods of active whisking as timepoints that were 

between the local minima of a peak. Whisking protraction was determined by training a deep 

neural network (NN) in DeepLabCut to detect 6 whisker follicles from a set of training video frames 

(randomly chosen frames). After training the NN and evaluating its performance, we processed 

full videos, which generated the x position of each whisker follicle in pixel space. We then 



 

 

calculated the median change from all follicle positions relative to its resting position along the x-

axis. Negative changes in follicle position at a given frame that were 1 standard deviation below 

mean resting position and lasted at least 2 seconds were denoted as periods of aversive whisker 

protraction.  

b. Active whisking did not differ between Fmr1 KO and MIA mice and their controls both before 

and during object and social touch. There was, however, a significant increase in mean whisking 

during the first 5 stimulations compared to before touch. Squares = males, circles = females. 

*p<0.05, **p<0.01 for two-way ANOVA with Bonferroni’s. Vol = voluntary. 

c. The fraction of time Fmr1 KO and MIA mice exhibited prolonged whisker protraction was higher 

during forced social touch than their controls but not significantly for voluntary object and social 

touch. Squares=males, circles=females. ***p<0.001 for two-way ANOVA with Bonferroni’s. No 

mice were excluded according to ROUT’s analysis. 

 

Fig. 6: Orbital tightening during forced social touch in ASD mice 

a. Summary of analysis for calculating orbital tightening. Orbital tightening is determined by 

training a deep neural network (NN) in DeepLabCut to detect 6 points along the eye from a set of 

training images (frames randomly chosen from videos). After training the NN and evaluating its 

performance, we inputed videos into the Deep NN, which outputs the XY position of each point 

on the eye in pixel space. We then used MATLAB to generate a polygon connecting the six dots 

and calculated the area of that polygon as the orbital area. Orbital area in pixels was normalized 

to the orbital area before touch. 

b. Orbital area during touch is normalized to area before touch (object or mouse visible but no 

touch in behavior rig).  Orbital area is significantly lower (greater orbital tightening) during forced 

social touch in Fmr1 KO and MIA mice (p=0.051) compared to controls. 1 WT, 2 Fmr1 KO & 1 

MIA mice detected as outliers with ROUT’s analysis in panel b were also excluded from analysis 

in panel c. 



 

 

c. Orbital area is significantly smaller during forced social touch compared to the period before 

touch in Fmr1 KO mice, but not in MIA mice (there is also a slight but significant increase in orbital 

area in PBS controls during forced social touch). Orbital area is not significantly changed during 

voluntary social touch. Squares=males, circles=females. ***p<0.001, **p<0.01, *p<0.05, two-way 

ANOVA with Bonferroni’s.  

 

Fig. 7: Fmr1 KO mice show greater avoidance and AFEs than WT controls during forced 

social interactions (but similar maladaptive responses to object touch) 

a. Summary of the different types of object touch (50 mL conical tube and plush toy mouse) and 

social touch interactions and experimental timeline for control experiments. 

b. Running avoidance, fraction of time spent showing whisker protraction and orbital area for WT 

and Fmr1 KO in response to forced social touch with a stranger mouse vs. forced object touch 

with 50 mL conical tube. ***p<0.001, **p<0.01, *p<0.05, two-way ANOVA with Bonferroni’s. 

c. Same metrics as in panel b but using an inanimate toy mouse as the object. **p<0.01,*p<0.05, 

two-way ANOVA with Bonferroni’s. 

 

Fig. 8: Fmr1 KO mice show less aversion to social touch with a mouse of the opposite sex 

(but whether the other mouse is familiar or a stranger does not matter) 

a. Summary of the different types of social touch (same vs. opposite sex; stranger vs. familiar) 

and experimental timeline for forced social touch. 

b. Running avoidance, fraction of time spent showing whisker protraction and orbital area for WT 

and Fmr1 KO in response to forced social touch with same-sex stranger vs. opposite-sex 

stranger. **p<0.01, *p<0.05, two-way ANOVA with Bonferroni’s. 

c. Same metrics as in panel b but using stranger vs. familiar mouse (always same sex). 

***p<0.001, **p<0.01, *p<0.05, two-way ANOVA with Bonferroni’s. 

 



 

 

MOVIES 

Movie 1: Five presentations of forced social touch  

Representative video of forced social touch session. The movie shows the first 5 presentations of 

social touch with a stranger mouse. The platform is initially at 6 cm away, such that the stranger 

mouse is visible to the test mouse, but no touch is occurring. The platform then moves to a position 

where the two mice make direct snout-to-snout contact for 5 s then moves 10 mm away and stops 

beyond reach of their whiskers, and then moves back to the position for snout-to-snout contact.  

 
Movie 2: A single presentation of voluntary object touch  

Representative video of voluntary object touch session that displays the first presentation of a 

novel object (a plastic Falcon tube). The platform is initially at 6 cm away, such that the object is 

visible but no touch is occurring. The platform then moves to a position where the test mouse can 

make whisker contact with the object for 5 s.  

 
Movie 3: A single presentation of voluntary social touch  

Representative video of a voluntary social touch session that displays the first presentation of a 

stranger mouse. The platform is initially at 6 cm away, such that the stranger mouse is visible but 

no touch is occurring. The platform then moves to a position where both mice can voluntarily 

initiate whisker-to-whisker contact for 5 s.  

 

 
Movie 4: Pupil dilation in mouse during social touch 

Representative video of a forced social touch session from the camera view of the eye showing 

the pupil dilation upon social touch contact. 

 

Movie 5: Aversive facial expressions in mouse during social touch 



 

 

Representative video of a forced social touch session from the camera view of the face that 

demonstrate two different AFEs: 1. orbital tightening, and 2. switch from active whisking to 

aversive whisker protraction. 
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